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ABSTRACT 

 

Tuning PIM-PI-Based Membranes for Highly Selective Transport of 

Propylene/Propane 

Ramy J. Swaidan 

 

To date there exists a great deal of energetic and economic inefficiency in the separation 

of olefins from paraffins because the principal means of achieving industrial purity 

requirements is accomplished with very energy intensive cryogenic distillation. Mitigation 

of the severe energy intensity of the propylene/propane separation has been identified as 

one of seven chemical separations which can change the landscape of global energy use, 

and membranes have been targeted as an emerging technology because they offer 

scalability and lower capital and operating costs. The focus of this work was to evaluate a 

new direction of material development for the very industrially relevant propylene/propane 

separation using membranes. The objective was to develop a rational design approach for 

generating highly selective membranes using a relatively new platform of materials known 

as polyimides of intrinsic microporosity (PIM-PIs), the prospects of which have never been 

examined for the propylene/propane separation. Structurally, PIMs comprise relatively 

inflexible macromolecular architectures integrating contortion sites that help disrupt 

packing and trap microporous free volume elements (< 20 Å). To date most of the work 

reported in the literature on this separation is based on conventional low free volume 

6FDA-based polyimides which in the best case show moderate C3H6/C3H8 selectivities 

(<20) with C3H6 permeabilities too low to garner industrial interest. Due to propylene and 

propane’s relatively large molecular size, we hypothesized that the use of more open 
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structures can provide greater accessibility to the pores necessary to enhance membrane 

sieving and flux. It has been shown for numerous key gas separations that introduction of 

microporosity into a polymer structure can defy the notorious permeability/selectivity 

tradeoff curve and induce simultaneous boosts in both permeability and selectivity.  

The cornerstone approach to designing state of the art high performance PIM-PI 

membranes for the light gas separations involving maximizing the intra-segmental rigidity 

of the polymer chain was applied to the C3H6/C3H8 separation. A study regarding a 

stepwise maximization of intra-molecular rigidity and its effects on C3H6/C3H8 permeation 

was evaluated by conducting systematic structural modifications to high performance PIM-

PIs. State of the art increases in performance were observed in pure-gas measurements as 

there were significant increases in C3H6/C3H8 selectivity and C3H6 permeability upon doing 

so. However, mixed-gas measurements showed that there were 65% losses in selectivity 

due to competitive sorption and mainly plasticization. Based on the conclusions drawn, a 

fundamental departure from conventional PIM design principles was used, instead 

emphasizing enhancing inter-chain interactions by introduction of a flexible diamine and 

functionalization with hydroxyl groups to attempt to immobilize the polymer chains. In 

doing so, the polymer chains may be able to pack more efficiently and upon sub-Tg 

annealing cause a microstructural reorganization to form a coplanarized configuration due 

to the combination of inter-chain charge transfer complexes (CTC) and hydrogen bonding 

networks. This approach successfully mitigated plasticization, but more importantly 

resulted in a tightening of the microstructure, especially in the ultra-microporous range (<7 

Å) thereby yielding significant boosts in C3H6/C3H8 selectivity. Based on the PIM platform 

and novel polymer design approach thereof, the C3H6/C3H8 upper bound was thrust to new 
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limits and led to the generation of the most selective solution processable polymers 

reported for the C3H6/C3H8 separation.  

Although the PIM platform has redefined the polymer upper bound, the 

permeability/selectivity tradeoff still endures, as the C3H6 permeabilities were on the order 

of 1 to 3.5 Barrer for the most selective polymers. To bridge that gap in permeability, 

several different approaches were taken. For the first time attempted for C3H6/C3H8 

separation, high temperature heating of a PIM-PI to form thermally-rearranged and carbon 

molecular sieve membranes was employed. The TR membrane showed increased C3H6 

permeability and about 50% losses in C3H6/C3H8 selectivity, while the CMS membrane 

formed at 600 oC showed modest gains in C3H6/C3H8 selectivity with significant 

improvements in C3H6 permeability.  

Finally, hybrid nanocomposite membranes incorporating a metal-organic framework 

structure into a PIM-PI matrix was used. ZIF-8, which has demonstrated high diffusive 

selectivities for C3H6/C3H8, was dispersed within the polymer, since previous work by the 

Koros group indicated that its incorporation into polyimide matrices can facilitate major 

improvements in both C3H6/C3H8 selectivity and C3H6 permeability compared to the 

respective neat polymer. Focus was directed towards attempting to improve 

polymer/nanoparticle adhesion by enhancing the interactions between the polymer and 

filler particles to mitigate the interfacial defects notorious in mixed-matrix membranes 

(MMM). To do so, ZIF-8 was dispersed into one of the best performing hydroxyl 

functionalized PIM-PI for the C3H6/C3H8 separation. The highest loaded mixed-matrix 

membrane in a glassy polymer to date of 65% (w/w) was achieved. The membranes showed 

pure-gas selectivities ranging from 34 with 10 Barrer at 30% loading to 43 with 38 Barrer 
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at 65% loading. Strong performance and plasticization resistance were sustained in mixed-

gas experiments even to feed pressures approaching the vapor pressure of the C3H6/C3H8 

mixture, as selectivities well over 20 were achieved with high permeabilities, thereby 

demonstrating the potential commercial viability.  

Based on the work reported in this dissertation, we hope to help lay a framework to be able 

to tailor membrane performance and future membrane design to meet the demands of the 

different applications of the propylene/propane separation and hence show that there can 

be a marketplace for membranes in the separation. These include the debottlenecking of 

cryogenic distillation towers for production of polymer-grade propylene (99.5%) to reduce 

the associated extensive energy load, production of chemical-grade propylene (92-95% 

propylene), or for the recovery and recycling of olefins from reactor purges of 

petrochemical processes. 
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the 9,10-diisopropyltriptycene (red) and spirobisindane (blue) 

contortion centers. 

 

117 

Fig. 4.2. Physisorption isotherms for KAUST-PI-1, PIM-PI-1 and 6FDA-

TMPD using N2 at -196 oC (po = 1 bar). The inset is zoomed into the 

low-pressure region. 
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Fig. 4.3. Degrees of torsional freedom available at 35 oC about the bold 

highlighted bonds in the 6FDA, SPDA and TPDA dianhydrides 

(Conformer’s module, Materials Studio 7.0, Accelrys). 
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Fig. 4.4. a) PIM-PI-1 C3H6 pure-gas (blue unfilled points fit with the dual-

mode sorption model) and calculated mixed-gas sorption (blue 

dashed line) predictions using the dual-mode sorption framework 

employed for 50:50 C3H6/C3H8 feeds at 35 oC; b) PIM-PI-1 C3H8 

pure-gas (red unfilled points fit with the dual-mode sorption model) 

and calculated mixed-gas sorption (red dashed line) predictions 

using the dual-mode sorption framework employed for 50:50 
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C3H6/C3H8 feed at 35 oC; c) KAUST-PI-1 C3H6 pure-gas (blue 

unfilled points fit with the dual-mode sorption model) and calculated 

mixed-gas sorption (blue dashed line) predictions using the dual-

mode sorption framework employed for 50:50 C3H6/C3H8 feed at 35 
oC; d) KAUST-PI-1 C3H8 pure-gas (red unfilled points fit with the 

dual-mode sorption model)  and calculated mixed-gas sorption (red 

dashed line) predictions using the dual-mode sorption framework 

employed for 50:50 C3H6/C3H8 feed at 35 oC. 

 

Fig. 4.5. a) 6FDA-6FpDA C3H6 pure-gas and calculated mixed-gas sorption 

(dashed line) predictions using the dual-mode sorption framework 

employed for 50:50 C3H6/C3H8 feeds at 35 oC; b) 6FDA-6FpDA 

C3H8 pure-gas and calculated mixed-gas sorption (dashed line) 

predictions using the dual-mode sorption framework employed for 

50:50 C3H6/C3H8 feeds at 35 oC; c) PIM-1 C3H6 pure-gas and 

calculated mixed-gas sorption (dashed line) predictions using the 

dual-mode sorption framework employed for 50:50 C3H6/C3H8 feeds 

at 35 oC; d) PIM-1 C3H8 pure-gas and calculated mixed-gas sorption 

(dashed line) predictions using the dual-mode sorption framework 

employed for 50:50 C3H6/C3H8 feeds at 35 oC. 
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Fig. 4.6. Pure-gas C3H6/C3H8 permeability/selectivity performance of 

TMPD-based 6FDA- and PIM-polyimides (shown in red). Solid line 

is the experimentally observed C3H6/C3H8 upper bound. 
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Fig. 4.7. Mixed-gas C3H6/C3H8 permeability and selectivity pressure 

dependence for PIM-PI-1 at 35 oC using a 50:50 C3H6/C3H8 feed. 

The fits are drawn to guide the eye. 
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Fig. 4.8. Mixed-gas C3H6/C3H8 permeability and selectivity pressure 

dependence for KAUST-PI-1 at 35 oC using a 50:50 C3H6/C3H8 feed. 

The fits are drawn to guide the eye. 
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Fig. 4.9. Permeability/selectivity map showing pure-gas data measured at 2 

bar (unfilled markers) and mixed-gas data measured at 2 bar C3H6 

partial pressure (filled markers) with 50:50 C3H6/C3H8 mixtures. 

Solid line is the experimentally observed pure-gas C3H6/C3H8 upper 

bound. 

 

135 

Fig. 4.10. Time dependence of mixed-gas a) C3H6 and C3H8 permeabilities and 

b) C3H6/C3H8 selectivities for KAUST-PI-1 at various total feed 

pressures (50:50 C3H6/C3H8, 35 oC). Fits are drawn to guide the eye. 
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Fig. 5.1 Chemical structures of a) KAUST-PI-1 (TPDA-TMPD) and b) 

KAUST-PI-5 [35]. 

 

146 
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Fig. 5.2 Dihedral angle simulations about characteristic bonds highlighted in 

Fig. 5.1 of KAUST-PI-1, and KAUST-PI-5 [35]. 
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Fig. 5.3 N2 physisorption isotherms of KAUST-PI-1, KAUST-PI-5, PIM-1, 

and PTMSP. Inset of the plot shows sorption in the low pressure 

region [35]. 
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Fig. 5.4 Excitation spectra of KAUST-PI-1 and KAUST-PI-5 with an 

excitation wavelength of 320 nm [35].  
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Fig. 5.5 Solid-state fluorescence emission spectra (excitation at 325 nm) of 

KAUST-PI-5 heat-treated at 120 and 250 oC. 
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Fig. 5.6 Solid-state fluorescence emission spectra (excitation at 325 nm) of 

KAUST-PI-1 heat-treated at 120 and 250 oC. 
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Fig. 5.7 Percent change in normalized peak emission spectra upon treatment 

at 250 oC of KAUST-PI-1 versus KAUST-PI-5. 

 

152 

Fig. 5.8 Schematic diagram showing the inter-chain interactions due to the 

formation of charge transfer complexes upon annealing of a 

polyimide. The figure illustrates the steric hindrance effects of 

KAUST-PI-1’s bulky methyl groups inhibiting efficient chain 

packing. KAUST-PI-5 on the other hand can potentially coplanarize 

far more efficiently due to the greater intrasegmental flexibility of its 

backbone. 
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Fig. 5.9 Mixed-gas C3H6 permeability isotherm for 120 and 250 oC treated 

KAUST-PI-1. 

 

158 

Fig. 5.10 Mixed-gas C3H8 permeability isotherm for 120 and 250 oC treated 

KAUST-PI-1. 
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Fig. 5.11 Mixed-gas C3H6/C3H8 selectivity isotherm for 120 and 250 oC 

treated KAUST-PI-1. 
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Fig. 5.12 Mixed-gas C3H6 permeability isotherm for 120 and 250 oC treated 

KAUST-PI-5. 
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Fig. 5.13 Mixed-gas C3H8 permeability isotherm for 120 and 250 oC treated 

KAUST-PI-5. 
161 

Fig. 5.14 Mixed-gas C3H6/C3H8 selectivity isotherm for 120 and 250 oC 

treated KAUST-PI-5. 
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Fig. 5.15 Pure- and mixed-gas C3H6/C3H8 permeability/selectivity 

performance of the 120 and 250 oC treated KAUST-PI-1 and 
164 
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KAUST-PI-5 membranes. The unfilled points are 2 bar pure-gas 

values and the filled points are the 2 bar partial pressure mixed-gas 

values. The solid lines are the experimentally observed pure- and 

mixed-gas C3H6/C3H8 upper bounds. 

Fig. 6.1. Chemical structure of PIM-6FDA-OH. 175 

Fig. 6.2. Chemical structure of PIM-6FDA. 175 

Fig. 6.3. a) Pure-gas (blue unfilled markers fit with the dual-mode sorption 

model) and calculated mixed-gas C3H6 sorption isotherms (blue 

dashed line) based on 50:50 C3H6/C3H8 feed at 35 oC for PIM-6FDA-

OH; b) Pure-gas (red unfilled markers fit with the dual-mode 

sorption model) and calculated mixed-gas C3H8 sorption isotherms 

(red dashed line) based on 50:50 C3H6/C3H8 feed at 35 oC for PIM-

6FDA-OH. 

 

177 

Fig. 6.4. Schematic diagram showing the inter-chain interactions due to the 

formation of charge transfer complexes upon annealing of a 

polyimide. 
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Fig. 6.5. Solid-state fluorescence emission spectra (excitation at 325 nm) of 

PIM-6FDA-OH heat-treated at 120 and 250 oC. 
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Fig. 6.6. Pure-gas C3H6/C3H8 permeability/selectivity performance of the 120 

and 250 oC treated PIM-6FDA-OH films. The solid line is the 

experimentally observed C3H6/C3H8 upper bound. 
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Fig. 6.7. Pressure dependence of the pure-gas C3H6 permeabilities (35 oC) for 

PIM-6FDA-OH films treated at 120 and 250 oC. Fits are drawn to 

guide the eye. 
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Fig. 6.8. Pure-gas C3H6/C3H8 transport properties of 120 and 250 oC heat-

treated PIM-6FDA-OH films at 2 bar and 35 oC. 

 

186 

Fig. 6.9. Pressure dependence of mixed-gas C3H6 permeability isotherms at 

35 oC for PIM-6FDA-OH films treated at 120 and 250 oC. Fits are 

drawn to guide the eye. 
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Fig. 6.10. Pressure dependence of mixed-gas C3H8 permeability isotherms at 

35 oC for PIM-6FDA-OH films treated at 120 and 250 oC. Fits are 

drawn to guide the eye. 
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Fig. 6.11. Pressure dependence of mixed-gas C3H6/C3H8 selectivity isotherms 

at 35 oC for PIM-6FDA-OH films treated at 120 and 250 oC. Fits are 

drawn to guide the eye. 
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Fig. 6.12. Permeability/selectivity map showing pure-gas data measured at 2 

bar (unfilled markers) and mixed-gas data measured at 2 bar C3H6 

partial pressure (filled markers) with 50:50 C3H6/C3H8 mixtures. 

Solid line is the experimentally observed pure-gas C3H6/C3H8 upper 

bound, dashed line is experimentally observed mixed-gas C3H6/C3H8 

upper bound. 
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Fig. 6.13. N2 physisorption measurements at 77 K for 250 oC treated PIM-

6FDA-OH and PIM-6FDA. 

 

191 

Fig. 6.14.  Distribution of cumulative pore volume versus pore width for PIM-

6FDA-OH (blue) versus PIM-6FDA (red) up to 20 Å, derived from 

NLDFT analysis of N2 and CO2 physisorption isotherms at 77 K and 

273 K, respectively. 
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Fig. 6.15. Pressure dependence of mixed-gas C3H6 permeability isotherms at 

35 oC for PIM-6FDA and PIM-6FDA-OH films. Fits are drawn to 

guide the eye. 
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Fig. 6.16. Pressure dependence of mixed-gas C3H8 permeability isotherms at 

35 oC for PIM-6FDA and PIM-6FDA-OH films. Fits are drawn to 

guide the eye. 
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Fig. 6.17. Pressure dependence of mixed-gas C3H6/ C3H8 permeability 

isotherms at 35 oC for PIM-6FDA and PIM-6FDA-OH films. Fits are 

drawn to guide the eye. 
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Fig. 6.18. Schematic diagram demonstrating the advantage efficiently packing 

PIM-based materials have for the C3H6/C3H8 separation over (a) 

conventional efficiently packing low free volume polyimides (b). 

Due to the PIM’s contortion center, it inherently will have a less 

packing density than its analogous low free volume structure due to 

the contortion center’s internal free volume. The contortion center 

not only serves as a kink unit which disturbs packing but it has 

interstitial spaces due to its internal free volume which may 

contribute to molecular sieving. This is an advantage for separating 

larger gases where larger pores are needed for them to be accessible 

to C3H6. 
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Fig. 6.19. Chemical structures of PIM-6FDA-OH (a) and PIM-6FDA-HSBF 

(b). Highlighted on the structures are the modifications which 

represent the differences between the structures. 
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Fig. 6.20. N2 physisorption measurements at 77 K for PIM-6FDA-HSBF and 

PIM-6FDA-OH. 
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Fig. 6.21. Upper bound plot showing the pure-gas performance of PIM-6FDA-

HSBF relative to the pure-gas upper bound. 
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Fig. 6.22. Pressure dependence of mixed-gas C3H6 permeability isotherms at 

35 oC for PIM-6FDA-HSBF and PIM-6FDA-OH films. Fits are 

drawn to guide the eye. 
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Fig. 6.23. Pressure dependence of mixed-gas C3H8 permeability isotherms at 

35 oC for PIM-6FDA-HSBF and PIM-6FDA-OH films. Fits are 

drawn to guide the eye. 
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Fig. 6.24. Pressure dependence of mixed-gas C3H6/C3H8 selectivity isotherms 

at 35 oC for PIM-6FDA-HSBF and PIM-6FDA-OH films. Fits are 

drawn to guide the eye. 
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Fig. 6.25. Pure- (2 bar) and mixed-gas points (2 bar C3H6 partial pressure) of 

the polymers discussed in this chapter relative to the C3H6/C3H8 

tradeoff curve. 
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Fig. 6.26. Performance plot demonstrating the thrust of the pure-gas 

C3H6/C3H8 upper bound to new limits based on the PIM platform. 

Yellow bubble highlights the region of commercially relevant 

performance necessary to debottleneck a distillation column for the 

production of polymer-grade propylene. The pink, blue, and green 

bubbles, represent the broad spectrum of performance which can be 

achieved by the PIM platform whether it be highly selective and low 

permeable, moderately selective and moderately permeable, or 

permeability driven performance. 
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Fig. 7.1. Chemical structures of a) PIM-6FDA-OH and b) thermally-

rearranged PBO derivative. 
216 

Fig. 7.2. Pure-gas C3H6/C3H8 permeability/selectivity performance of the 

PIM-6FDA-OH precursor, TR-PBO, and CMS membranes. The 

solid line is the experimentally observed C3H6/C3H8 upper bound. 

219 

Fig. 7.3.  a) TR-PBO C3H6 pure-gas (red unfilled points fit with the dual-mode 

sorption model) and calculated mixed-gas sorption (red dashed line) 

predictions using the dual-mode sorption framework extended for 

50:50 C3H6/C3H8 feed at 35 oC; b) TR-PBO C3H8 pure-gas (red 

unfilled points fit with the dual-mode sorption model) and calculated 

mixed-gas sorption (red dashed line) predictions using the dual-

mode sorption framework extended for 50:50 C3H6/C3H8 feed at 35 
oC; c) CMS C3H6 pure-gas (black unfilled points fit with the dual-

mode sorption model)  and calculated mixed-gas sorption (black 

dashed line) predictions using the dual-mode sorption framework 
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extended for 50:50 C3H6/C3H8 feed at 35 oC; d) CMS C3H8 pure-gas 

(black unfilled points fit with the dual-mode sorption model) and 

calculated mixed-gas sorption (black dashed line) predictions using 

the dual-mode sorption framework extended for 50:50 C3H6/C3H8 

feed at 35 oC. 

 

Fig. 7.4.  Schematic diagram illustrating the extent of micropore formation 

and ultramicropore sintering upon transitioning from TR-PBO (440 

°C) to CMS (600 °C). The CMS membrane had higher surface area 

and a larger fraction of ultramicropores, which yielded higher 

permeability and selectivity than in the TR-PBO derivative. 
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Fig. 7.5.  Pressure dependence of mixed-gas C3H6 permeability isotherms for 

the TR-PBO (440 °C) and CMS (600 °C) PIM-6FDA-OH 

derivatives (50:50 C3H6/C3H8 feed, 35 °C). Fits are drawn to guide 

the eye. 
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Fig. 7.6.  Pressure dependence of mixed-gas C3H8 permeability isotherms for 

the TR-PBO (440 °C) and CMS (600 °C) PIM-6FDA-OH 

derivatives (50:50 C3H6/C3H8 feed, 35 °C). Fits are drawn to guide 

the eye. 
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Fig. 7.7.  Pressure dependence of mixed-gas C3H6/C3H8 selectivity isotherms 

for the TR-PBO (440 °C) and CMS (600 °C) PIM-6FDA-OH 

derivatives (50:50 C3H6/C3H8 feed, 35 °C). Fits are drawn to guide 

the eye. 
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Fig. 7.8.  Time dependence of mixed-gas a) C3H6 and C3H8 permeabilities and 

b) C3H6/C3H8 selectivities for the PIM-6FDA-OH-derived CMS 

membrane at various feed pressures (50:50 C3H6/C3H8, 35 °C). Fits 

are drawn to guide the eye. 
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Fig. 8.1. a) Schematic demonstrating that hybrid materials offer a middle 

ground in terms of performance and mechanical properties between 

purely organic and inorganic membranes. b) Schematic 

demonstrating that if a high performance PIM material is used as the 

continuous phase, eclipsing the membrane performance target zone 

can be achieved at lower loadings, and if higher loadings are 

generated can potentially show performance rivaling purely 

inorganic membranes. 

 

237 

Fig. 8.2. a) Chemical structure of PIM-6FDA-OH, and its non-hydroxyl 

functionalized analog b) PIM-6FDA; c) the chemical structure and 

d) three-dimensional structure of ZIF-8 (Zn-Methyl-imidizolate) [9]. 
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Fig. 8.3.  X-ray diffraction patterns of neat PIM-6FDA-OH, hybrid PIM-

6FDA-OH/ZIF-8 membranes from 20 to 65% loading, and pure ZIF-

8. 

 

240 

Fig. 8.4.  Thermal gravimetric analysis curves of PIM-6FDA-OH/ZIF-8 

MMMs and ZIF-8 particles in atmospheric air. 

 

241 

Fig. 8.5.  2 bar, pure-gas performance of the ZIF-8/PIM-6FDA-OH MMMs 

(blue dotted markers) relative to the C3H6/C3H8 upper bound map. 

Also plotted are the 2 bar measurements for ZIF-8/6FDA-DAM [3] 

(black dotted markers) and 6FDA-TMPD/DABA crosslinked 

MMMs [12] (green dotted markers) at various loadings. Maxwell 

model predictions for PIM-6FDA-OH/ZIF-8 and 6FDA-DAM/ZIF-

8 MMMs based on ZIF-8 properties (red star) back-calculated by 

Zhang et al. [3] are denoted by the red lines. The half-filled points 

are the 2 bar pure-gas measurements of the respective neat polymers. 

 

244 

Fig. 8.6. Photos demonstrating the flexibility of the 30% loaded (a) and 45% 

loaded (b) PIM-6FDA-OH/ZIF-8 MMM. As evidenced by c) and d) 

PIM-6FDA could not form robust films beyond 30% loading, which 

was attributed to less overall adhesion between the polymer and ZIF-

8 compared with the hydroxyl functionalized analog. 
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Fig. 8.7. a) Mixed-gas C3H6 permeability versus C3H6/C3H8 feed pressure of 

the 30% and 65% loaded PIM-6FDA-OH/ZIF-8 MMM, and neat 

PIM-6FDA-OH. b) Mixed-gas versus C3H6/C3H8 selecitivity versus 

C3H6/C3H8 feed pressure of the 30% and 65% loaded PIM-6FDA-

OH/ZIF-8 MMM, and neat PIM-6FDA-OH. 

 

248 

Fig. 8.8. Performance plot of the pure- (unfilled points) and mixed-gas (filled 

points) results at 2 bar and 4 bar feed pressure, respectively of the 

PIM-6FDA-OH/ZIF-8 MMMs relative to the polymer 

experimentally observed upper bound. Highlighted in blue is the 

defined commercially attractive performance criteria necessary to 

debottleneck a distillation column. 

 

252 

Fig. 9.1. Pure-gas C3H6/C3H8 permeability/selectivity performance of 

TMPD-based 6FDA- and PIM-polyimides (shown in red). Solid line 

is the experimentally observed C3H6/C3H8 upper bound. 

 

259 

Fig. 9.2. Schematic diagram showing the inter-chain interactions due to the 

formation of charge transfer complexes upon annealing of a 

polyimide. The figure illustrates the steric hindrance effects of 

KAUST-PI-1’s bulky methyl groups inhibiting efficient chain 

packing. KAUST-PI-5 on the other hand can potentially coplanarize 
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far more efficiently due to the greater intra-segmental flexibility of 

its backbone. 

 

Fig. 9.3. Performance plot demonstrating the thrust of the pure-gas 

C3H6/C3H8 upper bound to new limits based on the PIM platform. 

Yellow bubble highlights the region of commercially relevant 

269performance necessary to debottleneck a distillation column for 

the production of polymer-grade propylene. The pink, blue, and 

green bubbles, represent the broad spectrum of performance which 

can be achieved by the PIM platform whether it be highly selective 

and low permeable, moderately selective and moderately permeable, 

or permeability driven performance. 
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Fig. 9.4.  Pure-gas C3H6/C3H8 permeability/selectivity performance of the 

PIM-6FDA-OH precursor, TR-PBO, and CMS membranes. The 

solid line is the experimentally observed C3H6/C3H8 upper bound. 
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Fig. 9.5. Performance plot of the pure- (unfilled points) and mixed-gas (filled 

points) sresults at 2 bar and 4 bar feed pressure, respectively of the 

PIM-6FDA-OH/ZIF-8 MMMs relative to the polymer 

experimentally observed upper bound. Highlighted golden region is 

the defined commercially attractive performance criteria necessary 

to debottleneck a distillation column. 
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Fig. 9.6.  C3H6/C3H8 selectivity of a MMM versus C3H6 permeability ratio of 

the continuous to dispersed phase, using a selectivity of 30 for the 

continuous phase, 122 for the dispersed phase, and 30% loading. 
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Chapter 1. Introduction 

In this chapter, the relevant background information regarding the propylene/propane 

separation is discussed. The current technology used for propylene production and the 

motivation and reasons for a potentially large market place existing for membrane 

technology in this application are explained. At the end of the chapter a breakdown of the 

dissertation structure and goals are presented. 

1.1. Propylene uses in industry 

Propylene is the second largest feedstock to the chemical industry as currently over 75 

million tons of propylene are produced annually [1]. Approximately 50 million tons of 

propylene are used for the production of polymer-grade propylene which is of puritiy 

greater than 99.5%, and approximately 25 million tons are used to produce chemical-grade 

propylene with purities of 92% to 95% [1]. It is important to note that propylene and its 

derivatives represent many products which are encountered by most people in their 

everyday lives. For example, one of the main uses of propylene is for the production of 

polypropylene, accounting for about 65% of its use [2]. It is particularly advantageous 

because it is a low-density, lightweight compound which has good chemical resistance and 

has shown capacity to perform over a wide temperature range [3]. It is used to produce 

commodities like textiles, carpets, films for food packaging, rigid packaging, technical car 

parts, household detergents, furniture, and houseware. Fig. 1.1 shows a breakdown of the 

principal uses of propylene. It can also be noted that it is used for the production of many 

chemicals like acrylonitrile, propylene oxide, propenal, 1-methylethyl benzene, 

epoxypropane, and isopropanol. It is also used in the refining industry for the production 

of gasoline. The uses of these chemicals are broken down in Fig.1.2. 
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Fig. 1.1. a) Pie chart demonstrating the principal uses of propylene and b) pie chart 

breaking down the principal uses of polypropylene which is the most used propylene based 

commodity [2]. 

 

Fig. 1.2.  Uses of chemicals derived from propylene production [4] 
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As shown in Fig.1.3, the demand for propylene is primarily driven by the demand for 

polypropylene which continues to grow on an annual basis, as there has been an almost 

70% increase in production over the last ten years. It is forecasted that the total propylene 

production will have grown to over 130 million tons by the year 2023 as shown in Fig. 1.3 

[5]. However, with increasing propylene production also comes a great deal of energy 

expenditure to purify propylene. 

 

Fig. 1.3. Annual propylene production through 2014 and forecasted production from 2014 

to 2024 as per the IHS [5]. 

A simplified process train demonstrating the current means of producing propylene is 

illustrated in Fig.1.4 [4]. It is produced in two main ways: 70% by steam cracking, and 

approximately 28% by fluid catalytic cracking (FCC) [2]. A less predominant but effective 

route to generate propylene is by propane dehydrogenation. In steam cracking, naptha and 

gas oils are fed into a high temperature furnace which cracks the hydrocarbons into 

mixtures of olefins and paraffins. A BASF steam cracking plant is illustrated in Fig. 1.5 
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which occupies approximately 64,000 m2. In FCC (shown in Fig. 1.6) usually lower 

temperatures are required and by optimizing the choice of catalyst and temperature, 

different proportions of olefins to paraffins can be produced. However, it is important to 

note that these processes is the products consist of a mixture of olefins and paraffins which 

need further purification before being used as an intermediate for the next yields. 

 

Fig. 1.4. Simplified process flow schematic of olefin generation from crude oil and natural 

gas [4]. 
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Fig. 1.5. BASF steam cracking plant in Ludwigshafen, Germany, which occupies 

approximately 64,000 m2 [2]. 

 

Fig. 1.6. Schematic diagram of a fluid catalytic cracker [2]. 
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1.2. Separation of propylene from propane 

Various grades of propylene purity are in commercial use depending on the industrial 

application. Polymer-grade propylene requires a propylene purity of 99.5%, and chemical-

grade propylene requires a purity of approximately 92 to 95%. To date the means of 

achieving such purity is achieved through cryogenic distillation because the yields of steam 

cracking and FCC reactors are mixtures of olefins and paraffins. A schematic diagram of a 

typical propylene recovery unit is illustrated in Fig. 1.7. While it is extremely effective at 

achieving the necessary purity levels, it is highly energy intensive and expensive due to the 

low normal boiling points of propylene (-47 oC) and propane (-42 oC), as over 150 trillion 

BTU of energy is expended per year in the separation of olefins from paraffins. In addition 

high capital costs in the range of hundreds of millions of dollars are also incurred to 

construct these towers which typically require 200+ trays each, making the C3 splitter 

typically the tallest towers in a fractionation plant, as highlighted in Fig. 1.8 which is a 

photograph of a propylene recovery plant. 

 

Fig. 1.7. Schematic diagram of a typical propylene recovery unit using cryogenic 

distillation [6]. 
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Fig. 1.8. Propylene recovery plant highlighting the C3 splitters, which are clearly the 

tallest towers in the plant [1]. 

It is well accepted that membranes are potentially much less energy intensive than other 

conventional separation technologies like distillation, drying, adsorption, etc. which 

involve a phase change. Membranes have been targeted as an emerging technology because 

they offer scalability due to their potential to be configured into high surface area hollow 

fiber modules, and lower capital and operating costs. It has been proposed that 

incorporation of a membrane unit into the process to debottleneck the cryogenic distillation 

process could make the economics significantly more favorable [7, 8]. The process 

demands of various potential membrane applications for the propylene/propane separation 

are enumerated in Table 1.1 [1]. Complete replacement of a cryogenic distillation unit for 

the production of polymer-grade propylene with a membrane system is extremely unlikely 

because it requires performance beyond what is likely possible based on the materials 

reported in the literature to date. Complete replacement of a distillation column with a 

membrane for the production of polymer-grade propylene would require a selectivity 
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greater than 50 with a propylene permeance greater than 50 GPU (1 Gas Permeation Unit 

= 10-6 cm3(STP) cm2 s-1 cmHg-1). In addition to the fact that it is difficult to engineer 

materials that can sustain such performance, there would be a great deal of process risk 

involved in completely replacing a technology which works for such an important and large 

application. 

Table 1.1. Performance requirements for different applications associated with C3H6/C3H8 

separation [1]. 

Application 

Replace 

Distillation 

Column 

Hybrid 
Chemical-

Grade C3H6 

Polypropylene 

Vent Gas 

Recovery 

C3H6 

Permeance 

(GPU) 

>75 >75 >75 >50 

C3H6/C3H8 

Selectivity 
>50 >20 >10 >5 

Market Value 

($/ton) 
1,100-1,600 1,100-1,600 1,050-1,550 - 

 

However, it has been proposed that incorporation of a membrane unit with a selectivity of 

20 or more to debottleneck the distillation columns (e.g. Fig.1.9) could improve the savings 

tremendously [1, 8]. While this figure is much lower than 50, it is still very challenging to 

generate membranes which have propylene/propane selectivities over 20. If materials can 

be developed to meet such criteria, it can be extremely impactful in terms of reducing the 

global energy consumption for such an intensive separation. It is for this reason that the 

separation of propylene from propane with membrane based technology has been identified 

as one of seven chemical separations which can change the landscape of global energy use. 

With the right process scheme and materials, the energy intensity of the separation can be 
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reduced more than twofold [9]. Moreover, using membranes for the production of 

chemical-grade propylene would only require a selectivity greater than 10 which is very 

feasible for polymer membranes. It is an intriguing application because the market value 

of chemical-grade propylene is very similar to that of polymer-grade propylene, which 

highlights the potentially large marketplace which can exist for membranes in the 

propylene/propane separation. 

 

Fig. 1.9. Schematic of a hybrid membrane/distillation process [6] 

An introductory, low risk application for membranes in separating propylene from propane 

is in the recovery and recycling of olefins from reactor purge of petrochemical processes 

[1, 7]. In polypropylene reactors, propane is an impurity which accumulates in the reactor, 

and in order to control its concentration, a recycle stream is removed and flared. It has been 

estimated that propylene product losses in the flaring process accounts for about $4.75 

million losses in potentially wasted product [1]. However, installing a membrane unit prior 

to the flare to recover and recycle the propylene back to the process could be a solution to 

this problem. It is a great fit for a membrane system because a relatively low selectivity of 
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5 or more is required combined with a propylene permeance greater than 50 GPU, 

performance which could easily be met as per polymers reported in the literature. A 

schematic diagram illustrating where a membrane system could fit into the process is 

illustrated in Fig. 1.10. 

 

Fig. 1.10. Schematic diagram illustrating where a membrane system could fit into the 

recovery and recycling of olefins from reactor purge of petrochemical processes [6]. 

 

1.3. Process pressure ratios 

The most important process parameters that dictate membrane performance are the 

pressure ratio and stage cut, which are defined below 

feed pressure
pressure ratio

permeate pressure

feed

permeate

p

p
  

 

permeate flow rate
stage cut

feed flow rate
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The pressure ratio is extremely relevant to a process because it dictates the highest possible 

enrichment of a constituent of the feed in the permeate, independent of membrane 

selectivity. The enrichment is related to the pressure ratio as follows 

pf ≥ pp 

yf pf ≥  yp pp  

yp / yf  ≤ ∅ 

By simply adhering to the principle that the partial pressure of a gas compound in the feed 

should always be greater than or equal to that in its permeate (pf ≥ pp) to maintain a driving 

force for transport across a membrane, the pressure ratio, φ, is the highest enrichment 

possible. The way in which the membrane selectivity, pressure ratio, and enrichment are 

related is given by the equation below [10] 

 

By plotting the enrichment versus membrane selectivity as a function of the pressure ratio, 

as shown in Fig. 1.11, the underlying significance of the equations becomes clear. That is, 

when the value of the pressure ratio is close to that of the membrane selectivity, it restricts 

the enrichment and therefore increases in membrane selectivity provided limited benefits. 

The converse is also true, as if the membrane pressure ratio is significantly greater than the 

membrane selectivity, the membrane selectivity then restricts the enrichment. It is 

important to note that it is the pressure ratio which usually accounts for the most significant 
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expense of operating membranes since it relates to the electricity consumed from the 

process compressors.  

 

Fig. 1.11. Plot of the enrichment versus membrane selectivity as a function of the pressure 

ratio [11]. 

 

1.4. Dissertation structure and goals 

This dissertation is divided into nine chapters which describe the strategies used for the 

design of highly selective PIM-PI-based membranes for the propylene/propane separation. 

The rationale behind the approaches taken are described in detail and validated using 

experimental measurements. 

Chapter 2 gives a fundamental overview of the theory behind membrane transport and 

sorption. It also provides background for relevant information regarding work previously 

reported on polymer membranes for propylene/propane separation and the challenges 
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associated with designing membranes for the separation. The fundamental principles 

regarding design of polymers of intrinsic microporosity which to date have chiefly been 

examined for light gas separations are discussed. The platform of metal-organic 

framework-based mixed-matrix membranes are introduced in addition to the associated 

work done on propylene/propane. 

Chapter 3 details the main techniques based upon pure- and mixed-gas permeation and 

sorption used for measuring the properties of the membranes discussed in the dissertation. 

(Standard operating procedures for running the different instruments are provided in 

Appendix A). A list of the main chemical structures discussed in the dissertation is 

provided. 

In chapter 4, the cornerstone PIM design approach involving maximization of a polymer’s 

intra-molecular rigidity was used to assess its role on gas transport in the 

propylene/propane separation. It has been established for notable light gas separations that 

rigidifying the polymer backbone enhances the microporosity of a polymer, leading to 

gains in both permeability and selectivity. The effects on performance in both pure- and 

mixture propylene/propane permeation experiments of stepwise maximization of intra-

molecular rigidity is evaluated by conducting systematic structural modifications to high 

performance PIM-PIs. 

In chapter 5, the efficacy of sub-Tg annealing as a function of polymer intra-molecular 

flexibility is investigated. Sub-Tg annealing is an effective tool for mitigating plasticization 

because it leads to enhanced inter-chain charge transfer complex (CTC) interactions which 

can contribute to immobilizing polymer chains. In this work good candidate materials for 
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reaping the benefits of CTC formation for improving a polymer’s intrinsic plasticization 

resistance were investigated.  

Based on the conclusions drawn from chapters 4 and 5, in chapter 6 a fundamental 

departure from conventional PIM design principles is employed to develop and tune 

polymer structures tailored for high performance propylene/propane separation under 

realistic mixed-gas conditions. We combined annealing strategies which were shown to be 

effective in chapter 5 with integration of polar moieties and structural modifications to tune 

the polymer microstructure. It culminated in the thrusting of the C3H6/C3H8 upper bound 

to new limits as the most selective solution processable membranes ever reported for the 

C3H6/C3H8 separation were generated. 

In chapter 7, high temperature treatment of a PIM-PI precursor was used to introduce 

microporosity by forming thermally-rearranged (TR) and carbon molecular sieve 

membranes. Only one study investigated TR polymers for C3H6/C3H8, showing 

performance above the polymer tradeoff curve. They have shown some promise for light 

gas separations and showed good plasticization resistance for CO2/CH4 separations. CMS 

membranes have demonstrated the best performance for C3H6/C3H8 separation due to their 

highly rigid, microporous structures. It is a very intriguing class of materials due to its 

capacity to defy the permeability/selectivity tradeoff.  

In chapter 8, a change in direction was employed to attempt to fabricate membranes which 

defy the polymer permeability/selectivity tradeoff but retain mechanical processability 

similar to polymer membranes. Hybrid nanocomposite membranes were used in an attempt 

to fabricate a membrane which offers the mechanical robustness of polymer membranes 

and the molecular sieving capacity of inorganic membranes. A zeolitic metal-organic 
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framework was dispersed in an already high performance PIM-PI developed in chapter 6 

to yield next generation type performance for the C3H6/C3H8 separation.  

Chapter 9 summarizes the overriding conclusions drawn from the dissertation for designing 

PIM-based membranes for the production of highly selective membranes for the C3H-

6/C3H8 separation. Recommendations are provided regarding further work on material 

evaluation techniques to help determine how commercially viable they are. Suggestions 

for new material development are provided as well. 



46 

 

1.5. References 

[1] X. Wei, Olefin/paraffin separation by membranes: An industrial perspective, in:  Sino-

US Chemical Engineering Conference, SABIC, China, 2015. 

 

[2] T.E.C.I. Online, Propene (Propylene), in:  Basic Chemicals, 2013. 

 

[3] D. Coombs, Propylene: The "other" olefin, in:  Goldman Sachs Chemical Intensity 

Conference, Lyondellbasell, 2016. 

 

[4] Lyondellbasell Data Book, Lyondellbasell, 2015. 

 

[5] P. Wattanakarunwong, Propylene market, I. KM (Ed.), 2015. 

 

[6] M. Das, Membranes for the olefin/paraffin separations, Chemical and Biological 

Engineering, Ph.D. Dissertation, Georgia Institute of Technology, Atlanta, Georgia, 2009. 

 

[7] R.W. Baker, B.T. Low, Gas separation membrane materials: A perspective, 

Macromolecules, 47 (2014) 6999-7013. 

 

[8] W.J. Koros, R.P. Lively, Water and beyond: Expanding the spectrum of large-scale 

energy efficient separation processes, AIChE J., 58 (2012) 2624-2633. 

 

[9] D.S. Sholl, R.P. Lively, Seven chemical separations to change the world (vol 532, pg 

435, 2016), Nature, 533 (2016) 316-316. 

 

[10] R.W. Baker, Membrane technology and applications, 2nd ed., McGraw-Hill, 2004. 

 

[11] R. Swaidan, Intrinsically microporous polymer membranes for high performance gas 

separation, Chemical and Biological Engineering, Ph.D. Dissertation, KAUST, 2014. 

 

 

 

 

 

  



47 

 

Chapter 2. Background and Theory 

This chapter gives an overview of the theory behind membrane transport and gas sorption 

in polymer membranes. It also provides background for relevant information regarding 

previous work on polymer membranes for the propylene/propane separation. The 

fundamental principles regarding design of polymers of intrinsic microporosity (PIMs), 

which to date have primarily been examined for light gas separations (i.e., O2/N2, H2/N2), 

are discussed. The platforms of thermally-rearranged, carbon molecular sieve, and metal-

organic framework-based mixed-matrix membranes are introduced along with the 

associated work done for the propylene/propane separation. 

2.1. Membrane transport theory 

Transport of gases across a dense, isotropic polymer membrane occurs due to a gradient in 

chemical potential caused by the difference in pressure across the membrane.  It is 

described by the solution-diffusion model, depicted in Fig. 2.1, wherein a gas adsorbs at 

the interface of the feed side, diffuses through the membrane thickness down a 

concentration gradient, and finally desorbs from the permeate side.  

 

Fig. 2.1. Schematic illustrating the solution-diffusion based transport across a membrane. 
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The permeability of a single gas component A (PA) through a membrane is defined [1] as a 

pressure and thickness normalized flux, as shown in Equation 1, where NA is the flux, ∆pA 

is the partial pressure difference between the upstream (p2,A) and downstream (p1,A) sides 

of the membrane, and l is the membrane thickness. 

                                                                                           (1) 

Applying Fick’s first law of diffusion across the membrane (Equation 2) to substitute for 

the flux of component A in Equation 1 yields Equation 3, where x is the direction of the 

gradient, wA is the mass fraction of component A, CA is the concentration of component A, 

and  is the diffusion coefficient of component A. Equation 3 can then be integrated over 

the thickness of the membrane as shown in Equation 4. 

                                                                                                           (2) 

                                                                                                      (3) 

                                                                                                 (4) 

By then defining the concentration averaged diffusivity as shown in Equation 5 and taking 

the case where the pressure downstream is trivial compared to that upstream, the 

permeability coefficient can be defined by Equation 6, where the units of permeability are 

the Barrer (1 Barrer = 10-10 cm3(STP) cm / cm2 s cmHg).  

 

PA º
NA

p2,A - p1,A( ) / l
=
NA

DpA / l

DA

NA =
-DA

1-wA( )
dCA

dx

PA =
-DA

1-wA( )
l

Dp

dCA

dx

PA = -
1

DpA

DA

1-wA
C1

C2

ò dCA
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                                                                                                                                          (5) 

 

                                                                                               (6) 

The permeability of a component is a function of diffusive and solubility contributions. 

The diffusion coefficient, DA (cm2 s-1), relates to how fast a component can traverse the 

membrane, while the solubility coefficient, SA, (cm3(STP) cm-3(polymer) cmHg-1) relates 

to a thermodynamic contribution of the component to sorb in the membrane. The ideal 

selectivity of two components A and B for a particular membrane is determined by taking 

the ratio of the permeability coefficients of the two components (fast component over the 

slow component). Therefore, the selectivity is a function of the diffusion selectivity and 

solubility selectivity, as shown in Equation 7. The diffusion selectivity is a ratio of the 

diffusion coefficient of component A to that of B and is a measure of the sieving capacity 

of the membrane for these two components. The second contribution to separation is 

solubility selectivity, which is a ratio of the solubility coefficients of components A and B. 

It characterizes the differences in sorption between two components (which is a function 

of their respective condensabilities). It follows that the selectivity of a membrane for gas 

A over gas B, α(A/B), is defined as the ratio of the permeability of A to that of B:  

                                                        (7) 

where the selectivity can be written as the product of diffusivity selectivity 

(αD(A/B)=DA/DB) and solubility selectivity (αS(A/B)=SA/SB).  Furthermore, for a mixed-
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gas feed, if the downstream pressure is trivial relative to the upstream pressure, Equation 

7 can be expressed as 

                                                                                                               (8) 

where yA is the mole fraction of component A in the permeate and xA is the mole fraction 

of A in the feed. 

2.2. Regimes of flow across a membrane 

Four common flow regimes that can occur across membranes are illustrated in Fig.2.2. The 

flow regime depends on the size of the “pore” a gas is passing through. When the pore size 

is greater than the mean free path of the penetrant, gases transport in the form of convection, 

wherein no separation occurs. If the pore size is close to the mean free path of the individual 

gas molecules, transport occurs by Knudsen diffusion. In this case, the selectivity for a gas 

A over B is a function of the inverse square root of their molecular weights. When the sizes 

of the pores are comparable to that of the penetrant, molecular sieving is observed.  

 

Fig. 2.2. Schematic diagram of common flow regimes across a membrane. 

a (A B) =

yA
yB

xA
xB
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2.3. Non-equilibrium excess free volume 

When heating an amorphous glassy polymer beyond its glass transition temperature (Tg) 

but below its decomposition temperature a transition to a rubbery state occurs. Plotting the 

polymer’s specific volume versus temperature, as shown in Fig. 2.3, a change in slope is 

observed when heating past the glass transition temperature. At temperatures below the 

polymer’s Tg, there is not enough thermal energy available for polymer chains to undergo 

significant motions. Consequently, they cannot pack as well and excess “static” unrelaxed 

free volume results [1]. This excess unrelaxed free volume is depicted in Fig. 2.3 by taking 

the difference between the actual specific volume and a line extrapolated from the rubbery 

state into the glassy state. The fractional free volume is defined in Equation 10 where v is 

the experimental specific volume (cm3/g) and vo is the theoretical volume associated with 

the occupation of the polymer chains [4]. 

FFV ≡ v-vo

v
                                                                                                                                      (10) 

 

Fig. 2.3. Schematic plot demonstrating an amorphous glassy polymer’s specific volume 

versus temperature above and below its glass transition temperature [3]. 
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2.4. Sorption 

Gas sorption in glassy polymers for a given penetrant is typically governed by the dual-

mode framework, shown in Equation 9 [2].  

                                                                                               (9) 

where c is the total gas concentration, cH is the concentration due to sorption in the 

Langmuir domain, cD is the concentration due to sorption in the Henry’s domain, kd is the 

Henry’s constant, cH’ is the Langmuir constant, p is the pressure, and b is the Langmuir 

affinity parameter. This model describes total gas sorption as the sum of sorption in the 

“frozen microvoids” of the Langmuir domain, cH, and in the densely packed region known 

as Henry’s domain, cD, as illustrated in Fig. 2.4. Sorption in the Langmuir domain is 

described by the cH’ parameter and correlated with free volume in a polymer under the 

dual-mode framework. It is typical for observed cH’ values to be higher for C3H6 than for 

C3H8 due to the fact that C3H6 is slightly more condensable and compact, and therefore can 

access the microvoids more readily. The kd parameter describes sorption in the Henry’s 

domain or densified equilibrium matrix of the polymer. 

c = cD + cH = kDp+
c 'H bp

1+ bp
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Fig. 2.4. Dual-mode sorption in glassy polymers shown as the sum of sorption in the 

Langmuir region and Henry’s region [3]. 

The dual-mode sorption model can also be employed as a framework for theoretically 

predicting gas sorption of binary feeds in glassy polymers [5]. Examination of gas sorption 

using binary feeds provides insight into the competition of the two components for sorption 

in the frozen microvoids of the polymer. This phenomenon, dubbed competitive sorption, 

can cause a reduction in the apparent sorption of two gas penetrants. As discussed by 

Koros, departure in experimental measurements from the theoretical estimations based on 

the simple dual-mode model for binary feeds may be the result of gas/gas interactions 

changing the values of the Langmuir affinity constant, or plasticization effects influencing 

a change in the Henry’s domain parameter kd [5]. Nonetheless, the model can still be a 

useful tool for preliminarily and qualitatively examining competitive sorption effects 

expected between two components in a given polymer. 
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To derive an extension of the dual-mode model for binary feed mixtures, several key 

assumptions are made. First, Henry’s law constants for the mixture of components A and 

B are assumed to be equal to the Henry’s law constants determined for the pure-gas cases. 

Next, it is assumed that in the case where the Langmuir domain of the polymer is 

completely saturated with penetrant A or B, the penetrant completely fills the frozen 

microvoids of the glassy polymer with a molar density of ρAo* or ρBo* [5]. Contingent upon 

the assumptions mentioned, the fraction of unrelaxed volume occupied by penetrant A in a 

mixture of A and B is defined as p 

θA = 
bAp

A

(1+bAp
A

+bBp
B

)
                                                                                                    (10) 

Furthermore, the fraction of unrelaxed volume occupied by penetrant B in a mixture of A 

and B is defined as 

θB = 
bBp

B

(1+bAp
A

+bBp
B

)
                                                                                                    (11) 

It is assumed that the factors bA and bB, the pure-gas-based Langmuir affinity parameters 

of A and B, respectively, apply for the presence of both gases simultaneously [5]. The 

fraction of unrelaxed volume occupied by penetrant A can be defined in Equation 12 below, 

where cHA’ is the Langmuir parameter for single penetrant A, cHA is the Langmuir parameter 

of penetrant A in an environment with a second penetrant, and ρA* is the molar density of 

penetrant A in the Langmuir domain in an environment with a second penetrant. 

θA= 
cHA/ρ

A
*

cHA
' /ρ

Ao
*

                                                                                                 (12) 
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By assuming ρA* = ρAo*, the Langmuir sorption isotherm for penetrant A in a binary environment 

with a second component B can be defined as 

cA= kdA p
A
+ cHA

' bAp
A

(1+bAp
A
+bBp

B
)⁄                                                                            (13) 

And the Langmuir sorption isotherm for penetrant B in a binary environment with a second 

component A can be defined as 

cB = kdB p
B
+ cHB

' bBp
B

(1+bAp
A
+ bBp

B
)⁄                                                                          (14) 

To express total gas sorption for a binary mixture, Henry’s mode sorption for a binary 

mixture is combined with Langmuir mode sorption for a binary mixture. The expression 

for Langmuir mode sorption for a binary mixture of A and B is formed by combining 

equations # and #, and sorption in the Henry’s mode is expressed on the premise that the 

Henry’s constants for pure components A and B are assumed to be equal to their values in 

the presence of the two simultaneously. The result is shown below in equation 15. 

c = kdA p
A
+ k

dB
 p

B
+ cHA

' bAp
A

 (1+bAp
A
+bBp

B
)⁄ + cHB

' bBp
B

 (1+bAp
A
+bBp

B
)⁄                (15) 

The concentrations of penetrants A and B for a binary mixture, cA and cB can be expressed 

by equations (16) and (17), respectively, where pA and pB are the partial pressures of A and 

B in the feed 

CA = kdA p
A
+ cHA

’ bAp
A

(1+bAp
A
+bBp

B
)⁄                                                                          (16)  

CB = kdB p
B
+ cHB

’ bBp
B

(1+bAp
A
+bBp

B
)⁄                                                                          (17) 

Using the dual-mode sorption parameters obtained from the fitting of pure-gas sorption 

measurements, mixed-gas sorption of a binary feed can be modeled using the above derived 
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expressions to gain preliminary insight into competitive sorption effects. The theoretical 

predictions from the model have compared favorably to mixed-gas sorption experimental 

measurements [6-9]. Experimental C3H6/C3H8 mixed-gas sorption data has yet to be 

reported, but the model may be useful for obtaining some preliminary insight into 

competitive sorption effects on mixed-gas permeation data. Generally, trends observed 

include a reduction in gas sorption of each component relative to their measurements made 

in pure-gas fashion, which would be indicative of effects of gas molecules competing for 

sorption sites. 

2.5. Physisorption measurements for microstructural characterization 

Low pressure physisorption measurements using N2 and CO2 are becoming useful tools for 

assessing semi-quantitative differences between the microstructures of amorphous 

polymers. N2 and CO2 can be used as complementary probes for relating information on 

the free volume and pore size distribution of polymers. N2 physisorption at 77 K (10-7 < 

p/po < 1.0, where po = 1 bar) is used to determine a BET (Brunauer-Emmett-Teller) surface 

area which is valuable to correlate differences in free volume between polymers. CO2 

physisorption at 273 K (10-7 < p/po < 0.03 where po = 33 bar) is used because it is smaller 

and more condensable than N2 (kinetic diameter of 3.3 Å versus 3.64 Å for N2). 

Consequently, it has more accessibility to the narrower micropores than larger N2 

molecules and therefore be used to assess differences in the ultra-microporous structures 

of the polymer matrices. Examples of analyses which can be drawn from CO2 and N2-based 

physisorption measurements are discussed in Section 2.7.  
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2.5.1 BET (Brunauer-Emmett-Teller) model 

The BET technique is a commonly used method for using sorption isotherms to measure 

surface areas of porous materials. The major advance emanating from BET theory was that 

it incorporated the notion of multilayer adsorption. The theory was based on a key 

assumption that the forces involved in condensation of gas molecules were the same as 

those responsible for the binding energy observed in multilayer adsorption [10]. Based on 

this principle the rate of gas evaporation from a layer of adsorbed gas summed up for an 

infinite number of layers was equated to the rate of condensation of gases to an already 

adsorbed layer, and Equation 18 was derived below, 

                                                                                        (18) 

Where p is pressure, po is saturation pressure, p/po is relative pressure, na is the quantity of 

gas adsorbed at a given pressure, nm
a is the amount of gas adsorbed to establish a 

monolayer, and C relates to the shape of the isotherm. It can therefore be concluded that 

there is a linear relationship between both sides of the equation as a function of the relative 

pressure. It will usually exist in the relative pressure range from 0.01 to 0.10 for 

microporous structures. Fitting the data to the equation of a line, the nm
a quantity can be 

calculated and used to determine the BET surface area using Equation 19 so long as the 

probe gas’s cross sectional area is known. L is the Avogadro’s constant [10]. 

                                                                                                                                         (19) 

BET theory is useful as a tool in drawing semi-quantitative comparisons between 

polymers’ free volume and microporosity. More details about the inferences which can be 
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drawn based on differences in the sorption isotherms will be discussed in more detail in 

the next section and in the results sections. 

2.5.2. Nonlocal density functional theory (NLDFT) 

The concept of using NLDFT analysis for studies on amorphous polymers has become 

prevalent within the last ten years. It is important to note though that NLDFT models were 

primarily developed for porous carbonized materials and therefore are not appropriate for 

forming rigorous quantitative conclusions about the existence of certain pore sizes or 

distributions in amorphous polymers. In a polymer, a “pore” is more appropriately 

described as a space whose volume and position vacillate on the timescale of penetrant 

transport. Other reasons the NLDFT models are not strictly applicable to polymers include: 

(i) The models require specification of an idealized pore geometry (e.g., cylindrical, slit-

like), which does not represent the microstructure of an amorphous polymer; (ii) the 

parameters for interactions between the adsorbate and adsorbent are based on those of 

carbon adsorbents. Furthermore, the models produce “steps” in the resulting fits to 

experimental data between the relative pressures of 10-4 and 10-3. These steps translate to 

false gaps in regions of the pore-size distribution plotted as the differential pore volume 

versus the pore width [11, 12].  The NLDFT-based analysis of sorption isotherms taken on 

amorphous polymers have, however, found use in describing semi-quantitative shifts in 

pore size distributions associated with systematic structural modifications of polymer 

structures.   

Density functional theory was a significant improvement over conventional analytical 

methods for analyzing sorption like the Horvath-Kawazoe method, which is predicated on 

a Young-Laplace derived mathematical correlation between relative pressure and pore-size 
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for only slit-pore geometries. Density functional theory used statistical mechanics to model 

interactions between interfaces on a molecular scale for pores having a particular geometry 

at a specified pressure and temperature. A major progression occurred in using non-local 

density over local density estimations because they took into account the variations in the 

adsorbate density profile close to the adsorbent walls, whereas local density estimations 

did not account for packing in the liquid state [13].  

2.6. Challenges and opportunities in C3H6/C3H8 separation for polymer membranes 

2.6.1. Plasticizationand approaches to mitigation thereof 

Plasticization is a phenomenon often described as a sorption-induced matrix dilation 

(depicted schematically in Fig. 2.5a and b) that is typically detrimental to membrane 

performance. It is essentially an increase in chain spacing and mobility, especially in the 

narrower pores necessary for sieving, which results in an increase in flux of the slower 

penetrant thereby reducing a material’s sieving capacity. Physical proof of the macroscopic 

deviations to the bulk material include a larger interchain d-spacing measured by WAXD 

[14], and a reduction in the glass transition temperature since the material can exhibit 

characteristics of rubbery materials due to the increased segmental motion [15]. Evidence 

of this ‘swelling’ phenomenon can also be observed by pressure dependent permeation 

experiments by examining the permeabilities of the gases, more specifically the slower 

penetrants [16-24]. As shown schematically in Fig. 2.5c, there can be a point known as the 

plasticization pressure, at which the permeability of the gas begins to rise with increasing 

feed pressure. It is an undesirable effect because separation of gas mixtures with glassy 

polymers is founded upon molecular sieving, a capacity to discriminate between sizes and 

shapes of gas molecules that is compromised by plasticization.  
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Fig. 2.5. Schematic diagram showing the polymer matrix dilation associated with 

plasticization effects (a and b). c) Schematic diagram illustrating the evidence of 

plasticization in permeation experiments. It is best estimated using multi-component 

mixtures and evaluating the behavior of the slower penetrant’s permeability versus 

pressure. 

The most rigorous way to evaluate plasticization is through the behavior of the slower 

penetrant. That is, there have been numerous reports of mixed-gas studies with condensable 

gas feeds, i.e. CO2/CH4 where the faster penetrant showed a decrease in permeability over 
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the feed pressure range tested, but the slower penetrant showed an increase [24]. In those 

scenarios, there was always a significant drop in selectivity because of plasticization 

effects. For example, a study examining the CO2/CH4 mixed-gas properties of PIM-1 

showed that the CO2 permeability decreased with pressure to 10 bar, but the CH4 

permeability increased directly with pressure by about 30% over the same pressure range 

tested leading to a drop in selectivity by about 38%. By functionalizing PIM-1 with polar 

amidoxime groups containing free amine and hydroxyl moieties capable of inter-chain 

interactions, the dependence of mixed-gas CH4 permeability was notably reduced.  The 

amidoxime functionalized PIM-1 showed a 13% drop in selectivity over the pressure range 

tested, indicating an improved resistance to plasticization [24]. 

Several strategies have been identified as means of mitigating plasticization resistance, but 

are primarily founded on the premise of immobilizing polymer chains. Chemical 

approaches include high temperature covalent cross-linking and thermal rearrangement 

[25, 26]. Physical approaches to mitigating plasticization and enhancing selectivities 

include sub-Tg annealing to strengthen inter-chain interactions, and/or functionalization 

with polar moieties like hydroxyl or carboxyl groups. Annealing polyimides can facilitate 

the formation of charge transfer complexes (CTCs) due to an alternating arrangement of 

electron donor and acceptor molecules about the N-phenyl imide bond [23, 27-34]. After 

effective annealing, polymer chains are essentially immobilized because they coplanarize 

and pack more efficiently due to enhanced inter-chain CTC interactions. This technique 

has been effectively used by Koros and Das to mitigate plasticization for C3H6/C3H8 and 

thereby preserve higher selectivities under non-ideal mixed-gas conditions [35]. The 

unannealed 6FDA-6FpDA structure showed a pure-gas C3H6/C3H8 selectivity at 2 bar of 
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about 16 with C3H6 permeability of 1 Barrer and the polymer annealed structure at 210 oC 

showed an increased C3H6/C3H8 selectivity of 19 with a slight reduction in C3H6 

permeability of 0.7 Barrer under the same conditions. The increase in selectivity can be 

attributed to an enhanced sieving capacity of the polymer due to a tightening of the 

microstructure in the ultra-microporous range, and the drop in permeability is due to the 

formation of a more densified structure considering the chains are engaged in interactions 

with each other. However, more importantly, when evaluating the membranes under 

mixed-gas conditions, the annealed 6FDA-6FpDA showed stronger preservation of the 

pure-gas selectivity than the unannealed membrane due to better plasticization resistance. 

The annealed 6FDA-6FpDA had only sustained a 26% drop in selectivity from the pure-

gas measurement at 2 bar to the mixed-gas measurement at 2 bar C3H6 partial pressure, 

versus a 56% drop for the unannealed membrane under the same conditions. This study 

among several others conducted on the effects of annealing demonstrate that this mild 

thermal treatment can be an effective tool in mitigation of plasticization of polyimide 

membranes. If the polymer is also functionalized with hydroxyl groups, the strength of 

these CTCs can be even stronger due to inter-chain hydrogen bonding drawing the polymer 

chains much closer together [23].  

2.6.2. Polymers previously evaluated for C3H6/C3H8 membrane separation 

Membranes for C3H6/C3H8 separation have not been studied as much as those for various 

light gas separations, but many polymers have been examined for it. As with most gas/gas 

separations, a tradeoff between permeability and selectivity exists and has been identified 

by Burns and Koros [36], as shown in Fig. 2.6. Typically if a polymer has a high selectivity 

it will be coupled with a low permeability, and if it has a high permeability it will be 
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coupled with a low selectivity. While polymers are not capable of providing performance 

comparable to the best carbon molecular sieve (CMS) membranes, they are useful because 

they provide a broad range of performance which can be tailored to a particular application 

by tuning the polymer microstructure [36]. 

 

Fig. 2.6. Pure- (black, [36]) and mixed-gas (red, [37]) upper bound plots for the C3H6/C3H8 

separation. The highlighted yellow region is the commercially attractive zone of 

performance for debottlenecking a distillation column which is used to produce polymer-

grade propylene [38]. 

The two polymers defining the C3H6/C3H8 polymer upper bound are 6FDA-DDBT (3,7-

diamino-2,8(6)-dimethyldibenzothiophene sulfone) (α(C3H6/C3H8) = 20, P(C3H6) = 1.8) 

and 6FDA-DAM (2,4,6-trimethyl-1,3-phenylenediamine) (α(C3H6/C3H8) = 11, P(C3H6) = 

30). To date, most of the polymers reported for the separation have been conventional 

polyimides, more notably 6FDA-based polyimides, and a list of their permeation properties 

are enumerated in Table 2.1. They are referred to as conventional polyimides in the sense 
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that their polymer chains tend to pack more efficiently and in a denser manner than the 

later reported polymers of intrinsic microporosity (PIMs). Early on, higher fractional free 

volume 6FDA-based materials were examined because they were thought to yield 

relatively high free volume polymer matrices due to steric hindrance and spacer effects 

from the two CF3 groups [36, 39]. It was predicted that for a membrane to be selective for 

relatively large C3H6 molecules, it would need to have pores which are large enough to be 

accessibile to them. Compared to low free volume polyimides like Matrimid®, 6FDA-

mPD, and 6FDA-ODA which showed low C3H6/C3H8 selectivities (<10) and low C3H6 

permeabilities (<0.5 Barrer), the relatively higher free volume polyimides tended to show 

performance aggregating significantly higher on the upper bound plot in a region of 

moderate C3H6/C3H8 selectivities and C3H6 permeabilities. On this premise PIMs would 

be great candidates for the separation, but up until the work reported here only PIM-1 has 

been reported which showed permeability driven performance with selectivities too low to 

be of industrial interest [40]. Highlighted in yellow is the commercially attractive region 

of performance wherein a membrane would be useful for debottlenecking a C3 splitter for 

the production of polymer-grade propylene [38].  
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Table 2.1. Summary of C3H6/C3H8 pure-gas permeation properties of polymers reported 

in the literature. 

Reference Polymer Temperature  

(oC) 

Feed 

Pressure 

P(C3H6) 

(Barrer) 

α 

(C3H6/C3H8) 

[30] Matrimid® 35 2 atm 0.10 10 

[35] 6FDA-mPD 35 3.8 atm 0.13 10 

[35] 6FDA-IpDA 35 3.8 atm 0.58 15 

[35] 6FDA-6FpDA 35 3.8 atm 0.89 16 

[30] 6FDA-

33’DMDB 

35 1.1 atm 0.15 13.2 

[36] 6FDA-TMPD 50 2 atm 37 8.6 

[36] 6FDA-TrMPD 50 2 atm 30 11 

[37] 6FDA-DDBT 50 2 atm 1.8 20 

[37] BPDA-TMPD 50 2 atm 3.2 13 

[36] PPO 50 2 atm 2.3 9.1 

[36] PDMS 50 2 atm 6600 1.1 

[36] 6FDA-ODA 100 2 atm 0.48 11 

[34] PIM-1 35 2 atm 6996 2.6 

 

As can be observed in the performance plot in Fig. 2.6, the mixed-gas upper bound lies 

lower than the pure-gas upper bound in a significant manner. Generally there is a drop off 

in performance when comparing pure- and mixed-gas results for C3H6/C3H8 separation due 

to competitive sorption and/or plasticization. Because C3H6/C3H8 gas molecules sorb in a 

one to one fashion, polymers have essentially no solubility selectivity. Table 2.2 shows the 

C3H6/C3H8 solubility selectivities of numerous glassy polymers reported in the literature to 

date. Their solubility selectivities range from 1.0 to 1.3 regardless of polymer free volume, 
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indicating that the only way to separate the two gases is through size exclusion [36]. 

However, while molecular sieving is necessary, an even larger obstacle to overcome for 

the separation is plasticization because of the high gas uptake and size of these 

hydrocarbons. As discussed in Section 2.4.1, plasticization causes polymer matrix dilation 

which significantly reduces a membrane’s ability to effectively size discriminate. An 

example of a polymer demonstrating coupled competitive sorption and plasticization 

effects for the separation is in the relatively high performance 6FDA-DAM membrane 

which is one of the polymers defining the C3H6/C3H8 upper bound. It showed an almost 

50% lower selectivity from 11 to 6 when comparing 2 bar pure-gas results to 2 bar C3H6 

partial pressure mixed-gas results [42]. Besides the inevitable losses from competitive 

sorption, major losses in selectivity were attributed to tell-tale evidence of plasticization as 

the C3H6/C3H8 permeabilities both upturned with pressure.  

Table 2.2. C3H6/C3H8 solubility selectivities of various polymers reported in the literature 

[30].  

Polymer αS 

6FDA-6FpDA 1.3 

6FDA-DAM 1.2 

6FDA-TMPD 1.3 

6FDA-DDBT 1.0 

BPDA-TMPD 1.2 

PPO 1.2 

PIM-1 1.1 

 

2.7. Polymers of intrinsic microporosity (PIMs) 

Polymers of intrinsic microporosity (PIMs) are a rapidly emerging class of high-

performance materials for gas separation which, on one hand, can readily offer high 
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permeability attractive to the C3H6/C3H8 separation [43, 44]. They are characterized as 

structures with rigid and contorted polymer chains which pack inefficiently in the solid 

state to trap microporous free volume elements (< 20 Å). By having structures with high 

free volume to begin with, the microstructure can then be tuned to build in selective free 

volume as a means of uniting high selectivities with relatively higher permeabilities.  

Unique to the PIM platform of materials is their amorphous distribution of porosity that is 

bimodal in nature. As result, it is hypothesized that two diffusional mechanisms, namely 

molecular sieving and transient diffusional hops may be simultaneously involved overall 

transport of gas molecules through the membrane. This is unique to PIMs due to the 

existence of permanent “porosity” on the time scale of permeation. It is in stark contrast to 

crystalline materials like zeolites which have well defined, uniform cage-like structures 

and to conventional polymers where gas transport occurs by slower, activated diffusion 

through time dependent chain openings. PIMs have what is hypothesized to be an 

interconnected microporosity that can be likened to an hour glass shape. That is, the 

polymer structure has regions of throats and galleries, where it can be viewed that the 

microporosity leads to the presence of pores which exist on a time scale which is greater 

than pores associated with a penetrant making diffusional jumps. The concept of an 

interconnected microporosity versus a dense and isolated porosity is illustrated 

schematically in Fig. 2.7. 
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Fig. 2.7. Schematic diagram illustrating the hypothetical physical differences between a 

dense (non-porous) and isolated porosity versus an interconnected microporosity presumed 

to be the case for PIM-based structures [45].  

It is this interconnected microporosity theory which has been used to justify the body of 

results observed for PIM-based membranes defying what was previously thought to be the 

upper limit on separations for numerous applications. As shown in Fig. 2.8, a great deal of 

PIM membranes have been tuned to surpass the 2008 tradeoff curves for notable 

separations including O2/N2. The resulting performance stems from the structures’ 

combination of highly sieving ultra-micropores and relatively high free volume. For 

example, KAUST-PI-1 and TPIM-1 showed O2/N2 selectivities of 5.9 and 6.8, respectively 

with O2 permeabilities of 627 Barrer and 368 Barrer, respectively [46, 47].  
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Fig. 2.8. Pure-gas Robeson plots demonstrating the formation of a new 2015 upper bound 

for O2/N2 separations based on data of aged high performance PIM materials [40].  

Moreover, PIMs, like any other glassy polymer are notorious for aging which is a 

relaxation of the free volume within the polymer structure. It is particularly observable and 

more exaggerated in higher free volume PIMs especially after immersion of the membrane 

film in methanol, a procedure done as conditioning to help remove entrapped residual 

casting or synthesis solvent. The methanol swells the film and depending on the membrane, 

may take 5 to 15 days for the polymer chains to relax to a quasi-steady state so that 

permeation tests on the time scale of this equilibrium can be performed. When a membrane 

has reached this quasi-steady state, it passes what is dubbed an “aging knee,” which is the 

region where the polymer has not yet reached a quasi-equilibrium in its relaxed free 

volume. The “aging knee” is highlighted by the gray box in Fig. 2.9 showing a plot of O2 

permeability and O2/N2 selectivity versus time for two high free volume PIM-PIs, KAUST-

PI-1 and KAUST-PI-5. While this is generally thought to be detrimental to membrane 
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performance due to the drop in permeability over time, numerous studies have shown that 

upon two to three years aging, significant improvement in selectivity was observed. For 

example after aging for 780 days, TPIM-1 showed improvements in O2/N2 selectivity to 

8.6 and a drop in O2 permeability to 61 Barrer. As shown in Fig. 2.10, the increase in 

performance led to the formation of a new upper bound, dubbed the 2015 upper bound, for 

numerous gas pairs [45]. Furthermore it demonstrates the potential of PIMs as paradigms 

for gas transport membranes, since they can unite the high selectivities observed in 

commercially available low free volume materials with relatively high permeabilities. 

 

Fig. 2.9. O2/N2 aging data on KAUST-PI-1 and KAUST-PI-5 as adapted from [43]. 

The PIM microstructures can be characterized semi-quantitatively by N2 physisorption 

measurements at 77 K. Fig. 2.10 is a plot of the N2 adsorbed versus relative pressure for 

different high free volume polymers, poly-trimethyl-silyl propyne (PTMSP) (Fig. 2.11a), 

PIM-1 (Fig. 2.11b), and KAUST-PI-1 (Fig. 2.11c). Greater sorption in the high pressure 

region is typically indicative of greater free volume which can be quantified by the BET 

surface area measurement. Greater uptake in the low pressure region – shown in the inset 
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of the plot – is typically indicative of a greater presence of the finer highly sieving ultra-

micropores. From Table 2.3 surface area measurements showed that PTMSP > PIM-1 > 

KAUST-PI-1, indicating that PTMSP has the greatest free volume, followed by PIM-1, 

and then KAUST-PI-1. However, KAUST-PI-1 showed the highest sorption in the low 

pressure region, followed by PIM-1 and PTMSP, respectively, indicating that KAUST-PI-

1 likely has the highest sieving capacity. These trends are supported by the pore-size 

distribution shown in Fig. 2.12. KAUST-PI-1 shows the sharpest peaks centered in the 

ultra-microporous range, followed by PIM-1, and then PTMSP. These physisorption-based 

qualitative observations regarding the differences in the polymers’ microstructure were 

validated by numerous light gas permeation measurements. For example, KAUST-PI-1 

showed an O2/N2 selectivity and permeability of 5.9 and 627 Barrer, respectively. PIM-1 

and PTMSP had higher O2 permeabilities of 985 Barrer and 9710 Barrer, respectively, but 

as expected from the physisorption studies incrementally less O2/N2 selectivities of 4.0 and 

1.4, respectively.  
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Fig. 2.10. Chemical structures of a) PTMSP, b) PIM-1, and c) KAUST-PI-1. 

 

Fig. 2.11. N2 physisorption isotherms at 77 K of high free volume materials KAUST-PI-

1, PIM-1, and PTMSP. Sorption in the low pressure region from p/po of 0 to 1x10-5 is 

illustrated in the inset of the plot [3].  
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Fig. 2.12. Comparison of pore-size distributions derived by NLDFT analyses of N2 

physisorption isotherms at 77 K for KAUST-PI-1 (red), PIM-1 (purple), and PTMSP 

(orange) [3]. 

Table 2.3. BET surface areas in m2/g of KAUST-PI-1, PIM-1, and PTMSP [3]. 

Polymer 
BET Surface Area 

(m2/g) 

KAUST-PI-1 750 

PIM-1 770 

PTMSP 950 

 

There are many tunable features of PIM-PIs as highlighted in Fig. 2.13. A polyimide 

comprises the combination of a dianhydride and diamine connected by an imide bond. 

Varying the diamine and/or dianhydride or substituting one contortion center with another 

can significantly alter gas permeation performance. Unique to PIM-PIs is a contortion 

center in its diamine and/or dianhydride whose structural kink provides more inefficient 

chain packing and therefore more free volume. Highlighted is the classically used 

spirobisindane-based contortion center which essentially is a 90 degree swivel joint. By 
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replacing this contortion center with more rigid bridged bicyclics such as triptycene 

(Fig.2.14), ethanoanthracene, or TrȪger’s base, the intra-segmental rigidity of the polymer 

can be enhanced. Bridged bicyclic dianhydrides can be tuned by substituting the 

bridgehead with alkyl groups which can provide different effects on the porous texture in 

the fashion of enhanced permeability and/or selectivity [49]. Another tunable feature is the 

inter-kink distance which is a measure of the distance between the contortion center and 

imide bond. One of the biggest constraints to designing highly rigid polyimides compared 

to ladder PIMs, which is a fused ring structure, is the N-phenyl imide bond because it is a 

single bond which is free to rotate. Essential to rigidifying a PIM-PI backbone entails 

substituting the diamine with functional groups contributing steric hindrance effects which 

can inhibit free rotation about this bond. Consideration of all these different features of 

PIM-PIs provides many different ways to conduct systematic structural changes to tune the 

porous texture and transport properties of a membrane for selective transport for a 

particular gas pair. 

 

Fig. 2.13. Highlighted structural features of PIM-PIs with a spirobisindane contortion 

center [3]. 
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Fig. 2.14. Highlighted structural features of PIM-PIs with a triptycene contortion center 

[3]. 

Recently, solution-processable PIMs (ladder-type and PIM-polyimides (PIM-PIs)) have 

been designed and predominantly evaluated for light gas/gas separations (i.e. O2/N2, H2/N2, 

H2/CH4, CO2/CH4) [46, 47, 50-54]. Only a few studies on PIMs, specifically the 

prototypical ladder-type PIM-1, have revealed outstanding butane/methane separation 

properties [55, 56]. Additionally, two studies investigated the C3H6/C3H8 separation 

properties of PIM-1 in its pristine, annealed, and covalently crosslinked states and 

demonstrated permeability-driven performance enhancements (ranging from 18 to ~8,000 

Barrer) at the expense of selectivity (ranging from 2.5 to 9) [39]. However, the latter studies 

reported only pure-gas data measured at 1-2 bar. Mixed-gas data are critical to evaluating 

permeability- and selectivity-draining non-ideal phenomena including plasticization and 

competitive sorption. 
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2.8. Thermally-rearranged (TR) membranes 

One potential route to simultaneously improving permeability is the introduction of 

microporosity into a membrane material by means of thermal rearrangement (TR) of ortho-

positioned hydroxyl-functionalized polyimides to polybenzoxazoles (PBO) [26, 57-60]. 

TR polymers can be made by treating a polyimide precursor containing an ortho-positioned 

hydroxyl group to the imide bond under temperatures ranging from 350 to 450 °C [26, 57, 

58, 60, 61]. A critical attribute necessary for a membrane to preserve high selectivity under 

high activity mixed-gas feeds is strong plasticization resistance. The aforementioned rigid 

PIMs and TR membrane types have shown some promise because of their restricted intra- 

and intersegmental chain mobility [23]. Furthermore, upon thermal rearrangement TR 

polymers have shown good plasticization resistance under high partial pressure mixed-gas 

CO2/CH4 feeds and demonstrated good mechanical properties [57, 62]. The exemplary TR 

polymer reported by Park et al. was the first example demonstrating a combination of high 

permeability and selectivity for CO2/CH4 separation. Many variations based on precursor 

and temperature have been reported. Interestingly, only one previous study examined the 

pure-gas performance of TR membranes for the C3H6/C3H8 separation [63]. It involved 

using a 6FDA-APAF polyimide precursor and showed a C3H6/C3H8 selectivity of 16 and 

C3H6 permeability of 17 Barrer at 2 bar feed pressure, but no mixed-gas permeation data 

was reported. 

 

Parts of this chapter were adapted from Swaidan, R.J., Ma, X., Pinnau, I., 

Spirobisindane-based polyimide as efficient precursor of thermally-rearranged and 

carbon molecular sieve membranes for enhanced propylene/propane separation, Journal 

of Membrane Science 520 (2016) 983-989. 
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2.9. Carbon Molecular Sieve (CMS) membranes 

CMS membranes have shown exceptional gas separation performance beyond that of state-

of-the-art solution-processable polymers [36, 64-68]. They are formed by heating a 

polymer precursor beyond its degradation temperature in controlled environments to form 

graphitic domains that pack inefficiently and exhibit  bimodal pore-size distributions in the 

microporous range. Often times the resulting structure behaves like a molecular sieve in 

which slit-like pores are generated from the packing flaws of the “graphene-like” sheets 

(Fig. 2.15). Variables that can be optimized to tailor the microstructure of CMS membranes 

for targeted applications include: i) Polymer precursor structure; ii) pyrolysis temperature; 

iii) pyrolysis time; iv) temperature ramp rate; and v) pyrolysis atmosphere (e.g., dopants). 

 

Fig. 2.15. a) Illustration of a turbostratic carbon structure and b) the envisioned slit-like 

pores generated from the packing misalignments [69]. 

Numerous studies have examined the influence polymer precursors have on resultant CMS 

membranes by processing a series of polymers under identical pyrolysis conditions and 

comparing the properties of the membranes formed [70, 71]. The precursor free volume 

was shown to have a critical effect on the final CMS microstructure. For example, CMS 
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membranes derived from Matrimid® at 550 oC and 800 oC exhibited greater selectivities 

and lower permeabilities than those derived from higher free volume 6FDA/BPDA-DAM 

for CO2/CH4 and O2/N2 separations. However, the 6FDA/BPDA-DAM derived 

membranes exhibited higher C3H6/C3H8 permeabilities and selectivities, which was 

attributed to better accessibility to the pores of the relatively larger gas penetrants.  

An increase in pyrolysis temperature typically leads to a sintering of the pore structure as 

shown in Fig. 2.16 and therefore a decrease in the permeability of the gas penetrants [57, 

64, 70, 72, 73]. Steel et. al showed that for larger gas molecules like C3H6/C3H8, higher 

pyrolysis temperatures can collapse the ultra-micropores necessary for effective molecular 

sieving [64]. The resulting structure would then demonstrate low selectivities and 

permeabilities. However, a maximum in C3H6/C3H8 permeability and selectivity was 

achieved by tuning the pyrolysis temperature and pyrolysis time with both Matrimid® and 

6FDA/BPDA-DAM precursors [64].  

 

Fig. 2.16. Schematic diagram illustrating the sintering of pores typically observed in 

CMS membranes with increasing pyrolysis temperatures.  



79 

 

Adjusting the pyrolysis atmosphere by controlling the concentration of gases such as O2 in 

the purge gas during pyrolysis is another tool which can be used to tune the polymer’s 

microstructure. During the pyrolysis process, O2 may chemisorb at the active edges of the 

CMS ultra-micropores, as illustrated schematically in Fig. 2.17. Much like the case for 

pyrolysis temperature, it has been demonstrated that a strong correlation exists between O2 

concentration and CMS performance [69, 71, 74]. For example, the technique was recently 

optimized for the C3H6/C3H8 separation by CMS membranes formed from 

6FDA/DETDA:DABA(3:2)-based precursors. By increasing the O2 concentration during 

pyrolysis to 50 ppm, a significant increase in mixed-gas C3H6 permeability and C3H6/C3H8 

selectivity from 2,444 Barrer and 12.7, respectively, to 101 Barrer and 50.7 were observed.  

 

Fig. 2.17. Schematic diagrams illustrating a) formation of a CMS in an inert pyrolysis 

atmosphere versus b) CMS doped with O2, wherein chemisorption of O2 molecules 

(orange circles) on the edges of the ultra-micropores occurs during pyrolysis [69].  

The CMS highly rigid, slit-like pore structure has been shown to be suitable for size 

exclusion of gases with similar dimensions, thereby making it a promising candidate for 

C3H6/C3H8 separation. In addition, CMS membranes have demonstrated good 
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plasticization resistance and high C3H6/C3H8 mixed-gas selectivity [65, 73, 75, 76]. While 

CMS membranes using PIM precursors have been reported for C2H4/C2H6, no data are 

presently available for C3H6/C3H8 separation [77, 78]. Materials development of CMS 

membranes for this challenging separation is especially appealing because of the recent 

work done by Koros et al. demonstrating their potential to be manufactured into scalable, 

defect-free hollow fibers [79-81].  

2.10. Metal-organic framework (MOF)-based mixed-matrix membranes (MMM) 

Because the performance of polymers in membrane-based gas separations is subject to a 

permeability/selectivity tradeoff, it is difficult to develop a material with a combination of 

high selectivity and high permeability. PIM-based polymers offer one routeto thrust the 

upper bound to higher limits. Inorganic membranes provide another route to defy this 

classical tradeoff by virtue of their tunable microstructures, but are plagued by 

processability issues when considering large scale production [82, 83]. However, hybrid 

materials in the form of mixed matrix membranes (MMMs) are promising candidates 

because they can maintain processability similar to conventional polymers, as depicted in 

Fig. 2.18 [37, 82, 84]. MMMs are particularly interesting to study because a framework 

exists by which performance at moderate nanoparticle loadings of novel MMMs can be 

predicted by the Maxwell Model as a function of the permeability of the continuous phase, 

the permeability of the dispersed phase, and the volume fraction loading of the dispersed 

nanoparticles [85]. MMMs possess an advantage economically over pure inorganic 

membranes because they may be integrated more easily into current large-scale practices 

in membrane production [82, 83, 86]. The utilization of PIMs as the polymer phase in 
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mixed-matrix membranes for C3H6/C3H8 is a promising route that was explored in this 

work.  

PMMM = PC (
PD+2PC-2∅D(PC-PD)

PD+2PC+∅D(PC-PD)
)                                                                               (13) 

 

Fig. 2.18. a) Schematic demonstrating hybrid mixed-membrane materials offer a balance 

in performance and mechanical properties versus purely organic or inorganic membranes. 

b) Schematic demonstrating the potential for a mixed-matrix membrane utilizing a high 

performance PIM material as the continuous phase to reach new heights in performance. 

Metal-organic framework (MOF)-based MMMs have demonstrated a great deal of promise 

amongst the several types of hybrid membrane materials. MOFs are three-dimensional 

inorganic structures characterized by organic linkers bridged by metal tetrahedral [87]. It 

has been demonstrated that dispersing select MOFs into the matrices of polymer 

membranes can significantly improve the olefin/paraffin separation performance of the 

pure polymer membrane to regions well above the previously defined tradeoff curves [31, 
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88, 89]. MOFs show good interactions with the polymer bulk material and therefore offer 

better compatibility with polyimides over conventionally used zeolites and carbon 

nanotube fillers [37, 90-93]. Koros et al. were the first to demonstrate that ZIF-8 (Zn(2-

methylimidazole))-based hybrid membranes can improve both the C3H6 permeability and 

C3H6/C3H8 selectivity with increased ZIF-8 loading over the respective neat polymer to 

regions above the C3H6/C3H8 tradeoff curve [37]. ZIF-8 (Fig. 2.19) was chosen because it 

has been shown to have diffusive selectivity measurements of ~125 based on kinetic uptake 

rate large ZIF-8 crystals [94, 95]. ZIF-8 has also demonstrated good performance for 

C3H6/C3H8 in permeation measurements on high quality membranes [96]. Zhang et al. also 

demonstrated the potential industrial scalability of such a nanocomposite configuration by 

later successfully fabricating 30% ZIF-8-loaded hollow fiber MMMs which showed 

sustained performance comparable to thick film measurements [97].  

 

Fig. 2.19.  a) Chemical and b) three-dimensional structure of ZIF-8 (Zn-Methyl-

imidizolate) [91]. 

One very challenging yet favorable feat towards exceptional separation performance in 

hybrid nanocomposite materials is the attainment of high nanoparticle loadings. Highly 

loaded mixed matrix membranes are typically difficult to fabricate because of 

compromised mechanical integrity resulting from the formation of interfacial defects and 

the “sieve in a cage” morphology [82, 84]. The interfacial defects are essentially 
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nonselective voids in the polymer matrix which make the membrane very brittle and 

contribute to bulk transport, thereby compromising its sieving capacity. Su et al. 

demonstrated the promising impact of successfully generating high nanoparticle loadings 

in MMMs, as their polysulfone/UiO66 MMMs demonstrated almost 800% improvement 

in CO2 permeability with only small losses in CO2/CH4 selectivitiy at 50% loading [99]. 

The performance enhancement was attributed to aggregation of the filler particles upon 

high MOF loadings to form nanoparticle percolative networks, as illustrated schematically 

in Fig. 2.20. This phenomenon was deemed desirable because – if formed with strong 

interphase interactions – it facilitates the formation of both a continuous organic and 

inorganic phase in the membrane matrix which allows for circumvention of the classical 

solution diffusion model by a dual-transport mechanism. Key to the formation of highly 

loaded MMMs, however, is very good polymer/nanoparticle adhesion to avoid the 

undesirable “sieve in a cage” morphology, because at higher loadings the interfacial defects 

become more prevalent. One study detailed the use of polydopamine (PDA) to coat ZIF-8 

nanoparticles and facilitate better compatibility with a 6FDA-based polyimide by 

successfully mitigating these defects [100]. The PDA was chosen because its polarizable 

hydroxyl groups would be able to establish hydrogen bonding interactions with the organic 

linker of the ZIF-8 particles and therefore achieve better interactions with the polymer.   
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Fig. 2.20. Schematic diagram depicting the differences between low-loaded and well 

dispersed ZIF-8 MMMs, versus highly loaded MMMs which tend to exhibit the 

formation of percolative networks of ZIF-8 particles. 
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Chapter 3. Materials and Methods 

This chapter details the main techniques based upon pure- and mixed-gas permeation and 

sorption used for measuring the properties of the membranes discussed in the dissertation. 

Standard operating procedures for running the different apparatus and detailed schematic 

diagrams are provided. A list of the main chemical structures discussed in the dissertation 

is provided. Almost 15 variations of membranes were used as the foundation for discussion 

of the investigation to compare with materials previously reported in the literature. An 

overview of the typical synthetic procedure and membrane preparation are discussed as 

well. 

3.1. Intrinsically microporous polyimide materials  

3.1.1. Typical synthetic procedure 

Fig. 3.1 illustrates the sequence of steps for synthesizing the first commercial polyimide 

Kapton® [1]. Polyimides discussed in this dissertation were synthesized by a similar 

technique in high molecular weight by a polycondensation reaction of the two monomers 

of the polyimide, namely the dianhydride and diamine. Equal amounts of the diamine and 

dianhydride monomers were mixed into freshly distilled meta-cresol with nitrogen purge 

for about 5 minutes, after which a clear solution results. Approximately 0.1 mL of 

isoquinoline was added as catalyst in addition and slowly increasing the reaction 

temperature to 200 oC. The reaction was maintained at this temperature for about 4 hours 

under nitrogen purge. Any water generated was eliminated by adding toluene. Afterwards, 

the vessel was cooled to 80 oC and the polymer solution was precipitated drop by drop in 
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methanol. It is then purified through filtration and dried in the oven under vacuum at 120 

oC.  

 

Fig. 3.1. Synthetic procedure for generation of Kapton® [2]. 

3.1.2. Dianhydrides 

The list of dianhydrides used to synthesize different combinations of polyimides are 

enumerated in Table 3.1. The reason for the use of each is described within the chapters in 

which the monomers are used.  A commercially available 6FDA dianhydride is included 

in addition to the PIM-based dianhydrides which differ in their degree of rigidity, 

bulkiness, and 3-dimensionality. 
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Table 3.1. List of dianhydrides and chemical structures used for synthesis of polyimides 

reported in this work. 

Nomenclature Structure 

i-C3 TPDA 

 

SPDA (ext.) 

 

6FDA 

 
  

  

 

3.1.3. Diamines 

Table 3.2 enumerates the diamines which were used for preparation of polyimides studied. 

A combination of commercial and custom made diamines were used. In this work the 

selection of diamines was based on conducting incremental changes to the torsional 

flexibilities about the imide bond, as well as different degrees of bulkiness and polarity (i.e. 

using hydroxyl groups). The reason for the use of each is described within the chapters in 

which the monomers are used.   
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Table 3.2. Chemical structures and names of commercially available and custom made 

diamines used to form the polyimides discussed in the dissertation. 

Nomenclature Name Structure 

TMPD 2,3,5,6-tetramethyl-1,4-phenylene diamine 

 

6FpDA 4,4′-(hexafluoroisopropylidene) dianiline 

 

HSD 
3,3,3’,3-tetramethyl-1,1’-spirobisindane-5,5’-

diamino-6,6’-diol 

 

SD 
3,3,3’,3-tetramethyl-1,1’-spirobisindane-5,5’-

diamino 
 

HSBF 
3,3’-diamino-2,2’-dihydroxyl-9,9’-

spirobifluorene 

 

   

   

   

3.2. Membrane film preparation 

3.2.1. Homogenous thick film 

After synthesis, the polymer powder was dried at 120 oC for 12 to 24 hours and then 

dissolved using a suitable solvent to form a 3-5% solution by weight. The casting 

procedure, illustrated in Fig. 3.2, involves first pouring the solution into a syringe 

assembled with a 0.45 μm PTFE filter, and then injecting the solution into a leveled flat-

bottom petri-dish. The samples are then covered immediately with an upside-down dish 
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and allowed to evaporate slowly until a thick film is formed. The freshly cast membrane is 

dried under vacuum at 120 oC  for about 12 hours to remove any residual casting solvent. 

From there, depending on the particular membrane, the post-treatment typically involves a 

solvent conditioning step, followed by one more drying or annealing step. The solvent 

conditioning can be done by immersing the membrane in methanol for 24 hours. The 

methanol serves to swell the polymer and allow for removal of entrapped casting or 

synthesis solvent. Once removed from the methanol soaking, the film is dried in ambient 

conditions, and then put into the oven for drying  under vacuum at 120 oC for 12 hours. To 

ensure removal of solvents from the membrane the membrane are used for thermal 

gravimetric testing (TGA). If the TGA shows a clean trace, permeation experiments are 

subsequently carried out. If the membrane is to be annealed, the 120 oC drying step after 

methanol soaking can be replaced with a 250 oC annealing step.  
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Fig. 3.2. Schematic diagram illustrating the membrane casting procedure. a) A 

homogeneously mixed 3-5 wt.% polymer solution is poured into a syringe equipped with 

a 0.45 μm PTFE filter. b) Polymer solution is injected into a leveled flat bottom petri-dish. 

c) The petri-dish is immediately covered with an upside-down dish and left to slowly 

evaporate. 
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3.2.2. PIM-6FDA-OH-derived TR-PBO and CMS membrane preparation 

A Carbolite tubular furnace was used for the formation of the TR-PBO and CMS 

membranes; the experimental setup is shown schematically in Fig. 3.3. Pyrolysis was 

conducted under nitrogen flow and the films were held at 100 °C for 30 to 60 minutes. The 

oxygen concentration in the furnace was continuously monitored with an O2 analyzer 

(Cambridge Sensotech, Rapidox 3100). Ramping of the temperature did not begin until the 

O2 concentration was less than 2 ppm. The TR-PBO membrane was made as previously 

reported by heating the pristine PIM-6FDA-OH at a rate of 3 °C/min from 100 to 440 °C 

where it was held isothermally for 2 hours to achieve complete conversion of the polyimide 

to PBO [3, 4]. The furnace was then shut off and the film was left to cool to room 

temperature under continuous nitrogen flow. A similar protocol was followed for the CMS 

membrane except that it was held at 600 °C for 30 minutes [3, 4]. These conditions were 

chosen because earlier studies demonstrated optimized performance of polyimide-derived 

CMS membranes pyrolyzed at ~550-600 °C [5, 6]. CMS membranes made at higher 

temperature (800 °C) generally showed both lower permeability and selectivity for 

C3H6/C3H8 separation. The film thicknesses were determined by a digital micrometer and 

the film areas were measured by calibrated scanning software.  

 

 

 

Parts of this chapter were adapted from Swaidan, R.J., Ma, X., Pinnau, I., 

Spirobisindane-based polyimide as efficient precursor of thermally-rearranged and 

carbon molecular sieve membranes for enhanced propylene/propane separation, Journal 

of Membrane Science 520 (2016) 983-989. 
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Fig. 3.3. Schematic diagram of the equipment used for thermal treatment of the PIM-

6FDA-OH polyimide precursor.  

 

3.2.3. Mixed-matrix membrane formation 

Mixed-matrix membranes were formed by combining PIM-6FDA-OH with ZIF-8. The 200 

nm ZIF-8 crystals were purchased from Sigma-Aldrich and dried in the oven at 200 oC 

overnight. The polymer powder was dried overnight at 120 oC. The ZIF-8 particles were 

then dispersed in DMF with the aid of a sonication horn. The polymer powder was then 

slowly added into the ZIF-8 dispersed milky solution and left on a roller or shaker 

overnight. The viscous polymer/nanoparticle solution is then poured onto a flat glass plate 

and a casting knife is used to spread the solution out uniformly. The solution is then left to 

evaporate slowly in an oven at 80 oC under nitrogen purge flow.  

 

3.3. Thermal gravimetric analysis (TGA) 

Once membrane conditioning and drying was completed, approximately 3 to 5 mg of the 

film was cut into small fragments and loaded into a stainless steel TGA pan. 

The TGA procedure is listed below: 



102 

 

1. Ramp to 120 oC 

2. Equililibrate at 120 oC 

3. Hold isothermal at 120 oC for 60 minutes 

4. Ramp to 800 oC at 3 oC/min 

The first step is a preliminary drying step at 120 oC just to remove any potential water 

vapor from the film. Once this is complete, the film is heated at a moderate rate to 800 oC 

to determine if there is any trace of solvent entrapped in the membrane. If the conditioning 

step was effective, a clean trace should be observed up until decomposition of the 

membrane begins. If there is evidence of some weight loss due to residual solvent, further 

conditioning measures are to be taken to remove them, and TGA would be run again to 

confirm the complete removal of it. 

3.4. Permeation 

3.4.1. Customized pure- and mixed-gas permeation apparatus 

The design of pure- and mixed-gas constant volume/variable pressure permeation systems 

was contrived and constructed with a pressurized feed gas upstream and high vacuum on 

the permeate side, in a fashion similar to one reported in the literature [7]. A photograph of 

a mixed-gas permeation unit and gas chromatograph are shown in Fig. 3.4a, and a 

schematic of the system design is depicted in Fig. 3.4b. The system was designed to sample 

low pressure downstream permeate samples (<10 torr) via the use of a gas chromatograph.  
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Fig. 3.4. a) Photograph and b) schematic diagram of custom-built pure- and mixed-gas 

permeation systems with double-layered polycarbonate panel (1) for insulation, 

temperature control system (2), Millipore permeation cell rated for high pressure (3), 

vacuum pump (4), helium feed port (5) for dilution of permeate for deliver into a gas 

chromatograph (6). Dotted lines denote lines connected to vacuum; dashed lines denote 

electronic signals; P denotes a pressure transducer; M denotes a mass flow controller [2]. 
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All gas flow lines were welded using 316 stainless steel tubing, having a ¼” outer diameter, 

and 0.025” wall thickness. In the downstream part of the system, all fittings were 316 

Stainless Steel VCR® tightened with a stainless steel gasket because they are better for 

reducing leaks than Swagelok® fittings. They are also versatile because they can be 

loosened and retightened as long as the gasket is changed. This can be very useful because 

there may be instances where the permeation cell between different systems needs to be 

swapped. In addition if valves fail they can easily be replaced in this way without having 

to weld new plumbing. To control the temperature at precisely 35 oC more effectively two 

layers of polycarbonate, each 6 mm in thickness, were used to enclose the system and 

minimize ambient temperature effects. An OMEGA temperature controller was used to 

regulate permeation system temperature and an RTD thermocouple was used to measure 

the temperature of the feed gas. A fan was used to heat and circulate air in the box. Several 

additional measures were taken to effectively control the system temperature: The valve 

handles were all positioned outside the box so that operation could be done without having 

to open the door to the system and all holes were lined with material to minimize 

convection effects.  

Feed gas pressures were controlled by pressure regulator A (KPR series, stainless steel, 

Swagelok®) shown in the schematic Fig.3.4, which has a range of 1,000 psia. Bellows seal 

valves (stainless steel-4UW-V51) are used for valves A to H, Q and R. The valve stem was 

long enough to be situated outside the box for convenient manual control. Valve B is the 

feed valve to the box, and Valve C controls the vent stream. Valve D is the feed valve 

separating upstream from the cell, and when opened allows feed gas to be passed over the 

membrane. Valve Q and R are the upstream and downstream vacuum valves, respectively. 
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Valve E controls gas flow into volume V1, which during most experiments is not used so 

is mostly closed. Valve F separates the downstream volume from V2 which is mainly used 

as a collection vessel for mixed-gas experiments. In pure-gas experiments, permeate is 

collected in the downstream part of the system alone so that a clear time lag can be 

observed, meaning that valves E and F would be closed. Valve G and H are used in mixed-

gas sampling process which is described in Section 3.4.4.2. Valve O is used to distinguish 

between pure- and mixed-gas testing as it is a shutoff retentate flow valve. If running a 

mixed-gas experiment, valve O would be opened and the retentate flow is controlled with 

a needle valve, P (stainless steel-SS2-D). The stage-cut is measured with a mass flow 

meter, M (Agilent, ADM3000). Valves J, K, L, and M are bellow valves and are used 

primarily when running mixed-gas experiments. Valve J opens up to a vacuum and is used 

to clean the line running to the gas chromatograph.  Valve K opens up to the vacuum to 

clean the line up to the helium feed port. PU is the upstream pressure transducer which is 

of the Baratron® 750C variety. It is a capacitance manometer which has a range of 1000 

psi relative to high vacuum. PD is the downstream pressure transducer which is measured 

with a 100 torr MKS 121AA transducer. LabView 7® was used for data recording, where 

the downstream pressure and upstream pressure were plotted. An RV3, Edwards 3 stage 

mechanical pump was used as the vacuum system for the apparatus. 

A Millipore permeation cell with a pressure tolerance of 10,000 psi was reformed by 

drilling a threaded hole for installation of a port for retentate flow (Fig. 3.5). The cell has 

an entrance port from which 1/8” stainless steel tubing provides the feed flow, and the 

retentate flow port exits to 1/8” tubing as well. The feed tube was bent in an “L” shape and 

positioned in the opposite direction of the retentate port. The membrane (5 in Fig. 3.5) is 
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masked using aluminum tape (6 in Fig.3.5) to the bottom half of the cell in a technique 

described in Section 3.4.2. Below the membrane a disc shaped piece of filter paper is placed 

as support for the membrane. To close the cell, six bolts (3 in Fig. 3.5) are used to tighten 

the cell, and an O-ring is installed on the top half of the cell to establish a seal between the 

membrane and the ambient.  

 

Fig. 3.5. Schematic diagram showing the top and bottom half of the permeation cell, where 

(1) is the top half of the Millipore permeation cell; (2) is the bottom half of the Millipore 

permeation cell; (3) are the bolts used to tighten the cell; (4) is the o-ring used to help 

establish a seal from the ambient when the cell is tightened; (5) is the membrane film; (6) 

is the aluminum tape masking; and (7) is the porous filter paper support beneath the 

membrane. 
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Downstream volume calibrations of the permeation systems were done by nitrogen 

expansion from an already calibrated volume – determined by taking the weight of that 

volume filled with water – conducted at room temperature and testing over a series of 

pressures. Critical to the construction of a robust permeation system is a leak-proof 

downstream since these systems are essentially run at vacuum downstream. To validate 

that the leak rate was low enough to achieve this a leak test was done. The bottom half of 

the cell was completely covered with aluminum tape which is impermeable to gas flow, 

and vacuum was pulled on the downstream part of the system for 24 hours to remove any 

residual adsorbed components. The vacuum was then isolated from the system and the 

pressure increase in the downstream was examined over time. All systems showed leak 

rates of less than 5x10-7 torr/s, which is within the tolerance needed to show no significant 

contribution to change in driving force. Upstream components were also checked for leaks 

because although it would not have a significant impact on the experiment if accounted for, 

it can be a safety hazard. Upstream leak testing was done by pressurizing the system with 

helium gas to a high pressure of about 30 bar and checking to see if there was a drop in 

pressure over time. If the pressure dropped, the source of the leak can be detected by using 

Snoop® on the individual fittings and tightened or replaced if the particular fitting is 

malfunctioning. 

The composition of the permeates of mixed-gas experiments was measured using an 

Agilent Micro GC 3000A gas chromatograph which has four columns, each with a thermal 

conductivity detector (TCD). Helium gas with at least ‘five nines’ purity was used as the 

carrier gas for the gas chromatograph since the main gases used in experiments were 
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C3H6/C3H8. An alumina column was used for the C3H6/C3H8 analytes and the temperature 

and pressure conditions of the column was 120 oC and 26 psi, respectively.  

3.4.2. Pure-gas permeation 

Because permeability is the pressure and thickness normalized flux, it can be expressed 

mathematically as: 

P=
1

A∆p

dn

dt
                                                                                                         (3.1) 

where P is permeability coefficient (Barrer) (1 Barrer = 10-10 cm3 (STP) cm cm-2 s-1 cmHg-

1), p is pressure (cmHg), A is the membrane area (cm2) and l is membrane thickness (cm). 

By applying the ideal gas law, which is applicable to a low pressure permeate, with a trivial 

downstream pressure compared to upstream pressure, equation 3.1 can be rewritten as: 

dt

dp

ARTp

lV
P

up

d
i

1010                                                                                                       (3.2)                        

Where Vd is the permeate volume (cm3), pup is the upstream pressure (cmHg), dp/dt is the 

steady-state increase in permeate pressure (cmHg s-1), T is the temperature (K), and R is 

the gas constant (0.278 cm3 cmHg cm-3 (STP) K-1).  

3.4.3. Mixed-gas permeation  

Pressure-dependent mixed-gas testing was conducted at 35 °C with a 50:50 C3H6/C3H8 feed 

mixture using a setup comparable to that reported by O’Brien et al. [7]. A stage-cut of less 

than 0.01 was used to avoid concentration polarization. The permeate composition was 

determined using a calibrated gas chromatograph (Agilent 3000A Micro GC) equipped 

with thermal conductivity detectors. The mixed-gas permeability was determined via: 
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dt

dp

ARTpx

lVy
P

upi

di
i

1010                                                                                                   (3.3) 

where y represents the mole fraction in the permeate and x represents the mole fraction in 

the feed. The mixed gas selectivity of C3H6/C3H8 was determined by: 

i/j = (yi/yj)(xj/xi)                                                                                                             (3.4) 

A relative error of ± 2% emanates from thickness measurements using the micrometer, ± 

5% emanating from area measurements using the calibrated scanning software, making 

the uncertainty in mixed-gas permeability values about ± 7%. The mixed-gas selectivity 

values have an error of about ± 8%. 

3.5. Sorption 

3.5.1. High pressure sorption (Hiden Isochema Intelligent Gravimetric Analysis 

(IGA)) 

High pressure single gas C3H6/C3H8 sorption isotherms was obtained using a Hiden 

Isochema IGA (Fig. 3.6), the schematic diagram of which is illustrated in Fig. 3.7. The 

Hiden IGA is an automated isothermal sorption data acquisition system, wherein polymer 

powder is loaded onto a microbalance, and the degree of gas sorption is evaluated 

gravimetrically by measuring the increase in weight of the sample with feed pressure. It is 

equipped with a stainless steel vessel enclosing both a large and small capacity 

microbalance, although for the sake of the experiments done in the discussed studies only 

a small capacity was necessary. It is a versatile instrument as it can be used to obtain 

sorption data from vacuum (<10-9 mbar L/s leak rate) up to high pressures to near 20 bar, 

and at a very broad temperature range from -196 oC to 1,000 oC. It is equipped with a set 

point PID pressure controller and a precise pressure ramping system. 
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Fig. 3.6. Photograph of Hiden gravimetric sorption instrument. 
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Fig. 3.7. Schematic diagram of Hiden IGA where (1) is the stainless steel reactor vessel 

encompassing the sample hanging from a tungsten/gold chain wire (F) and temperature 

probe, and gas feed line (E); (2) a isothermal jacket used for controlling the sample 

temperature; (3) a chiller to control the temperature in the isothermal jacket; dashed lines 

specify electronic outputs; dotted lines denote vacuum connected lines; P are pressure 

transducers; T are temperature probes [2]. 
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3.5.2. Low pressure physisorption (Micromeritics ASAP 2020) 

A simple schematic diagram of the system is illustrated in Fig. 3.8. The system was 

customized by adding a “micropore” upgrade which included a 0.1 torr transducer and 

turbo pump. As restricted by the sample tubes, the maximum pressure that could be piped 

through the apparatus was 1 bar. It is equipped with numerous valves which control the 

feeding of gas and evacuation of the system, all of which can be operated manually or 

automatically by the instrument software. The three essential valves to the volumetric 

adsorption apparatus are the adsorptive valve, the vacuum valve, and the sample valve 

which regulate the state of the sample. The adsorptive valve admits the gas, the evacuation 

valve is used to pull vacuum on your sample, and the sample valve is used to isolate the 

sample. Three transducers are used for varying degrees of pressure readings from very low 

to above ambient. 
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Fig. 3.8. Schematic diagram of Micromeritics ASAP 2020 instrument. (1) is the degas port 

wherein a sample tube is evacuated. A heating mantle can be installed to the bulb of the 

sample tube to aide in better removal of adsorbed species; (2) is the sample analysis port, 

equipped with a saturation tube, dewar for controlling the temperature of the sample; (3) is 

a chiller for regulating bath temperature of the dewar; and (4) are the vacuum and turbo 

vacuum pumps [2]. 
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Chapter 4. Role of intra-chain rigidity of PIM-PI membranes on 

propylene/propane gas separation performance 

 

4.1. Abstract 

Solution-processable polyimides of intrinsic microporosity (PIM-PIs) comprising 

relatively inflexible and contorted backbones have demonstrated outstanding molecular-

sieving behavior in membrane-based separation of gas/gas pairs. In this work, the effects 

of systematically increasing intra-chain rigidity on the propylene/propane separation 

properties were compared for PIM-PIs made from 2,3,5,6-tetramethyl-1,4-phenylene 

diamine (TMPD) and (i) spiro-centered dianhyride (SPDA-TMPD or PIM-PI-1) and (ii) 

9,10-diisopropyltriptycene-based dianhydride (TPDA-TMPD or KAUST PI-1). Pure-gas 

experiments at 2 bar and 35 oC showed significant increases in C3H6 permeability and 

C3H6/C3H8 selectivity by transitioning from PIM-PI-1 (P(C3H6)=393 Barrer, 

(C3H6/C3H8)=6) to KAUST-PI-1 (P(C3H6)=817 Barrer, (C3H6/C3H8)=16), positioning 

KAUST-PI-1 considerably above the experimentally observed pure-gas C3H6/C3H8 

polymer upper bound. However, 50:50 C3H6/C3H8 mixed-gas feeds induced significant 

losses in C3H6 permeability and C3H6/C3H8 selectivity relative to the 2 bar pure-gas data 

for PIM-PI-1 and KAUST-PI-1 as the C3H6/C3H8 selectivity dropped from 6 to 3 and 16 to 

5, respectively, at 2 bar C3H6 partial pressure due to plasticization and competitive sorption.  

Part of this chapter was adapted from Swaidan, R.J., Ghanem, B., Swaidan, R., Litwiller, E., 

Pinnau, I., Pure- and mixed-gas propylene/propane permeation properties of spiro- and 

triptycene-based microporous polyimides, Journal of Membrane Science 492 (2015) 116-122. 
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4.2.Introduction 

Polymers of intrinsic microporosity (PIMs) are a rapidly emerging class of high-

performance materials which, on one hand, can readily offer high permeability attractive 

to the C3H6/C3H8 separation [1, 2]. Structurally, PIMs comprise relatively inflexible 

macromolecular architectures integrating contortion sites that help disrupt packing and trap 

microporous free volume elements (< 20 Å). Recently, solution-processable PIMs (ladder-

type and PIM-polyimides (PIM-PIs)) have been designed and predominantly evaluated for 

gas/gas separations (i.e. O2/N2, H2/N2, H2/CH4, CO2/CH4) [3-13]. Only a few studies on 

PIMs, specifically the prototypical ladder-type PIM-1, have revealed outstanding 

vapor/gas separation properties [14, 15]. Additionally, two studies investigated the 

C3H6/C3H8 separation properties of PIM-1 in its pristine, annealed, and covalently 

crosslinked states and demonstrated permeability-driven performance enhancements 

(ranging from 18 to ~8,000 Barrer) at the expense of selectivity (ranging from 2.5 to 9) 

[16, 17]. However, the latter studies reported only pure-gas data measured at 1-2 bar. 

Mixed-gas data are critical to evaluating permeability- and selectivity-draining non-ideal 

phenomena including plasticization and competitive sorption [18-22].  

Moreover, it has been recently demonstrated that PIMs and PIM-PIs can be rationally 

designed to merge high permeability with high selectivity for gas/gas separations. That is, 

replacing the spirobisindane contortion centers (single tetrahedral carbon atom shared by 

two rings) of the earliest reported solution-processable ladder PIMs [7, 23, 24] and PIM-

PIs [4, 11] [5, 25] with bridged bicyclics (e.g., ethanoanthracene [9], Tröger’s base [26, 

27], and triptycene [3, 6, 10, 28]) enhanced the polymer intra-chain rigidity to 

simultaneously boost permeability and selectivity. For example, replacing only the 
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relatively flexible spirobisindane (SPDA) contortion center of PIM-PI-1 with a shape-

persistent 9,10-diisopropyltriptycene (TPDA) moiety (i.e., KAUST-PI-1) and barring any 

other changes in the backbone (Fig. 4.1) results in simultaneous four-fold increases in O2 

permeability and two-fold increases in O2/N2 selectivity, positioning KAUST-PI-1 

significantly above the latest 2008 O2/N2 upper bound [3]. Using physisorption studies, 

this trend was attributed to the development of a size-sieving ultra-microporous polymer 

structure. However, no investigations of propylene/propane separation properties using 

PIM-PIs have been reported to date. 

 

Fig. 4.1. Chemical structures of a) KAUST-PI-1 and b) PIM-PI-1 highlighting the 9,10-

diisopropyltriptycene (red) and spirobisindane (blue) contortion centers. 

In this chapter, the C3H6/C3H8 separation properties of two high performance PIM-PIs 

(PIM-PI-1 and KAUST-PI-1) differing only in the contortion center of their dianhydride 

structures are explored for the first time in pure- and 50:50 C3H6/C3H8 mixed-gas feeds at 

35 oC and compared to previously published permeation data for 6FDA-TMPD.  

Microstructural differences between PIM-PI-1 and KAUST-PI-1 were evaluated using 
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physisorption isotherms (N2 at -196 oC) and high-pressure sorption experiments for a 

structure/property discussion of the permeation results. A preliminary discussion on the 

potential for these high free-volume polymers to efficiently separate propylene from 

propane is provided in the context of repeat unit design principles.  

4.3.Experimental 

4.3.1. Polymer Synthesis 

PIM-PI-1 and KAUST-PI-1 (Fig. 1) were synthesized and characterized according to 

previously reported procedures [4, 6]. Briefly, equimolar amounts of diamine and 

dianhydride monomers were stirred in m-cresol with isoquinoline. After 1 h, the 

temperature was raised to 200 oC and held for 4 h under a nitrogen atmosphere, during 

which water formed by the imidization reaction was removed by azeotropic distillation 

using anhydrous toluene. Fibrous polyimides were obtained by precipitation of the polymer 

solution in methanol. The resulting solids were filtered and purified by reprecipitation from 

chloroform in methanol.  

 

4.3.2. Polymer film preparation 

Solutions of 3-5 % w/w polymer in chloroform were filtered using 0.45 m PTFE syringe-

filters, cast on a leveled glass plate and covered to induce slow evaporation and formation 

of homogenous films. The freshly cast films were dried under vacuum at 120 oC for 24 

hours, soaked in methanol (a non-solvent) at room temperature for 24 hours, and finally 

dried under vacuum at 120 oC for 24 hours. Soaking the film in methanol swells the 

polymers and facilitates removal of residual solvent trapped in the micropores during 

casting [29]. Thermal gravimetric analysis (TGA) confirmed complete solvent removal. 
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The film thicknesses were determined by a digital micrometer to be ~130 µm for PIM-PI-

1 and ~100 µm for KAUST-PI-1. The film areas were determined by calibrated scanning 

software.  

 

4.4. Results and discussion 

4.4.1. Microstructural analysis 

The microstructural differences associated with substituting the spirobisindane contortion 

site with the 9,10-diisopropyltriptycene moiety in the early PIM-PI platform can be 

qualitatively assessed with N2 (-196 oC) physisorption isotherms. Maintaining the same 

diamine (TMPD), the results for PIM-PI-1 and KAUST-PI-1 are compared to those for a 

polyimide containing the conventional 6FDA dianhydride in Fig. 4.2. Two main 

observations may be made: Firstly, a steeper increase in gas sorption in the low-pressure 

region (inset) indicates a greater presence of finer microporosity (< 20 Å). N2 uptake 

increases in the order 6FDA-TMPD < PIM-PI-1 < KAUST-PI-1, indicating the greatest 

presence of smallest micropores in KAUST-PI-1. Secondly, the BET surface areas – which 

serve as a qualitative measure of free volume in the polymer – increased in the order 6FDA-

TMPD (500 m2/g) < PIM-PI-1 (660 m2/g) < KAUST-PI-1 (750 m2/g). As expected, the 

relatively flexible 6FDA moiety induced better packing in the solid state relative to the 

contorted and more rigid PIM-type dianhydrides. 
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Fig. 4.2. Physisorption isotherms for KAUST-PI-1 [6], PIM-PI-1 and 6FDA-TMPD using 

N2 at -196 oC (po = 1 bar). The inset is zoomed into the low-pressure region. 

 

Indeed, the trends in low-pressure uptakes and surface area are consistent with the relative 

intra-chain rigidities of the dianhydrides. That is, as a first approximation, torsional 

freedoms available about select bonds in the backbones of each dianhydride (barring the 

fused-ring segments and the N-phenyl imide bond to TMPD common to all) are shown in 

Fig. 4.3 assuming the energy available at a temperature T is ~3RT. The systematic increase 

in free volume and narrow microporosity correlates well with the reduction in backbone 

torsional freedoms going from 6FDA to SPDA to TPDA, which inhibits efficient chain 

packing. This increased intra-chain rigidity is also consistent with the report of a 50% 
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higher Young’s modulus for KAUST-PI-1 (2460 MPa) relative to PIM-PI-1 (1620 MPa) 

[28]. 

 

 

Fig. 4.3. Degrees of torsional freedom available at 35 oC about the bold highlighted bonds 

in the 6FDA, SPDA and TPDA dianhydrides (Conformer’s module, Materials Studio 7.0, 

Accelrys). 

 

4.4.2. High-pressure sorption experiments: Dual-mode framework 

The C3H6 and C3H8 pure-gas sorption isotherms for PIM-PI-1 and KAUST-PI-1 at 35 oC 

are illustrated in Fig. 4a and 4b, respectively. Sorption experiments were conducted 

gravimetrically for C3H6 and C3H8 with incremental increases in pressure taken upon 

achievement of steady-state mass uptake. The isotherms show minimal differences in the 

concentrations of C3H6 and C3H8 in the polymers with increasing pressure for both PIM-
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PI-1 and KAUST-PI-1, with C3H6 sorbing slightly more than C3H8. This results in 

solubility selectivities of close to 1, in good agreement with previous literature [18, 20, 22, 

30, 31]. Therefore, the separation of C3H6 from C3H8 is expected to be essentially diffusion-

based. 

 

Fig. 4.4. a) PIM-PI-1 C3H6 pure-gas (blue unfilled points fit with the dual-mode sorption 

model) and calculated mixed-gas sorption (blue dashed line) predictions using the dual-

mode sorption framework employed for 50:50 C3H6/C3H8 feeds at 35 oC; b) PIM-PI-1 C3H8 

pure-gas (red unfilled points fit with the dual-mode sorption model) and calculated mixed-

gas sorption (red dashed line) predictions using the dual-mode sorption framework 

employed for 50:50 C3H6/C3H8 feed at 35 oC; c) KAUST-PI-1 C3H6 pure-gas (blue unfilled 

points fit with the dual-mode sorption model) and calculated mixed-gas sorption (blue 
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dashed line) predictions using the dual-mode sorption framework employed for 50:50 

C3H6/C3H8 feed at 35 oC; d) KAUST-PI-1 C3H8 pure-gas (red unfilled points fit with the 

dual-mode sorption model)  and calculated mixed-gas sorption (red dashed line) 

predictions using the dual-mode sorption framework employed for 50:50 C3H6/C3H8 feed 

at 35 oC. 

Moreover, the isotherms in Fig. 4.4 were fit using the dual-mode sorption model (Table 1), 

which for glassy polymers describes total gas sorption as the sum of sorption in the “frozen 

microvoids” of the Langmuir domain and in the densely packed region known as Henry’s 

domain. Sorption in the Langmuir domain is described by the CH’ parameter and correlated 

with free volume in a polymer under the dual-mode framework [32]. It is typical for 

observed CH’ values to be higher for C3H6 than for C3H8 due to the fact that C3H6 is slightly 

more condensable and compact, and therefore can access the microvoids more readily. 

KAUST-PI-1 showed higher CH’ values for C3H6 and C3H8 than for PIM-PI-1, reflecting 

its more microporous structure discussed in Section 4.4.1. Comparing these values of CH’ 

for the highly microporous KAUST-PI-1 with those of a more efficiently packing 

conventional low-free volume polyimide 6FDA-6FpDA [20] shows a difference in CH’ for 

C3H6 and C3H8 of 112% and 146%, respectively. The significant difference in CH’ between 

PIM-PIs including KAUST-PI-1 and PIM-PI-1 and the more conventional polyimide 

6FDA-6FpDA can be attributed to the higher free volume in PIM-PIs that is more easily 

accessible to large vapors like C3H6 and C3H8.  

The kd parameter describes sorption in the Henry’s domain or densified equilibrium matrix 

of the polymer. KAUST-PI-1 showed kd values for C3H6 and C3H8 of 7.9 and 6.1 cm3(STP) 

cm-3(polymer) bar-1, respectively. PIM-PI-1 had higher kd values for C3H6 and C3H8 of 9.9 
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and 9.0 cm3(STP) cm-3(polymer) bar-1, respectively. One reason for the higher kd values in 

PIM-PI-1 may be that its spirobisindane center facilitates chain mobility compared to 

triptycene (Fig. 4.3), which is structurally the only difference between their backbones. 

Therefore, the PIM-PI-1 chains may more readily rearrange themselves to accommodate 

increasing gas uptake under higher vapor feed pressures. Accordingly, C3H6 and C3H8 sorb 

more in PIM-PI-1 than in KAUST-PI-1 as the feed pressure approaches 8 bar. The kd values 

were, in contrast, significantly lower for the conventional low-free-volume polyimide 

6FDA-6FpDA in which a more tightly packed structure cannot easily accommodate the 

large gases [20, 33].   

 
Table 4.1.  Pure-gas C3H6 and C3H8 dual-mode sorption parameters at 35 oC. 

Polymer Gas kd 
a CH’ b b c 

S(C3H6/C3H8), 2 bar 

KAUST-PI-1 
C3H6 7.9 72 4.2 

1.1 
C3H8 6.1 70 4.4 

PIM-PI-1 
C3H6 9.9 69 2.6 

1.1 
C3H8 9.0 63 3.2 

6FDA-6FpDA d 
C3H6 3.8 20 3.5 

1.6 
C3H8 2.9 11 3.2 

a Unit: kd [=] cm3(STP) cm-3(polymer) bar-1. 

b Unit: CH’ [=] cm3(STP) cm-3(polymer).  

c Unit: b [=] cmHg-1 

d Adapted from Das et al. [20]. 

 

The dual-mode framework extended for modeling mixed-gas sorption was used to predict 

sorption in PIM-PI-1 (Fig. 4.4 a and b) and KAUST-PI-1 (Fig. 4.4 c and d) with 50:50 

mixed-gas feed at 35 oC. The results are plotted in Fig. 4.4 and depicted by the dashed lines 
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up to 4 bar C3H6 partial pressure in the feed (8 bar total feed pressure). Based on the model, 

a drop in sorbed concentration of both C3H6 and C3H8 compared to single-gas 

measurements is expected in mixed-gas 50:50 feed environments for both PIM-PI-1 and 

KAUST-PI-1 (Fig. 4.4). Despite the decrease in sorption of gases in the membrane, no 

significant changes in the solubility selectivity was calculated, and therefore is 

approximately 1 for both polymers. This would indicate that C3H6 and C3H8 would still 

likely sorb in an approximately one-to-one fashion as observed in pure-gas measurements. 

The trends observed applying the model for PIM-PI-1 and KAUST-PI-1 agree very closely 

with those calculated for both a prototypical high free volume PIM material, PIM-1, and a 

conventional low free volume polyimide 6FDA-6FpDA. Fig. 4.5 shows plots of the single-

gas and calculated mixed-gas C3H6/C3H8 sorption isotherms for 6FDA-6FpDA (Fig. 4.5 a 

and b) and PIM-1 (Fig. 4.5 c and d) using single-gas sorption data from the literature [20, 

31]. Both show a reduction in mixed-gas sorption compared to pure-gas measurements, but 

a solubility selectivity of about 1. It can then be concluded based on the model that 

separation of C3H6/C3H8 under mixed-gas feed conditions for the polymers examined must 

be governed by size exclusion considering the two gases are predicted to sorb in a one to 

one fashion, as observed in single-gas sorption measurements.  



126 

 

 

Fig. 4.5. a) 6FDA-6FpDA C3H6 pure-gas and calculated mixed-gas sorption (dashed line) 

predictions using the dual-mode sorption framework employed for 50:50 C3H6/C3H8 feeds 

at 35 oC; b) 6FDA-6FpDA C3H8 pure-gas and calculated mixed-gas sorption (dashed line) 

predictions using the dual-mode sorption framework employed for 50:50 C3H6/C3H8 feeds 

at 35 oC; c) PIM-1 C3H6 pure-gas and calculated mixed-gas sorption (dashed line) 

predictions using the dual-mode sorption framework employed for 50:50 C3H6/C3H8 feeds 

at 35 oC; d) PIM-1 C3H8 pure-gas and calculated mixed-gas sorption (dashed line) 

predictions using the dual-mode sorption framework employed for 50:50 C3H6/C3H8 feeds 

at 35 oC. 
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4.4.3. Pure-gas C3H6/C3H8 permeation 

Fig. 4.6 is an upper bound plot for C3H6/C3H8 using reported pure-gas data accumulated 

from the literature based on steady-state measurement conditions on thick polymer films 

[21]. All data used to construct the upper bound had been collected between temperatures 

of 26 and 100 oC and at feed pressures between 2 and 4 bar. As recently emphasized by 

our group, data for PIMs are most appropriately reported at an “aging-knee” when the non-

equilibrium free volume trapped by casting and solvent exchange steps relaxes and the 

transport properties change little on the experimental time-scale [34]. Accordingly, data at 

2 bar and 35 oC are superimposed for 6FDA-TMPD [22], PIM-PI-1, and KAUST-PI-1 (red 

points). Fixing the diamine as TMPD and transitioning from 6FDA  SPDA  TPDA 

dianhydrides characteristic of PIM-PIs led to significant enhancements in permeability. 

Substituting the 6FDA dianhydride with spiro-based SPDA (i.e., PIM-PI-1), the C3H6 

permeability increased by over one order of magnitude from 37 to 393 Barrer, and the 

C3H6/C3H8 selectivity decreased slightly from 8.6 to 6. Replacing the spirobisindane 

contortion center of PIM-PI-1 with the more rigid 9,10-diisopropyltriptycene (i.e., 

KAUST-PI-1) elicited more than two-fold increases in both C3H6 permeability to 817 

Barrer and C3H6/C3H8 selectivity to 16. KAUST-PI-1 has the highest reported pure-gas 

C3H6 permeability of any polyimide to date which, joined with a selectivity matching that 

of low-free-volume, low-permeability polyimides, positions it well above the 

experimentally observed upper bound. As observed for gas/gas separations involving air 

and hydrogen [6, 28], the enhanced microporosity typically attributed to increased polymer 

intra-chain rigidity offers notable simultaneous gains in both C3H6 permeability and 

C3H6/C3H8 selectivity. 
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Fig. 4.6. Pure-gas C3H6/C3H8 permeability/selectivity performance of TMPD-based 

6FDA- and PIM-polyimides (shown in red). Solid line is the experimentally observed 

C3H6/C3H8 upper bound [21].  

Pure-gas transport data including permeability, diffusion, and solubility coefficients and 

selectivities thereof are shown in Table 4.2 for 6FDA-6FpDA [11], 6FDA-TMPD [10], 

PIM-PI-1, and KAUST-PI-1. In general, the solubility coefficients in the high-free-volume 

PIM-PIs are two to threefold greater than those in the 6FDA polyimides, as typically 

observed with light gases. On the other hand, the C3H6 diffusion coefficient in KAUST-

PI-1 is twofold greater than for PIM-PI-1 and almost eightfold greater than for 6FDA-

TMPD (Table 4.2). Therefore, the large gain in C3H6 permeability for KAUST-PI-1 over 

the other polyimides is diffusion-driven. Likewise, the higher permselectivity of KAUST-

PI-1 results from its higher diffusivity selectivity of 16 versus 6 for PIM-PI-1 and 7 for 

6FDA-TMPD. However, intra-chain rigidity does not necessitate simultaneous gains in 

permeability and selectivity: 6FDA-TMPD, with its rotation-restricted imide bond, has 52-
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fold higher C3H6 permeability than 6FDA-6FpDA, having a torsionable imide bond, but 

about half the selectivity. The latter emphasizes the potential of the PIM-PI platform and 

has been rationalized in microporous materials by the presence of a bimodal distribution in 

porosity whereby smaller pores are joined with larger pores [6, 35]. While increasing the 

chain rigidity may be a contributing factor to this favorable sieving behavior, the theoretical 

ribbon-like geometry of triptycene-based KAUST-PI-1 – in contrast to the entangled chain 

geometry of spirobisindane-based PIM-PI-1 – may also play an important role [34]. 

Table 4.2. Pure-gas C3H6/C3H8 transport properties for KAUST-PI-1, PIM-PI-1, 6FDA-

TMPD [10], and 6FDA-6FpDA at 2 bar. 

Polymer P(C3H6)a P D(C3H6)b D S(C3H6)c S  

KAUST-PI-1 817 16 155 16 0.53 1.1 
 

PIM-PI-1 393 6.0 75.4 6.0 0.51 1.1 
 

6FDA-TMPD d  37 8.6 18.5 7.0 0.20 1.3 
 

6FDA-6FpDA e 0.7 19 0.412 12 0.17 1.6 
 

a Unit: Barrer [=] 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

b Unit: 10-9 cm2 s-1. 

c Unit: cm3(STP) cm-3(polymer) cmHg-1. 

d Adapted from Tanaka et al. at 50 oC [22]  

e Adapted from Das et al. [20] 
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4.4.4 Mixed-gas C3H6/C3H8 permeation 

4.4.4.1 Pressure dependent mixed-gas permeation 

Mixed-gas permeation experiments were conducted with 50:50 C3H6/C3H8 feed at 35 oC 

for PIM-PI-1 and KAUST-PI-1 to further examine the pure-gas results under more realistic 

conditions. The feed pressure was incrementally increased once a quasi steady-state in 

permeabilities and selectivities was reached. The mixed-gas permeation results for PIM-

PI-1 and KAUST-PI-1 are illustrated in Fig. 4.7 and 4.8, respectively. At 2 bar C3H6 partial 

pressure, there are three similar comparisons that can be made between the mixed-gas data 

and corresponding 2 bar pure-gas data for both PIM-PIs: (i) C3H6 permeability decreased 

from 393 Barrer (pure-gas) to 260 Barrer under mixed-gas conditions for PIM-PI-1, and 

from 817 Barrer (pure-gas) to 676 Barrer for KAUST-PI-1; (ii) C3H8 permeability 

increased from 65 Barrer (pure-gas) to 108 Barrer in the mixed-gas for PIM-PI-1, and from 

57 Barrer (pure-gas) to 146 Barrer for KAUST-PI-1; and accordingly (iii) C3H6/C3H8 

selectivity decreased from 6 (pure-gas) to 2 in the mixed-gas for PIM-PI-1 and from 16 

(pure-gas) to 5 for KAUST-PI-1.  
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Fig. 4.7. Mixed-gas C3H6/C3H8 permeability and selectivity pressure dependence for 

PIM-PI-1 at 35 oC using a 50:50 C3H6/C3H8 feed. The fits are drawn to guide the eye.  

 

Fig. 4.8. Mixed-gas C3H6/C3H8 permeability and selectivity pressure dependence for 

KAUST-PI-1 at 35 oC using a 50:50 C3H6/C3H8 feed. The fits are drawn to guide the eye. 
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The trends noted above indicate strong overlapping contributions of competitive sorption 

and plasticization to the mixed-gas permeation properties of both PIM-PI-1 and KAUST-

PI-1 [36-38]. Table 4.3 details the C3H6/C3H8 mixed-gas transport properties for PIM-PI-

1 and KAUST-PI-1 at 2 bar C3H6 partial pressure. The permeability coefficients were 

measured experimentally, the solubility coefficients were calculated based on the dual-

mode sorption model extended for mixed-gas sorption, and the diffusion coefficients were 

calculated by taking the ratio of the permeability and solubility coefficients, as per the 

solution-diffusion model. Evidence of competitive sorption can be seen by the lower 

calculated C3H6/C3H8 mixed-gas solubility coefficients compared to those based on 

measured single-gas values by about 35% for both polymers. However, the model 

predictions indicated that the mixed-gas solubility selectivities were still approximately 1. 

This precludes any preferential sorption of one gas component over another, and therefore 

as observed in pure-gas measurements separation should be governed primarily by size 

exclusion.  

The high gas uptakes also resulted in plasticization-induced matrix dilations in both 

polymers that caused (i) almost two-fold increases in the mixed-gas permeability of the 

larger C3H8 penetrant relative to pure-gas, (ii) significantly higher increase in calculated 

mixed-gas diffusion coefficient of C3H8 over C3H6 compared to respective pure-gas values, 

and (iii) more than 65% losses in mixed-gas relative to pure-gas C3H6/C3H8 selectivity. 

The detrimental effects of plasticization contributed to a reduction of the membranes’ 

intrinsic sieving capacity, which are manifested by the lower mixed-gas C3H6/C3H8 

diffusion selectivities compared to pure-gas values (Table 4.3). Additionally, plasticization 

caused pressure-dependent increases in both the mixed-gas C3H6 and C3H8 permeabilities 
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such that the mixed-gas C3H6/C3H8 selectivity dropped with pressure (Fig. 4.7 and 4.8): In 

PIM-PI-1, (C3H6/C3H8) decreases from ~3.4 at 1 bar C3H6 partial pressure to ~2 at 2.5 

bar C3H6 partial pressure; in KAUST-PI-1, from ~7 to ~5. Interestingly, the plasticization 

effects were more severe for KAUST-PI-1 than for PIM-PI-1 as it exhibited a greater 

increase in permeabilities of both gases with pressure in the mixed-gas. Specifically, 

P(C3H6) increased by 33% in KAUST-PI-1 versus 7% in PIM-PI-1, and P(C3H8) increased 

by 87% for KAUST-PI-1 versus 53% for PIM-PI-1, from 1 bar to 2 bar C3H6 partial 

pressure. This unexpected extent of plasticization was previously demonstrated for 

KAUST-PI-1 in the context of CO2/CH4 mixed-gas separation and was explained by 

examination of the results observed in the physisorption-based characterization of the 

microstructure [34]. That is, the larger concentration of finer microporous elements in 

KAUST-PI-1, which must contribute significantly to its high pure-gas selectivity, makes 

the permeation properties more susceptible to the effects of plasticization (e.g., selectivity 

loss). However, while there was a significant drop in performance, Baker and Low stated 

that many processes would benefit from a membrane with a C3H6 permeance of 20-40 gas 

permeation units (1 GPU = 10-6 cm3(STP)/cm2·s·cmHg) and a C3H6/C3H8 selectivity of 6-

10 [39-43].   
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Table 4.3. Mixed-gas transport properties of PIM-PI-1 and KAUST-PI-1 at 2 bar C3H6 

partial pressure in the feed at 35 oC. Permeability coefficients were measured 

experimentally, and solubility coefficients were calculated using the dual-mode sorption 

model extended for mixed-gas sorption. The diffusion coefficients were calculated by 

taking the ratio of the permeability and solubility coefficients.  

Polymer 
Mixed-Gas 

P(C3H6)a P
Mixed-Gas 

D(C3H6)b 
D 

Mixed-Gas 

S(C3H6)c 
S  

KAUST-PI-1 676 5.0 205 4.7 0.33 1.1 
 

PIM-PI-1 219 2.4 66 2.3 0.31 1.1 
 

a Unit: 1 Barrer [=] 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

b Unit: 10-9 cm2 s-1. 

c Unit: cm3(STP) cm-3(polymer) cmHg-1. 

 

Fig. 4.8 demonstrates the changes in pure-gas separation properties of polyimides defining 

the pure-gas upper bound under a mixed-gas feed with 2 bar C3H6 partial pressure. Losses 

in C3H6 permeability and, particularly, C3H6/C3H8 selectivity are observed for both the 

low-free-volume conventional 6FDA-based polymers as well as the high-free-volume 

PIM-PIs that are the subject of this work. Interestingly, KAUST-PI-1 retains selectivities 

similar to those obtained for most of the low-free-volume polymers, except with up to two 

orders of magnitude higher C3H6 permeability. Indeed, KAUST-PI-1 is the most permeable 

polyimide to C3H6 reported to date. Das et al. reported a mixed-gas C3H6/C3H8 selectivity 

of about 14 at 2 bar C3H6 partial pressure, for the annealed 6FDA-6FpDA, but it is not 
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illustrated in the plot because a mixed-gas C3H6 permeability was not available. The 

advantages of bridged-bicyclic, in-plane contortion sites (e.g., 9,10-diisopropyltriptycene 

in KAUST-PI-1) over spiro centers (e.g., in PIM-PI-1) are again reinforced in this study 

[9, 28].  

 

 

Fig. 4.9. Permeability/selectivity map showing pure-gas data measured at 2 bar (unfilled 

markers) and mixed-gas data measured at 2 bar C3H6 partial pressure (filled markers) with 

50:50 C3H6/C3H8 mixtures. Solid line is the experimentally observed pure-gas C3H6/C3H8 

upper bound.  
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4.4.4.2 Mixed-gas time dependence 

Numerous data in the literature pertaining to C3H6/C3H8 separation have been reported with 

unreproducibly high selectivities due to non-steady-state experiments involving transient 

C3H8 data [44, 45]. Additionally, in the event of plasticization, permeabilities may continue 

to steadily rise over time [46] and thus it is important to consider the time-dependence of 

the data. In this work, the highly microporous structures of the PIM-PIs permitted quasi-

steady-state conditions to be obtained in a reasonable timeframe. That is, relatively slight 

changes in the permeabilities and selectivities were evident beyond a certain time. Fig. 4.9 

is a representative series of plots showing the time dependence of the C3H6 and C3H8 

permeabilities and C3H6/C3H8 selectivities of KAUST-PI-1 in the mixed-gas experiments. 

Briefly, after the first 2 bar exposure to the mixture, the time required to reach a quasi 

steady-state was reduced from 120 hours to less than 70 hours. Although the selectivities 

appeared to become constant earlier on, the permeabilities required more time as the vapors 

gained more access to the plasticized matrix. Analogous behavior was observed for PIM-

PI-1. 
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Fig. 4.10. Time dependence of mixed-gas a) C3H6 and C3H8 permeabilities and b) 

C3H6/C3H8 selectivities for KAUST-PI-1 at various total feed pressures (50:50 C3H6/C3H8, 

35 oC). Fits are drawn to guide the eye.  

 

4.5. Conclusions  

PIM-PI films were evaluated for C3H6/C3H8 separation under non-ideal mixed-gas 

conditions. The effects of systematically increasing intra-chain rigidity on the C3H6/C3H8 

separation properties were investigated upon transitioning from a conventional 6FDA 

dianhydride to a PIM-type spiro-centered dianhyride (SPDA) (i.e., in PIM-PI-1) and then 

its 9,10-diisopropyltriptycene-based analog (TPDA) (i.e., in KAUST-PI-1), all while 

maintaining a rotation-restricted TMPD diamine. The results of this study can be 

summarized as follows: 

1. Microstructural characterization: The increase of polymer intra-chain rigidity in 

PIM-PIs over conventional 6FDA-based polyimides resulted in a shift towards finer 

microporosity and an increase in free volume in the fashion of 6FDA-TMPD < 

PIM-PI-1 < KAUST-PI-1, the diamine being the same for all polyimides. 
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2. High-pressure sorption: C3H6/C3H8 solubility selectivities of ~1 were observed 

for the PIM-type polymers as typically observed for low-free-volume polyimides, 

suggesting diffusion-governed separation. The PIM-polyimides showed a 

significantly higher capacity for C3H6 and C3H8 uptake compared to 6FDA-based 

polyimides, consistent with the higher free volume evidenced in low-pressure and 

low-temperature physisorption experiments.  

3. Pure-gas permeation: Pure-gas experiments showed a significant increase in C3H6 

permeability in the PIM-polyimides compared to 6FDA-TMPD (37 Barrer (6FDA-

TMPD) [10]  393 Barrer (PIM-PI-1)  817 Barrer (KAUST-PI-1)) coupled with 

a significant increase in selectivity from 6 to 16 by replacing the spirobisindane 

contortion center with a 9,10-diisopropyltriptycene, paralleling a systematic 

increase in backbone intrachain rigidity.  

4. Mixed-gas (50:50 C3H6/C3H8) permeation: In more realistic mixed-gas 

experiments with 50:50 C3H6/C3H8 feed, significant losses in C3H6/C3H8 selectivity 

and C3H6 permeability in the PIM-polyimides were incurred due to plasticization 

and competitive sorption, respectively. However, compared with the performance 

of several 6FDA-based polyimides, KAUST-PI-1 offered similar or higher 

selectivity concurrent with up to two orders of magnitude greater C3H6 

permeability. 
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Chapter 5. Efficacy of sub-Tg thermal annealing in improving 

propylene/propane plasticization resistance as a function of polymer 

backbone flexibility in triptycene-based PIM-PI membranes  
 

5.1. Abstract  

 

This study summarizes the efficacy of sub-Tg annealing as a function of polymer intra-

segmental flexibility for enhancing plasticization resistance. Polymer membranes offer 

unique advantages over other materials and technologies for the C3H6/C3H8 separation, but 

the most difficult challenge to overcome is the development of plasticization resistant 

membranes. Sub-Tg thermal annealing has been used as an effective tool in accomplishing 

this means, but no studies have investigated an approach for developing materials which 

are good candidates for reaping the benefits of it for improving a polymer’s intrinsic 

plasticization resistance. Two previously reported triptycene-based PIM-PIs which differ 

in their degree of backbone rigidity, were treated at 250 oC for 24 hours and the differences 

in their microstructures and transport properties were investigated. Fluorescence 

spectroscopy indicated greater concentration of CTCs formed upon treatment at 250 oC in 

the more flexible KAUST-PI-5 (TPDA-6FpDA) over KAUST-PI-1 (TPDA-TMPD). The 

results were corroborated by the enhanced plasticization resistance of the 250 oC treated 

KAUST-PI-5 over that of KAUST-PI-1 which showed direct increases in C3H6/C3H8 

permeabilities with pressure. The enhanced intra-segmental flexibility of KAUST-PI-5 

likely facilitated a greater propensity for efficient chain packing and led to a more 

coplanarized structure which is better suited for immobilization of polymer chains. 
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5.2. Introduction 

 

In Chapter 4, the main conclusion drawn was that the principle central in PIM design 

protocol of enhancing the polymer’s intra-molecular rigidity was not a formidable 

approach for the propylene/propane separation because of these materials’ tendencies to 

plasticize. There are numerous methods which have been demonstrated to improve 

plasticization resistance of polymer membranes, such as functionalizing the polymer 

backbone with hydroxyl groups to induce hydrogen bonding between chains [1-3], 

chemical crosslinking [4-8], thermal crosslinking [9-15], pyrolysis [16-25], and sub-Tg 

thermal annealing [1, 2, 26-28]. Sub-Tg annealing is a process by which a membrane is 

subject to high temperatures below the material’s glass transition temperature (Tg) to 

induce the formation of charge transfer complexes (CTCs). CTCs form in polyimides due 

to an alternating arrangement of electron donor and acceptor molecules caused by the 

polarization of charge emanating from the electron drawing carbonyl groups of the 

polyimide. They can be in the form of inter-chain or intra-chain interactions but the 

consensus among many studies suggest they are mostly inter-chain [28-34]. These CTCs 

serve to densify the polymer microstructure by the formation of physical (non-permanent) 

crosslinks between polymer chains. The technique has been successfully used to improve 

a polymer’s plasticization resistance to high pressure mixed-gas feeds of CO2/CH4 and 

C3H6/C3H8. The effectiveness of annealing on mitigating plasticization depends on the 

degree to which the polymer chains can coplanarize, i.e. the more efficiently they can pack, 

the greater the strength of these electrical interactions are. Interestingly, one study 

investigated the role of intra-chain rigidity in plasticization resistance of two 9,10-

diisopropyl triptycene-based PIM-PIs under high pressure CO2/CH4 mixed-gas feeds [35]. 
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It was concluded that contrary to conventional PIM design protocol, incorporating some 

flexibility into the polymer backbone allows the chains enough local segmental motion to 

pack in a more efficient manner and consequently engage in inter-chain interactions. These 

interactions likely facilitate coplanarization that restricts chain mobility characteristic of 

plasticization. This is a fundamental departure from classical PIM design principles which 

strive to achieve as rigid a polymer backbone as possible by introduction of sterically 

hindered contortion sites into a rigid polymer structure, which lead to inefficient chain 

packing [36-46]. In principle it should then be the case that when comparing the annealing 

effects on two analogous structures, the polymer whose backbone is more flexible should 

be able to more readily coplanarize and engage in a stronger degree of inter-chain CTCs 

which make that material more apt to resisting sorption induced matrix dilations.  

In this chapter the effectiveness of sub-Tg annealing in mitigating plasticization in 

C3H6/C3H8 mixed-gas feeds was assessed. Two analogous 9,10-diisopropyl triptycene 

(TPDA) based PIM-PIs, KAUST-PI-1 (Fig.1a) and KAUST-PI-5 (Fig.2b), whose 

structures differ in their diamines were used; KAUST-PI-1 contains a rotationally 

restricting tetra methyl phenyline diamine (TMPD) ortho to the N-phenyl imide bond and 

KAUST-PI-5 has a relatively flexible 6FpDA diamine and N-phenyl imide bond free to 

rotate. Simulations calculating the degrees of torsional freedom about characteristic bonds 

in the polymer structures offered insight into the differences in intra-molecular rigidity 

between the two structures as KAUST-PI-5’s imide bond showed almost twice the degrees 

of torsional freedom as that of KAUST-PI-1. They both share the same TPDA dianhydride, 

but the TMPD diamine has almost one-third the degrees of torsional freedom of the 6FpDA 

diamine due to the steric hindrance effects of the bulky methyl groups and rotational 
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restriction about the N-phenyl imide bond, lending to KAUST-PI-1 having a higher extent 

of intra-chain rigidity. The changes in the microstructure upon sub-Tg annealing of 

KAUST-PI-1 and KAUST-PI-5 using fluorescence spectroscopy and high pressure 

sorption were determined. Finally, the mixed-gas C3H6/C3H8 permeation properties were 

measured and we compared the effectiveness of annealing to mitigate plasticization on the 

two polymers. 

 

 

 

Fig. 5.1. Chemical structures of a) KAUST-PI-1 (TPDA-TMPD) and b) KAUST-PI-5 [35]. 

 

5.3. Experimental 

 

5.3.1. Polymer synthesis 

KAUST-PI-1 and KAUST-PI-5 were prepared as a light yellow powder according to a 

previously reported procedure by our group [37, 46]. Gel permeation chromatography 

(Agilent GPC 1200) indicated number- and weight-averaged molecular weights of 

KAUST-PI-1 and KAUST-5 of 8.0 x 104 and 1.58 x 105 g/mol and 4.2 x 104 and 8.3 x 104 

g/mol, respectively. 

5.3.2. Polymer film preparation 

Dense polymer films were formed by slow evaporation of filtered 3-5 weight percent 

chloroform solutions cast on a leveled glass plate. The freshly cast films were dried under 
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vacuum at 120 oC for 24 h, soaked in methanol at room temperature for 24 h, and finally 

dried in vacuum at 120 oC for 24 h. Soaking the film in methanol swells the polymer and 

facilitates removal of residual solvent trapped in the micropores [47]. Thermal gravimetric 

analysis (TGA) confirmed complete solvent removal. Annealed films were made by 

heating the pristine membranes under vacuum at 250 oC for 24 hours.  

 

5.4. Results and discussion 

5.4.1. Classification of intra-chain rigidity 

In this work intra-chain rigidity refers to the restriction of backbone torsions across a single 

polymer chain, which is in stark contrast to inter-chain rigidity that relates to the physical 

interactions between polymer chains. Dihedral angle simulations were done about 

characteristic bonds of KAUST-PI-1 and KAUST-PI-5 to quantify the differences in intra-

chain rigidity between the two polymers, and the results are illustrated in Fig. 5.2. The 

results indicated that KAUST-PI-1 had considerably higher intra-chain rigidity due to the 

methyl groups of the TMPD diamine contributing to steric hindrance effects which restrict 

torsions about the N-phenyl imide bond. On the other hand, the 6FpDA diamine had 

significantly more chain flexibility as it showed more than twice the degrees of torsional 

freedom as the TMPD diamine. This greater intra-chain flexibility emanates from the 

flexibility about the non-substituted N-phenyl imide bond, which has limited rotational 

restrictions of rotation about it, as well as the bonds between the phenyl rings connecting 

the CF3 groups.  
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Fig. 5.2. Dihedral angle simulations about characteristic bonds highlighted in Fig. 5.1 of 

KAUST-PI-1, and KAUST-PI-5 [35]. 

 

5.4.2. Low pressure N2 physisorption studies 

Low pressure N2 physisorption studies at 77 K were conducted to evaluate the differences 

in porous texture between KAUST-PI-1 and KAUST-PI-5 and the isotherms are illustrated 

in Fig. 5.3. KAUST-PI-1 showed greater sorption than KAUST-PI-5 in the low pressure 

region (inset of plot in Fig. 5.3), indicative of the presence of finer sieving pores in the 

ultra-microporous range. KAUST-PI-1 also shows greater sorption in the high pressure 

region in addition to a higher BET surface area than KAUST-PI-5 of 750 m2/g versus 500 

m2/g, respectively. It is evident that the greater BET surface area measured resulted from 

the greater intra-chain rigidity of KAUST-PI-1, considering the only structural difference 

between KAUST-PI-1 and KAUST-PI-5 is in its diamine. The four bulky methyl groups 
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of TMPD facilitate steric hindrance effects that disturb efficient chain packing and 

therefore trap microporosity. The differences in microporosity were corroborated by 

permeation results measured at 2 bar and 35 oC which showed that KAUST-PI-1 had higher 

light gas permeabilities and selectivities than KAUST-PI-5. For example, KAUST-PI-1 

had an O2 permeability of 627 Barrer and an O2/N2 selectivity of 5.9 versus 356 Barrer and 

4.1, respectively for KAUST-PI-5.  

 

Fig. 5.3. N2 physisorption isotherms of KAUST-PI-1, KAUST-PI-5, PIM-1, and PTMSP. 

Inset of the plot shows sorption in the low pressure region [35]. 

5.4.3. Fluorescence spectroscopy 

Upon thermal curing of aromatic polyimides, intra- and inter-chain charge transfer 

complexes (CTCs) form due to interactions emanating from the alternating arrangement of 
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positive and negative charge across the N-phenyl imide bond. The fluorescence excitation 

spectra, shown in Fig. 5.4, indicate that they are red-shifted for KAUST-PI-5 compared to 

KAUST-PI-1, indicating the existence of these inter-chain CTCs. The existence of CTCs 

in thermally annealed polyimides can also be elucidated by an increase in the intensity of 

the emission spectra collected by fluorescence spectroscopy [28-30]. Fig. 5.5 and 5.6 are 

plots of the emission spectra (325 nm excitation) for 120 and 250 oC treated KAUST-PI-1 

and KAUST-PI-5 films, respectively, of roughly the same thickness. The intensity of the 

emission band increased upon annealing at 250 oC by 40% for KAUST-PI-5 versus only 

12% for KAUST-PI-1. This likely indicates a greater concentration of CTCs formed in 

KAUST-PI-5 compared with KAUST-PI-1. The large difference in emission intensities 

between the two polymers can be explained by the difference in rigidity between the two 

structures: Both are based on the same intra-molecularly rigid 9,10 diisopropyl triptycene 

dianhydride, but KAUST-PI-1 has a TMPD diamine whose four bulky methyl groups 

provide steric hindrance effects as well as rotational restriction about the N-phenyl imide 

bond, compared with KAUST-PI-5’s relatively flexible 6FpDA diamine which allows 

polymer chains to pack more efficiently. As discussed in the previous section, the 6FpDA 

diamine has almost three times the degrees of torsional freedom as the TMPD diamine, 

contributing to greater flexibility and therefore a better ability to facilitate electron 

conjugation by coplanarization of the polymer backbones (i.e. more efficient chain 

packing).  
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Fig 5.4. Excitation spectra of KAUST-PI-1 and KAUST-PI-5 with an excitation 

wavelength of 320 nm [35].  

`  

Fig. 5.5. Solid-state fluorescence emission spectra (excitation at 325 nm) of KAUST-PI-5 

heat-treated at 120 and 250 oC. 
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Fig. 5.6. Solid-state fluorescence emission spectra (excitation at 325 nm) of KAUST-PI-1 

heat-treated at 120 and 250 oC. 

 

 

Fig. 5.7. Percent change in normalized peak emission spectra upon treatment at 250 oC of 

KAUST-PI-1 versus KAUST-PI-5. 
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 Fig. 5.8 is a schematic diagram depicting why KAUST-PI-5 can likely establish a greater 

concentration of CTCs compared with KAUST-PI-1, as deduced from the fluorescence 

emission spectra. While thermal annealing causes a polymer chain rearrangement due to 

the alternating arrangement of electron donor and acceptor molecules formed across the 

backbone, the steric hindrance effects of TMPD’s four bulky methyl groups inhibit the 

chains from packing as efficiently as can those with the more flexible 6FpDA diamine. 

Considering the strength of electrical interactions is a function of distance, the closer the 

chains can pack the stronger these electrical interactions ultimately are. Methyl groups 

located ortho to the freely rotatable N-phenyl imide bond of the structure’s diamine in 

polyimides have been shown to induce steric hindrance effects with neighboring carbonyl 

groups, causing bond planes to configure in a nonplanar conformation which significantly 

hinders chain packing. It is therefore undesirable since enhanced inter-chain interactions 

have been shown to bode well for plasticization resistance, as chains are more effectively 

immobilized. Based on this study comparing the microstructural effects of heat treatment 

of the two PIM-PIs, we would expect 250 oC annealing of KAUST-PI-5 to be more 

effective than for KAUST-PI-1 in terms of plasticization resistance under mixed-gas 

C3H6/C3H8 feeds. 

 



154 

 

 

Fig. 5.8. Schematic diagram showing the inter-chain interactions due to the formation of 

charge transfer complexes upon annealing of a polyimide. The figure illustrates the steric 

hindrance effects of KAUST-PI-1’s bulky methyl groups inhibiting efficient chain 

packing. KAUST-PI-5 on the other hand can potentially coplanarize far more efficiently 

due to the greater intra-segmental flexibility of its backbone. 

 

5.4.4. Pure-gas C3H6/C3H8 transport properties 

The pure-gas 2 bar C3H6/C3H8 transport properties of the 120 and 250 oC treated KAUST-

PI-1 and KAUST-PI-5 membranes are illustrated in Table 5.1. The 120 oC treated KAUST-

PI-1 and KAUST-PI-5 had major differences in C3H6 permeability and C3H6/C3H8 

selectivity. KAUST-PI-1 was reported to have the highest C3H6 permeability of any 

polyimide to date of 817 Barrer, versus KAUST-PI-5’s 128 Barrer [48]. The much higher 

permeability in KAUST-PI-1 emanates from the pendant ortho-substituted methyl groups 

of the TMPD diamine which induce steric hindrance effects with neighboring polymer 
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chains, inhibiting efficient chain packing compared with the more flexible 6FpDA diamine. 

Interestingly, when comparing analogous 6FDA-based structures like 6FDA-TMPD 

(P(C3H6) = 37 Barrer [49]) with 6FDA-6FpDA (P(C3H6) = 0.9 Barrer [50]), similar trends 

are observed. However, KAUST-PI-1 had a higher sieving capacity evident from its more 

microporous structure and the greater existence of the finer ultra-microporosity necessary 

for sieving [35]. NLDFT analysis showed that KAUST-PI-1 had a greater percentage of its 

porosity of in the range of finer sieving pores than KAUST-PI-5 did. 

While treatment at 250 oC contributed to a densification of the polymer structure for both 

polymers, the resulting trends on the transport properties differed significantly. Both 

KAUST-PI-1 and KAUST-PI-5 showed comparable significant drops in their C3H6 

diffusion coefficients upon treatment at 250 oC, but KAUST-PI-1 had a 36% drop in the 

C3H6 solubility coefficient, versus only 15% for KAUST-PI-5. This could signify a 

collapse of the microporous volume elements in the polymer matrix which were inherent 

to KAUST-PI-1’s structure. Therefore, the annealing at 250 oC likely enhanced the sieving 

capacity of KAUST-PI-5 by narrowing the microstructure in the region responsible for 

C3H6/C3H8 sieving, hence the increase in diffusive selectivity by almost 20%. On the 

contrary, annealing at 250 oC for KAUST-PI-1 likely caused a collapse of the pores 

accessible to C3H6, hence the 17% drop in diffusive selectivity. 

Pure-gas measurements are benchmarks for assessing preliminary performance of polymer 

membranes, but for condensable gases, the most thorough and valid way to verify if such 

performance has the potential to hold up under more realistic conditions which would be 

observed industrially, multicomponent testing is necessary. Using a binary mixture testing 

protocol, the effects of non-ideal phenomena which typically plague membranes in the 
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C3H6/C3H8 separation, namely plasticization and competitive sorption, can more 

meticulously be gauged.  

 

Table 5.1. Pure-gas C3H6/C3H8 transport properties of 120 and 250 oC heat-treated 

KAUST-PI-1 AND KAUST-PI-5 at 2 bar and 35 oC. 

Polymer P(C3H6)a P D(C3H6)b D S(C3H6)c S  

KAUST-PI-1 (120 oC) 817 16 16 12 0.53 1.1  

KAUST-PI-1 (250 oC) 154 11 4.5 10 0.34 1.1  

KAUST-PI-5 (120 oC) 128 12 4.0 11 0.32 1.1  

KAUST-PI-5 (250 oC) 15 14 0.6 13 0.24 1.1  

6FDA-TMPDd 37 8.6 1.9 7.0 0.20 1.3  

6FDA-6FpDAe 0.7 19 0.04 12 0.17 1.6  

        

a Unit: Barrer [=] 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

b Unit: 10-8 cm2 s-1. 

c Unit: cm3(STP) cm-3(polymer) cmHg-1. 

d Adapted from Tanaka et al. [49] 

e Adapted from Das et al. [26] 

 

5.4.5. Mixed-gas C3H6/C3H8 permeation 

Mixed-gas pressure dependent permeation experiments were done with 50:50 C3H6/C3H8 

feed at 35 oC for 120 and 250 oC treated KAUST-PI-1 and KAUST-PI-5. Figs. 5.9, 5.10, 

and 5.11 illustrate the mixed-gas C3H6/C3H8 permeability and selectivity isotherms of 120 

oC and 250 oC treated KAUST-PI-1. By conducting pressure dependent permeation tests, 

we can assess the effectiveness in improving plasticization resistance by thermal annealing 
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at 250 oC as it pertains to the differences in the structure of the two PIM-PIs. The feed 

pressure was incrementally increased upon reach of a quasi steady-state in the C3H6/C3H8 

permeabilities and selectivities. Comparing the 2 bar partial pressure mixed-gas data with 

their corresponding 2 bar pure-gas data, similar trends were observed between the 120 oC 

and 250 oC treated KAUST-PI-1membranes: (i) C3H6 permeability dropped from 817 

Barrer (pure-gas) to 676 Barrer for the 120 oC treated film, and 128 Barrer (pure-gas) to 

123 Barrer for the 250 oC treated film;  (ii) C3H8 permeability increased from 57 Barrer 

(pure-gas) to 146 Barrer for the 120 oC treated film, and 18 Barrer to 25 Barrer for the 250 

oC treated film; and (iii) a reduction in C3H6/C3H8 selectivity from 16 (pure-gas) to 5 for 

the 120 oC treated film, and 11 (pure-gas) to 5 for the 250 oC treated film. These observed 

trends emanate from overlapping contributions of plasticization and competitive sorption 

in both the 120 oC and 250 oC treated KAUST-PI-1. Competitive sorption can be observed 

by the reduction in 2 bar partial pressure mixed-gas C3H6 permeability relative to the 2 bar 

pure-gas value. Plasticization effects due to polymer matrix dilation can be observed by 

the increase in mixed-gas C3H8 permeability with pressure, in addition to the higher mixed-

gas C3H8 permeability relative to the pure-gas measurement. When combined, the two 

yield 65% and 55% decreases in C3H6/C3H8 selectivity relative to the 2 bar pure-gas value. 
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Fig. 5.9. Mixed-gas C3H6 permeability isotherm for 120 and 250 oC treated KAUST-PI-1. 

 

Fig. 5.10. Mixed-gas C3H8 permeability isotherm for 120 and 250 oC treated KAUST-PI-

1. 
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Fig. 5.11. Mixed-gas C3H6/C3H8 selectivity isotherm for 120 and 250 oC treated KAUST-

PI-1. 

Moreover, regarding plasticization effects, the 120 oC treated KAUST-PI-1 film showed a 

direct increase in the C3H6 and C3H8 permeabilities from 2 bar to 4 bar feed pressure by 

33% and 87%, respectively. While the 250 oC treated KAUST-PI-1 film showed an 

improvement, there was still a direct increase in the C3H6 and C3H8 permeability from 2 

bar to 4 bar feed pressure by 16% and 40%, respectively. The significant increase in the 

permeability of the slower penetrant (C3H8) with pressure for both membranes resulted in 

major losses in C3H6/C3H8 selectivity relative to the 2 bar pure-gas values for the 120 oC 

and 250 oC treated films, respectively. It can be concluded based on these results that 

thermal annealing of KAUST-PI-1 did not significantly improve performance relative to 

the 120 oC treated film as they both had a C3H6/C3H8 selectivity at 4 bar feed pressure of 

about 5, with 80% lower C3H6 permeability.  
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Figs. 5.12, 5.13, and 5.14 illustrate the mixed-gas C3H6/C3H8 permeability and selectivity 

isotherms of 120 oC and 250 oC treated KAUST-PI-5. The 120 oC treated film showed 

indications of polymer matrix dilation, as the C3H6 and C3H8 permeabilities both increased 

directly with pressure from 1 bar to 4 bar feed pressure by 16% and 66%, respectively. The 

plasticization effects along with contributions of competitive sorption resulted in a 58% 

loss in mixed-gas C3H6/C3H8 selectivity at 2 bar partial pressure relative to the 2 bar pure-

gas point. However, the 250 oC treated KAUST-PI-5 showed strongly contrasting results, 

which resulted in a significant improvement in performance emanating from enhanced 

plasticization resistance. Both the C3H6 and C3H8 permeabilities decreased from 1 bar to 4 

bar feed pressure by 29% and 13%, respectively, consistent with the dual-mode model due 

to saturation in the Langmuir sorption sites. This resulted in the 250 oC treated KAUST-

PI-5 showing a ~25% less drop in C3H6/C3H8 selectivity than the 120 oC treated film 

relative to the 2 bar pure-gas value. 

 

Fig. 5.12. Mixed-gas C3H6 permeability isotherm for 120 and 250 oC treated KAUST-PI-

5. 
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Fig. 5.13. Mixed-gas C3H8 permeability isotherm for 120 and 250 oC treated KAUST-PI-

5. 

 

Fig. 5.14. Mixed-gas C3H6/C3H8 selectivity isotherm for 120 and 250 oC treated KAUST-

PI-5. 
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Evidently, treatment at 250 oC more readily improved the plasticization resistance of 

KAUST-PI-5 over the more rigid and microporous KAUST-PI-1. This is consistent with 

the fluorescence results (Section 5.3) which indicated a larger increase in the intensity of 

the emission spectra of KAUST-PI-5 over KAUST-PI-1 upon treatment at 250 oC, and 

therefore indicates a greater concentration of CTCs formed (likely inter-chain) in KAUST-

PI-5 than KAUST-PI-1. Common misconception in PIM design principles is that in order 

to reduce the segmental motion associated with plasticization effects, polymers with less 

segmental flexibility and therefore more intramolecularly rigidity are necessary. However, 

the contrary appears to be the case; by designing structures with more inherent flexibility, 

polymer chains are able to pack more efficiently, and thereby coplanarize more effectively 

when thermally annealed. While both KAUST-PI-1 and KAUST-PI-5 share the same rigid, 

space trapping dianhydride, the more flexible 6FpDA diamine of KAUST-PI-5 facilitates 

the structure’s more efficient chain coplanarization and thereby greater inter-chain affinity 

due to a higher concentration of inter-chain CTCs. It can therefore be concluded that 

incorporating some flexibility into the polymer backbone allows the chains enough local 

segmental motion to pack in a more efficient manner and consequently engage in inter-

chain interactions which facilitates coplanarization that restricts chain mobility 

characteristic of plasticization. Interestingly, Das and Koros demonstrated strong 

C3H6/C3H8 plasticization resistance upon annealing for the analogous 6FDA-based 

polyimide (6FDA-6FpDA), which resulted in 30% improvement in preservation of the 

pure-gas C3H6/C3H8 selectivity under mixed-gas feeds compared with the unannealed film 

[26]. Moreover, in KAUST-PI-1 there was a minimal improvement in plasticization 
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resistance upon treatment at 250 oC likely due to the methyl groups of the TMPD diamine 

located ortho to the freely rotatable N-C bond in polyimides inducing steric hindrance 

effects with neighboring carbonyl groups. This causes bond planes to reconfigure in a 

nonplanar conformation, which significantly inhibits efficient chain packing. Besides the 

weaker resistance to plasticization in both the 120 oC and 250 oC treated KAUST-PI-1 due 

to the steric effects of TMPD’s methyl groups hindering the formation of strong inter-chain 

CTCs (compared with KAUST-PI-5), it can also be attributed to the greater uptake of C3H6 

and C3H8 observed in sorption tests (Section 3.2) since polymer matrix dilation effects are 

sorption induced phenomena. KAUST-PI-1’s more rigid, highly microporous structure 

allows for a greater uptake of condensable gases which makes it that much more difficult 

to prevent matrix dilation considering the CTC interactions between the chains were 

already shown to be weaker.  

Fig. 5.15 shows the pure-gas 2 bar results (unfilled points) and mixed-gas 2 bar partial 

pressure results (filled points) of the 120 oC and 250 oC treated KAUST-PI-1 and KAUST-

PI-5 on the C3H6/C3H8 permeability/selectivity tradeoff map. The figure illustrates that 

while 2 bar pure-gas data gives insight into polymer performance, it is an unreliable means 

of assessing polymer performance as there is always a drop off upon mixed-gas testing. As 

expected, the largest drop off in performance occurs when combinations of both 

plasticization and competitive sorption occur which is the case for the 120 oC and 250 oC 

treated KAUST-PI-1 and the 120 oC treated KAUST-PI-5. The membrane which showed 

the least dropoff in performance occurred for the 250 oC treated KAUST-PI-5 which 

showed no evidence of plasticization. Paramount to the success of membranes in the C3H-

6/C3H8 separation will be the preservation of high selectivities under mixed-gas feeds. By 
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utilizing the conclusions of this work we hope to provide criteria towards developing highly 

selective plasticization resistant membranes. 

 

 

 

Fig. 5.15. Pure- and mixed-gas C3H6/C3H8 permeability/selectivity performance of the 

120 and 250 oC treated KAUST-PI-1 and KAUST-PI-5 membranes. The unfilled points 

are 2 bar pure-gas values and the filled points are the 2 bar partial pressure mixed-gas 

values. The solid lines are the experimentally observed pure- and mixed-gas C3H6/C3H8 

upper bounds [51, 52]. 
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5.5. Conclusions 

In this study the effects of sub-Tg annealing were examined on two analogous 9,10-

diisopropyl triptycene (TPDA) based PIM-PIs, KAUST-PI-1 (TPDA-TMPD) and 

KAUST-PI-5 (TPDA-6FpDA), whose structures differ in terms of their intra-chain rigidity. 

KAUST-PI-1 contains a rotationally restricting tetramethyl phenyline diamine (TMPD) 

ortho to the N-phenyl imide bond and KAUST-PI-5 has a relatively flexible 6FpDA 

diamine and N-phenyl imide bond. The results of the study are summarized below: 

1. Microstructural characterization: Treatment of the analogous triptycene based 

PIM-PIs at 250 oC compared with their respective films treated at 120 oC showed 

that the difference in the intensity of the emission spectra for KAUST-PI-5 was 

greater than that of KAUST-PI-1. This likely indicates that CTC formation upon 

treatment at 250 oC was greater for 6FpDA-based KAUST-PI-5 compared with 

TMPD-based KAUST-PI-1, likely due to TMPD’s bulky methyl groups inhibiting 

planarity and hence efficient chain packing.  

2. C3H6/C3H8 pure-gas transport properties: Treatment of KAUST-PI-1 at 250 oC 

compared to the 120 oC treated membrane led to a drop in C3H6 permeability from 

817 Barrer to 154 Barrer and a drop in selectivity from 16 to 10 at 2 bar. This 

indicates that the 250 oC annealing led to a collapse of the sieving micropores 

necessary to separate C3H6 and C3H8. Treatment of KAUST-PI-5 at 250 oC 

compared to the 120 oC treated membrane led to a drop in C3H6 permeability from 

128 Barrer at 2 bar to 15 Barrer but an increase in selectivity from 12 to 14.  
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3. Mixed-gas pressure dependent permeation: Treatment of KAUST-PI-1 at 250 oC 

showed minimal improvement in plasticization resistance, as there was still a direct 

increase in the C3H6 and C3H8 permeabilities with pressure. However, there was a 

significant improvement in plasticization resistance upon 250 oC treatment of 

KAUST-PI-5 as there was a decrease in the permeabilities of C3H6 and C3H8 with 

pressure, and therefore a ~25% increased preservation of C3H6/C3H8 selectivity. 

KAUST-PI-5’s more flexible backbone facilitated better chain packing due to the 

enhanced intra-segmental chain mobility which allowed them to coplanarize more 

effectively especially upon sub-Tg thermal annealing.  
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Chapter 6. Enhanced propylene/propane separation by thermal 

annealing of intrinsically microporous hydroxyl-functionalized 

polyimide membranes 

 

 

6.1. Abstract  

 

In this chapter, a 250 oC annealed hydroxyl functionalized polyimide (PIM-6FDA-OH) 

membrane produced among the highest reported pure-gas C3H6/C3H8 selectivity of 30 for 

a solution-processable polymer to date. The high selectivity resulted from enhanced 

diffusivity selectivity due to the formation of inter-chain charge-transfer-complexes. 

Although there were some inevitable losses in selectivity under 50:50 mixed-gas feed 

conditions due to competitive sorption, relatively high selectivities were preserved due to 

enhanced plasticization resistance. The analogous non-hydroxyl functionalized material 

PIM-6FDA showed lower performance, as it had a pure-gas C3H6/C3H8 selectivity of 15 

and a C3H6 permeability of 9 Barrer, with a mixed-gas selectivity dropping by over 50% 

to 7. The significant loss in selectivity was attributed to combinations of competitive 

sorption and plasticization. Further tuning of the microstructure to achieve a higher 

selectivity was done by replacing PIM-6FDA-OH’s diamine with a hydroxy-

spirobifluorene diamine (6FDA-HSBF) resulting in a drop in C3H6 permeability, but an 

increase in pure-gas C3H6/C3H8 selectivity to 33. 

 

 

Parts of this chapter were adapted from Swaidan, R.J., Ma, X., Pinnau, I., Enhanced 

propylene/propane separation by thermal annealing of an intrinsically microporous 

hydroxyl-functionalized polyimide membrane, Journal of Membrane Science 495 

(2015) 235-241. 
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6.2 Introduction 

 

As discussed in Chapter 1, hybrid arrangements incorporating highly selective membranes 

( > 20) have been proposed to “debottleneck” the C3H6/C3H8 splitters and potentially 

improve the economics [1, 2]. However, as described in the previous two chapters, 

development of highly permselective polymeric membranes for C3H6/C3H8 separations has 

proven to be challenging due to: i) very poor solubility selectivity due to a small difference 

in penetrant condensability (Tb C3H6 = -47.6 °C; Tb C3H8 = -42 °C) but mainly ii) polymer 

plasticization and competitive sorption effects under mixed-gas conditions, which both 

reduce selectivity [3-5] [6, 7]. In chapter 5 the role of polymer intra-chain rigidity on the 

effectiveness of sub-Tg annealing as a tool to mitigate plasticization was investigated. 

Thermal annealing leads to intra- and, even more importantly, inter-segmental chain 

immobilization [8] due the formation of charge transfer complexes (CTCs) by alternating 

arrangement of electron donor and acceptor molecules about the N-phenyl imide bond [9-

15]. This technique has been effectively used by Das and Koros to mitigate plasticization 

for C3H6/C3H8 separation to preserve high selectivity under mixed-gas conditions [7]. The 

general recipe for design of high performance PIM-based gas separation membranes was 

predicated on the introduction of sterically hindered contortion sites into a rigid polymer 

structure, which lead to inefficient chain packing to form polymers of intrinsic 

microporosity (PIMs) [8, 16-26]. However, common misconception is that in order to 

reduce the segmental motion associated with plasticization effects, polymers with less 

segmental flexibility and therefore more intramolecularly rigidity are necessary [27]. 

However, as demonstrated in Chapter 5, the contrary appears to be the case; by designing 

structures with more inherent flexibility, polymer chains are able to pack more efficiently, 
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and thereby coplanarize more effectively when thermally annealed. It can therefore be 

concluded that incorporating some flexibility into the polymer backbone allows the chains 

enough local segmental motion to pack in a more efficient manner and consequently 

engage in inter-chain interactions which facilitates coplanarization that restricts chain 

mobility characteristic of plasticization.  

In this chapter, we build off of the conclusions drawn from the previous chapter to attempt 

to develop highly selective, plasticization resistant membranes for the C3H6/C3H8 

separation. The combination of thermal annealing and hydroxyl functionalization was used 

on a PIM-PI with inherent flexibility across its backbone. By incorporating the hydroxyl 

moiety into the structure, it can help to draw the polymer chains closer together potentially 

due to the array of inter-chain hydrogen bonding networks and therefore stronger inter-

chain CTC interactions. The approach has been used as a means to mitigate plasticization 

in condensable CO2/CH4 feeds but has never been applied to the C3H6/C3H8 separation [7, 

8, 28]. A departure from the conventional PIM design principles was used in selecting the 

polymer, PIM-6FDA-OH (chemical structure shown in Fig. 6.1). It has a relatively flexible 

6FDA dianhydride, and a spirobisindane based diamine was chosen because out of the 

contortion centers available, it has the greatest degrees of rotational freedom compared a 

bridged bicyclic like a triptycene, since it is essentially a swivel joint. PIM-6FDA-OH 

treated at 250 oC was first compared with that treated at conventional drying temperature 

of 120 oC to investigate the effect annealing played on the polymer structure and 

C3H6/C3H8 permeation. To investigate the role the hydroxyl groups played on permeation, 

physisorption and permeation measurements were made on the non-hydroxyl 

functionalized analog of PIM-6FDA-OH, PIM-6FDA (chemical structure shown in Fig. 
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6.2). The roles of annealing and hydroxyl functionalization had on the microstructure were 

examined in depth using fluorescence spectroscopy and physisorption measurements using 

N2 at 77 K and CO2 at 273 K. Pure-gas studies at 2 bar and 35 oC were used as preliminary 

gauge of the effects annealing and hydroxyl functionalization have on the transport 

properties of the membranes. Pressure-dependent C3H6/C3H8 mixed-gas permeation 

experiments using 50:50 feeds were done to assess the effects under more realistic 

conditions, and to evaluate the differences in the membranes’ plasticization resistance. 

Discussion of structural modifications made to the PIM-6FDA-OH structure and their 

effects on the polymer microstructure and permeation properties then ensues to attempt to 

show the promise of the PIM platform as a means of generating the most selective polymers 

reported to date for the C3H6/C3H8 separation.  

 

 

Fig. 6.1. Chemical structure of PIM-6FDA-OH. 

 

 

Fig. 6.2. Chemical structure of PIM-6FDA. 
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6.3. Results and discussion 

6.3.1. Role of annealing in PIM-6FDA-OH 

6.3.1.1 High-pressure sorption experiments 

The C3H6 and C3H8 pure-gas and calculated mixed-gas sorption isotherms based on the 

dual-mode model extended for mixed-gas sorption at 35 oC for thermally treated PIM-

6FDA-OH films at 250 oC are illustrated in Fig. 3. Single-gas sorption experiments were 

conducted gravimetrically for C3H6 and C3H8 with incremental increases in pressure taken 

upon achievement of steady-state mass uptake. The pure-gas isotherms show that C3H6 

sorbs only slightly more than C3H8 at all pressures. This results in solubility selectivities 

of approximately 1.2, in good agreement with previous studies [6, 7, 29-31]. Based on 

single-gas measurements, the separation of C3H6 from C3H8 is thus expected to be only 

governed by size-sieving diffusivity selectivity.  

The dual-mode sorption model for glassy polymers describes total gas sorption as the sum 

of sorption in the “frozen microvoids” of the Langmuir domain (low pressure region) and 

the densely packed region known as Henry’s domain (high pressure region). Sorption in 

the Langmuir domain correlates with free volume in a polymer under the dual-mode 

framework [32]. It is typical to observe greater sorption uptake of C3H6 than C3H8 due to 

the fact that C3H6 is slightly more condensable and compact, and therefore can access the 

microvoids more readily [28].  

Using the dual-mode framework extended for mixed-gas 50:50 feed, C3H6/C3H8 sorption 

was modeled for PIM-6FDA-OH and plotted in Fig. 6.3. Compared to single-gas 

measurements, mixed-gas calculations predicted a reduction in sorption for both gases. 

However, the C3H6/C3H8 solubility selectivity ranged from 1.0 to 1.2 between 1 bar and 4 
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bar C3H6 partial pressure. The trends observed in calculated mixed-gas solubility 

selectivitiy values being approximately 1 were therefore consistent with pure-gas 

measurements, indicating that separation is likely governed predominantly by size 

exclusion of the penetrants. These described trends were in good agreement with 

previously calculated measurements for different polymers including PIM-PI-1, KAUST-

PI-1, PIM-1, and 6FDA-6FpDA (Chapter 4, Section 4.2). 

 

Fig. 6.3. a) Pure-gas (blue unfilled markers fit with the dual-mode sorption model) and 

calculated mixed-gas C3H6 sorption isotherms (blue dashed line) based on 50:50 

C3H6/C3H8 feed at 35 oC for PIM-6FDA-OH; b) Pure-gas (red unfilled markers fit with the 

dual-mode sorption model) and calculated mixed-gas C3H8 sorption isotherms (red dashed 

line) based on 50:50 C3H6/C3H8 feed at 35 oC for PIM-6FDA-OH.  

 

6.3.1.2. Fluorescence spectroscopy 

Inherent to polyimide structures are intra- or inter-chain charge-transfer complexes 

(CTCs), which are electrostatic interactions due to the alternating arrangement of electron 

donor and acceptor molecules across the N-phenyl imide bonds [12, 14]. A schematic 
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diagram showing the inter-chain interactions due to the formation of charge transfer 

complexes upon annealing of a polyimide is illustrated in Fig. 4. CTC formation in 

thermally annealed polyimides has been indicated via an increase in the intensity of the 

emission spectra collected by fluorescence spectroscopy [8-10, 13]. Fig. 5 is a plot of the 

emission spectra (325 nm excitation) for 120 and 250 oC treated PIM-6FDA-OH films of 

the same thickness of about 55 μm. The intensity of the emission band increased upon 

annealing at 250 oC by about 50%, thereby indicating a greater concentration of CTCs. 

While it is unclear whether these enhancements in CTC formation emanate from 

intramolecular or intermolecular interactions, previous work has suggested a dominant 

effect of inter-chain interactions in solid-state polyimides [12]. That is, it is often visualized 

that a thermally-induced coplanarization of the chains increases packing density and 

molecular aggregation. Ultimately, the resulting inter-chain interactions help suppress 

inter-chain motions and are thus promising for plasticization suppression. 

 

 

Fig. 6.4. Schematic diagram showing the inter-chain interactions due to the formation of 

charge transfer complexes upon annealing of a polyimide. 

  



179 

 

 

Fig. 6.5. Solid-state fluorescence emission spectra (excitation at 325 nm) of PIM-6FDA-

OH heat-treated at 120 and 250 oC. 

 

 

6.3.1.3. Pure-gas C3H6/C3H8 transport properties of PIM-6FDA-OH treated at 250 oC 

versus 120 oC 

The pure-gas permeation properties of heat-treated PIM-6FDA-OH membranes are shown 

in Table 1. Fig. 6 shows the experimentally observed C3H6/C3H8 upper bound plot 

developed by Koros and Burns [33]. The “golden” region of the plot was defined by Koros 

and Lively to indicate the membrane performance demands for debottlenecking a 

distillation process [1]. It is defined by having a minimum selectivity of 20 and C3H6 

permeability greater than 10 Barrer. As can be seen in Fig. 6, the 250 oC annealed PIM-

6FDA-OH shows excellent performance for a solution-processable polymer as its 
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performance is well above the defined tradeoff curve with a combination of high selectivity 

(30) and moderate permeability (P(C3H6) = 3.5 Barrer). To date, it has among the highest 

pure gas C3H6/C3H8 selectivity reported for solution-processable polymers. Another 

polymer, which defines the upper bound is 6FDA-DDBT, shows similar performance. 

Tanaka et al. [29] and Okamoto et al. [34] reported C3H6/C3H8 selectivities ranging from 

27 to 20 with C3H6 permeabilities ranging from 0.76 to 1.8 Barrer measured at 50 oC. Upon 

annealing PIM-6FDA-OH at 250 oC, there was a 60% increase in C3H6/C3H8 selectivity 

from 19 to 30 at the expense of a ~30% reduction in C3H6 permeability, a trend commonly 

observed upon annealing of polyimides at high temperature [7, 8, 28]. Table 1 shows that 

the greater selectivity upon treating at 250 oC is derived exclusively from an enhancement 

in the diffusion selectivity by about 80%. On the other hand, the permeability reductions 

are due to drops in both diffusion and solubility coefficients. In general, the transport data 

are consistent with a more sieving and tighter microstructure, as indicated in Section 3.1. 

Compared with the other PIM materials (KAUST-PI-1, PIM-PI-1, and PIM-1) and even 

commercial Matrimid® examined for the separation, PIM-6FDA-OH showed a great deal 

of promise. 
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Fig. 6.6. Pure-gas C3H6/C3H8 permeability/selectivity performance of the 120 and 250 oC 

treated PIM-6FDA-OH films. The solid line is the experimentally observed C3H6/C3H8 

upper bound [33].  

 

In addition to improving the size-sieving properties of polyimides, thermal annealing has 

also been used as a tool to improve their plasticization resistance. As a preliminary 

investigation of the effects of annealing, pure-gas pressure dependent C3H6 studies were 

carried out on the 120 and 250 oC treated PIM-6FDA-OH films. Fig. 7 shows a plot of the 

C3H6 permeability isotherms at 35 oC. The 250 oC annealed film showed no up-turn in the 

C3H6 permeability isotherm, and instead demonstrated a dual-mode-like 20% drop with 

C3H6 feed pressure up to 5 bar. In contrast, the 120 oC-treated film showed an upturn 

between 2 and 3 bar. These preliminary pure-gas results indicate an improved plasticization 
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resistance in the 250 oC film, consistent with formation of inter-chain CTCs discussed 

earlier. While this is a promising result, mixed-gas pressure dependence studies are 

necessary to assess the impact one component has on the transport behavior of the other 

[3]. 

 

 

Fig. 6.7. Pressure dependence of the pure-gas C3H6 permeabilities (35 oC) for PIM-6FDA-

OH films treated at 120 and 250 oC. Fits are drawn to guide the eye. 
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Table 6.1. Pure-gas C3H6/C3H8 transport properties of 120 and 250 oC heat-treated PIM-

6FDA-OH films at 2 bar and 35 oC. 

Treatment P(C3H6)a P D(C3H6)b D S(C3H6)c S  

120 oC 5.1 19 2.0 15 0.25 1.3 
 

250 oC 3.5 30 1.6 27 0.22 1.1  

 

a Unit: Barrer [=] 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

b Unit: 10-9 cm2 s-1. 

c Unit: cm3(STP) cm-3(polymer) cmHg-1. 

 

6.3.1.4. Mixed-gas C3H6/C3H8 permeation of 250 oC treated PIM-6FDA-OH versus 

120 oC treated PIM-6FDA-OH 

Mixed-gas permeation experiments were conducted with a 50:50 C3H6/C3H8 feed at 35 oC 

for 120 and 250 oC treated PIM-6FDA-OH films to examine the separation performance 

under more realistic conditions. The feed pressure was incrementally increased once 

steady-state in permeability and selectivity were reached. The C3H6 and C3H8 mixed-gas 

permeability isotherms and C3H6/C3H8 selectivity isotherms are illustrated in Figs. 8-10. 

As observed in pure-gas testing, annealing PIM-6FDA-OH at 250 oC led to a reduction in 

the C3H6 permeability due to tightening of the pore structure [7]. However, there was also 

a marked improvement in plasticization resistance over the 120 oC treated membrane as 

the C3H6 permeability decreased up to 5 bar total feed pressure. On the other hand, it 

increased for the 120 oC treated membrane at ~3 bar. Previous work by Krol et al. suggested 

that annealed Matrimid® hollow fibers displayed similar trends in C3H6  permeance 
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compared to untreated fibers: i) There was a reduction in C3H6 permeance compared to the 

untreated fibers attributed to densification of the chain packing from enhanced CTC 

interactions and ii) the C3H6 permeance decreased or remained constant with increasing 

feed pressure. Based on these observations, the authors claimed a suppression of 

plasticization [28].  

However, the only conclusive way to evaluate plasticization is by examination of the 

permeability isotherm of the slower permeating component (i.e., C3H8). For the 250 oC 

annealed PIM-6FDA-OH, the C3H6 permeability decreased with pressure and the C3H8 

permeability was essentially independent of pressure. This was a marked improvement in 

plasticization resistance over the 120 oC film for which C3H8 permeability increased by 

~40 % from 1 bar to 2.5 bar feed pressure. The mixed-gas selectivity from 2 bar to 4 bar 

feed pressure was consistently 50-70% higher for the 250 oC film than the 120 oC film, 

ranging from 22 to 15 versus 13 to 10. The loss in selectivity for the 120 oC film can be 

attributed to contributions of both plasticization (i.e., a pressure-dependent increase in 

C3H8 mixed-gas permeability) and competitive sorption (i.e., a drop in C3H6 mixed-gas 

permeability relative to pure-gas). In addition, plasticization may also maintain the C3H6 

mixed-gas permeability (i.e., even a slight upturn appears) (Fig. 8). This results in a 

relatively stable selectivity (i.e., 10-13), albeit lower than in the 250 oC film. On the other 

hand, selectivity losses in the annealed 250 oC film were attributed primarily to dual-mode-

like pressure-dependent drops in C3H6 permeability (also observed in the pure-gas pressure 

dependence study, Fig. 7). There was a loss in selectivity from 30 in the pure-gas 

experiments at 2 bar to 15 in mixed-gas permeation experiments at 2 bar C3H6 partial 

pressure. Since the membrane showed minimal signs of plasticization, this drop in 
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selectivity is likely a result of competitive sorption. This is corroborated by the mixed-gas 

sorption model predicting lower C3H6/C3H8 sorption with a 50:50 feed compared to pure-

gas measurements (Section 6.3.1.1). The separation was likely achieved primarily through 

size exclusion since mixed-gas solubility selectivities based on the model were 

approximately 1. 

The enhanced mixed-gas selectivities and plasticization resistance for thermally annealed 

polyimide films have also been demonstrated by Das and Koros [7]. Report of the 

permeation properties of unannealed 6FDA-6FpDA by Staudt-Bickel and Koros showed 

pure-gas C3H6/C3H8 selectivity at 2 bar of 16 and C3H6 permeability of 0.89 Barrer [6]. 

However, under mixed-gas conditions the C3H6/C3H8 selectivity and C3H6 permeability at 

2 bar C3H6 partial pressure dropped to 7 and 0.68 Barrer, respectively. The large decrease 

in selectivity was mainly attributed to plasticization as the C3H8 permeability increased 

with pressure at a faster rate than that of C3H6. Upon annealing this membrane, Koros and 

Das [7] observed a 20% increase in pure-gas C3H6/C3H8 selectivity from 16 to 19, but more 

importantly a preservation of the mixed-gas C3H6/C3H8 selectivity as it was 14 at 2 bar 

C3H6 partial pressure. To date, annealed PIM-6FDA-OH and 6FDA-6FpDA have 

demonstrated the highest mixed-gas selectivities (15 and 14 at 2 bar C3H6 feed pressure, 

respectively) among all polymers reported. The more significant increase in pure-gas 

selectivity (i.e. 50% versus 20%) upon annealing PIM-6FDA-OH over 6FDA-6FpDA can 

likely be attributed to enhanced hydrogen bonding between the hydroxyl moieties in PIM-

6FDA-OH upon thermally-induced polymer densification. 
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Fig. 6.8. Pressure dependence of mixed-gas C3H6 permeability isotherms at 35 oC for PIM-

6FDA-OH films treated at 120 and 250 oC. Fits are drawn to guide the eye.  

 

Fig. 6.9. Pressure dependence of mixed-gas C3H8 permeability isotherms at 35 oC for PIM-

6FDA-OH films treated at 120 and 250 oC. Fits are drawn to guide the eye.  
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Fig. 6.10. Pressure dependence of mixed-gas C3H6/C3H8 selectivity isotherms at 35 oC for 

PIM-6FDA-OH films treated at 120 and 250 oC. Fits are drawn to guide the eye.  

 

The results of the mixed-gas experiments can be evaluated relative to what has been 

reported to date by plotting them relative to the experimentally observed C3H6/C3H8 mixed-

gas upper bound developed by Zhang et al, as shown in Fig. 11. A decrease in performance 

relative to the pure-gas measurements has been observed for all membranes evaluated in 

mixed-gas feeds. This serves as validation that pure-gas C3H6/C3H8 permeation properties 

are not the most thorough metric of membrane performance since they do not illuminate 

the potential effects of plasticization and competitive sorption which compromise 

C3H6/C3H8 selectivity.  KAUST-PI-1,PIM-PI-1, unannealed 6FDA-6FpDA, and 6FDA-

TrMPD all showed showed a greater than 60% decrease in selectivity relative to pure-gas 

measurements due to plasticization and competitive sorption. However, if plasticization is 

effectively mitigated, better preservation of the pure-gas measurements can be achieved, 
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as observed for the annealed PIM-6FDA-OH (250 oC) and 6FDA-6FpDA (210 oC). This 

positions the 250 oC treated PIM-6FDA-OH it slightly below the pure-gas upper bound but 

above the mixed-gas upper bound.  

 

 

Fig. 6.11. Permeability/selectivity map showing pure-gas data measured at 2 bar (unfilled 

markers) and mixed-gas data measured at 2 bar C3H6 partial pressure (filled markers) with 

a 50:50 C3H6/C3H8 mixture. Solid line is the experimentally observed pure-gas C3H6/C3H8 

upper bound, dashed line is experimentally observed mixed-gas C3H6/C3H8 upper bound 

[33, 35]. 
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6.3.2. Role of hydroxyl groups on C3H6/C3H8 transport 

6.3.2.1. Effect of hydroxyl groups on microstructure 

A fundamental aspect of understanding the reason for such good performance is to attempt 

to ascertain the effect the hydroxyl groups have on the polymer microstructure. The 

analogous non-hydroxyl functionalized structure, PIM-6FDA, was characterized by CO2 

physisorption at 273 K and N2 physisorption at 77 K. The N2 physisorption isotherm at 77 

K is plotted in Fig. 6.12 for the 250 oC treated PIM-6FDA-OH and PIM-6FDA. BET 

surface area measurements for PIM-6FDA-OH and PIM-6FDA were 185 m2/g and 408 

m2/g, respectively. The BET surface area measurements indicate that PIM-6FDA likely 

has a larger free volume than PIM-6FDA-OH. 

 

Fig. 6.12. N2 physisorption measurements at 77 K for 250 oC treated PIM-6FDA-OH and 

PIM-6FDA. 
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In order to assess the microstructure in the ultra-microporous range, CO2 physisorption 

measurements at 273 K were performed since the smaller and more condensable CO2 

molecules have better accessibility to pores in the ultra-microporous range. Using the N2 

and CO2 physisorption techniques as complementary tools, they can serve as probes to 

assess both the narrower porosity and overall microporosity to generate a pore-size 

distribution of the polymers. This semi-quantitative technique can aide in establishing 

differences in the microstructure associated with the functionalization of the material with 

hydroxyl groups. Interestingly, Fig. 6.13 shows that PIM-6FDA-OH appears to exhibit a 

greater percentage of its overall porosity in the ultra-microporous range compared to that 

of PIM-6FDA. This would indicate that PIM-6FDA-OH may have a higher molecular 

sieving capacity than PIM-6FDA. The plot also reveals a bimodal distribution of pores, 

likely indicating the existence of an interconnected microporous network. The trends 

observed in Fig. 6.13 are also shown in the pore-size distribution in Fig. 6.14. PIM-6FDA-

OH appears to have generated a shift in the finer, ultra-microporous region (highlighted in 

blue in Fig. 6.14) toward the formation of a greater volume of narrower pores wherein the 

size cutoff for enhanced molecular sieving of C3H6/C3H8 lies.  
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Fig. 6.13. Distribution of cumulative pore volume versus pore width for PIM-6FDA-OH 

(blue) versus PIM-6FDA (red) up to 20 Å, derived from NLDFT analysis of N2 and CO2 

physisorption isotherms at 77 K and 273 K, respectively. 

 

 

Fig. 6.14. Pore-size distributions of 250 oC treated PIM-6FDA-OH and PIM-6FDA based 

on NLDFT analysis from CO2 and N2 physisorption measurements at 273 K and 77 K 

respectively.  
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6.3.2.2. Pure-gas C3H6/C3H8 permeation comparing PIM-6FDA to PIM-6FDA-OH 

Pure-gas permeation measurements on PIM-6FDA were conducted at 2 bar and 35 oC as a 

preliminary gauge of performance relative to PIM-6FDA-OH. The C3H6/C3H8 transport 

properties of PIM-6FDA-OH and PIM-6FDA are shown in Table 6.2. PIM-6FDA was 

more permeable and less selective than PIM-6FDA-OH. It had a C3H6 permeability of 

about 9.1 Barrer compared to 3.5 Barrer for PIM-6FDA-OH with a 50% lower C3H6/C3H8 

selectivity of 15. As evidenced by PIM-6FDA-OH’s lower diffusion coefficient, enhanced 

inter-chain interactions due to hydroxyl functionalization likely contributed to a tightened 

polymer microstructure. As corroborated by the pore-size distributions derived from 

NLDFT analysis of physisorption studies, the tightening of porosity upon hydroxyl 

functionalization was observed to occur in both the microporous range, hence the lower 

C3H6 permeability in PIM-6FDA-OH, and the ultra-microporous range, hence the better 

C3H6/C3H8 diffusional selectivity by almost 100%. As expected, no increase in selectivity 

emanates from enhanced solubility selectivity of C3H6 over C3H8 since it is approximately 

1 for both polymers.     
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Table 6.2. Pure-gas C3H6/C3H8 transport properties of 250 oC treated PIM-6FDA-OH and 

PIM-6FDA films at 2 bar and 35 oC. 

Polymer P(C3H6)a P D(C3H6)b D S(C3H6)c S  

PIM-6FDA-OH 3.5 30 1.6 27 0.22 1.1 
 

PIM-6FDA 9.1 15 3.5 14 0.26 1.1  

a Unit: Barrer [=] 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

b Unit: 10-9 cm2 s-1. 

c Unit: cm3(STP) cm-3(polymer) cmHg-1. 

 

6.3.2.3. Mixed-gas C3H6/C3H8 permeation comparing PIM-6FDA versus PIM-6FDA-

OH 

Mixed-gas studies allow investigation of the stability of a membrane under more realistic 

conditions, which is critical considering plasticization is one of the biggest hurdles to 

overcome for this separation since its effectiveness is governed by molecular sieving. Figs. 

6.15, 6.16, and 6.17 show the mixed-gas C3H6/C3H8 permeabilities and selectivity 

isotherms of PIM-6FDA compared to PIM-6FDA-OH. As discussed previously, the 250 

oC treated PIM-6FDA-OH showed high performance with very good plasticization 

resistance. However, the results show another aspect of the role the hydroxyl groups play 

in aiding to achieve a more stable membrane. PIM-6FDA shows a direct increase in C3H6 

and C3H8 permeabilities with feed pressure. This is in contrast to the performance of PIM-

6FDA-OH which showed a decrease in C3H6 permeability with pressure, and no increase 

in C3H8 permeability with pressure. It is clear based on these results that PIM-6FDA shows 

markedly lower plasticization resistance than PIM-6FDA-OH. These differences can likely 
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be attributed to the strong inter-chain CTCs and hydrogen bonding due to the combination 

of annealing and hydroxyl functionalization. PIM-6FDA on the other hand, lacking the 

presence of hydroxyl groups to draw the chains together and strengthen the CTCs is less 

likely to conform into as much of a coplanarized state. It is evident based on these results 

that the combination of annealing and hydroxyl functionalization contribute to an 

enhancement in the finer sieving ultra-microporosity of a polymer but also in the 

immobilization of the polymer chains due to being in a more aligned and dense 

conformation.  

  

Fig. 6.15. Pressure dependence of mixed-gas C3H6 permeability isotherms at 35 oC for 

PIM-6FDA and PIM-6FDA-OH films. Fits are drawn to guide the eye. 
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Fig. 6.16. Pressure dependence of mixed-gas C3H8 permeability isotherms at 35 oC for 

PIM-6FDA and PIM-6FDA-OH films. Fits are drawn to guide the eye. 

 

 

Fig. 6.17. Pressure dependence of mixed-gas C3H6/ C3H8 permeability isotherms at 35 oC 

for PIM-6FDA and PIM-6FDA-OH films. Fits are drawn to guide the eye. 
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It is important to note that the improvement of a polymer’s performance does not emanate 

from merely tightening the structure; while it is inevitable to lose permeability by 

tightening the structure, it should be paramount to do so in such a way as to enhance the 

selectivity. There are numerous polymers studied for the separation which pack more 

densely than PIM-6FDA-OH, but show a fraction of the selectivity. For example, 

Matrimid®, a commercially used polyimide, has a C3H6 permeability which is 3% of PIM-

6FDA-OH’s (0.1 Barrer versus 3.5 Barrer), but has a 66% lower selectivity of 10 [33]. The 

only hydroxyl functionalized polyimide reported for the separation, 6FDA-APAF, shows 

a C3H6 permeability of less than 1 Barrer and a selectivity of about 10 [36]. If a structure’s 

pores are too tight for relatively larger gases like C3H6 to access, then transport occurs 

through tortuous less selective paths. PIM materials show the capacity to have higher 

selectivities coupled with higher permeabilities than low free volume conventional 

polyimides. 

Incorporation of contortion centers (spirobisindane, triptycene, etc.) in a polyimide’s 

dianhydride or diamine facilitates the preservation of the interstitial spaces emanating from 

the kink’s internal free volume, and therefore restricts the extent to which polymer chains 

can pack in space. As demonstrated schematically in Fig. 6.18 the limit to how tightly 

polymer chains can pack in contorted structures is reduced, hence highlighting the benefits 

of having PIM-based motifs in polymer structures. These contortion centers can therefore 

contribute residual entrapped ultra-microporosity in the range which is necessary for 

sieving. The conventional low free volume polyimides likely showed lower selectivities 

because there was a lack of accessibility of the pores necessary to sieve C3H6/C3H8. Using 

this platform therefore allows the limits of what was previously deemed possible for 
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polymer membranes to be pushed to new extremes and therefore redefine the previously 

observed tradeoff curve. In the next section, incremental changes to the PIM-6FDA-OH 

structure are used to attempt to further tighten the polymer’s microstructure for even better 

sieving. 

 

 

Fig. 6.18. Schematic diagram demonstrating the advantage efficiently packing PIM-based 

materials have for the C3H6/C3H8 separation over (a) conventional efficiently packing low 

free volume polyimides. (b) Due to the PIM’s contortion center, it inherently will have a 

less packing density than its analogous low free volume structure due to the contortion 

center’s internal free volume. The contortion center not only serves as a kink unit which 

disturbs packing but it has interstitial spaces due to its trapped free volume which may 
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contribute to molecular sieving. This is an advantage for separating larger gases where 

larger pores are needed for them to be accessible to C3H6. 

 

6.3.3. Effect of hydroxy-spirobifluorene diamine 

In this section, incremental changes to the PIM-6FDA-OH structure are used to attempt to 

further tune the polymer’s microstructure for even better sieving. The focus was shifted to 

maintaining the 6FDA dianhydride but to tuning the diamine. The spiro-based contortion 

center and two hydroxyl groups remained, but the methyl groups (highlighted in red in Fig. 

6.19a) on PIM-6FDA-OH’s diamine were substituted with phenyl rings (highlighted in 

blue in Fig. 6.19b) to produce PIM-6FDA-HSBF (hydroxyspirobifluorene). The methyl 

groups likely contribute to steric hindrance effects which space out the polymer chains. 

Therefore replacement with phenyl rings on the other hand may yield a “flatter” chain 

conformation and potentially tighten the microstructure just enough to enhance size 

exclusion of C3H6 over C3H8. Pure-gas studies at 2 bar for numerous light gas pairs showed 

higher selectivities and lower permeabilities than PIM-6FDA-OH, and so C3H6/C3H8 

testing needs to be done to assess if it improves for that application as well. 
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Fig. 6.19. Chemical structures of a) PIM-6FDA-OH and b) PIM-6FDA-HSBF. Highlighted 

on the structures are the modifications which represent the differences between the 

structures. 

 

6.3.3.1. Effect on microstructure 

N2 physisorption at 77 K and CO2 physisorption at 273 K measurements were conducted 

on PIM-6FDA-HSBF to assess the differences in its microstructure with that of PIM-

6FDA-OH. Fig. 6.20 shows the quantity of N2 adsorbed versus relative pressure for PIM-

6FDA-OH and PIM-6FDA-HSBF. PIM-6FDA-HSBF had a BET surface area of only 70 

m2/g which is less than half that of PIM-6FDA-OH, indicating that PIM-6FDA-HSBF has 

a lower free volume than that of PIM-6FDA-OH. 
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Fig. 6.20. N2 physisorption measurements at 77 K for PIM-6FDA-HSBF and PIM-6FDA-

OH. 

 

6.3.3.2.Pure-gas C3H6/C3H8 permeation properties 

Pure-gas C3H6/C3H8 permeation measurements for PIM-6FDA-HSBF were conducted at 2 

bar and 35 oC. As shown in Table 6.3, PIM-6FDA-HSBF showed an approximately 

threefold lower C3H6 permeability than that of PIM-6FDA-OH, but a higher C3H6/C3H8 

selectivity of 33. This structural modification exhibits an embodiment of the 

permeability/selectivity tradeoff exhibited by polymers, as the minor adjustment in the 

polymer structure facilitated a modest increase in C3H6/C3H8 selectivity at the expense of 

C3H6 permeability. Fig. 6.21 shows the change in performance relative to the C3H6/C3H8 
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upper bound associated with the structural modifications conducted in the work in this 

chapter. This also helps illustrate the promising potential of the PIM platform for this 

separation, as higher C3H6/C3H8 selectivities can be achieved with greater C3H6 

permeabilities compared with those of conventional low free volume polyimides.   

Table 6.3. Pure-gas C3H6/C3H8 transport properties of 250 oC treated PIM-6FDA-OH and 

PIM-6FDA-HSBF films at 2 bar and 35 oC. 

Polymer P(C3H6)a P  

PIM-6FDA-OH 3.5 30 
 

PIM-6FDA-HSBF 1.1 33  

 

a Unit: Barrer [=] 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

 

Fig. 6.21. Upper bound plot showing the pure-gas performance of PIM-6FDA-HSBF 

relative to the pure-gas upper bound and highlighted commercially attractive region [33]. 
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6.3.3.3. Mixed-gas C3H6/C3H8 permeation 

Figs. 6.24, 6.25, and 6.26 show the mixed-gas C3H6/C3H8 permeability and selectivity 

isotherms of PIM-6FDA-HSBF compared to PIM-6FDA-OH. Both PIM-6FDA-HSBF and 

PIM-6FDA-OH showed a decrease in C3H6 permeability with pressure. PIM-6FDA-HSBF 

showed slightly stronger plasticization resistance over the pressure range tested, as its C3H8 

permeability decreased by 8% from 2 bar to 4 bar feed pressure whereas PIM-6FDA-OH’s 

C3H8 permeability was essentially flat with pressure. This can likely be explained by 

stronger inter-chain CTCs and hydrogen bonding since PIM-6FDA-HSBF is a tighter 

structure than PIM-6FDA-OH, as evidenced by the lower BET surface area. The stronger 

plasticization resistance facilitated better preservation of its mixed-gas selectivity as PIM-

6FDA-HSBF saw a 15% drop in selectivity from 2 bar to 4 bar feed pressure versus about 

28% for PIM-6FDA-OH over the same range. PIM-6FDA-HSBF also showed a relatively 

high mixed-gas selectivity of about 20 at 2 bar partial pressure, which was an 

approximately 40% drop from its pure-gas C3H6/C3H8 selectivity of 33.  
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Fig. 6.22. Pressure dependence of mixed-gas C3H6 permeability isotherms at 35 oC for 

PIM-6FDA-HSBF and PIM-6FDA-OH films. Fits are drawn to guide the eye. 

 

 

Fig. 6.23. Pressure dependence of mixed-gas C3H8 permeability isotherms at 35 oC for 

PIM-6FDA-HSBF and PIM-6FDA-OH films. Fits are drawn to guide the eye. 
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Fig. 6.24. Pressure dependence of mixed-gas C3H6/C3H8 permeability isotherms at 35 oC 

for PIM-6FDA-HSBF and PIM-6FDA-OH films. Fits are drawn to guide the eye. 

 

The pure- (unfilled markers) and mixed-gas points (filled markers) at 2 bar and 2 bar C3H6 

partial pressure, respectively, are shown on the upper bound plot in Fig. 6.25. It can be 

observed from the plot that by tuning structures via the PIM platform, polymer membranes 

can be generated which are capable of meeting the selectivity requirements for 

debottlenecking a distillation column for the production of polymer-grade propylene.  
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Fig. 6.25. Pure- (2 bar) and mixed-gas points (2 bar C3H6 partial pressure) of the polymers 

discussed in this chapter relative to the C3H6/C3H8 tradeoff curve [33]. 

 

6.3.4. Formation of new PIM-PI-based C3H6/C3H8 upper bound 

Based on the work done in developing polymers with the PIM-PI platform, the polymer 

upper bound has been pushed to new limits, as can be observed in Fig. 6.26. The suggested 

new upper bound is shown in Fig. 6.26. Freeman’s theory proposes that the slope of a 

polymer upper bound should not change for a particular gas pair since it is proportional to 

the ratios of the kinetic diameters of the two gases (the 2003 C3H6/C3H8 upper bound was 

based instead on the Leonard Jones diameters of C3H6/C3H8 due to the major inaccuracies 

associated with the kinetic diameters for larger hydrocarbons) [33, 38-40]. Based on the 

fixed slope of the 2003 upper bound, a visual fit was made in between the best performing 

PIM-PI membranes examined to form the 2016 PIM-based upper bound.  It is not suggested 

to be a definitive new upper bound, as more data could reinforce or potentially advance it. 
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It is intended to demonstrate the dramatic impact intrinsically microporous materials may 

have on membrane performance in C3H6/C3H8 separation. As enumerated in Table 6.4, the 

front factor, k, of the 2016 upper bound increased relative to that of the 2003 upper bound. 

This is consistent with higher free volumes (and hence sorption capacities) of the 

inefficiently packing PIM-PIs since the factor was shown to correlate with sorption 

capacity. 

 

Fig. 6.26. Performance plot demonstrating the suggested PIM-based pure-gas C3H6/C3H8 

upper bound. Yellow bubble highlights the region of commercially relevant performance 

necessary to debottleneck a distillation column for the production of polymer-grade 

propylene. The pink, blue, and green bubbles, represent the broad spectrum of performance 

which can be achieved by the PIM platform whether it be highly selective and low 

permeable, moderately selective and moderately permeable, or permeability driven 

performance. 
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Table 6.4. Summary of the 2003 [33] and 2016 PIM-based C3H6/C3H8 upper bound line 

parameters, where 𝑃𝑖 = 𝑘𝛼𝑖,𝑗
𝑛  (Pi is the permeability of component i (Barrer), k is the Front 

Factor (Barrer), 𝛼𝑖,𝑗
𝑛  is the selectivity of component i over component j, and n is the slope. 

Gas Pair 2003 Upper Bound 2016 Upper Bound 

 k (Barrer) N k (Barrer) N 

C3H6/C3H8 2.44 x 106 -4.72 1.66 x 108 -4.72 

 

Although still short in terms of the proposed permeability for debottlenecking a distillation 

column for generation of polymer-grade propylene, the most challenging criteria of the 

separation which is the selectivity of 20 was surpassed. Furthermore, Fig. 6.28 

demonstrates the broad spectrum of performance achievable by PIM-based membranes for 

the C3H6/C3H8 separation. By accumulating a large database of polymer membranes tested 

for the separation, polymer design can now be tailored to meeting a broad range of 

industrial demands, whether it be highly selective performance, moderate selective 

performance, or permeability-driven performance. For example, a very large potential 

market place exists for the generation of chemical-grade propylene which requires 50 GPU 

or higher with a selectivity of 10, performance which is very achievable with PIM-PI based 

materials considering selectivities well over 30 were generated.  

 

6.4. Conclusions 

In this chapter, polymer annealing and hydroxyl functionalization of PIM-PIs were used to 

yield polymers which are both highly selective and plasticization resistant for the 

C3H6/C3H8 separation. Building off the conclusions from the previous chapter, hydroxyl 

functionalized PIM-PIs with greater inherent flexibility in their backbone were used since 
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they would be able to pack more efficiently and therefore engage in stronger inter-chain 

CTC interactions.  

 PIM-6FDA-OH treated at 250 oC demonstrated stable performance in mixed-gas 

environments, with no observable plasticization. That is, C3H8 permeability 

isotherms showed minimal increase in permeability up to 5 bar total pressure. 

Thermally annealing PIM-6FDA-OH at 250 oC increased (i) pure-gas selectivity by 

~50% from 19 to 30 at 2 bar, and (ii) mixed-gas selectivity by ~50% from 10 to 15 

at 2 bar C3H6 partial pressure.  

 The role of the hydroxyl groups was examined by comparing the properties of PIM-

6FDA-OH to its non-hydroxyl functionalized analog PIM-6FDA. Compared to 

PIM-6FDA, PIM-6FDA-OH had a higher pure-gas C3H6/C3H8 selectivity of 30 

versus 15 and lower C3H6 permeability of 3.5 versus 9.1 Barrer. Additionally, a 

higher resistance to plasticization was observed in PIM-6FDA-OH. The mixed-gas 

propane permeability of PIM-6FDA increased by nearly 100% over the 4 bar 

pressure range, whereas that of PIM-6FDA-OH was relatively constant.  These 

observations, in addition to higher pure-gas diffusivity selectivities for the hydroxyl 

functionalized polymer, may be attributed to improved inter-chain interactions 

caused by hydroxyl groups.  

 The methyl groups on the spiro-diamine of PIM-6FDA-OH were substituted with 

phenyl rings to yield PIM-6FDA-HSBF. Permeation results indicated an increase 

in the C3H6/C3H8 selectivity from 30 in PIM-6FDA-OH to 33 in PIM-6FDA-HSBF 

combined with a reduction in C3H6 permeability from 3.5 Barrer to 1.1 Barrer at 2 

bar feed pressures. Mixed-gas studies on PIM-6FDA-HSBF indicated strong 
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plasticization resistance and an improved mixed-gas C3H6/C3H8 selectivity over 

PIM-6FDA-OH by over 30% of 20 at 4 bar feed pressure.  

 Based on the work done on polymers of the PIM-PI platform, the polymer upper 

bound has been thrust upwards. A new C3H6/C3H8 upper bound was suggested 

based on the PIM-PI membranes examined. The development of more polymers 

could reinforce or potentially advance it. It is intended to demonstrate the dramatic 

impact intrinsically microporous materials may have on membrane performance in 

C3H6/C3H8 separation. 
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Chapter 7. Spirobisindane-based polyimide as efficient precursor of 

thermally-rearranged and carbon molecular sieve membranes for 

enhanced propylene/propane separation 

 

7.1. Abstract  

 High performance thermally-rearranged (TR) and carbon molecular sieve (CMS) 

membranes made from an intrinsically microporous polymer precursor PIM-6FDA-OH are 

reported for the separation of propylene from propane. Thermal rearrangement of PIM-

6FDA-OH to the corresponding polybenzoxazole (PBO) membrane resulted in a pure-gas 

C3H6/C3H8 selectivity of 15 and C3H6 permeability of 14 Barrer, positioning it above the 

polymeric C3H6/C3H8 upper bound. For the first time, the C3H6/C3H8 mixed-gas properties 

of a TR polymer were investigated and showed a C3H6 permeability of 11 Barrer and 

C3H6/C3H8 selectivity of ~11, essentially independent of feed pressure up to 5 bar. The 

CMS membrane made by treatment at 600 °C showed further improvement in performance 

as demonstrated with a pure-gas C3H6/C3H8 selectivity of 33 and a C3H6 permeability of 

45 Barrer. The mixed-gas C3H6/C3H8 selectivity dropped from 24 to 17 from 2 to 5 bar 

feed pressure due to a decrease in C3H6 permeability most likely caused by competitive 

sorption without any evidence of plasticization. 

 

 

Parts of this chapter were adapted from Swaidan, R.J., Ma, X., Pinnau, I., 

Spirobisindane-based polyimide as efficient precursor of thermally-rearranged and 

carbon molecular sieve membranes for enhanced propylene/propane separation, 

Journal of Membrane Science 520 (2016) 983-989. 
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7.2. Introduction 

Achieving highly selective and permeable membranes for C3H6/C3H8 separations has 

proven to be challenging for polymer membranes. As for most gas pairs, a 

permeability/selectivity tradeoff also exists for C3H6/C3H8 [1]. One potential route to 

simultaneously improving permeability and selectivity is the introduction of microporosity 

into a membrane material by means of: (i) intrinsically microporous polymers (PIMs) [2-

8], (ii) thermal rearrangement (TR) of ortho-positioned hydroxyl-functionalized 

polyimides to polybenzoxazoles (PBO) [9-13], or (iii) formation of carbon molecular 

sieves (CMS) [1, 14-18]. A critical attribute necessary for a membrane to preserve high 

selectivity under high activity mixed-gas feeds is strong plasticization resistance. The 

aforementioned rigid PIMs and TR membrane types have shown some promise because of 

their restricted intra- and intersegmental chain mobility [19]. TR polymers can be made by 

treating a polyimide precursor containing an ortho-positioned hydroxyl group to the imide 

bond under typical temperatures ranging from 350 to 450 °C [9-11, 13, 20]. The polymer 

precursor used in this study, PIM-6FDA-OH, has demonstrated high pure- and mixed-gas 

C3H6/C3H8 selectivity as shown in Chapter 6. Furthermore, upon thermal rearrangement it 

has shown good plasticization resistance under high partial pressure mixed-gas CO2/CH4 

feeds and demonstrated good mechanical properties [9, 21].  The chemical structures of the 

polymer precursor PIM-6FDA-OH and thermally-rearranged PBO derivative are 

illustrated in Fig. 1a and 1b, respectively. Interestingly, only one previous study examined 

the pure-gas performance of TR membranes for the C3H6/C3H8 separation [22].  



216 

 

 

Fig. 7.1. Chemical structures of a) PIM-6FDA-OH and b) thermally-rearranged PBO 

derivative. 

CMS membranes have shown exceptional gas separation performance beyond that of 

solution-processable polymers [1, 14-18]. Their highly rigid, slit-like pore structure is 

suitable for size exclusion of gases with similar dimensions. In addition, CMS membranes 

have demonstrated good plasticization resistance and high C3H6/C3H8 mixed-gas 

selectivity [15, 23-25]. While CMS membranes using PIM precursors have been reported 

for C2H4/C2H6, no data are presently available for C3H6/C3H8 separation [26, 27]. Materials 

development of CMS membranes for this challenging separation is especially appealing 

because of the recent work done by Koros et al. demonstrating their ability to be 

manufactured into defect-free hollow fibers [28-30].  

In this chapter, the aforementioned two approaches to introducing microporosity were 

merged to create membrane materials, which are highly C3H6/C3H8 selective and 
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permeable as well as resistant to plasticization. As a preliminary assessment pure-gas 

transport properties of the two membrane types were evaluated at 35 °C. These results were 

complemented with pressure- and time-dependent mixed-gas tests using a 50:50 

C3H6/C3H8 feed to investigate the potential detrimental effects of plasticization on 

membrane performance. 

7.3. Results and discussion 

7.3.1. Pure-gas C3H6/C3H8 transport properties 

The pure-gas permeation, sorption and diffusion properties of the PIM-6FDA-OH, TR-

PBO and CMS membranes were determined at 2 bar and 35 °C and are listed in Table 7.1. 

Upon thermal rearrangement of the PIM-6FDA-OH precursor to the TR-PBO membrane a 

marked four-fold increase in C3H6 permeability from 3.5 to 14 Barrer was observed at the 

expense of a 50% drop in C3H6/C3H8 selectivity from 30 to 15. A decrease in gas pair 

selectivity is a typical characteristic of TR-PBO membranes relative to that of the o-

hydroxyl-functionalized polyimide precursor. The sharp increase in permeability of the 

TR-PBO membrane can be explained by the existence of greater free volume as indicated 

by an increase in the surface area compared to the pristine polymer from 388 m2 g-1 to 448 

m2 g-1, as previously reported by Ma et al. [31]. The drop in selectivity and increase in 

permeability were consistent with the formation of larger micropores in the TR-PBO 

membrane as indicated by its wider pore size distribution and the high sorption capacity 

[31].  
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Table 7.1. Pure-gas C3H6/C3H8 transport properties PIM-6FDA-OH precursor, TR-PBO 

and CMS membranes at 2 bar and 35 °C. 

Membrane type P(C3H6)a P D(C3H6)b D S(C3H6)c S  

PIM-6FDA-OH 

(250 °C) 3.5 30 1.6 27 0.22 1.1 
 

TR-PBO  14 15 4.2 14 0.33 1.1 
 

CMS 45 33 8.8 33 0.51 1.0 
 

a Unit: 1 Barrer [=] 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

b Unit: 10-9 cm2 s-1. 

c Unit: cm3(STP) cm-3(polymer) cmHg-1. 

 

Heat treatment of the precursor PIM-6FDA-OH at 600 °C formed a CMS film with 

improved performance relative to the polyimide precursor and TR-PBO membranes, 

having a pure-gas C3H6/C3H8 selectivity of 33 with a C3H6 permeability of 45 Barrer. The 

C3H6 permeability of the CMS was about three-fold greater than that of the TR-PBO film 

and nine-fold higher than of the polyimide precursor.  

Fig. 7.2 shows the position of the membrane materials on the experimentally observed 

pure-gas C3H6/C3H8 permeability/selectivity upper bound plot developed by Koros and 

Burns [1]. The pure-gas performance of the PIM-6FDA-OH, TR-PBO and CMS 

membranes exceeded the C3H6/C3H8 upper bound. Interestingly, the performance of PIM-

6FDA-OH-derived TR-PBO was similar to that reported by Smith et al. using a 6FDA-

APAF polyimide precursor [22]. The 6FDA-APAF-based TR membrane also exceeded the 
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upper bound with a C3H6/C3H8 selectivity of about 16 and C3H6 permeability of 17 Barrer 

at 2 bar feed pressure.  

 

Fig. 7.2. Pure-gas C3H6/C3H8 permeability/selectivity performance of the PIM-6FDA-OH 

precursor, TR-PBO, and CMS membranes. The solid line is the experimentally observed 

C3H6/C3H8 upper bound [1].  

 

To decouple the effects of the structural differences of the membrane materials on the gas 

permeability, diffusion and sorption coefficients, pure-gas C3H6 and C3H8 sorption 

isotherms of TR-PBO and CMS membranes were evaluated at 35 °C, as illustrated in Fig. 

7.3a and 7.3b, respectively. The diffusion coefficients were then determined from the 

permeability and solubility data at 2 bar from the relationship: D = P/S (Table 7.1). The 

C3H6/C3H8 solubility selectivity of all membranes was very low, in the range of 1.05 to 

1.14, in good agreement with previous reports for other polymer membranes [32-36]. This 

result clearly indicates that high C3H6/C3H8 permselectivity can only be achieved for 
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membrane materials which demonstrate very strong size-sieving behavior leading to high 

diffusion selectivity, as discussed below.  

Using the dual-mode mode sorption model extended for mixed-gas sorption with 50:50 

C3H6/C3H8 feed, the concentration of gas sorbed was calculated and plotted in Fig. 7.3 for 

the TR-PBO (Fig. 7.3 a and b) and CMS (Fig. 7.3 c and d) membranes. Mixed-gas sorption 

predictions are depicted by the dashed lines in each isotherm. The main trends observed in 

both the TR-PBO and CMS based on the model were that i) there was a reduction in 

C3H6/C3H8 sorption relative to single-gas measurements, and ii) the solubility selectivity 

at any examined feed pressure in both membranes was still approximately 1. It can be 

concluded therefore that any separation observed should be predominantly due to size 

exclusion effects. These results are consistent with conclusions drawn from the pure-gas 

sorption measurements for the TR-PBO and CMS.  
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Fig. 7.3. a) TR-PBO C3H6 pure-gas (red unfilled points fit with the dual-mode sorption 

model) and calculated mixed-gas sorption (red dashed line) predictions using the dual-

mode sorption framework extended for 50:50 C3H6/C3H8 feed at 35 oC; b) TR-PBO C3H8 

pure-gas (red unfilled points fit with the dual-mode sorption model) and calculated mixed-

gas sorption (red dashed line) predictions using the dual-mode sorption framework 

extended for 50:50 C3H6/C3H8 feed at 35 oC; c) CMS C3H6 pure-gas (black unfilled points 

fit with the dual-mode sorption model)  and calculated mixed-gas sorption (black dashed 

line) predictions using the dual-mode sorption framework extended for 50:50 C3H6/C3H8 

feed at 35 oC; d) CMS C3H8 pure-gas (black unfilled points fit with the dual-mode sorption 

model) and calculated mixed-gas sorption (black dashed line) predictions using the dual-

mode sorption framework extended for 50:50 C3H6/C3H8 feed at 35 oC. 
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The permeability, solubility and diffusion coefficients at 2 bar follow the order: CMS > 

TR-PBO > PIM-6FDA-OH (Table 7.1). Interestingly, the diffusion selectivity is more than 

two-fold higher upon transitioning from a thermally-rearranged state at 440 °C to a 

carbonized state at 600 °C indicating enhanced sieving capacity. Evidently, TR-PBO 

formation at 440 °C formed large micropores in the membrane which were not selective 

enough to allow for effective size exclusion [31]. On the other hand, upon partial 

degradation of the backbone, sintering in the ultramicroporous range of the CMS 

contributes to enhancement of its sieving capacity. The projected transformation, which 

occurs in the membrane microstructure upon transition from a thermally-rearranged state 

to a CMS at 600 °C, is depicted schematically in Fig. 7.4.  

 

 

Fig. 7.4. Schematic diagram illustrating the extent of micropore formation and 

ultramicropore sintering upon transitioning from TR-PBO (440 °C) to CMS (600 °C). The 

CMS membrane had higher surface area and a larger fraction of ultramicropores, which 

yielded higher permeability and selectivity than in the TR-PBO derivative [31]. 
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7.3.2. Mixed-gas C3H6/C3H8 permeation 

Mixed-gas permeation experiments were conducted with a 50:50 C3H6/C3H8 feed at 35 °C 

for PIM-6FDA-OH-based TR-PBO and CMS films to examine their separation 

performance under more realistic conditions. The feed pressure was incrementally 

increased from 2 to 5 bar once steady-state in permeability and selectivity was reached for 

a given feed pressure. The pressure-dependent mixed-gas C3H6 and C3H8 permeability and 

C3H6/C3H8 selectivity values are illustrated in Figs. 7.5, 7.6, and 7.7 for the TR-PBO and 

CMS films. The TR membrane showed minimal signs of plasticization over the pressure 

range tested. The mixed-gas C3H6 and C3H8 permeabilities both decreased only very 

slightly with increasing feed pressure from 2 to 5 bar (Fig. 7.5 and 7.6). Consequently, the 

C3H6/C3H8 selectivity was ~11 over the entire experimental feed pressure range.  However, 

there was a reduction from the pure-gas C3H6/C3H8 selectivity of 15 at 2 bar to about 11 at 

2 bar C3H6 partial pressure under mixed-gas conditions mainly due to competitive sorption 

effects (Fig. 8) as indicated by lower mixed-gas than pure-gas C3H6 permeability. 

Competitive sorption effects can also be evidenced by the use of the model discussed in 

Section 7.3.1 for calculating mixed-gas sorption. The model showed a decrease in 

C3H6/C3H8 sorption compared to pure-gas measurements by 36% for C3H6 and 47% for 

C3H8. Moreover, by adjusting the precursor type and the heating protocol, the TR film 

performance may be further enhanced [11]. Because the PIM-6FDA-OH-based TR-PBO 

film exhibits good mechanical properties [21], it could be of practical interest for emerging 

applications like the venting of propane from polypropylene reactors, where the process 

demands are mainly permeability-driven with a required moderate C3H6/C3H8 selectivity 

in the range of 6-10 [37].  
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To date, only a few studies reported the C3H6/C3H8 performance of CMS membranes under 

mixed-gas conditions [15, 23-25]. In this work, the CMS film showed no signs of 

plasticization as both the C3H6 and C3H8 mixed-gas permeabilities decreased in a dual-

mode fashion with pressure, even more markedly than for the TR-PBO membrane (Figs. 

5.5 and 5.6. This is likely due to a greater fraction of ultramicroporous sorption sites in the 

CMS membrane and a higher CO2 sorption-derived DFT cumulative surface area of the 

600 °C CMS membrane (843 m2 g-1 than that of the TR-PBO (448 m2 g-1)77 [31]. High 

mixed-gas selectivity of 17 to 24 was maintained over the 5 bar feed pressure range. The 

30% reduction in mixed-gas selectivity from 2 bar to 5 bar feed pressure was caused by a 

drop in C3H6 permeability by 52% relative to 28% for C3H8. Furthermore, the mixed-gas 

selectivity was ~48% lower than in the pure-gas experiments most likely due to competitive 

sorption, the effects of which were modeled and discussed in Section 7.3.1 for the mixed-

gas case. There was a marked decrease in C3H6/C3H8 mixed-gas sorption based on the 

model compared to pure-gas sorption measurements by about 45% for both gases. 
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Fig. 7.5. Pressure dependence of mixed-gas C3H6 permeability isotherms for the TR-PBO 

(440 °C) and CMS (600 °C) PIM-6FDA-OH derivatives (50:50 C3H6/C3H8 feed, 35 °C). 

Fits are drawn to guide the eye. 

 

Fig. 7.6. Pressure dependence of mixed-gas C3H8 permeability isotherms for the TR-PBO 

(440 °C) and CMS (600 °C) PIM-6FDA-OH derivatives (50:50 C3H6/C3H8 feed, 35 °C). 

Fits are drawn to guide the eye. 
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Fig. 7.7. Pressure dependence of mixed-gas C3H6/C3H8 selectivity isotherms for the TR-

PBO (440 °C) and CMS (600 °C) PIM-6FDA-OH derivatives (50:50 C3H6/C3H8 feed, 35 

°C). Fits are drawn to guide the eye. 

Table 7.2 summarizes the mixed-gas transport properties at 2 bar C3H6 partial pressure in 

the feed of the TR-PBO and CMS membranes examined. The permeability coefficients 

were measured experimentally, the solubility coefficients were calculated based on the 

dual-mode framework extended for mixed-gas feeds, and the diffusion coefficients were 

calculated by taking a ratio of the permeability and solubility coefficients, as per the 

solution-diffusion model. Consistent with pure-gas measurements, there was an increase 

in permeability with increased pyrolysis temperature from 440 to 600 oC. The higher C3H6 

permeability coefficient of the CMS membrane compared to the TR-PBO is a result of the 

more than twofold higher C3H6 diffusion coefficient and approximately 33% increase in 

C3H6 solubility coefficient. While the model predicted lower C3H6 solubility coefficients 

in both membranes compared to their respective pure-gas values, the solubility selectivities 

were approximately 1 in both membranes, indicating no preferential sorption of one gas 

component over another. Therefore the higher mixed-gas selectivity of the CMS membrane 
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compared to the TR-PBO, is likely due to enhancements in the sieving capacity upon 

transition from the TR-PBO to CMS. This is corroborated by the twofold higher calculated 

diffusion selectivity of the CMS over the TR-PBO. These trends are consistent with those 

identified based on pure-gas measurements at 2 bar. The TR-PBO made by treatment at 

440 oC formed large micropores in the membrane which were not selective enough to allow 

for effective size exclusion [31]. On the other hand, upon partial degradation of the 

backbone, sintering in the ultramicroporous range of the CMS contributes to enhancement 

of its sieving capacity.  

Table 7.2. Mixed-gas transport properties of TR-PBO and CMS at 2 bar C3H6 partial 

pressure in the feed at 35 oC. Permeability coefficients were measured experimentally and 

solubility coefficients were calculated using the dual-mode sorption model extended for 

mixed-gas sorption. The diffusion coefficients were calculated by taking the ratio of the 

permeability and solubility coefficients. 

Membrane 
Mixed-Gas 

P(C3H6)a P
Mixed-Gas 

D(C3H6)b 
D 

Mixed-Gas 

S(C3H6)c 
S  

TR PBO  10.7 11.0 5.1 8.4 0.21 1.3 
 

CMS 30.6 16.6 11.0 16.8 0.28 1.0 
 

a Unit: 1 Barrer [=] 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

b Unit: 10-9 cm2 s-1. 

c Unit: cm3(STP) cm-3(polymer) cmHg-1. 
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7.3.3. Mixed-gas permeation time dependence  

Because C3H6 and C3H8 are relatively large gases, it takes significantly more time to 

achieve steady-state permeation relative to light gas (He, H2, N2, etc.) permeation 

measurements.  Koros and Burns identified un-reproducibly high C3H6/C3H8 selectivities 

in a series of polyimides and attributed them to under-estimated, low C3H8 permeabilities 

due to non-steady-state test conditions [1]. In this study, steady-state permeation was 

readily observed in time dependence experiments. Fig. 7.8 shows a representative series of 

plots showing the time dependence of the C3H6 and C3H8 mixed-gas permeabilities and 

C3H6/C3H8 mixed-gas selectivities of the 600 °C CMS tested in this work. Similar behavior 

was also observed for the TR-PBO membrane. C3H8 required significantly more time to 

reach steady state than C3H6, which resulted in the significant decrease in C3H6/C3H8 

selectivity (64 to 24) over a test period of 13 to 60 hours. However, after the first 2 bar 

mixed-gas exposure, time to reach steady state at higher feed pressure gradually decreased 

– it was reduced from 60 hours to 40 hours from 2 bar to 3 bar feed pressure (i.e., the 

change in C3H6/C3H8 permeabilities from 40 hours to 70 hours was less than 4% at 3 bar). 

The selectivities appeared to steady out in approximately the same time as the 

permeabilities.  
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Fig. 7.8. Time dependence of mixed-gas a) C3H6 and C3H8 permeabilities and b) 

C3H6/C3H8 selectivities for the PIM-6FDA-OH-derived CMS membrane at various feed 

pressures (50:50 C3H6/C3H8, 35 °C). Fits are drawn to guide the eye.  

 

7.4. Conclusions 

In this work, the introduction of microporosity by means of TR-PBO and CMS membranes 

from a PIM-6FDA-OH precursor was explored to enhance permeability and selectivity for 

C3H6/C3H8 separation. By thermally treating a PIM-6FDA-OH precursor at 600 °C to form 

a CMS membrane, pure-gas performance well above the C3H6/C3H8 trade-off curve was 

observed. More importantly, the membranes demonstrated excellent and stable 

performance in mixed-gas environments, with no observable plasticization. The main 

conclusions drawn from this study are summarized below: 

i) A PIM-6FDA-OH-derived TR-PBO membrane demonstrated good pure-gas 

performance for C3H6/C3H8 separation with a C3H6 permeability of 14 Barrer 

and C3H6/C3H8 selectivity of 15. The membrane sustained performance under 
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mixed-gas conditions with a C3H6/C3H8 selectivity of 11 at 4 bar feed pressure 

and good plasticization resistance. 

ii) The CMS membrane formed at 600 °C showed excellent pure-gas performance, 

having a C3H6/C3H8 selectivity of 33 coupled with a C3H6 permeability of 45 

Barrer. Remarkable performance was also obtained under mixed-gas 

conditions, as indicated by a C3H6/C3H8 selectivity of 17 and C3H6 permeability 

of 31 Barrer at 4 bar feed pressure. No evidence of plasticization was observed.     
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Chapter 8. Tuning Hybrid PIM-PI-OH/Z-MOF-Based Mixed-Matrix 

Membranes for Highly Efficient C3H6/C3H8 Separation 

 
 

 

8.1. Abstract 

The development of high performance ZMOF/PIM-PI-based hybrid nanocomposite 

membranes for the C3H6/C3H8 separation is reported. By taking unique approaches in 

polymer functionalization with mild thermal treatment to attempt to inclusively foster a 

continuous polymer/nanoparticle interface, the highest nanoparticle loaded mixed-matrix 

membrane (MMM) in a glassy polymer (65% (w/w)) was successfully fabricated and 

tested. PIM-6FDA-OH was combined with ZIF-8, and the membranes demonstrated 

excellent pure-gas performance, but more importantly in mixed-gas as well. Mixed-gas 

experimental protocol was tailored to evaluate membrane performance at high activity 

conditions (p/psat ~0.8) close to industrial feed environments. The membranes 

demonstrated exceptional performance, even at 7 bar feed pressure as the 30% loaded 

MMM had a C3H6/C3H8 selectivity and C3H6 permeability of 20.5 and 8 Barrer, 

respectively, and the 65% loaded MMM had a C3H6/C3H8 selectivity and C3H6 

permeability of just under 28 and 31 Barrer, respectively. The membranes also showed 

great stability as minimal plasticization was observed over the broad pressure range tested. 
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8.2. Introduction 

As demonstrated in Chapter 6, although membranes with very high C3H6/C3H8 were 

developed based on the PIM platform, the C3H6 permeabilities were still relatively low as 

they ranged from 1 to 3.5 Barrer for the most selective polymers. Inorganic membranes 

provide the potential to generate extremely high performance because of their tunable 

microstructures, but they are plagued by processability issues when considering large scale 

production [1, 2]. To bridge that gap in permeability, hybrid nanocomposite membranes 

incorporating a metal-organic framework structure into a PIM-PI matrix was used. Mixed-

matrix membranes (MMMs) are emerging as strong candidates to bridge the gap because 

they have demonstrated performance well above the polymer tradeoff curve, and can 

demonstrate processability similar to conventional polymers, as depicted in Fig. 8.1 [1, 3, 

4]. MMMs are particularly interesting to study because a framework exists by which 

performance below the percolation threshold of novel MMMs can be predicted by the 

Maxwell model as a function of the permeability of the continuous phase, the permeability 

of the dispersed phase, and the volume fraction loading of the dispersed nanoparticles [5]. 

MMMs possess an advantage economically over inorganic membranes because they are a 

relatively simpler modification of existing methods for large scale membrane production 

[1, 2, 6]. With PIMs as the platform for the polymer phase, performance targets can be 

potentially well exceeded considering the starting material can already meet the selectivity 

requirements of the process. ZIF-8 (Fig. 8.2 c and d), which has demonstrated high 

diffusive selectivities for C3H6/C3H8 in kinetic uptake measurements [7], was dispersed 

within the polymer, since previous work in the Koros group indicated that its incorporation 

into polyimide matrices can facilitate major improvements in C3H6/C3H8 selectivity and 
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C3H6 permeability compared to the respective neat polymer [3]. Particular emphasis was 

directed towards the formulation of a coalescent polymer/nanoparticle interface to mitigate 

the interfacial defects notorious in mixed-matrix membranes (MMM).  

 

Fig. 8.1. a) Schematic demonstrating that hybrid materials offer a middle ground in terms 

of performance and mechanical properties between purely organic and inorganic 

membranes. b) Schematic demonstrating that if a high performance PIM material is used 

as the continuous phase, eclipsing the membrane performance target zone can be achieved 

at lower loadings, and if higher loadings are generated can potentially show performance 

rivaling purely inorganic membranes. 

The focus of this study was to develop hybrid nanocomposite membranes with 

performance tailored to meet industrial standards for the C3H6/C3H8 separation, by utilizing 

unique approaches in membrane design and experimental testing protocol. Very high 

nanoparticle loaded hybrid membranes were successfully fabricated by attempting to 
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inclusively foster strong interphase adhesion between the polymer and filler. Rather than 

using external coating agents to heighten compatibility [8], functionalization of the 

polymer with polar hydroxyl groups was used to potentially induce hydrogen bonding 

between the polymer and nanocrystals. In the study, ZIF-8 was combined with PIM-6FDA-

OH (Fig. 8.2a), which besides having been functionalized with two hydroxyl groups per 

polymer repeat unit, also showed among the highest C3H6/C3H8 selectivity of any solution 

processable polymer reported. Due to the combination of highly sieving organic and 

inorganic phases, relatively high selectivities should be achievable. Preliminary assessment 

using the Maxwell model calculations forecasts performance which should rival that of 

inorganic membranes and defy the permeability/selectivity tradeoff even at only moderate 

loadings. As a proof of concept of these enhanced interactions between the polymer 

structure and the nanocrystals as a product of the polymer’s hydroxyl moiety, ZIF-8-based 

MMMs from the analogous non-hydroxyl functionalized polymer PIM-6FDA (Fig. 8.2b) 

were produced to assess any differences in membrane morphology relating to the presence 

of hydroxyl groups. Pure-gas permeation experiments were conducted at 2 bar to compare 

the performance of the membranes at low to moderate loadings to the Maxwell model 

calculations, since the degree of agreement can hypothetically serve as a preliminary 

implication of membrane morphology. It is important to note that the Maxwell model is 

merely a preliminary, simple tool for assessing MMM performance, but by no means is it 

a robust gauge for accurately predicting actual MMM performance since it does not 

account for more complex phenomena such as competitive sorption, and plasticization. 

Furthermore, mixed-gas C3H6/C3H8 studies were done, but unique to this study, the MMMs 

are examined to feed pressures approaching the saturation pressure of the mixture to truly 
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assess membrane stability. This is very relevant because it has been postulated that if a 

membrane were to be used in an industrial process, the feed conditions would be at very 

high activities near the saturation pressure of the mixture. Consequently, the performance 

based on C3H6/C3H8 feed pressures up to 7 bar was investigated.    

 

Fig. 8.2. a) Chemical structure of PIM-6FDA-OH, and its non-hydroxyl functionalized 

analog b) PIM-6FDA; c) the chemical structure and d) three-dimensional structure of 

ZIF-8 (Zn-methyl-imidizolate) [9]. 
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8.3. Results and Discussion 

8.3.1. Membrane Characterization 

The X-Ray diffraction pattern of pure PIM-6FDA-OH, ZIF-8, and PIM-6FDA-OH/ZIF-8 

MMMs from loadings 20%, 30%, 45%, 55%, and 65% are illustrated in Fig. 8.3. ZIF-8’s 

diffraction pattern agreed closely with those previously reported [9]. As expected, with 

increased ZIF-8 loading of the hybrid membranes, the characteristic crystalline peaks of 

ZIF-8 become more pronounced especially at 2θ values of 7.5o, 11o, and 13o.  

 

Fig. 8.3. X-ray diffraction patterns of neat PIM-6FDA-OH, hybrid PIM-6FDA-OH/ZIF-8 

membranes from 20 to 65% loading, and pure ZIF-8. 
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8.3.2. Measurement of ZIF-8 loading in mixed-matrix membrane 

To make comparisons to the Maxwell model predictions, accurate ZIF-8 volume fraction 

loading measurements are necessary. While these approximations can be estimated based 

on quantities of ZIF-8 and polymer powder mixed in solution, some ZIF-8 particles can be 

lost in the membrane formation process. Therefore, thermal gravimetric analysis (TGA) 

was used to estimate actual ZIF-8 loading. A drying stage was conducted, and then the 

temperature of the membrane sample was increased to 800 oC to completely decompose 

the sample constituents. Zhang et al. determined that the only residue of the decomposition 

is zinc oxide, from which the percent of ZIF-8 could be calculated by the mass remaining 

after the sample is completely decomposed [3]. The TGA plots of the pure ZIF-8 particles 

and PIM-6FDA-OH/ZIF-8 membranes at various loadings are demonstrated in Fig. 5. It 

was determined that the ZIF-8 loadings by weight of the five membranes were 20%, 30%, 

45%, 55%, and 65%. 

 

Fig. 8.4. Thermal gravimetric analysis curves of PIM-6FDA-OH/ZIF-8 MMMs and ZIF-

8 particles in atmospheric air. 
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8.3.3. Pure-Gas C3H6/C3H8 permeation and Maxwell model 

Pure-gas C3H6/C3H8 permeation was conducted at 2 bar and 35 oC for the 20, 30, 45, 55, 

and 65% (w/w) loaded PIM-6FDA-OH/ZIF-8 membranes, which was among the highest 

loading achieved of any MMM reported. Table 8.1 summarizes the pure-gas transport 

properties of each membrane. The C3H6 and C3H8 permeabilities both rose with increased 

loading of ZIF-8 nanoparticles, putting them well above the C3H6/C3H8 tradeoff curve, as 

shown in Fig. 8.5. However, the C3H6 permeability increased 300% more than that of C3H8, 

hence the significantly improved selectivity from 30 in the neat polymer to 43 in the 65% 

loaded MMM. In fact the 65% loaded membrane also shows an almost 1000% increase in 

C3H6 permeability compared to the pure polymer, highlighting the enhanced diffusion of 

C3H6 in ZIF-8. The 30% and higher loaded PIM-6FDA-OH/ZIF-8 MMMs eclipsed the 

minimum selectivity and permeability requirements defined by Koros and Lively for 

debottlenecking a distillation system. They elucidated this particular performance criteria 

to be a C3H6/C3H8 selectivity of at least 20 with a C3H6 permeability of at least 10 Barrer 

[10]. The direct improvement in performance with increased ZIF-8 loading makes this 

platform of materials intriguing because they demonstrate the ability to defy the 

overarching polymer tradeoff between permeability and selectivity. As can be seen in Fig. 

8.5, similar trends were also observed by Zhang et al. with 6FDA-DAM/ZIF-8 membranes, 

and Askari et al. with crosslinked co-polyimide/ZIF-8 membranes [3, 11]. It is evident then 

that membrane performance for the C3H6/C3H8 separation can be tuned by optimizing the 

selection of polymer and ZIF-8 loading.  

 



243 

 

Table 8.1. Experimental pure-gas transport properties of the PIM-6FDA-OH/ZIF-8 

MMMs from 20 to 65% loading, neat PIM-6FDA-OH, and the back-calculated ZIF-8 

performance by Zhang et al. [3] Solubility coefficients were calculated based on sorption 

measurements gravimetrically. 

Loading 

(Wt.%)  

Densitya 

P(C3H6)b αP D(C3H6)c αD S(C3H6)d Increase in 

P(C3H6) 

0%  1.30 3.5 30 1.6 27 0.22 - 

20%  1.20 5.4 32 1.8 29 0.30 54% 

30% 1.15 10 34 2.7 31 0.37 186% 

45%  1.11 13 35 3.0 34 0.43 271% 

55%  1.08 19 38 4.0 35 0.48 443% 

65%  1.05 38 43 7.3 37 0.52 986% 

100%e 0.95f 277 122 40 122 0.69 - 

a Unit: g cm-3  

b Unit: 1 Barrer [=] 10-10 cm3(STP) cm cm-2 s-1 cmHg-1. 

c Unit: 10-9 cm2 s-1. 

d Unit: cm3(STP) cm-3(polymer) cmHg-1. 

e Adapted from Zhang et al.[3] 

f Value obtained from [11] 



244 

 

  

Fig. 8.5. 2 bar, pure-gas performance of the ZIF-8/PIM-6FDA-OH MMMs (blue dotted 

markers) relative to the C3H6/C3H8 upper bound map. Also plotted are the 2 bar 

measurements for ZIF-8/6FDA-DAM [3] (black dotted markers) and 6FDA-

TMPD/DABA crosslinked MMMs [12] (green dotted markers) at various loadings. 

Maxwell model predictions (red filled circles connected by red line) for PIM-6FDA-

OH/ZIF-8 and 6FDA-DAM/ZIF-8 MMMs based on ZIF-8 properties (red star) back-

calculated by Zhang et al. [3] are plotted. The half-filled points are the 2 bar pure-gas 

measurements of the respective neat polymers. 

 

The higher C3H6 flux and molecular sieving realized are corroborated by the transport 

properties which showed increases in both C3H6 diffusion coefficient and C3H6/C3H8 
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diffusion selectivity with higher ZIF-8 loading. The C3H6 diffusion coefficient and the 

C3H6/C3H8 diffusion selectivity at 65% loading increased over the neat polymer by 356% 

and 37%, respectively. The improvements in C3H6 permeability were also associated with 

ZIF-8’s greater sorption capacity over PIM-6FDA-OH, as the C3H6 solubility coefficient 

was over 130% higher than that of neat PIM-6FDA-OH at 65% loading. However, no 

improvements in C3H6/C3H8 permselectivity with increased ZIF-8 loading was associated 

with enhanced C3H6 sorption over C3H8, considering the C3H6/C3H8 solubility selectivities 

were approximately 1 for all loadings.  

One major feat of this work was that the highest nanoparticle loaded membrane in a glassy 

polymer was fabricated and tested under high pressure mixed-gas feeds (next section). This 

serves to highlight the potentially enhanced polymer/nanoparticle interfacial adhesion 

achieved. To date, no more than ~50% filler loadings in glassy polymers have been 

reported in other studies due to loss of membrane integrity. At higher loadings, mechanical 

failure as a result of the “sieve in a cage” morphology occurs due to the prevalence of 

nonselective defects at the polymer/nanoparticle interfaces, which make the membranes 

very brittle. As proof of concept of potentially better polymer/nanoparticle adhesion which 

may be due to enhanced polymer/ZIF-8 interactions, robust membranes beyond 20% 

loading of MMMs formed with its non-hydroxyl functionalized analog PIM-6FDA could 

not be formed, as is visually apparent in Fig. 8.6c and d. As depicted physically in Fig. 8.6, 

the PIM-6FDA 30% loaded membranes were far more brittle than the 30% loaded PIM-

6FDA-OH-based membrane, whose flexibility resembled that of the neat polymer. 

Furthermore, even at 45% loading (Fig. 8.6b), the PIM-6FDA-OH-based membrane shows 

relatively good mechanical flexibility for a membrane of such high loading. This outcome 
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is very important as one of the biggest challenges associated with the formation of robust, 

defect free thin film MMMs is generation of strong adhesion between the polymer and 

nanoparticle considering the deleterious effects of the polymer/nanoparticle interfacial 

defects become more magnified as the membranes get thinner [13]. The improved 

compatibility which may be due to hydrogen bonding with ZIF-8 organic linkers was also 

shown by Wang et al. where they demonstrated that MMMs formed with PIM-6FDA-TB 

and polydopamine (PD) coated ZIF-8 particles had better O2/N2 performance than those 

formed with non-coated ZIF-8 particles [8]. The membranes formed with PD-coated ZIF-

8 particles had higher selectivities and lower permeabilities which they maintained was 

due to mitigation of the interfacial defects which contributed to the formation of 

nonselective voids. 

 

Fig. 8.6. Photos demonstrating the flexibility of the 30% loaded (a) and 45% loaded (b) 

PIM-6FDA-OH/ZIF-8 MMM. As evidenced by c) and d) PIM-6FDA could not form 

robust films beyond 30% loading, which was attributed to less overall adhesion between 

the polymer and ZIF-8 compared with the hydroxyl functionalized analog. 
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As can visually be observed in the upper bound map in Fig. 8.5, the membranes also 

showed good agreement with the Maxwell model calculations (red line). Comparing 

experimental and calculated results can be used to draw information regarding membrane 

interfacial morphology. That is, typically if there is poor polymer/nanoparticle adhesion, 

the experimental permeation results could diverge from the Maxwell model calculations in 

the fashion of lower selectivities and higher permeabilities due to faster permeation through 

the nonselective voids. The agreement with the Maxwell model using Zhang et al.’s back-

calculated ZIF-8 permeation properties also helps corroborate the kinetic selectivity 

measurements made in a previous study estimated by the sorption measurements made on 

ZIF-8 crystals to be about 125 [3, 7, 14]. They too showed very good agreement with the 

Maxwell model calculations. Furthermore, mixed-gas studies are necessary because 

Maxwell model calculations are only a preliminary harbinger for MMM performance since 

the model does not include parameters accounting for projected realistic phenomena like 

competitive sorption and plasticization. Ultimately permeation results dictate the 

robustness of membrane formation. 

8.3.4. Mixed-gas C3H6/C3H8 Permeation 

Mixed-gas experiments were carried out with 50:50 C3H6/C3H8 feed at 35 oC. Feed 

pressure was maintained until a steady state in C3H6/C3H8 permeabilities and selectivities 

was achieved. Unique to this work is that the feed conditions were tailored to test the 

membrane performance at pressures which would closely resemble those which could be 

encountered in an industrial setting. The membranes were tested to C3H6/C3H8 feed near 

the saturation pressure of the mixture at about 7 bar (p/psat ~0.8). This is important because 

if membranes were to be used for the separation of C3H6/C3H8, it has been hypothesized 
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that feed pressures would be operating near saturation conditions [15]. It therefore becomes 

important to evaluate membrane performance near these conditions to preliminarily assess 

their relevance as potential candidates for industrial use. Fig. 8.7a) and b) shows the mixed-

gas C3H6 permeability versus feed pressure and C3H6/C3H8 selectivity versus feed pressure, 

respectively, of neat PIM-6FDA-OH, as well as the 30% and 65% ZIF-8 loaded 

membranes. As observed in the pure-gas experiments, there is a substantial improvement 

in C3H6 permeability and C3H6/C3H8 selectivity with increased ZIF-8 loading over pure 

PIM-6FDA-OH. As observed in Fig. 8.8, the 30% loaded membrane had a mixed-gas 

C3H6/C3H8 selectivity of about 20.5 at as high as 7 bar feed pressure, with a C3H6 

permeability of ~8 Barrer. The 65% loaded membrane had a selectivity of about 28 at 7 

bar feed pressure with a C3H6 permeability of about 31 Barrer.  

 

Fig. 8.7. a) Mixed-gas C3H6 permeability versus C3H6/C3H8 feed pressure of the 30% and 

65% loaded PIM-6FDA-OH/ZIF-8 MMM, and neat PIM-6FDA-OH. b) Mixed-gas versus 

C3H6/C3H8 selecitivity versus C3H6/C3H8 feed pressure of the 30% and 65% loaded PIM-

6FDA-OH/ZIF-8 MMM, and neat PIM-6FDA-OH. 
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Moreover, the PIM-6FDA-OH/ZIF-8 MMMs demonstrated exceptional stability as the 

C3H6/C3H8 selectivities did not decrease significantly over the broad range of feed 

pressures tested. The 30% and 65% loaded membranes showed selectivity losses from 2 

bar to 7 bar of only 7% and 9%, respectively. This great stability can mainly be attributed 

to the materials’ strong plasticization resistance. The most rigorous way of assessing 

plasticization resistance of a material is by examining the behavior of the permeability of 

the slower penetrant, propane, with feed pressure. For the 30% loaded membrane, both the 

C3H6 and C3H8 permeabilities decreased with pressure from 2 bar to 7 bar. In the 65% 

loaded membrane the results were slightly different as the C3H8 permeability started to 

upturn at about 6 bar by a margin which was not large enough to contribute to major losses 

in C3H6/C3H8 selectivity.  

The only other study examining C3H6/C3H8 mixed-gas properties of ZIF-8-based MMMs 

was conducted by Zhang et al., which also demonstrated promising performance [3]. There 

were slightly higher losses in selectivity by about 40% incurred when comparing pure-gas 

and mixed-gas results for the 16%, 30%, and 50% loaded membranes which can be 

attributed to greater extent of plasticization relative to PIM-6FDA-OH-based MMMs. The 

differences can be explained by the influence of the respective neat polymer’s intrinsic 

plasticization resistance, as 6FDA-DAM showed a direct increase in C3H8 permeability 

from 2 bar to 5 bar feed pressure by about 50%, while PIM-6FDA-OH did not show any 

increase over the same range.  

These results indicate that it might be particularly advantageous to have ZIF-8 in a hybrid 

membrane configuration over a purely inorganic membrane to best preserve its sieving 

capacity for C3H6/C3H8 due to its well documented flexibility [16-19].  In exploring ZIF-
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8’s flexibility, Nair et al. demonstrated that the activation energy of diffusion increased in 

a linear fashion with gas penetrant kinetic diameter, indicating that the structure’s apertures 

can “stretch” to accommodate larger gas molecules, due to rotation of the organic linker 

[17]. This is in stark contrast to the zeolite 4A and 5A structures examined which showed 

asymptotic behavior of activation energy of diffusion with penetrant size, meaning that gas 

molecules which are too large are not accessible to its well defined, rigid apertures. From 

a transport perspective, ZIF-8’s aperture “stretching” upon sorption of large, condensable 

gas molecules may leave it susceptible to plasticization-like effects, which are notorious 

for diminishing a membrane’s ability to effectively sieve. In fact, Yu et al. reported the 

mixed-gas C3H6/C3H8 permeation properties of a high quality ZIF-8 membrane and 

observed an 80% drop in selectivity upon increasing from 1 to 4 bar feed pressure [18]. 

This can be attributed to matrix dilation considering the permeability of propane increased 

by about 200% over the pressure range tested. It is therefore reasonable to infer that if a 

flexible ZIF structure is dispersed within a rigid polymer matrix, the structure can be more 

confined due to the surrounding polymer chains, and therefore better preserve its inherent 

sieving capacity. Mueller et al. observed reduced gas diffusivities of ethylene/ethane gas 

molecules inside the ZIF-8 phase of their ZIF-8/6FDA-DAM MMMs when compared to 

measurements done on a free bed of ZIF-8 particles [19]. This served as indelible evidence 

that the differences in diffusion through ZIF-8 can be attributed to a suppression of ZIF-

8’s flexibility because it is entrapped within the confines of rigid polymer chains.  

Fig. 8.8 shows the performance of the MMMs compared to the C3H6/C3H8 upper bound. 

Highlighted in gold is the commercially attractive region of membrane performance for 

debottlenecking a distillation column, which is the potentially most lucrative application. 
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There have been several studies which have shown performance meeting these demands in 

pure-gas measurements, but no studies have evaluated the membrane at conditions most 

relevant to an actual industrial process, that is with high activity mixed-gas C3H6/C3H8 

feeds. The results from the study are promising because they surpassed the performance 

requirements for debottlenecking a distillation column in high activity mixed-gas feeds at 

30% loading or higher. This is also particularly intriguing because Zhang et al. showed that 

defect free hollow fibers of 6FDA-DAM/ZIF-8 could be fabricated to 30% loading with 

performance closely resembling that of the thick film measurements [20]. This provides 

hope that by using a polymer which can facilitate improved polymer/nanoparticle 

interfacial adhesion, mixed-matrix hollow fiber membranes with even higher loadings can 

be fabricated in a defect free manner. Lively and Sholl contest that the potential use of such 

a material could significantly change the outlook on this separation, as merely 

debottlenecking a distillation column reduces the energy intensity two to threefold 

depending on the selectivity of the membrane [21].  
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Fig. 8.8. Performance plot of the pure- (unfilled points) and mixed-gas (filled points) 

results at 2 bar and 4 bar feed pressure, respectively of the PIM-6FDA-OH/ZIF-8 MMMs 

relative to the polymer experimentally observed upper bound. The blue region delineates 

the criteria necessary to debottleneck a distillation column. 

8.4. Conclusions 

In this work high performance ZIF-8-based hybrid nanocomposite membranes were 

fabricated for the C3H6/C3H8 separation. Unique approaches in membrane design and 

experimental testing protocol were taken in hopes of tailoring the relevance of this study 

towards meeting industrial standards. Indeed, MMM formation combining ZIF-8 and an 

already high performing PIM-6FDA-OH led to state of the art separation performance for 

C3H6/C3H8, lending hope for a potentially strong niche for membrane technology in this 

market place. The conclusions are summarized as follows: 
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 The highest nanoparticle loaded hybrid membrane in a glassy polymer was 

successfully fabricated (65%), suggesting enhanced adhesion between the polymer 

and nanoparticle.   

 Pure-gas permeation measurements of PIM-6FDA-OH/ZIF-8 MMMs showed 

direct increases in both C3H6 permeability and C3H6/C3H8 selectivity with increased 

ZIF-8 loading, and the highest combination of C3H6/C3H8 selectivity and C3H6 

permeability reported for a MMM .  

 Strong preservation of the promising pure-gas performance was observed in 50:50 

mixed-gas feeds for the 30% and 65% loaded MMMs. The membranes showed 

very good plasticization resistance up to 7 bar, the highest pressure examined. The 

30% loaded membrane showed a C3H6/C3H8 selectivity of about 20.5 with a C3H6 

permeability of about 8 Barrer at 7 bar feed pressure. The 65% loaded membrane 

showed a mixed-gas C3H6/C3H8 selectivity of about 28 and C3H6 permeability of 

about 31 Barrer at 7 bar feed pressure.  
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Chapter 9. Conclusions and Recommendations 

 

9.1. Introduction 

The thrust of this dissertation was to elucidate a strategy towards the development of high 

performance membranes for the propylene/propane separation using a relatively new and 

unexamined platform in polyimides of intrinsic microporosity. Due to the potentially large 

marketplace for membranes in this separation, significant incentive exists for funding 

research dedicated to developing alternative separation technologies which can 

significantly augment the energy efficiency of the separations. Propylene is the second 

most used feedstock in the chemical industry, as over 75 MM tons are used annually for 

the production of a variety of important plastics and chemicals. To date there exists a great 

deal of energetic and economic inefficiency in the separation of olefins from paraffins, 

mainly because the principal means of achieving industrial purity requirements is 

accomplished with the very energy and cost intensive cryogenic distillation. Over 150 

trillion BTU of energy is expended per year in the separation of olefins from paraffins, and 

high capital costs in the range of hundreds of millions of dollars are also incurred to 

construct these towers which typically require 200+ trays each [1]. Indeed, this is so much 

so the case that the separation of propylene from propane with membrane based technology 

has been identified as one of seven chemical separations which can change the landscape 

of global energy use, considering that with the right process scheme and materials, the 

energy intensity of the separation can be reduced more than twofold [2]. Membranes have 

been targeted as an emerging technology because they offer scalability due to their 

potential to be configured into high surface area hollow fiber modules, and lower capital 
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and operating costs [2-4]. They are also tenable because they can be tuned to meet a wide 

range of performance criteria specific to different applications. It has been postulated by 

Koros and Lively that incorporating a membrane to debottleneck a distillation column 

could significantly reduce the necessary heat loads [4]. It does however still require very 

high performance for a membrane to significantly improve the economics, as C3H6/C3H8 

selectivities of 20 or more are necessary with a good deal of flux [4]. Up until the work 

reported in this dissertation there has been a lack of materials which have been shown to 

be capable of approaching industrial demands. The summary of the fundamental 

conclusions drawn from this work are summarized next. 

9.2. Summary of work 

9.2.1. Role of intra-chain rigidity of PIM-PIs on C3H6/C3H8 transport 

In chapter 4, the cornerstone PIM design approach involving maximization of a polymer’s 

intra-molecular rigidity was used to assess its role on gas transport in the 

propylene/propane separation. It has been established for notable light gas separations that 

rigidifying the polymer backbone enhances the microporosity of a polymer, leading to 

gains in both permeability and selectivity. For example, replacing the spirobisindane 

contortion centers (single tetrahedral carbon atom shared by two rings) of the earliest 

reported solution-processable ladder PIMs [5-7] and PIM-PIs [8-11] with bridged bicyclics 

(e.g., ethanoanthracene [12], Tröger’s base [13, 14], and triptycene [15-18]) enhanced the 

polymer intra-chain rigidity to simultaneously boost permeability and selectivity. 

Physisorption studies indicated this trend was attributed to the development of a size-

sieving ultra-microporous polymer structure, which we believed could be useful for the 

propylene/propane separation since the effectiveness of their separation with membranes 
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is predominantly based on molecular sieving. The effects of systematically increasing 

intra-chain rigidity on the C3H6/C3H8 separation properties were investigated upon 

transitioning from a conventional 6FDA dianhydride to a PIM-type spiro-centered 

dianhyride (SPDA) (i.e., in PIM-PI-1) and then its 9,10-diisopropyltriptycene-based analog 

(TPDA) (i.e., in KAUST-PI-1), all while maintaining a rotation-restricted TMPD diamine. 

The increase of polymer intra-chain rigidity in PIM-PIs over conventional 6FDA-based 

polyimides resulted in a shift towards finer microporosity and an increase in free volume 

in the fashion of 6FDA-TMPD < PIM-PI-1 < KAUST-PI-1, the diamine being the same 

for all polyimides. Pure-gas experiments showed a significant increase in C3H6 

permeability in the PIM-polyimides compared to 6FDA-TMPD (37 Barrer (6FDA-TMPD) 

 393 Barrer (PIM-PI-1)  817 Barrer (KAUST-PI-1)) coupled with a significant, 

simultaneous increase in selectivity from 6 to 16 by replacing the spirobisindane contortion 

center with a 9,10-diisopropyltriptycene, paralleling a systematic increase in backbone 

intrachain rigidity (Fig. 8.1). Therefore as observed for gas/gas separations involving air 

and hydrogen [15, 16], the enhanced microporosity typically attributed to increased 

polymer intra-chain rigidity also offered notable simultaneous gains in both C3H6 

permeability and C3H6/C3H8 selectivity. However, in more realistic mixed-gas experiments 

with 50:50 C3H6/C3H8 feed, significant losses in C3H6/C3H8 selectivity and C3H6 

permeability in the PIM-polyimides were incurred due to plasticization and competitive 

sorption, respectively. It was therefore concluded that the focus in maximizing the intra-

chain rigidity central to conventional PIM design principles does not work well for the 

C3H6/C3H8 separation, and therefore more emphasis needs to be put on enhancing inter-

chain interactions.  
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Fig. 9.1. Pure-gas C3H6/C3H8 permeability/selectivity performance of TMPD-based 

6FDA- and PIM-polyimides (shown in red). Solid line is the experimentally observed 

C3H6/C3H8 upper bound. 

 

9.2.2. Efficacy of sub-Tg thermal annealing in improving propylene/propane 

plasticization resistance as a function of polymer backbone flexibility in triptycene-

based PIM-PI membranes 

Building off of the conclusions in chapter 4, wherein more emphasis needs to be placed on 

enhancing inter-chain interactions, in chapter 5, annealing was used as a strategy to 

mitigate plasticization. The efficacy of sub-Tg annealing as a function of polymer intra-

molecular flexibility is investigated. Sub-Tg annealing is an effective tool for mitigating 
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plasticization because it leads to enhanced inter-chain charge transfer complex (CTC) 

interactions which can contribute to immobilizing polymer chains. However no studies 

have investigated an approach for designing materials which are good candidates for 

reaping the benefits of it for improving a polymer’s intrinsic plasticization resistance. As 

the subject of the study, two analogous 9,10-diisopropyl triptycene (TPDA) based PIM-

PIs, KAUST-PI-1 (TPDA-TMPD) and KAUST-PI-5 (TPDA-6FpDA), whose structures 

differ in their diamines are used; KAUST-PI-1 contains a rotationally restricting tetra-

methyl phenyline diamine (TMPD) ortho to the N-phenyl imide bond and KAUST-PI-5 

has a relatively flexible 6FpDA diamine and N-phenyl imide bond. Simulations calculating 

the degrees of torsional freedom about characteristic bonds in the polymer structures 

offered insight into the differences in intra-molecular rigidity between the two structures 

as KAUST-PI-5’s imide bond showed almost twice the degrees of torsional freedom as 

that of KAUST-PI-1. They both share the same TPDA dianhydride, but the TMPD diamine 

has almost one-third the degrees of torsional freedom of the 6FpDA diamine due to the 

steric hindrance effects of the bulky methyl groups and rotational restriction about the N-

phenyl imide bond, lending to KAUST-PI-1 having a higher extent of intra-chain rigidity. 

Fluorescence emission spectra indicated that CTC formation upon treatment at 250 oC was 

greater for 6FpDA-based KAUST-PI-5 compared with TMPD-based KAUST-PI-1, likely 

due to TMPD’s bulky methyl groups inhibiting planarity and hence efficient chain packing. 

It ultimately manifested itself in large differences in plasticization resistance between the 

two annealed structures. There was a significant improvement in plasticization resistance 

upon 250 oC treatment of KAUST-PI-5 as there was a decrease in the permeabilities of 

C3H6 and C3H8 with pressure, and therefore a ~25% increased preservation of C3H6/C3H8 
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selectivity. KAUST-PI-5’s more flexible backbone facilitated better chain packing due to 

the enhanced intra-segmental chain mobility which allowed them to coplanarize more 

effectively especially upon sub-Tg thermal annealing. On the other hand treatment of 

KAUST-PI-1 at 250 oC showed minimal improvement in plasticization resistance, as there 

was still a direct increase in the C3H6 and C3H8 permeabilities with pressure. 

9.2.3. Tuning of hydroxyl-based PIM-PIs for highly selective C3H6/C3H8 separation 

Based on the conclusions drawn from chapters 4 and 5, in chapter 6 a fundamental 

departure from conventional PIM design principles is employed to develop and tune 

polymer structures tailored for high performance propylene/propane separation under 

realistic mixed-gas conditions. We combined annealing strategies which were shown to be 

effective in chapter 5 with integration of polar moieties and structural modifications to tune 

the polymer microstructure for plasticization resistant, highly selective membranes. It 

culminated in the thrusting of the C3H6/C3H8 upper bound to new limits as the most 

selective solution processable membranes ever reported for the C3H6/C3H8 separation were 

generated, as shown in Fig. 9.2. 
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Fig. 9.2. Performance plot demonstrating the thrust of the pure-gas C3H6/C3H8 upper bound 

to new limits based on the PIM platform. Yellow bubble highlights the region of 

commercially relevant performance necessary to debottleneck a distillation column for the 

production of polymer-grade propylene. The pink, blue, and green bubbles, represent the 

broad spectrum of performance which can be achieved by the PIM platform whether it be 

highly selective and low permeable, moderately selective and moderately permeable, or 

permeability driven performance. 

 

9.2.4. Spirobisindane-based polyimide as efficient precursor of thermally-rearranged 

and carbon molecular sieve membranes for enhanced propylene/propane separation 

 

In chapter 7, high performance thermally-rearranged (TR) and carbon molecular sieve 

(CMS) membranes were fabricated from an intrinsically microporous polymer precursor 

PIM-6FDA-OH. Thermal rearrangement of PIM-6FDA-OH to the corresponding 
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polybenzoxazole (PBO) membrane resulted in a pure-gas C3H6/C3H8 selectivity of 15 and 

C3H6 permeability of 14 Barrer, positioning it above the polymeric C3H6/C3H8 upper bound 

(Fig. 9.3). For the first time, the C3H6/C3H8 mixed-gas properties of a TR polymer were 

investigated and showed a C3H6 permeability of 11 Barrer and C3H6/C3H8 selectivity of 

~11, essentially independent of feed pressure up to 5 bar. The CMS membrane made by 

treatment at 600 °C showed further improvement in performance as demonstrated with a 

pure-gas C3H6/C3H8 selectivity of 33 and a C3H6 permeability of 45 Barrer. The mixed-gas 

C3H6/C3H8 selectivity dropped from 24 to 17 from 2 to 5 bar feed pressure due to a decrease 

in C3H6 permeability most likely caused by competitive sorption without any evidence of 

plasticization. 

 

Fig. 9.3. Pure-gas C3H6/C3H8 permeability/selectivity performance of the PIM-6FDA-OH 

precursor, TR-PBO, and CMS membranes. The solid line is the experimentally observed 

C3H6/C3H8 upper bound [19].  
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9.2.5. Z-MOF/PIM-PI hybrid nanocomposite MMMs for highly efficient and 

productive C3H6/C3H8 separation  

In chapter 8, we reported the development of hybrid nanocomposite membranes with 

performance tailored to meet industrial standards for the C3H6/C3H8 separation by utilizing 

unique approaches in membrane design and experimental testing protocol. Based on the 

materials developed using the PIM-PI platform, the most selective polymers for C3H6/C3H8 

separation were developed, but the permeabilities were still in the lower range (less than 

10 Barrer). To bridge that gap, we formed MMMs combining one of the high performance 

polymers, PIM-6FDA-OH, with ZIF-8. We successfully fabricated the highest nanoparticle 

loaded hybrid membrane to date of 65% Pure-gas permeation measurements of PIM-

6FDA-OH/ZIF-8 MMMs showed direct increases in both C3H6 permeability and C3H6-

/C3H8 selectivity with increased ZIF-8 loading, and the highest combination of C3H6/C3H8 

selectivity and C3H6 permeability ever reported for a MMM, as shown in Fig. 9.4. Strong 

preservation of the pure-gas performance was observed in mixed-gas conditions for the 

30% and 65% loaded MMMs, as the membranes showed excellent plasticization resistance 

even to 7 bar. The 30% loaded membrane showed a C3H6/C3H8 selectivity of about 20.5 

with a C3H6 permeability of about 8 Barrer at 7 bar feed pressure. The 65% loaded 

membrane showed a C3H6/C3H8 selectivity of about 28 and C3H6 permeability of about 31 

Barrer at 7 bar feed pressure. The remarkable stability and performance under mixed-gas 

conditions and to feed pressures near saturation conditions highlight the potential of these 

membranes to garner industrial interest for distillation column debottlenecking 

applications. Indeed, incorporation of ZIF-8 into an already high performing PIM-6FDA-
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OH led to state of the art separation performance for C3H6/C3H8, lending hope for a 

potentially strong niche for membrane technology in this market place. 

 

Fig. 9.4. Performance plot of the pure- (unfilled points) and mixed-gas (filled points) 

results at 2 bar and 4 bar feed pressure, respectively of the PIM-6FDA-OH/ZIF-8 MMMs 

relative to the polymer experimentally observed upper bound. Highlighted in blue is the 

defined commercially attractive performance criteria necessary to debottleneck a 

distillation column. 

9.3. Recommendations 

9.3.1. Thin film membrane formation 

This dissertation was a fundamental study regarding the development of high performance 

membranes for the propylene/propane separation, and given that was conducted with thick 

film, homogenous membranes typically about 40 to 80 μm in thickness. If a membrane 
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were to be used commercially, a sustained effort has to be made towards the fabrication of 

thin film membranes whether it be in a flat sheet or hollow fiber configuration. With thin 

membranes come a great deal of challenges to overcome, like the formation of defect free 

skin layers, and circumventing the aging phenomenon which is even more pronounced for 

PIM materials. To date little to no work has been reported on the subject of thin film PIM 

membranes, although it has been well established that thickness has a major effect on the 

permeation properties. As of now, a large inventory of PIM-based membranes has been 

established for numerous separations and the next important phase is to begin efforts to 

show their potential for commercialization since they have proven to be robust materials 

for a broad range of separations. 

MMM hollow fiber membranes have been successfully fabricated by Zhang et al. with 

6FDA-DAM/ZIF-8 [20]. The results were very promising as loadings up to 30% were 

produced with good agreement with thick film measurements. By continuing to develop 

MMMs which demonstrate good polymer/nanoparticle adhesion, it should allow for higher 

loadings to be achieved even in the hollow fiber configuration.  

9.3.2. Copolymers 

One potential route to enhancing membrane performance is to form copolymers to tune 

polymer structures towards a targeted performance. For example, if a membrane shows a 

very high selectivity, but very low permeability, incorporating diamine units of a packing 

disturbing agent like a TMPD can potentially contribute more free volume to the polymer 

matrix while maintaining most of the selectivity of the pure polymer.  
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9.3.3. Optimization of polymer/nanoparticle combinations for MMM formation 

PIM-6FDA-OH was used as the continuous phase of the MMMs studied, but further tuning 

of MMM performance can be achieved by developing even more selective polymers. The 

higher the selectivity of the neat polymer, the greater potential for improved performance 

over it in the MMM configuration. Another approach is to attempt to optimize the ratio of 

the permeabilities of the filler to continuous phase. Rearranging the Maxwell model to 

calculate the MMM selectivity, we obtain the equation below as shown by Peinemann et 

al. [21]: 

αeff=αc
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Where αeff is the MMM selectivity, Prel is the ratio of the permeability of the continuous 

phase to the permeability of the dispersed phase of the fast component, ∅ is the volume 

fraction loading of dispersed phase, αc is the selectivity of the continuous phase, and αD is 

the selectivity of the dispersed phase. Plotting the equation for selectivity as a function of 

the relative permeability, a maximum in selectivity can be observed for a given 

permeability ratio, as shown in Fig. 9.5. The calculation is based off of a moderate loading 

of 30%, a continuous phase selectivity of 30, and a dispersed phase selectivity of ZIF-8 

which is estimated to be 122. It can be concluded from the plot that if the permeability of 

the polymer approaches or exceeds that of the permeability of the dispersed phase that the 

selectivity of the MMM approaches that of the polymer. It was determined from the 

calculation that the maximum selectivity of 52 can be achieved by having a continuous 

phase with a permeability of about 90 Barrer. This maximum selectivity can be increased 



268 

 

with higher loadings.However, to develop a solution processable polymer with a selectivity 

of 30 and C3H6 permeability of 90 Barrer is extremely challenging considering the current 

state of the art.  To approach these figures, it might be worthwhile to consider developing 

crosslinked polymers because at this point in time the high combination of selectivity and 

permeability is difficult with solution-processable polymers. However, attention still needs 

to be focused on enhancing the compatibility between the polymer and nanoparticle fillers, 

because ultimately the degree of adhesion between the two phases dictates performance.  

 

Fig. 9.5. C3H6/C3H8 selectivity of a MMM versus C3H6 permeability ratio of the continuous 

to dispersed phase, using a selectivity of 30 for the continuous phase, 122 for the dispersed 

phase, and 30% loading. 

9.3.4. Non-extended triptycene dianhydride 

Much work on PIMs for various light gas separations has been examined using the 

extended triptycene dianhydride. One potential monomer which may be effective for 

C3H6/C3H8 applications where strong chain coplanarization is necessary to mitigate 

plasticization is the use of non-extended triptycene dianhydride (Fig. 9.6). Removing the 
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dioxane linkages of the extended triptycene unit (Fig. 9.6a) may facilitate more efficient 

chain packing. Combined with triptycene’s internal free volume, it may provide a good 

combination of high selectivities and moderate permeabilities. Working with a triptycene 

unit also gives the flexibility of using bridgehead substituents such as isopropyl groups 

(Fig 9.6b) and methyl groups (Fig. 9.6d), or no substituents (Fig. 9.6c) to tune the free 

volume as needed. 

 

Fig. 9.6. Chemical structures of a) Extended i-C3 triptycene dianhydride; b) non-extended 

i-C3 triptycene dianhydride; and c) non-extended dimethyl triptycene dianhydride. 

9.3.5. Tuning of carbon molecular sieve membranes 

While polymers offer advantages over most other classes of materials due to their ease of 

processing, structural tunability, and mechanical robustness, carbon molecular sieve 

membranes (CMS) can offer performance which cannot be matched by polymers [19, 22-
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27]. Their formation would replace a typical drying step with a pyrolysis step. If parameters 

like pyrolysis temperature, pyrolysis time, and O2 concentration during pyrolysis are 

optimized for a given polymer precursor, CMS membranes can offer unmatched 

performance combining high permeabilities and selectivities. In addition, due to all the 

work published recently in the Koros group on CMS hollow fiber membranes in addition 

to an outline of a pilot-scale system for CMS manufacturing, much of the groundwork has 

been established for fabrication on a commercial scale [28-31]. 
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APPENDIX A 

Instrumentation Standard Operating Procedures 

A.1. Membrane masking and loading 

Proper masking technique is critical to robust permeation testing as any malfunction or 

error in the masking will prevent the start or completion of an experiment. To start a 

circular punch is used to cut out a disc-shaped piece from the polymer film. Adhesive-

backed aluminum tape is used as a tool to ensure permeation only through the membrane 

as the tape is impermeable to gas flow. A piece of filter paper of diameter larger than the 

exposed area of the membrane is punched and will be laid under the membrane as support, 

as marked by 8 in Fig. A.1. Two identically sized pieces of aluminum tape are punched 

with an outer diameter of 1 5/8” and an inner diameter which is less than that of the 

diameter of the membrane punched. The membrane then needs to be centered and 

sandwiched between the adhesive sides of the two pieces of aluminum tape, as shown 

schematically in the labeled 5 part of Fig. A.1. It is important to note that there should be 

a large enough difference between the inner diameter of the aluminum tape and diameter 

of the membrane punched to establish good contact between the film and the adhesive side 

of the tape. Small difference between membrane diameter and aluminum tape inner 

diameter will lead to a small margin of error when attempting to center the membrane on 

the aluminum tape and will be a leak source if not enough contact is made between the tape 

and the membrane. Too large of a difference is not necessary either as it will waste polymer 

material which could be used at a later time. A 1 5/8” outer diameter is chosen because that 

is the diameter of the raised porous plate in the Millipore cell that the membrane rests on 

as shown in Fig. A.2. By punching the outer diameter of the aluminum tape to be the same 
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as that of the plate makes it very facile to center the membrane on the plate, as it becomes 

only a matter of lining up the edge of the plate with the outer circumference of the 

aluminum tape. Next a piece of aluminum tape with a 1 7/8”  outer diameter and same 

inner diameter as that of the 1 5/8” punch is put on top of the 1 5/8” piece. 1 7/8” is chosen 

because that is the diameter of the bottom half of the face plate. Finally a 2” outer diameter 

piece is laid on top of that to spread over the inner ridge of the bottom half of the Millipore 

cell and under the O-ring which is placed in the top half of the cell, marked by 4 in Fig.A.1. 

The final step to the masking process is to apply epoxy to the aluminum tape/polymer film 

interface to ensure no passage of gas through any potential places where there was poor 

adhesion between the film and aluminum tape. The epoxy generally needed about 24 hours 

to dry, after which the cell was closed, and degas on the upstream and downstream side of 

the membrane proceeded.  
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Fig. A.1. Schematic diagram of the top and bottom half of the Millipore permeation cell. 

(1) is the top half of the Millipore permeation cell, (2) is the bottom half of the Millipore 

permeation cell, (3) is the bolt used to tighten the permeation cell, (4) is the o-ring used to 

ensure a seal of the cell from the ambient, (5) are the  two 1 5/8” outer diameter aluminum 

tape sheets with inner diameter smaller that of the membrane film; (6) is the 1 7/8” outer 

diameter aluminum tape sheet with than inner diameter the same as that of (5); (7) is the 

2” outer diameter aluminum tape sheet with inner diameter the same as that of (5) and (6); 

and (8) is the porous filter paper support under the membrane. 
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Fig. A.2. Photograph of the bottom half of the Millipore cell and the dimensions of the 

cell’s plate. It is based on these dimensions that the diameters of the aluminum tapes 

punched are chosen.  

Upon completion of a permeation experiment, the coupon was cut out of the cell in a 

careful manner so as to not break the membrane. A calibrated scanning device was used 

to measure the effective area exposed to permeation (since epoxy was applied to the 

surface of the membrane before initiating testing. The thickness was obtained by using a 

micrometer (Mitutovo) and taking the average of about ten to twenty measurements. 

A.2. Pure-gas standard operating procedure 

After the epoxy applied to the surface of the membrane has set and the membrane has been 

degassed for 24 hours, it is important to run a test to ensure that the masking was robust 

and leak free. To do so a helium pressure dependence is run at 2 bar, 4 bar and 6 bar. 

Because the permeability of helium should not vary with pressure, it can be used to run a 

leak test since if there is an increase with increasing feed pressure it could be indicative of 
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a failure in the masking. If there is no leak in the masking, the membrane is degassed for 

several minutes under vacuum from both sides. If methanol conditioning was used before 

masking, the O2 and N2 permeabilities are then measured at 2 bar and 35 oC daily until the 

change is minimal with time. The permeabilities would usually decrease over time due to 

a relaxation of the free volume in the polymer matrix emanating from the methanol induced 

swelling. Once a steady state on the time scale of the experiment is observed, the 

permeabilities of He, H2, N2, O2, CH4, CO2, C3H6, and C3H8 are measured at 2 bar and 35 

oC, in order of increasing gas condensability. Because the pure-gas permeation systems 

were built with 10 torr transducers, they were equipped with an extra volume which can be 

used for polymers which have very high fluxes. Mixed-gas systems have two extra large 

volumes, but may not be necessary for pure-gas tests because they were built with 100 torr 

transducers. 

A.3. Mixed-gas permeation standard operating procedure 

Propylene/propane mixed-gas experiments were conducted with 50:50 feed mixtures at 35 

oC. If a highly microporous PIM was studied where aging is observable, mixed-gas testing 

would be initiated after the O2/N2 permeabilities and selectivity reached a steady state with 

time on the scale of the experiment. Prior to starting the mixed-gas experiment the 

composition of the feed mixture is validated. Depending on the experiment, the mixed-gas 

feed pressures ranged from 2 bar to 7 bar. 4 bar points (2 bar C3H6 partial pressure) were 

used to compare with 2 bar pure-gas measurements to assess competitive sorption 

differences. C3H6 and C3H8 compositions were measured using the calibrated Agilent 

3000A Micro Gas Chromatograph. 
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In the experiment a 50:50 cylinder provides a constant feed of gas, and the experiment 

starts at the lowest pressure and incrementally increased once a steady state in C3H6/C3H8 

permeabilities and selectivities are reached. During the collection, V1 is isolated, and all 

collection of the permeate occurs in V2 (valve G and valve H closed) until the 

predetermined pressure was reached. Calibration for C3H6/C3H8 showed that the minimum 

pressure which could be used for collection to get five reproducible injections was 1 torr.  

When enough pressure of permeate was collected, V2 was isolated from the downstream 

by closing valve F. Before feeding in helium, the unopened cylinder is to be connected to 

the helium dilution port and the helium dilution line and regulator was evacuated by 

opening valve K and L. After evacuating, 380 psig of helium is fed in and expanded to 

approximately 600 torr when mixed with V2 by opening valve G. Next the line to the gas 

chromatograph is evacuated by opening valve J. Once that line is evacuated, valve H is 

opened to expand the permeate/helium mixture into the gas chromatograph line, and the 

instrument is queued to run three to five injections. For every collection, five injections 

were done until a steady state in permeabilities and selectivities were achieved, at which 

point the pressure could be increased. 

A.4. Hiden IGA standard operating procedure 

The first step to loading a sample into the IGA is to tare the microbalance with the empty 

sample container. It is very important to keep the stainless steel reactor vessel (1) on to 

shield the sample from ambient drafts which can disrupt the microbalance. Once tared 30 

to 70 mg of the sample is carefully loaded into the sample holder and put back onto the 

microbalance. A new copper gasket is then placed on the stainless steel reactor vessel at 

the point in which it is to be tightened, and the nuts are tightened evenly until a seal is 
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reached. Next the isothermal jacket (2) is connected and raised up on a jack to encapsulate 

the stainless steel reactor vessel. Because the system is set up, it is extremely important to 

next check the status of the seal. The vacuum is turned on and the pressure is set to ramp 

down at 120 mbar per minute. If the system cannot establish a good enough vacuum (<1 

mbar), the stainless steel reactor vessel is not sealed well enough and therefore needs to be 

retightened. If full vacuum is achieved, then it is shut off to monitor the pressure in the 

system with time; if the pressure rises with time then the reactor vessel needs to be further 

tightened until there is no rise. If there is no increase in pressure then the vacuum is turned 

back on and the sample is left to degas for about 24 hours or more until a minimum change 

in the mass of the sample with time was achieved. The chart recorder in the software can 

be turned on to record the change in mass of the sample over time so that it can be 

determined if a minimum in the mass is achieved, after which this mass is recorded as the 

dry mass of the sample. Once the dry mass has been established, the internal plumbing of 

the system is degassed by opening valve B, and the temperature setpoint is entered into the 

software. Once the temperature setpoint is reached and the plumbing has been degassed, 

valve B is closed and the gas cylinder is connected to the system. Before feeding in the gas 

to the system, the gas line is purged by venting with valve A.  

The details of the experiment like the sample name, gas used, and isotherm points are to 

be set up in the software prior to starting. To determine an equilibrium state, a real time 

processor (RTP) function is built into the system wherein the software analyzes the sorption 

as a function of time so that a steady state can be established. It was set so that the pressure 

would automatically be ramped to the next point in the user defined preset isotherm once 

99% of that asymptote was reached. Once an equilibrium was reached for all points in the 
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isotherm, the system was set to automatically send the sample into degas mode. It was 

evacuated for at least 24 hours, until a minimum in the sample weight was achieved, after 

which the same process could be followed to run the next gas. 

A.5. Micromeritics ASAP 2020 standard operating procedure 

To start the experiment a clean sample tube is degassed in the degas port briefly, then 

backfilled with nitrogen gas at 1 bar, and 50 to 100 mg of polymer powder sample is loaded. 

To evacuate the sample the tube is equipped with a seal frit and o-ring to establish a strong 

seal and then loaded into the degas port where it is degassed for 24 hours under high 

vacuum at 120 oC by installing a heating mantle below the sample. It is important to 

determine the mass of the evacuated sample since this is one of the input parameters of the 

software. To do so, the sample is backfilled with nitrogen after degassing is complete and 

weighed. The sample is then connected to the sample port and degassed for another 2 to 3 

hours to evacuate the backfilled nitrogen.  

To set the experiment up, an isothermal teflon jacket is installed on the sample tube and 

the dewar content is loaded with liquid nitrogen. it is important to refill the dewar with 

liquid nitrogen throughout the course of the experiment approximately every 36 hours. The 

Teflon jacket is used to create a constant layer of liquid nitrogen across the sample tube 

even if the isothermal jacket was not filled to the top. The cold and warm free spaces are 

then evaluated using helium, and relative pressures from 10-7 to saturation (po = 1 bar) are 

collected using 5 to 10 cm3(STP)g-1 dosing up to relative pressures of 0.001 followed by 

larger intervals.  
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Fig. A.3. Schematic of the valve assembly associated with the analysis port. The vacuum 

valve evacuates the sample when it and the sample valve are open. The adsorptive valve 

feeds in the gas when it and the sample valve are open. 

 

A.6. Fluorescence spectroscopy 

A Perkin Elmer LS45 with a 90o arrangement containing fixed 10 nm slits was used to 

obtain the excitation and emission spectra versus wavelength of various polymer films of 

roughly the same thickness.  
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A.7. Macromolecular modeling 

Macromolecular modeling was conducted using Materials Studio 7.0 (Accelrys) to obtain 

estimations of flexibility about certain characteristic bonds in the polymer structure, in 

addition to a physical manifestations of the geometrical architecture of a polymer. A repeat 

unit was drawn and an isotactic homopolymer was built by the system using 10 to 20 repeat 

units. The Forcite module and COMPASS forcefield functions were used to optimize the 

geometry of the polymer chains. A convergence tolerance of 1 x 10 -4 kcal mol-1 A-1 for the 

derivative of energy with consecutive molecular motions was used with a maximum of 

50,000 iterations. To determine the torsional energy barriers about characteristic bonds in 

the polymer structure, the Conformer module was used to vary the torsion from -180o to 

180o with 3o increments. 
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