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Abstract 

Economically scalable carbon molecular sieve (CMS) hollow fiber membranes rely upon a tunable 

bimodal pore morphology to separate gas pairs using angstrom-level size discrimination. Freshly 

formed CMS membranes experience self-retarding physical aging, reflected by permeance losses 

and selectivity gains that stabilize over short times compared to the lifetime of the membrane. Self-

retarding morphology rearrangements are of special interest here due to tightening of the largest 

size range of ultramicropores, thereby causing aging for polyimide-derived CMS.  We report 

effects of such aging for two A/B penetrant pairs, C3H6/C3H8 and CO2/CH4. These two pairs not 

only have different average sizes,  �̅ A/B, but also different size differences,∆dA/B, between the 

members in each pair. We focus primarily on the C3H6/C3H8 pair, which is the most difficult of the 

two pairs to separate, and use some CO2/CH4 results as a comparison case. We study CMS derived 

from 6FDA:BPDA-DAM (1:1) polyimide by pyrolysis at 550°C, 600°C and 650°C. We suggest 

conditions and physical causes that expedite, retard or even suppress the aging process within 

CMS membranes.  Finally, we suggest how analysis of CMS derived from other precursors and 

other penetrant pairs can be generalized by understanding the results for the 6FDA:BPDA-DAM 

(1:1) polyimide derived CMS.  

 

Keywords: Carbon molecular sieve (CMS); Hollow fiber; Propylene/propane separation; physical 

aging; Tune gas transport properties.  
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1. Introduction  

Asymmetric hollow fiber carbon molecular sieve (CMS) membranes exhibit high permeance,  

selectivity and good chemical, thermal, and mechanical properties.[1-8] Such attractive 

performance enables energy efficient separation in a scalable hollow fiber format. This 

combination of characteristics makes CMS membranes superior to traditional polymeric and other 

molecular sieve membranes for separation of challenging A/B gas-pairs, including CO2/CH4 [9-12] 

and even C3H6/C3H8 [13-16]. For the C3H6/C3H8 “A/B” pair with minimal sorption selectivity, 

separation must rely entirely upon small differences in the size of penetrants with ∆dA/B = 0.13 Å, 

so changes in size selective pores are especially important. CMS materials derived from a popular 

polyimide precursor, 6FDA:BPDA-DAM (1:1) shown in Fig. 1 (i) are considered in this work.  

 

Fig. 1. Envisioned steps in transformation of a random coil precursor polyimide to an organized amorphous 

CMS material with bimodal distribution of micropores and ultramicropores [17]. Republished with permission 

of Carbon from carbon molecular sieve structure development and membrane performance relationships, Koros et. al, 115 (2017). 
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CMS materials have bimodal pore size distributions consisting of larger micropores (7-20 Å) and 

smaller ultramicropores (<7 Å) illustrated in Fig. 1. Large micropores provide not only sorption 

sites but also large diffusion jump lengths, while tunable ultramicropores are molecular sieving 

sites that provide high diffusion selectivity. Pore tuning optimizes the tradeoff between 

permeability and selectivity of CMS materials for different gas pairs. The pore size distribution 

and structure of CMS for a given precursor can be controlled largely by optimization of pyrolysis 

conditions, and most prior research has focused on development of CMS membranes with high 

permeance and selectivity values for freshly made CMS membranes. However, freshly formed 

CMS membranes experience chemical and physical aging that tend to cause permeance loss over 

time. Understanding and controlling the CMS membrane aging is crucial for the practical 

application in gas separations. 

Chemical aging of CMS membrane is caused by chemisorption or physical adsorption of undesired 

species such as oxygen, water or organic contaminants in the CMS membrane pores.[18-21] 

Chemically aged CMS membrane can be totally or partially regenerated. For example, Jones and 

Koros found that by exposure of chemical contaminated CMS membrane to propylene, the 

adsorbed organic contaminants can be removed and most of the permeance loss can be 

reversed.[20] Menendez et al. demonstrated partial regeneration of CMS permeance by eliminating 

adsorbed water through heating the aged CMS membrane at 120 ⁰C for 3 h under vacuum.[18] Ma 

et al. partially recovered the gas permeance of chemical aged CMS membrane by a heat treatment 

at 300 ⁰C for 3 h under a reducing environment (5% hydrogen/95% argon).[21] Unlike the 

chemical aging of CMS membrane, self-retarding physical aging is envisioned to be caused by 

morphology rearrangement of freshly made CMS membrane to reach a more thermodynamic 

state.[22] Prior studies [23, 24] showed such physical aging can be engineered or prevented by 

controlling the exposure conditions of CMS membrane, which enables tunability for the separation 

performance of CMS membrane. Our recent work [25] showed that the morphology rearrangement 

during physical aging is more related to tightening of large ultramicropores (so-called “slit bypass 

pores”) in the freshly made CMS membrane, which moderates diffusion through micropore cell 

walls, rather than arising from collapse of micropores associated with sorption capacity. This 

analysis suggested to us that the effects of physical aging on gas separation of CMS membrane 

should depend on both the average size of the penetrant pair, �̅A/B, and the size difference,∆dA/B, of 

the A/B pair of interest.  
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To explore this idea, the current study considers C3H6/C3H8 as well as CO2/CH4 penetrant pairs 

that not only have different average sizes, �̅A/B, but also different size differences,∆dA/B, which 

reflects change in the slit bypass pores. Our analysis explains why selectivity increases are more 

pronounced for the larger similarly sized C3H6/C3H8 penetrant pair than for the smaller CO2/CH4 

penetrant pair under active feed or moderate pressure pure CO2 gas storage. Besides understanding 

physical aging, we show that controlled physical aging can also be a tool to engineer CMS 

membrane performance for both CO2/CH4 and C3H6/C3H8 pairs.  

2. Materials and Methods 

2.1 Materials 

The polymer precursor used for fiber spinning in this study was 6FDA:BPDA-DAM(1:1) (6FDA: 

4,4’ (hexafluoroisopropylidene) diphthalic anhydride, BPDA: 3,3’-4,4’-biphenyl tetracarboxylic 

dianhydride, DAM:- 2,4,6-trimethyl-1,3-phenylene diamine). The polymer structure is shown in 

Scheme 1, and detailed spinning conditions and properties of the polymer hollow fiber precursor 

can  

 

 

 

be found in our previous work [9, 13, 26-28].   Solvents, N-methyl pyrrolidone (NMP) and 

Acetone, used for cleaning the parts of the pyrolysis furnace were purchased from BDH Chemicals 

Co. Pure-component gases (Air, Ar, and CO2) were purchased from Airgas (Radnor Township, 

PA), while 50/50 CO2/CH4 and 50/50 C3H6/C3H8 mixed gases (±1% blend accuracy) were 

purchased from Nexair (Memphis, TN). All stainless-steel fittings used for module making were 

purchased from Swagelok® Georgia.  

2.2 Formation of CMS hollow fibers 

Pyrolysis of polymer fibers was performed by using a three-zone furnace (model # XST-3-024-3C, 

Thermcraft, Inc., Winston-Salem, NC), which was equipped with three independent controllers. 

The fibers were placed on a stainless-steel wire mesh (McMaster Carr, Robbinsville, NJ) and were 

loaded in a quartz tube (National Scientific Co., Quakertown, PA). Both ends of the quartz tubes 

were sealed with metal flanges and silicon O-rings (Model # EQ-FI-60, MTI Corporation, 

Scheme 1: 6FDA:BPDA-DAM 1:1 
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Richmond, CA). For all experiments, before the start of the pyrolysis, the quartz tube was purged 

with 500 sccm UHP Argon for at least 8 hours to achieve a very low O2 level (≤ 1 ppm). A mass 

flow controller (model # MC-500-SCCM-D, Alicat Scientific, Marana, AZ) was used to maintain 

the Ar flow rate at 500 sccm. The O2 concentration in the pyrolysis tube was monitored using a 

calibrated O2-sensor (Rapidox 2100 Series with sub-ppm sensitivity, Cambridge Sensotec Ltd, 

Cambridge, England). Before each pyrolysis run, a cleaning procedure for furnace parts was 

followed to ensure removal of possible contaminations formed during a previous pyrolysis run. 

The flanges were cleaned by immersing in a hot NMP (T~90-100 ⁰C) overnight. After cooling, 

they were further washed by soaking in acetone for 6 hours followed by rinsing with acetone and 

water. The flanges were finally dried at 210 ⁰C in a convection oven. After cleaning furnace parts, 

a “burn-out” cleaning process was carried out to ensure a thorough removal of possible 

contaminants present in the quartz tube and SS mesh. The quartz tube and SS mesh/quartz plates 

were first rinsed with acetone prior to the “burn-out” procedure and then underwent the “burn-out” 

process under 500 sccm flow of UHP air for 6 h at 900 C.  These precautions were followed to 

avoid artifacts noted when incomplete cleaning was done [25, 29]. 

The CMS fibers were created using the same heating protocol discussed in more detail in our 

previous works [9, 30, 31] under 500-sccm flow of UHP Argon as summarized below:  

1. Starting point at 50°C  

2. 50°C  250 °C at a ramp rate of 13.33 ⁰C/min 

3. 250 °C (Tmax – 15) °C at a ramp rate of (3.85 ⁰C/min) 

4. (Tmax – 15) °C  Tmax °C at a ramp rate of (0.25 ⁰C/min) 

5. Soak at Tmax for 120 minutes  

6. Naturally cool to 50 ⁰C under 500-sccm flow of UHP Argon 

2.3 CMS hollow fiber module formation 

The CMS hollow fibers were potted using lab-scale modules with an active membrane length of 

~12 cm as described in previous works.[23, 25] 3M DP-100 epoxy was used for module 

construction. To ensure a complete epoxy curing, the modules were tested 18 hours after being 

potted. During the 18 h storage in air, the connections (S1 and S2 in Fig. 3) in the shell side of 

CMS module were sealed with parafilm, while the connections (B1 and B2 in Fig. 3) in the bore 

side of CMS module were kept open to atmosphere.  
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2.4 Permeation test procedure 

All gas permeation tests were performed using a constant pressure system shown schematically in 

Fig. 2. During the tests, the modules were kept at a desired constant upstream pressure at 35 °C.  

 

Fig. 2. Schematic representation of the constant pressure system capable of simultaneous 

measurement of three modules.   

To measure permeance and selectivity values, three nominally identical CMS-550 fiber modules 

were assembled into the permeation box and 50/50 mol% C3H6/C3H8 or 50/50 mol% CO2/CH4 

mixture feed gas was introduced to the shell-side of the hollow fibers with the bore-side pressure 

of 1 atm. After stabilizing for 3~4 h, the permeate flow in the downstream was measured using a 

bubble flow meter, and then the composition of permeate stream was analyzed with a gas 

chromatograph (Varian 450-GC) after achieving steady state. In all experiments, the retentate flow 

rate was 100X the permeate flow rate (1% stage cut) to avoid concentration polarization or feed 

concentration change along the fiber length.  Since C3H6 and C3H8 have much lower permeance 

than CO2, permeate flow measurement and its GC analysis was performed on three parallel 

(“ganged”) modules illustrated in Fig. 2.  For the higher flux CO2/CH4 mixed case, the higher 

permeate flow of modules enabled individual module measurements, which showed small (+ 5%) 

module-to-module difference. 



 

 

8 

 

2.5 Storage of CMS hollow fiber modules under moderate CO2 pressure 

For aging studies, CMS hollow fiber modules were stored for 70 days under instrument grade CO2 

at 114 psia. This study is useful for ultimate storage and shipment of preformed modules. The 

modules were directly connected to the CO2 supply line via the bore side. To remove the air in the 

module and also sorbed vapors/gases, the module was flushed with CO2 before storage as 

following and shown in Fig. 3: 

i) B1 was connected to the CO2 feed line while S1, S2, and B2 are kept open to atmosphere. 

ii) The feed line is then pressurized to 114 psia. This allows the flow of CO2 from B1 to B2 and 

finally to the atmosphere. After 5 minutes, B2 is then capped so that the CO2 is forced to 

permeate from the bore to the shell and eventually to pass through S1 and S2 to the 

atmosphere. 

iii)  After 15 minutes, S1 & S2 are capped, and the modules were kept in these conditions for 70 

days. 

 
 

 

 

 

Fig. 3. A typical CMS membrane module with 1/4” SS fittings 

 

2.6 Active feed aging of CMS hollow fiber modules   

For long term aging studies, CMS hollow fiber modules were monitored under active feeds of 

either 50/50 mol% C3H6/C3H8 or 50/50 mol% CO2/CH4 with one atm permeate pressure as noted 

in section 2.4. The feed pressures for the two pairs were selected to be representative of typical 

values expected for the two applications: 114 psia for C3H6/C3H8 and 300 psia for CO2/CH4 while 

avoiding wasting feed gas for the long-term tests [16]. 

3. Results and Discussion  

3.1 Effects of pyrolysis temperature on gas transport properties  
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Optimization of pyrolysis conditions, such as ramp rate, soak time, and final temperature primarily 

determine the structure of CMS materials from a given precursor, as discussed in prior work [9, 

32-43]. To discuss physical aging of such freshly made CMS, it is useful to review the envisioned 

mechanism for transformation of a polyimide precursor into CMS. As depicted in Fig. 1, 

transformation of the polyimide precursor to CMS is envisioned to involve aromatization, 

fragmentation into strands, strand rearrangement, and platelet formation leading to a complex 

amorphous cellular carbon structure [17]. As shown by our previously reported TGA-FTIR 

analysis and mass spectrometry [31, 44], above roughly 500°C, the high molecular 6FDA:BPDA-

DAM (1:1) precursor undergoes a decomposition process, which leads to evolution of gaseous 

species such as CF3H, HF, CO2, CO and H2. This process causes further aromatization and 

associated linearization of polymer segments in the entangled precursor, which imposes local 

stress that can be relieved by a fragmentation process to form shorter strands.  Such rigid strands 

experience a packing problem, which can be accommodated by organization into carbon plates 

analogous to that in liquid crystal media. At high temperatures, inter-strand bonding between 

neighboring strands may occur, possibly leading to lateral linkages in the array of strands; 

however, an amorphous long-range nature remains due to kinetic restrictions during pyrolysis. 

Such a process leads to a kinetically trapped, quasi-ordered state with stacking defects between 

carbon plates. Ultramicropores can form by arrangement of carbon strands into plates, while large 

micropores form between neighboring plates due to kinetic restriction of packing of plates. 

Formation of new cells and coalescence of neighboring cells tend to result in creation of a cellular 

structure with shared ultra-microporous walls between cells illustrated in Fig. 1-vi.  Previous 

studies for CO2/CH4 have shown that as final temperature of pyrolysis increases, the size of 

ultramicropores decrease [34, 38], resulting in reduction in diffusion coefficient with minor 

changes in sorption coefficients. Selective layer thickness in asymmetric CMS stabilizes during the 

early stages of pyrolysis with partial collapse of transition pores as the glass transition temperature 

is traversed, so properties of the skin determine performance. The morphologies of 6FDA-

BPDA/DAM CMS fibers pyrolyzed under 550-650 °C are shown in Fig. 4. It can be observed 

from the SEM images that all the CMS hollow fibers show asymmetric morphologies comprising 

of a thin dense skin and highly porous substrate. Such maintained asymmetric morphologies in 

CMS fibers with skin layer thickness of 1.8 µm to 2.1 µm enable high gas permeance. Moderate 

changes in sorption, but more dramatic changes in diffusion coefficients lead to high selectivity 
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with lower permeance at higher final pyrolysis temperature [40]. The tradeoff between 

permeability and selectivity is shown for the C3H6/C3H8 pair separation in Fig. 5, where C3H6 

permeance decreases and C3H6/C3H8 increases with increasing pyrolysis temperature between 550-

650 °C under UHP argon. Related trends have been reported for various gas pairs, including 

CO2/CH4 [25, 40] and indicate that changes with temperatures are most strongly related to 

diffusion effects. Ultramicropore changes associated with so-called slit bypass pores, rather than 

micropores, appear to be the primary sources of such diffusion effects, which have been studied 

most extensively for the CO2/CH4 system. Higher pyrolysis temperatures consistent with such 

trends for the C3H6/C3H8 pair in Fig. 4 show a large 80% drop in C3H6 permeance and 63% 

increase in C3H6/C3H8 selectivity for final pyrolysis temperatures between 550 °C to 650 °C.  Our 

results for freshly formed CMS, therefore, are consistent with previous ideas suggesting higher 

final pyrolysis temperatures lead to more tightly packed carbon strands in the walls of micropores 

in Fig. 1-iv [34, 38, 39].  

 

 

Fig. 4. SEM images of CMS fibers pyrolyzed under 550 °C, 600 °C and 650 °C. 
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Fig. 5. The effect of pyrolysis temperature on C3H6 permeance (a) and C3H6/C3H8 selectivity (b) of 

fresh CMS fibers for C3H6/C3H8 (50/50) mixed gas at 114.7 psia and 35 °C. 

 

3.2 Aging under CO2 storage  

The discovery that storage of CMS modules under CO2 at 114 psia suppresses physical aging for 

the CO2/CH4 pair [25] is practically important for storage and shipment.  This finding also may 

provide fundamental insights in the likely nature of the CMS. Specifically, we noted that aging 

suppression occurs well below the saturation of Langmuir sorption sites associated with large 

micropores in our 6F-derived CMS materials pyrolyzed at 550°C [25].  As noted above, kinetically 

hindered imperfect packing within or between neighboring ultramicroporous plates are believed to 

be locus of largest ultra-micropores in Fig. 1 and Fig. 6 below [25].  Such features are referred to 

here as “slit-bypass pores”.  This earlier study suggested that under CO2 storage conditions may 

involve continuous self-diffusion circulation of CO2 molecules through such slit bypass pores to 

impede their tightening related to CMS physical aging. As illustrated in Fig. 6, the impact of 

physical aging on gas transport properties of CMS materials can be further expected to depend 

upon on the critical dimensions of the CO2 vs. CH4 for that pair. This is consistent with the 

observed larger permeance loss for the 0.5 Å larger CH4 vs. CO2, leading to increased diffusion 

selectivity and overall permselectivity upon aging for this A/B pair [25].  Increasingly intense 

reductions in slit bypass area fraction in micropore walls, such as prolonged aging under vacuum 

should offer dramatic increases in selectivity and moderate permeance losses for the smaller (A) 
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penetrant in the CO2/CH4 A/B pair.  It is worth noting that CO2 physisorption at 0 °C, Raman 

spectroscopy and X-ray diffraction were used in our previous study[25] to characterize the 

physical aging of CMS-550 fibers associated with tightening of slit bypass pores. However, as 

shown in Fig. S1 in the supporting information, the results for fresh vs. 1-week vacuum aged 

CMS-550 fibers from these conventional characterization tools indicated that the subtle sub-Å pore 

structure changes during physical aging cannot be probed by these techniques. Instead, using gas 

molecules as probes can more accurately characterize the ultramicropore-driven changes during 

physical aging of CMS-550 fibers. 

 

Fig. 6. Representation of slit bypass with respect to penetrant size. 

 

To study the effect of aging effects further under CO2 storage on CMS fibers, gas transport 

properties of three “ganged” modules (Fig. 2) were tested for both the C3H6/C3H8 pair and 

CO2/CH4 pair using fresh fibers and 70 days after CO2 storage. As shown in Table 1, there is only 

25% permeance loss for CO2 and a 20% gain in CO2/CH4 selectivity. On the other hand, for the 

same modules, 53 % drop in C3H6 permeance and 57% increase in C3H6/C3H8 selectivity is 

observed, consistent with the above arguments. The more significant effect of aging for the 

C3H6/C3H8 pair separation compared to that for the CO2/CH4 pair is attributed partially to the 

larger size of the C3 pair. In addition, separation is based on only a 0.13 Å size difference for the 

C3 pair, while the CO2/CH4 gas pair has a larger size difference of 0.5 Å. These factors make the 

C3 pair a sensitive probe of ultramicropore changes. 
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Table 1. Aging studies of CMS fibers under 70 days CO2 storage at 114 psia and room 
temperature for C3H6/C3H8 and CO2/CH4 separations. 

 

Sample 
C3H6 

permeancea 

C3H6/C3H8 

selectivitya 

CO2 

permeanceb 

CO2/CH4 

selectivityb 

Fresh 76.0 14.1 456 36.6 

After 70 days 35.9 22.1 343 44.0 
aTest conditions: C3H6/C3H8 (50/50) mixed gas at 114.7 psia and 35 °C. bTest conditions: 

CO2/CH4 (50/50) mixed gas at 114.7 psia and 35 °C. 
 

3.3 Effects of pyrolysis temperature on aging tendencies of CMS under active feed  

In this section we again studied gas transport under active feed of 50/50 C3H6/C3H8 in a 114.7 psia 

constant pressure system for CMS fibers with a 1 atm permeate, using  samples pyrolyzed at 

different temperatures. This mode probes physical aging under active feed in the presence of an 

actual partial pressure gradient between feed and permeate conditions.  
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Fig. 7. Long-term aging studies for C3H6 permeance (a) and C3H6/C3H8 selectivity (b) of CMS 

fibers prepared at different pyrolysis temperatures under active feed of C3H6/C3H8 (50/50) at 114.7 

psia and 35 °C. 

As can be seen in Fig. 7, all fiber prepared at different pyrolysis temperatures experience a rapid 

initial aging for the C3 pair, followed by a tendency for stabilization.  We tracked this tendency 

most completely for the highest permeance 550 °C pyrolyzed sample, but each case appears to 

follow a similar characteristic trajectory. Clearly, the rate of physical aging increases as the final 
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pyrolysis temperature increase (Fig. 7). Specifically, fibers prepared at 550 °C show a 50% 

permeance loss in 10 days, while the fibers prepared at 650 °C lose 50% of their permeance in only 

2 days. Similarly, the effect of physical aging on the C3H6/C3H8 selectivity gain is more significant 

for the fibers pyrolyzed at higher temperatures. As noted earlier, we hypothesize the slit bypass 

pores in the CMS fibers have a great contribution to changes in their overall gas transport 

properties for C3H6/C3H8 separation in this case. As a result, the tightening of these imperfect pores 

may lead to permeance loss and selectivity gain over time. Since physical aging is a self-retarding 

process, the effect of physical aging on gas transport properties decreases over time. Trends can be 

explained by shift of initial pore size distribution to smaller sizes at higher pyrolysis temperature, 

as discussed in Section 3.1. At a relativity low pyrolysis temperature (550 °C), the fibers have 

larger ultramicropores and micropores, which even after pore tightening during aging illustrated in 

Fig. 6 remain large enough for significant permeance of both C3H6 and C3H8. On the other hand, at 

the highest pyrolysis temperature of 650 °C, the fresh fiber has smaller pores, which still enable 

considerable permeance of C3H6 and to a lesser extent, C3H8. Upon slight pore tightening of the 

initially present ultramicropores, a lower asymptotic permeance of both C3H6 and C3H8 tends to 

exist.   

Effects of aging in permeance loss are more significant for the larger penetrant, C3H8, which leads 

to selectivity gain during physical aging for all of the initial samples.  In addition, the physical 

aging process may be facilitated by attractive forces between the polar groups on carbon strands 

edges forming the active ultramicrpores in Fig. 1. At a higher pyrolysis temperature, we envision 

strands to be initially more tightly organized, possibly promoting stronger interaction forces due to 

shorter distances between strands forming slit bypass pores. On this basis, pore tightening of 

imperfections in CMS fibers pyrolyzed at a higher temperature would be promoted, consistent with 

the more rapid physical aging. Accordingly, the CMS fibers pyrolyzed at 550 °C are better 

candidates for long-term practical applications where high C3H6 permeance values are desired after 

initial stabilization period. Therefore, we studied the stability of these fibers under active feed of 

for 67 days (Fig. 7). During the first three weeks, the fibers experience a 52% increase in their 

selectivity C3H6/C3H8 and a 65% permeance loss. After this period, the selectivity remains almost 

constant while permeance continues to decrease but a much slower rate. Although the fibers show 

a high tendency for stabilization, they undergo a small C3H6 permeance loss over time, typical of 

self retarding processes. As we discussed in section 3.2, we envision the pore tightening of 
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imperfect ultramicropores to be the primary cause of changes in gas transport properties during 

physical aging. As shown in Fig. 6, as the size of a penetrant increases, the fraction of such 

imperfect ultramicropores available to the penetrant, compared to larger penetrants increases, 

giving the most pronounced effects for the C3H6/C3H8 pair.  On this basis, we expected the CMS 

would show a greater tendency for stabilization for smaller gas-pairs such as CO2/CH4. To test this 

hypothesis, we tested three CMS modules pyrolyzed at 550 °C under 300 psia 50/50 CO2/CH4 

mixed gas at 35 °C for 50 days as shown in Fig. 8. The modules were tested with mixed gas once a 

week while they were kept under active feed of 300 psia pure CO2 between mixed gas tests to 

avoid excessive consumption of mixed gas via retentates with 1% stage cut. All three modules 

show a similar behavior, and after 3 weeks of stabilization period, they become essentially stable 

with no noticeable changes in CO2 permeance and CO2/CH4 selectivity. During the first three 

weeks, the fibers experience only 14 % increase in their selectivity CO2/CH4 and a 55% loss in 

CO2 permeance. As expected, this selectivity gain (14%) for CO2/CH4 is very small when 

compared to the selectivity gain of 52% for C3H6/C3H8. These results are consistent with our 

results for comparison of the effect of physical aging on these two gas-pairs under CO2 storage. 

This highlights the opportunities in selectivity gain for C3H6/C3H8 while representing challenges in 

maintaining C3H6 permeance.  
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Fig. 8. Long-term aging studies for CO2 permeance (a) and CO2/CH4 selectivity (b) of CMS fibers 
under active feed of CO2/CH4 (50/50) at 300 psia and 35 °C. 

 

3.4 Intentional aging under vacuum storage 
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 As discussed above, we envisioned that accelerated physical aging of our CMS fibers would 

promote larger C3H6/C3H8 selectivity changes, while maintaining desirable permeance C3H6. Such 

accelerated aging under vacuum conditions should enable surface energy reduction and approach 

to a thermodynamically stable state in the absence of penetrant self-diffusion throughout the 

micropores. Intentional aging of CMS fibers with moderate C3H6/C3H8 selectivity and adequate 

C3H6 permeances should provide suitable properties for practical applications. To probe this 

hypothesis, the CMS fibers prepared at 550 °C were selected for our vacuum aging studies.  

As before, to study the effect of vacuum aging on CMS fibers, three fresh ganged modules were 

installed in a permeation box and vacuum with pressure less than 0.5 torr was applied to both their 

upstream and downstream for selected periods. The gas transport properties of vacuum-aged 

modules are compared with those of fresh modules in Table 2. As expected, vacuum exposure 

resulted in a significant increase in C3H6/C3H8 selectivity and longer vacuum exposure times led to 

larger selectivity gains at the expense of permeance loss. After 24-hour vacuum exposure, CMS 

fibers showed attractive selectivity value of 25 and desirable permeance of 17 GPU. While this 

particular accelerated aging is very attractive for C3H6/C3H8, for the CO2/CH4 pair, it is less useful. 

As summarized in Table 2, 12 hours of vacuum storage can lead to 63% increase for C3H6/C3H8 in 

selectivity, the same modules only show 19 % increase in CO2/CH4 selectivity. The effect of 

vacuum storage on C3H6 permeance is also much more significant than in the case for CO2 

permeance. The more dramatic effect of vacuum storage for C3H6/C3H8 can be explained by the 

ratio of defect pores to the available majority ultramicropores for the penetrants. The primary 

cause of aging in CMS materials, therefore, is consistent with pore tightening of slit by-pass pores 

formed between and within neighboring carbon plates noted earlier. As shown in Fig. 5, the ratio 

of defect pores to the available ultramicropores for each penetrant decrease as the size of the 

penetrant increases, so tightening of defect pores during vacuum aging has a more significant 

impact on gas transport properties of larger penetrants. Tightening of such pores can significantly 

affect the separation ability of CMS materials for large gas pairs. Moreover, the small (0.13 Å) size 

difference between C3H6 and C3H8, compared to the 0.5 Å size difference of CO2 and CH4 makes 

such tuning a potentially useful tool to tune transport properties of CMS fibers for olefin/paraffin 

pairs prior to use in active feeds. 
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Table 2. The use of vacuum as an attractive tool for enhancement of selectivity for C3H6/C3H8 

and CO2/CH4 separations. 

Sample 
C3H6 

permeancea 

C3H6/C3H8 

selectivitya 

CO2 

permeanceb 

CO2:CH4 

selectivityb 

Fresh 76.0 14 462 41.8 

After 12 h vacuum 24.3 22.6 233 49.8 

After 24 h vacuum 17.0 24.6 207 58.3 

After 36 h vacuum 14.5 24.9 196 60.2 
aTest conditions: C3H6:C3H8 (50:50) mixed gas at 114.7 psia and 35 °C. bTest conditions: 

CO2:CH4 (50:50) mixed gas at 114.7 psia and 35 °C. 
 

To pursue the above point, we also evaluated the stability of pre-vacuum aged fibers under 50/50 

C3H6/C3H8 active feed. CMS fibers pre-exposed to vacuum for 6 h.  Three such 550 °C pyrolyzed 

modules were kept under 50/50 C3H6/C3H8 active feed in a constant pressure system at 35 °C with 

upstream pressure and downstream pressure of 114.7 psia and 14.7 psia, respectively. As shown in 

Fig. 9, under active feed, the 6 h pre-vacuum aged modules also show physical aging up to about 

18 days and then become practically stable, where only minimal changes in permeance and 

selectivity are apparent over time. The stabilization period for pre-vacuum treated fibers was found 

to be around 18 days, which is much shorter compared with the stabilization period required for 

fresh CMS-550 fibers (about 50 days). After this initial stabilization (~18 days), the vacuum-

treated fibers exhibited stable C3H6 permeation of about 20 GPU with C3H6/C3H8 selectivity of 

above 25 under 50/50 C3H6/C3H8 active feed.  
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Fig. 9. Long-term aging studies for C3H6 permeance (a) and C3H6/C3H8 selectivity (b) of 6 h 

vacuumed and fresh CMS fibers pyrolyzed at 550 °C under active feed of C3H6/C3H8 (50/50) at 

114.7 psia and 35 °C. 

   

  Finally, we compared the C3H6/C3H8 performance of CMS fiber developed in this study with 

previously reported CMS fibers. As shown in Fig. 10 and in Table S1, under 50/50 C3H6/C3H8 

mixture feed, the freshly made CMS-550 asymmetric fibers in this study exhibit higher C3H6 

permeance with moderate C3H6/C3H8 selectivity than other reported CMS fibers. After being 

stabilized under C3H6/C3H8 mixture feed, the CMS fibers developed in this work show an 

attractive and balanced C3H6 permeance and C3H6/C3H8 selectivity. Specifically, the stabilized 

CMS-550 asymmetric fibers showed much higher C3H6 permeance with lower C3H6/C3H8 

selectivity than PI/LPSQ20 CMS-675 asymmetric fiber,[45]  while compared with BPDA-

DDBT/DABA CMS-600 asymmetric fiber,[15] the stabilized CMS-550 fiber exhibits much higher 

C3H6/C3H8 selectivity with slightly lower C3H6 permeance. Although the gamma-alumina 

supported 6FDA based polyimide CMS-550 fibers[46, 47] showed better C3H6/C3H8 performance 

than the stabilized CMS-550 fibers prepared in this study, the self-support feature of CMS-550 

asymmetric fiber enables facile scalability, thus making them promising for practical application.  
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Fig. 10. Comparison of the 50/50 C3H6/C3H8 mixed-gas separation performances of the prepared 

CMS-550 fibers in this study with other CMS membranes. The detailed data are given in 

Supplementary Table S1. The solid red line is the C3H6/C3H8 mixed gas upper bound of polymer 

membrane.[48] 

 

Summary and conclusions 

Stability of CMS fibers under different storage conditions and active feeds was studied. Controlled 

aging of the fibers under vacuum condition were shown to be valuable tools to tune the gas 

transport properties of CMS fibers, which resulted in a significant selectivity gain of 76% for 

C3H6/C3H8 gas pair while leading to only 40% increases for CO2/CH4 gas pair. A similar trend was 

also observed for the effect of aging on gas transport properties under active feeds and CO2 storage 

for C3H6/C3H8 and CO2/CH4 separations. These results indicate that the effect of physical aging in 

selectivity gain and permeance loss is more significant for the larger penetrants. Accelerated aging 

using vacuum was introduced as a new tool for achieving high selectivity values for C3H6/C3H8 

separation. The stability of the pre-vacuum aged CMS fibers under active feed was also evaluated 

and exhibited a good stability upon a short stabilization period (~18 days) which makes them 

promising candidates for practical application. Our results highlight the important role of packing 

imperfection in CMS structure on pore engineering and long-term stability of CMS fibers for 

practical applications.  
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