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Abstract 15 

We present a study on the fabrication of tubular thin-film composite CMS membranes based on an intrinsically 16 

microporous polyimide of intrinsic microporosity (PIM-PI), PIM-6FDA-OH. Besides the inherent structural 17 

similarity between the PIM-PI and CMS membranes (i.e. microporosity with pores < 20 Å), the unique feature of 18 

the chosen precursor is its ability to undergo a thermal rearrangement (TR) reaction which constitutes an 19 

additional mechanism of microporosity evolution in addition to the pyrolysis process. By using Raman 20 

spectroscopy and in-situ thermal spectroscopic ellipsometry we tracked the structural TR- and pyrolysis-related 21 

evolution in CMS films as thin as 100 nm. Our study revealed a pronounced acceleration of the microstructure 22 

collapse (densification) due to physical aging that occurred in ultra-thin films. These, and our previous findings, 23 

suggest that excessive reductions in selective layer thickness in microporous amorphous materials, such as PIMs 24 

or CMS, may not be beneficial to obtaining highly efficient membranes. Instead, we have shown that excellent 25 

and stable separation properties could be achieved by PIM-PI-derived CMS membranes with thicker, ~3 µm, 26 

selective layers (e.g. CO2, H2 permeances of >200 GPU, with CO2/CH4, CO2/N2, and O2/N2 selectivities of 43.0, 27 

41.0, and 7.5, respectively) even after 3 months of aging.  28 

  29 
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1. Introduction 30 

The explosive growth of the human population, as well as the general increase in the standards of living, drive 31 

the increase in the global energy demand1. To reduce the environmental burden related to the increasing energy 32 

consumption it is vital to provide more energy efficient technologies, in particular, in the chemical separations 33 

industry which itself consumes about a third of the global energy expenditure2. The incumbent separation 34 

techniques, such as distillation, drying or evaporation have large energy demands because they rely on thermal 35 

energy input. In contrast, membrane technology can substantially cut the required energy of separation, in some 36 

cases by up to 90%, by utilizing a different driving force (e.g. pressure or concentration difference)2. 37 

Carbon molecular sieve (CMS) membranes which are made by pyrolysis of organic precursors are promising 38 

candidates for important separations such as natural gas processing, air separation, organic solvent recovery or 39 

olefin/paraffin separations3-9. Because of their distinct rigid amorphous microporous structure composed of highly 40 

aromatic graphite-like strands/microcrystals CMS membranes can exhibit strong molecular sieving and are able 41 

to efficiently discriminate gaseous molecules based on differences in their sizes. The coexistence of 42 

ultramicropores (< 7 Å) with larger micropores (7 – 20 Å) enables both high permeabilities and selectivities that 43 

can be further conveniently tuned by merely changing the pyrolysis temperature7, 10. The recently introduced 44 

polymers of intrinsic microporosity (PIMs) show some similarities with CMS membranes with respect to their 45 

micromorphology, and are also promising membrane materials in molecular separation applications11. In PIMs 46 

the microporosity is introduced by rigid and contorted macromolecules that do not pack efficiently in the solid 47 

state which creates large amounts of trapped excess free volume.  48 

Large scale deployment of both CMS- and PIMs-based membranes requires providing defect-free thin selective 49 

layers to reduce fluid transport resistance and, in turn, the pressure difference (energy requirement) needed as 50 

driving force for selective gas transport. In addition, to reduce capital investment, large active areas per volume 51 

of membrane modules are needed. This requirement can be fulfilled by thin-film composite or asymmetric hollow-52 

fiber geometries. CMS thin-film composites made with porous inorganic supports (metals or ceramics) have 53 

several advantages versus CMS made from asymmetric hollow-fiber polymeric precursors. These advantages 54 

include elimination of the often observed substructure collapse during pyrolysis and minimization of the 55 

necessary amount of the polymeric precursor. The latter advantage allows exploring tailor-made, often expensive 56 

CMS precursors such as PIMs or PIM-polyimides (PIM-PIs).  57 

In the available literature, the majority of CMS membranes has been fabricated by high temperature pyrolysis 58 

(450 – 1000 °C) using polyimides3, 12, 13, polyetherimides14, cellulose-derivatives15-17, polyfurfuryl alcohol18, 19 or 59 

phenolic resins20-22. During the pyrolytic decomposition, these materials are transformed from relatively dense, 60 

low-permeability amorphous structures into microporous, high-permeability CMS materials.  The use of 61 
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inherently microporous, high-free-volume PIMs as CMS precursors has only recently been described and the 62 

available data suggests a tremendous promise in those types of carbon materials23. Results from thick films7, 24, 63 

indicate that PIMs-derived CMS membranes could possess unprecedented separation properties for some of the 64 

largest current gas separation markets such as air separation or natural gas treatment, but also in the particularly 65 

challenging olefin/paraffin separations under realistic mixture conditions.  66 

In this work, we report PIM-PI-based CMS thin-film composite membranes using PIM-6FDA-OH precursor and 67 

mechanically robust porous stainless-steel supports. The chosen precursor undergoes a thermal rearrangement 68 

reaction before pyrolysis thereby providing an additional mechanism of excess fractional free volume evolution 69 

prior to main chain degradation by pyrolysis. The resulting membranes are characterized by high permeances 70 

without the need for ultra-thin selective layers and maintain favorable permeance/selectivity combinations over 71 

long periods of time (at least 90 days). Based on the data presented in this work and our previous studies10, 25-27, 72 

we investigate whether or not excessive reductions of the selective layer thickness (significantly below ~1 µm) 73 

for solution-processed amorphous microporous materials (such as CMS and PIMs) are actually counterproductive 74 

to obtaining highly efficient separations. The avoidance of ultra-thin selective layers would reduce membrane 75 

fabrication complexity and limit the probability of non-selective defects. As a result, a more feasible route for 76 

potential technology scale up could emerge.  77 

 78 

  79 
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2. Experimental Part 80 

2.1. Membrane preparation 81 

The stainless-steel (SS) tubular supports were prepared via a non-solvent induced phase separation method 82 

followed by a sintering process. A homogeneous dope solution in which SS powder (3 µm particle size, Epson 83 

Atmix Coporation, Japan) was well dispersed with polysulfone (Udel® PSU, molecular weight 67–72 kDa, 84 

Solvay, Belgium), polyvinylpyrrolidone, MW ~360 kDa, Fluka, USA) and N-methyl-2-pyrrolidinone (HPLC 85 

Grade, 99% pure, Acros Organics, USA) at a weight ratio of 66:6:1.5:26.5, respectively, were spun through a 86 

custom capillary-tube-in-orifice spinneret at ambient conditions (RH 54±2%, 21±0.5 °C). Deionized water was 87 

used as the bore fluid and coagulant to induce phase separation, forming tubular supports. After drying in air for 88 

one day, the resulting membranes were sintered in a horizontal furnace (Carbolite, UK) at 600 °C for 30 minutes 89 

under air flow of 100 SCCM to decompose and remove the polymers from the membranes, then at 1100 °C for 90 

1.5 h under Argon flow of 100 SCCM to sinter SS particles together. 91 

The pristine polymer PIM-6FDA-OH was synthesized by following our previously reported method28. The 92 

polymer was dissolved in THF to prepare 100 nm and 500 nm films on Si wafer supports by spin coating (about 93 

1-5 wt.%) and to coat the stainless-steel fibers (5 – 9 wt.%). Thin-film composite membranes were prepared from 94 

the PIM-6FDA-OH solution by vertically dip-coating the fibers at a rate of 4 cm/min. To obtain carbon molecular 95 

sieve (CMS) thin-film composite membranes the pyrolysis was performed under inert N2 flow in a Carbolite cube 96 

oven (Tpyr < 700 °C). For Tpyr > 700 °C a tubular oven with a quartz tube was used (Carbolite). All thermal 97 

treatments were carried out at a heating rate of 3°/min and variable soak times from 15 min to 10 h. For 98 

comparison, 100 nm and 500 nm thick Si-wafer supported films were subjected to identical treatment as the CMS 99 

composite membranes. 100 

2.2. Sample characterization 101 

The porosity of the sintered tubular support membranes was measured by a mercury porosimeter (AutoPore V, 102 

Micrometrics, USA). Samples were cut into approximately 2 cm long pieces and inserted into the porosimeter for 103 

measurement. The average pore size was determined to be approximately 1.4 µm with average porosity of 60%. 104 

An example of the pore size distribution of the uncoated supports is provided in the Supporting Information. 105 

Scanning electron microscopy images of the top surfaces and cross-sections of the tubular membrane samples 106 

were recorded using Magellan 400, FEI, USA. All samples were coated with ~5 nm thick Ir layer before imaging. 107 

Raman spectra for the 100 nm Si wafer-supported films were recorded using a Witec Apyron R device by 108 

illuminating the top film surface with a 532 nm laser at 1 mW power. The spectra were then analyzed with Origin 109 

2017 peak finder software.  110 
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Temperature-dependent in-situ spectroscopic ellipsometry was performed using an M-2000 DI device (J. A. 111 

Woollam, USA) operating in 193 – 1690 nm wavelength range coupled with an INSTEC heating stage, which 112 

allowed thermal scanning from room temperature up to 560 °C under N2 inert gas flow. Data analysis was 113 

performed using CompleteEASE 6.51 software package. The offset between the set point temperature of the 114 

INSTEC heating stage and the actual temperature was corrected for by employing a previously described 115 

calibration curves based on changes in optical properties at melting points of several well-known metal 116 

standards29. This procedure was adapted from a standard temperature calibration method used in differential 117 

scanning calorimetry and assured accurate knowledge of the temperature at the surface of the analyzed thin film. 118 

To extract the accurate film thickness and refractive index during the dynamic thermal scans a Cauchy-type of 119 

dielectric function parametrization in the mostly transparent 600 – 1700 nm range was used while accounting for 120 

the developing light absorption in the UV region (k Amplitude). To obtain the extinction coefficient during the 121 

thermal rearrangement and initial phases of pyrolysis in the mostly absorbing wavelength range of 200 – 1000 122 

nm the dielectric function was extracted using a Kramers-Kronig consistent B-Spline optical model30 (node 123 

resolution 0.3 eV, forcing ε2 > 0, and allowing for depolarization-correction when necessary). The data for the Si 124 

wafer support was taken from a temperature dependent in-built library25. For simplification, and to limit the 125 

number of fit parameters, the films were assumed isotropic. Refractive index was given at 632.8 nm wavelength.  126 

The estimation/visualization of the density and free volume of the pristine PIM-6FDA-OH as well as its thermally 127 

rearranged polybenzoxazole (PBO) were generated using BIOVIA Materials Studio 2019 (19.1.0.2353) software 128 

package. The cubic amorphous cells were constructed using 5 chains containing 3 monomer units each. The 129 

simulated annealing protocol involved isobaric heating the structure to 2000 K temperature to simulate near-full 130 

structural equilibration using the COMPASS II non-reactive force field under 10-4 GPa (1 bar). The presented 131 

data corresponds to optimized, quenched amorphous cells at 300 K using probe radius of 1.3 Å. 132 

2.3. Permeance measurements 133 

The gas permeance was tested using a dead-end setup in which a membrane sample was sealed at one end with 134 

epoxy (Encapsulant GC Potting Epoxy kit) and fixed at the other end inside a stainless steel (Swagelok) adapter. 135 

The permeance was calculated using the following equation: 136 

(Pi/)=
273.15⋅patm

A⋅(pfeed-pperm)⋅T⋅76
∙
dV

dt
  

where 𝑝𝑎𝑡𝑚 is the atmospheric pressure (cmHg), 𝑝𝑓𝑒𝑒𝑑 and 𝑝𝑝𝑒𝑟𝑚 are the feed and permeate pressures (cmHg),  137 

respectively, 
𝑑𝑉

𝑑𝑡
 is the volumetric flow rate (cm3 s-1), 𝑇 is the measurement temperature (K), and 𝐴 is the active 138 
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surface area (cm2). Permeance (P/) is commonly expressed in GPU [1 GPU = 10-6 cm3 (STP) cm-2 s-1 cmHg-1 = 139 

3.35 x 10-10 mol m-2 s-1 Pa-1]. The pure-gas permselectivity αB
A [-] was calculated from: αB

A = (Pi/)A (Pi/)B⁄  140 

The flow rate of the permeate was measured using a bubble flow meter. 141 

 142 

3. Results and Discussion 143 

The unique character of PIM-6FDA-OH as a CMS precursor is illustrated in Figure 1. As typically observed for 144 

ortho-positioned hydroxyl-functionalized polyimides, a thermal rearrangement (TR) reaction occurs in the range 145 

of 400 – 450 °C, which is slightly below the typical pyrolysis range for PIM-PI materials (> 600 °C), and results 146 

in formation of a rigid and highly microporous polybenzoxazole (PBO) intermediate structure9, 24. The PBO 147 

originates from a solid-state reaction of the ring closure and CO2 evolution in –OH ortho-substituted imide 148 

linkages. The TR process creates additional microporosity, consistent with a decrease of mass density and increase 149 

of fractional free volume (FFV), Figure 1, and usually leads to several-fold increases in gas permeances as well 150 

as significant reductions in ideal selectivities24, 31. Thus for the PIM-6FDA-OH CMS precursor employed in this 151 

work there are two micropore evolution steps (thermal rearrangement and pyrolysis) as opposed to only one 152 

(pyrolysis) in more typically used CMS precursors such as cellulose acetate, polyfurfuryl alcohol, phenolic resins 153 

and most non-functionalized polyimides. Thin-film composite membranes based on microporous CMS precursors 154 

that undergo TR before transforming into carbon membranes have not been reported so far.  155 
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 156 

Figure 1. Thermal decomposition scheme of the PIM-6FDA-OH precursor with the thermal rearrangement (TR) 157 

step to form a polybenzoxazole intermediate before pyrolysis at higher temperatures.  158 
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 159 

Figure 2. (a) Normalized weight loss from thermogravimetric analysis (TGA) of a thick (~80 µm) PIM-6FDA-160 

OH film compared with thermal ellipsometry-derived normalized thickness for 100 nm and 500 nm films; for the 161 

thin films the normalization thickness was taken at 350 °C (b) refractive index evolution for the 100 nm and 500 162 

nm films as a function of temperature (c) ellipsometry-derived extinction coefficient changes as a function of 163 

treatment temperature for the 100 nm supported PIM-6FDA-OH film (d) extinction coefficients at 320 and 400 164 

nm wavelengths, corresponding to the thermal rearrangement and main chain degradation reactions, respectively, 165 

plotted as a function of treatment temperature.  166 

 167 

Figure 2a compares the normalized weight loss from TGA of a thick (~ 80 µm) PIM-6FDA-OH (from ref. 24) 168 

with the thermal ellipsometry-derived thickness changes of 100 nm and 500 nm Si-wafer-supported films as a 169 

function of treatment temperature. While the overall shapes of the thermal degradation curves are very close it is 170 

interesting to note that at the end of stage 1 (thermal rearrangement reaction, 450 °C) the thin films maintain well 171 

over 90% of their original thickness (even considering the film thermal expansion during the thermal scan). In 172 

contrast, the weight of the thick film falls below 90% at the same temperature. This suggests that during the 173 
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thermal scan volume (thickness) reduction slightly lags behind weight loss and indicates creation of additional 174 

free volume as the PIM-PI precursor is transformed into the TR intermediate product. This is in excellent 175 

agreement with the previous thick-film data where the BET surface area was reported to rise from 388 m2/g to 176 

448 m2/g for the pristine sample to the 440 °C-treated sample, respectively24. In contrast to Stage 1, in Stage 2 177 

where the main chain degradation and removal of –CH2, -CH3, and –CF3 groups occurs, the thickness loss of the 178 

100 nm film seemed to accelerate reaching about 64 % of the original thickness. In contrast to the 100 nm film, 179 

the 500 nm film degraded much more slowly in this region ending up with about 80% of its original thickness at 180 

~560 °C. Concurrently, the higher refractive index of the 100 nm film vs the 500 nm counterpart, Figure 2b, 181 

suggested that the structure of the thinner film is much denser. These results clearly indicate a very strong 182 

thickness dependence of the film collapse with rapid acceleration going from about 500 nm to 100 nm thick films. 183 

It is also plausible to suspect that even thicker films, in the range of several µm, would continue this trend and 184 

collapse even less than the 500 nm films.  185 

We believe that the remarkably fast pyrolysis-induced thickness reduction of the 100 nm film is further evidence 186 

of a rapid, undesirable collapse of the free volume that is accelerated in ultra-thin, submicron microporous films 187 

and manifests itself as severe losses in membrane permeance and sorption capacity10, 25, 26. Unfortunately, because 188 

of the limitations of the maximum temperature of the employed thermal ellipsometry setup (~560 °C), we could 189 

not observe the pyrolysis in the thin PIM-6FDA-OH films directly. To circumvent this issue, some 100 nm and 190 

500 nm supported films were thermally treated in a cube oven simultaneously with the SS tubular membrane 191 

samples employing short (15 min) and long duration (10 h) pyrolysis soak treatment protocols. These 192 

experiments, represented by star symbols in Figure 2a, suggested that extending thermal treatment at 615 °C in 193 

the cube oven from 15 min to 10 h resulted in a further thickness collapse from 61.3 to 54.0% and 68.6  to 60.9% 194 

for the 100 nm and 500 nm films, respectively. Concurrently, the refractive indices increased from 2.06 to 2.16 195 

(100 nm film) and 1.98 to 2.05 (500 nm film), respectively, further suggesting a major densification by prolonged 196 

thermal treatment.  197 

Ellipsometry data presented in Figure 2c and d indicate that, as anticipated from the distinct steps in the thermal 198 

evolution of weight and thickness (Figure 2a), for the selected PIM-6FDA-OH precursor the thermal 199 

rearrangement and main chain degradation processes are fairly well-separated. This feature seems rather unique 200 

for PIM-6FDA-OH in contrast to other TR gas separation materials32-34. As seen from Figure 2c, the TR process 201 

seems to be associated with a distinct light absorption band at 320 nm (characteristic to the emergence of the 202 

protonated PBO group35, 36) which grows rapidly starting from 400 up to 450 °C. In turn at approximately 450 203 

°C, the main chain degradation sets in which, in contrast to the TR peak, results in development of a broad range 204 

light absorption. The less defined chemical changes during the main degradation are likely associated with a 205 

rather chemically heterogeneous increase in conjugation and aromatization of the structure37. To track this process 206 
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400 nm wavelength was chosen arbitrarily and is depicted in Figure 2d together with the TR 320 nm band. The 207 

results shown in Figure 2 reflect a unique advantage of applying ellipsometry to directly track the thermally-208 

driven development of ultra-thin selective layers of high-performance membranes. The potential benefits of such 209 

in-situ observation could be the precise identification of the thin-film membrane treatment temperature for gas 210 

separation properties optimization, for instance, to balance the TR- and pyrolysis-derived structural components. 211 

 212 

Figure 3. Raman spectra for thick free standing PIM-6FDA-OH membranes (left, from ref24, reproduced with 213 

permission) and 100 nm supported films (right). 214 

 215 

Raman spectra, presented in Figure 3, reveal a striking insight into the difference in the thermal development of 216 

thick and ultra-thin membranes. The D and G peaks start to form in thick PIM-6FDA-OH films at 600 °C and are 217 

both characteristic to a well-developed turbostratic, molecularly-sieving carbon structure38. For 80-100 µm 218 

membranes the G/D peak height ratios decrease from 1.30 at 600 °C to 1.06 at 800 °C as the turbostratic CMS 219 

structure evolves. Interestingly, in 100 nm supported films a very comparable change of the G/D peak height 220 

ratios from 1.38 to 1.13 occurs merely by prolonged isothermal exposure at 615 °C from 15 min to 10 h. This 221 

finding is in excellent agreement with our earlier reports suggesting that the pyrolysis process seems greatly 222 

accelerated in ultra-thin selective layers10, 26. The results suggest that by thermally treating ultra-thin films long 223 

enough it is possible to obtain similar CMS structures (at least as estimated from Raman spectra) to thick 224 

membranes treated at >200 °C higher pyrolysis temperatures. Similar behavior was also found for thermally-225 

rearranged 6FDA-HAB  polymer membranes where thinner films reached larger conversions than their thick 226 

counterparts39, 40. Such findings are very valuable for the understanding and design of optimal thin microporous 227 

membranes based on CMS, TR and even thermally processed (e.g. to accelerate / stabilize physical aging) PIMs. 228 

In some cases, the accelerated pyrolysis and collapse may even cause a very dense “hyperskin” development and 229 
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lead to significant losses in gas permeance41. Based on these findings, and our previous work26, we decided that 230 

pursuing ultra-thin selective CMS layers is likely counterproductive to obtaining high permeance thin-film 231 

composite membranes. Instead, we intentionally focused on at least an order of magnitude thicker layers, in the 232 

range of several micrometers, which would exhibit less extensive collapse10.  233 

 234 

 235 

Figure 4. Fabrication scheme of PIM-6FDA-OH-based tubular CMS membranes.  236 

A fabrication scheme of optimized PIM-6FDA-OH-based tubular CMS membranes is shown in Figure 4. The 237 

SS substrates possessed an average porosity of 60% with an average pore size in the range of 1.2 – 1.5 µm. The 238 

optimization procedure involved fine-tuning of the polymer solution concentration as well as an introduction of 239 

a multi-step coating/pyrolysis protocol. In this protocol the first coating/pyrolysis step introduced an interlayer 240 

surface structure which prepared the outer stainless steel tube surface for the subsequent creation of the selective 241 

layer. A PDMS coating, applied after the deposition of the final selective layer and module fabrication, assured 242 

adequate coverage of the inevitable non-selective microdefects and improved fabrication reproducibility of 243 

defect-free modules beyond 95% of samples. The significance of the interlayer is well reflected in Figure 5a, b 244 

and c, where the majority of the several-micron-sized outer support pores could be covered in preparation for the 245 

smooth selective skin deposited in the subsequent step (Figure 5d). We found that reduction of the coating 246 

solution concentration below 5 wt. % prevented formation of a defect-free skin even in the presence of an identical 247 

interlayer.  248 
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 249 

 250 

Figure 5. (a, b, c) SEM images of the outer surface (a, b) and cross-section (c) of the prepared tubular CMS 251 

membranes (d) optical images of the coated fibers and prepared gas separation modules. 252 

 253 

Table 1 compares the gas separation performance of thick PIM-6FDA-OH membranes (80 – 100 µm)24, 254 

expressed as permeability (Barrer = 10-10 cm3(STP) cm cm-2s-1cmHg-1), with the gas separation performance of 255 

thin-film composite unpyrolyzed membranes (precursor selective layer ~ 5 µm, which results in ~ 3 µm CMS 256 

based on Figure 1a), expressed as gas permeance (GPU). For the selective layer of = 5 µm we calculated the 257 

theoretical permeance of the composite membranes assuming material properties identical to thick films. This 258 

theoretical data as well as a ratio of theoretical and experimental data are also shown in Table 1. The data reveal 259 

a strong deviation of thin-film composite membrane properties from those extrapolated from the thick isotropic 260 

membrane. Similarly to findings of Sanyal et al.41, the herein fabricated thin-film composite membranes are 261 

slower than what would be expected based on the materials properties measured in thick films. While the effect 262 

is moderate for the smallest analyzed gas, H2 (theor. 51.8 GPU vs exp. 42.5 GPU), the magnitude of this deviation 263 

seems to grow in accordance with the size of the permeating molecules, in agreement with data reported by Xu 264 

et al.42. For CO2, O2 and N2, the composite membrane is roughly two times slower than expected, and for the 265 

largest molecule, CH4, the deviation is 4.5-fold. This trend results in a strong enhancement of the ideal gas-pair 266 

selectivities which are all significantly larger, and more molecularly sieving in character, than observed for thick 267 
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PIM-6FDA-OH films. For instance, the prepared membrane has more than 3 times higher H2/CH4 selectivity 268 

compared to what would be expected based on thick film data. Based on these results, it could be postulated that 269 

the microporosity of the thin-film PIM-PI precursor seems to, at least to some extent, collapse and tighten to favor 270 

more efficient penetrant size-exclusion. Such a microporosity collapse is in a general agreement with our previous 271 

sorption results for thin films of other microporous polymers (PIM-1 and PTMSP) as well as CMS films25, 27. 272 

Table 1. A comparison between the gas separation properties of thick PIM-6FDA-OH films and thin-film 273 

composite precursor (unpyrolyzed) membranes. Note: the thick film data are based on low temperature 274 

drying at 120 °C. We also show PIM-6FDA-OH data after higher temperature treatment to remove all 275 

solvent residues.  276 

 277 
Thick precursor membranes (80 – 100 µm), freshly prepared samples, data from ref24 

PIM-6FDA-OH 
Permeability [Barrer] Ideal selectivity [-] 

H2 N2 O2 CH4 CO2 O2/N2 CO2/N2 CO2/CH4 H2/N2 H2/CH4 H2/CO2 N2/CH4 

Thick film 

120 °C drying 
259 11 45 9 251 4.1 22.8 27.9 23.5 28.8 1.03 1.2 

Thick film 

250 °C drying 
181 5.5 23.8 3.4 119 4.3 21.6 35 32.9 53.2 1.5 1.6 

Thin-film composite precursor membranes with sub-5 µm selective layers, freshly prepared samples (Day 1) 

PIM-6FDA-OH 
Permeance [GPU] Ideal selectivity [-] 

H2 N2 O2 CH4 CO2 O2/N2 CO2/N2 CO2/CH4 H2/N2 H2/CH4 H2/CO2 N2/CH4 

Experimental  
1 layer 

with PDMS 
42.5 0.9 4.5 0.4 25.8 5.0 28.7 64.5 47.2 106.3 1.65 2.3 

Theoretical 
assuming 5 

µm selective 

layer and 120 

°C treatment 

51.8 2.2 9 1.8 50.2 4.1 22.8 27.9 23.5 28.8 1.03 1.2 

Theoretical / 

Experimental 
1.2 2.4 2.0 4.5 1.9 0.82 0.79 0.43 0.50 0.27 0.62 0.53 

 278 

The thermal rearrangement and subsequent pyrolysis have a very significant impact on the gas separation 279 

properties of PIM-6FDA-OH24, Table 2. As the treatment temperature increases, the precursor develops more 280 

microporosity and its ideal selectivity generally reduces when the TR process is completed. Upon further heating 281 

into the transition carbon range (530 – 600 °C) the bimodal ultramicroporous (< 7 Å) / microporous (7 – 20 Å) 282 

pore size distribution starts to develop and both permeabilities and selectivities increase. Above 600 °C the 283 

ultramicropores become more defined while larger micropores partially collapse and, as a result, a sharp increase 284 

in selectivities is seen concurrently with a reduction of permeability. This distinct behavior is well visualized as 285 

a U-shaped trajectory on the selectivity – permeability plots24 and presents a unique opportunity to fine-tune the 286 

separation properties in a relatively broad range simply by changing treatment temperature to favor permeability 287 

or selectivity, depending on the target requirements. These thermally-tunable gas separation properties together 288 
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with its solution processability make PIM-6FDA-OH-based TR or CMS membranes very attractive for potential 289 

scale up.  290 

When transformed into CMS thin-film composite membranes using porous stainless-steel tubular supports, Table 291 

2, the gas separation properties of freshly made samples remained very attractive. Most samples pyrolyzed at 615 292 

°C for 15 min were characterized by similar selectivities to thick CMS films made at 600 °C for 30 min while 293 

maintaining very high gas permeances (e.g. in excess of 1000 GPU for CO2 in most cases). We found that the 294 

best balance between gas separation properties and fabrication reliability/defectiveness was presented by 295 

membranes made using 9% wt. PIM-6FDA-OH solution in THF with a structure composed of an interlayer and 296 

a single selective layer. Interestingly, multiple coating/pyrolysis cycles after the creation of the first selective 297 

layer did not result in improved selectivities and tended to only decrease achievable permeances by increasing 298 

the thickness of the selective layer. The achievement of the best separation properties for membranes possessing 299 

only a single selective layer is important from a practical standpoint as it would limit the fabrication complexity 300 

and scale-up of the composite membranes.  301 

  302 
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Table 2. Gas separation data of the thermally-rearranged and pyrolyzed thick PIM-6FDA-OH films24 303 

compared with thin-film composite CMS membranes prepared in this work. 304 

 305 
Thick precursor, TR and CMS membranes (80 – 100 µm), freshly prepared samples, data from ref24 

 
Permeability [Barrer] Ideal selectivity [-] 

H2 N2 O2 CH4 CO2 O2/N2 CO2/N2 CO2/CH4 H2/N2 H2/CH4 H2/CO2 N2/CH4 

PIM-

6FDA-OH 

thick film 
259 11 45 9 251 4.1 22.8 27.9 23.5 28.8 1.03 1.22 

440 °C 

(120 min) 
578 43 150 50 683 3.5 15.9 13.7 13.4 11.6 0.85 0.86 

530 °C (30 

min) 
2860 223 864 209 4110 3.9 18.4 19.7 12.8 13.7 0.70 1.07 

600 °C (30 

min) 
5248 185 1071 132 5040 5.8 27.2 38.2 28.4 39.8 1.04 1.40 

630 °C (30 

min) 
4693 123 839 58 2871 6.8 23.3 49.5 38.2 80.9 1.63 2.12 

800 °C (30 

min) 
2177 17 149 6 556 8.8 32.7 92.7 128.1 362.8 3.92 2.83 

CMS membranes with sub-5 µm selective layers, freshly prepared samples (Day 1), average of two samples 

615 °C 

(15 min) 

Permeance [GPU] Ideal selectivity [-] 

H2 N2 O2 CH4 CO2 O2/N2 CO2/N2 CO2/CH4 H2/N2 H2/CH4 H2/CO2 N2/CH4 
5 wt. % 1 

layer 
921 47 220 73 1372 4.6 28.9 18.9 19.4 12.7 0.67 0.65 

7.5 wt. %  

1 layer 
897 32 170 41 1151 5.3 35.9 28.4 28.0 22.1 0.78 0.79 

9 wt. % 1 

layer 
950 36 202 47 1409 5.7 39.5 30.1 26.6 20.3 0.67 0.76 

9 wt. % 2 

layers 
904 56 246 70 1147 4.4 20.6 16.4 16.3 13.0 0.79 0.80 

9 wt. % 3 

layers 
608 27 140 30 692 5.2 25.6 23.0 22.5 20.2 0.88 0.90 

 306 

Unexpectedly, the pyrolysis temperatures higher than 615 °C increased the failure rate of the thin-film composite 307 

CMS membranes beyond the repair capabilities of the final PDMS protective coating. We speculate, that this 308 

effect was related with the inability of the thin films to accommodate pyrolysis-induced stress and/or thermal 309 

expansion mismatch between the selective layer and the support that ultimately leads to large scale cracks and 310 

even partial delamination. As a result, in an effort to tune the separation properties we focused on the impact of 311 

increasing the soak time at the final pyrolysis set point of 615 °C up to 10 h, Table 3. In agreement with data for 312 

the 100 nm supported films shown in Figure 2a, the prolonged thermal treatment led to a significant densification 313 

of the structure and reduction of permeances of all gases. Interestingly, extending the soak time for the CMS 314 

membranes had a similar impact on their gas separation properties as the earlier discussed transformation of thick 315 

film precursors into thin- film composite membranes, Table 1. The permeances reduced several fold, while 316 

selectivities increased and showed a more size-sieving character. The magnitude of permeance reduction by 317 

extending the soak time grew strongly with increasing size of the permeating molecule. This effect reveals a 318 
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profound fundamental similarity in the way the intrinsic microporosity collapses as a result of prolonged 319 

annealing and mere thickness reduction. This is again in line with our previous findings for PIMs and thin CMS 320 

films25, 27. While the permeances decreased several fold between 15 min and 10 h soak times, the ideal selectivities 321 

increased only to a moderate extent and it seems that the shortest soak time of 15 min presented the best 322 

combination of overall gas separation properties.  323 

Table 3. Effect of increasing the soak time at the final pyrolysis temperature of 615 °C for the CMS thin-324 

film composite membranes based on PIM-6FDA-OH. 325 
CMS membranes with sub-5 µm selective layers, freshly prepared samples (Day 1), average of two samples 

CMS 615 °C 
Permeance [GPU] Ideal selectivity [-] 

H2 N2 O2 CH4 CO2 O2/N2 CO2/N2 CO2/CH4 H2/N2 H2/CH4 H2/CO2 N2/CH4 

9 wt. %  

1 layer 

(15 min) 
950 36 202 47 1409 5.7 39.5 30.1 26.6 20.3 0.67 0.76 

9 wt. %  

1 layer 

(1 h) 
503 30 135 43 1669 4.6 56.3 38.6 17.0 11.6 0.30 0.69 

9 wt. %  

1 layer 

(3 h) 
543 21 105 25 846 5.1 41.1 33.5 26.4 21.5 0.64 0.81 

9 wt. %  

1 layer 

(10 h) 
420 10 60 10 470 5.8 45.7 47.5 40.8 42.4 0.89 1.04 

9 wt. %  

1 layer 

(10 h) 

Aged 90 days 

482 5 40.5 5 220 7.5 41.0 43.0 90.0 93.9 2.19 1.05 

 326 
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 327 

Figure 6. Physical aging impact on ideal gas separation properties of thin-film CMS composite membranes made 328 

using 9 wt. % PIM-6FDA-OH precursor and soak times of 15 min and 10 h over a period of ~3 months.  329 

 330 

For practical applications it is necessary to evaluate the long-term evolution of the gas separation properties 331 

especially in amorphous membrane materials which may undergo progressive collapse of the available 332 

microporosity over time, i.e. physical aging. Such data is, however, rarely provided in the literature for thin-film 333 

composite membranes especially for aging periods beyond several days. Figure 6 shows the pure gas permeances 334 

and ideal selectivities of our thin-film composite CMS membranes made using 15 min and 10 h soak times for a 335 

period of ~3 months. Both membranes experienced a reduction in permeance over several months and the process 336 

seemed likely to continue beyond the studied period albeit with signs of reduced rate of change. Over the entire 337 

aging period, the CMS membranes pyrolyzed for 15 min remained significantly faster than those pyrolyzed for 338 

10 h. Interestingly, for both types of membranes, H2 showed a rather stable permeance over time while other 339 

gases slowed down significantly. This peculiar behavior of H2 may suggest that relatively little aging occurred 340 
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within the smallest ultramicropores which are typically formed by parallel slits within the carbon strands. These 341 

fragments of the CMS structure may already be close to their local equilibrium (in the absence of further thermal 342 

treatment) and we speculate that aging may not affect them significantly. On the other hand, the larger micropores 343 

formed by the voids in-between the carbon strands may exhibit physical aging in a similar way as found in typical 344 

glassy polymers42. As a result, permeances of gases larger than H2 showed significant declines over time.  345 

Table 4 lists aging rates, β, extracted from the permeance change over time. As anticipated, the samples pyrolyzed 346 

for 15 min aged faster than those pyrolyzed for 10 h because in the latter case the structure had already been pre-347 

densified as a result of thermal treatment and less residual free volume was able to collapse with aging. However, 348 

the difference in the aging rate was rather small (up to 30%) and, as a result, even after 90 days of aging the 349 

samples pyrolyzed for 15 min remained significantly faster than even fresh membranes pyrolyzed for 10 h. For 350 

example, the samples pyrolyzed for 15 min maintained over 600 GPU for CO2 with CO2/CH4 of 38 after 90 days 351 

of aging, whereas the samples pyrolyzed for 10 h started with 470 GPU and CO2/CH4 selectivity of 47.5 on day 352 

1. This is an important observation from a practical standpoint especially because the ideal selectivities for such 353 

important gas pairs as O2/N2 or CO2/CH4 were not too different after 90 days of aging (in the range of 6.8 – 7.5, 354 

and 38.4 – 43.0, respectively). For the H2/N2 and H2/CH4 gas pairs, however, the membranes pyrolyzed for 10 h 355 

turned out to be significantly more selective after aging than those pyrolyzed for only 15 min. For instance, after 356 

90 days of aging the 10 h sample reached H2/N2 and H2/CH4 selectivities of over 90 with very attractive H2 357 

permeance of nearly 500 GPU. This effect originated from the large reduction of permeances for larger gases with 358 

progressive aging.  359 

If the aging rates presented in Table 4 remained constant beyond the 90 days available data, after 1 year the 360 

membranes made with 15 min soak times would retain over 340 GPU, while those made with 10 h soak time 361 

would show 140 GPU for CO2. Hypothetical crossover point where the 15 min membranes would become as fast 362 

as the 10 h membranes would only occur after approximately 5 years of aging. This would correspond to still 363 

relatively attractive 60 GPU for CO2, however, we do note here the speculative character of such extended 364 

extrapolation.      365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

  374 
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Table 4. Physical aging rates obtained from logarithmic fits of each of the datasets shown in Figure 6 to the 375 

equation P = β ∙ ln(t)+P0, where P is permeance normalized to its value at day 1, β is the aging rate, t is time 376 

in days, P0 is permeance at day 0 (offset). R2 of the fits are given as well. H2 data could not be fit reliably 377 

with logarithmic decay functions because it showed hardly any decline with aging time.  378 

 379 
9 wt. %, 1 CMS 

layer, 15 min 

pyrolysis time 

β (1/ln(day)) R2 of the fit 

9 wt. %, 1 CMS 

layer, 10 h 

pyrolysis time 

β (1/ln(day)) R2 of the fit 

O2 -0.099 0.9916 O2 -0.069 0.9225 

N2 -0.124 0.9548 N2 -0.110 0.9923 

CO2 -0.127 0.9976 CO2 -0.112 0.9592 

CH4 -0.153 0.9631 CH4 -0.109 0.9339 

 380 

It is important to note, that for both datasets shown in Figure 6, the physical aging impact in  ~3 µm supported 381 

CMS membranes was far smaller than in the case of membranes possessing sub-100 nm selective layers derived 382 

also from a PIM-PI precursor reported in our earlier study26. Moreover, the thicker selective layers maintained 2-383 

3 orders of magnitude higher permeances than the ultra-thin ones. This is a clear indication that excessive 384 

reductions of selective layers in thin-film composite membranes based on microporous materials are not necessary 385 

and, in fact, may be strongly detrimental.  386 

The physical aging trajectories of the CMS thin-film composite membranes presented in this work can be 387 

compared with trade-off lines obtained from the work of Robeson43 adapted to represent a theoretical permeance 388 

of 3 µm thick polymer membranes, Figure 7. Clearly, our CMS membranes exhibit superior gas separation 389 

properties than what would be expected from an extrapolation from the properties of thick polymer materials. 390 

This seems to hold even after 90 days of aging and, based on the presented data, our membranes would likely 391 

retain their favorable gas separation properties much beyond the studied 90 day aging time scale.  392 



21 

 

 393 

Figure 7. Physical aging trajectories (day 1 to day 90) of the herein presented CMS thin-film composite 394 

membranes fabricated with 15 min and 10 h soak times for (a) O2/N2 and (b) CO2/CH4 separations; Black stars 395 

indicate relevant examples from patent literature for membranes based on polymers: PPO44, 45, CTA46, PC47, PI48-396 
50 397 

Preliminary data of mixed-gas testing using a 50:50 molar mixture of CO2/CH4 at 9 bar absolute feed pressure 398 

the freshly made thin-film CMS membranes made using a 9 wt.% coating solution (single selective layer, soak 399 

temperature of 615 °C for 15 min) revealed a moderate reduction of selectivity from ideal, pure-gas of value of 400 

30 to about 25 while maintaining over 500 GPU for CO2. These preliminary results suggest a good stability 401 

against mixture effects and will be studied in detail in follow up work.  402 

Finally, Table 5 shows a comparison of herein fabricated PIM-6FDA-OH-derived CMS membranes with CMS 403 

thin-film composite membranes exhibiting some of the best balances between permeances and selectivities that 404 

were recently reported. For the sake of comparison we only focused on composite membrane structures and 405 

excluded CMS membranes made by a fundamentally different approach involving pyrolysis of asymmetric 406 

polymer precursor hollow fibers. As evident from the data comparison, our membranes showed comparable gas 407 

separation properties especially for air and CO2-involving separations. H2/N2 and H2/CH4 selectivities were, 408 

however, somewhat in the lower yet still commercially attractive range. Moreover, our membranes retained their 409 

attractive separation properties after 90 days of physical aging. 410 

  411 
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Table 5. Comparison of PIM-6FDA-OH-derived CMS membranes (615 °C, 15 min and 10 h soak times, 412 

day 1 and day 90) with some of the best data presented in the literature for thin-film composite CMS 413 

membranes. Literature data likely represent properties of freshly made membranes. 414 

 415 

 
Permeance [GPU] Ideal selectivity [-] 

H2 N2 O2 CH4 CO2 O2/N2 CO2/N2 CO2/CH4 H2/N2 H2/CH4 H2/CO2 N2/CH4 

9 wt. %  

1 layer 

15 min 

(day 1) 

950 36 202 47 1409 5.7 39.5 30.1 26.6 20.3 0.67 0.76 

9 wt. %  

1 layer 

15 min 

(aged 90 

days) 

911 16.6 113 16.0 616 6.8 37.0 38.4 54.8 56.8 1.48 1.04 

9 wt. %  

1 layer 

10 h 

(day 1) 

420 10 60 10 470 5.8 45.7 47.5 40.8 42.4 0.89 1.04 

9 wt. %  

1 layer 

10 h 

(aged 90 

days) 

482 5 40.5 5 220 7.5 41.0 43.0 90.0 93.9 2.19 1.05 

Literature data 

Poly(imide 

siloxane) 

derived51 

2520 13.8 119 - 505 9 37 - 182 - - - 

Phenolic 

resin-

derived20 

1950 47 240 30 800 5.1 17 27 41.5 65 2.44 1.57 

Phenolic 

resin-

derived20 

400 2.5 30 1.7 120 8.1 48 77 160 235 3.33 1.47 

PI-derived 

with PPO 

overcoat52 

290 1.7 - 1.7 264 - 157 157 171 171 1.10 1.00 

PEI-

derived 

with PPO 

overcoat52 

162 1.2 - 1.2 103 - 86 86 136 136 1.57 1.00 

 416 

  417 
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4. Conclusions 418 

In this work, we investigated the preparation of thin-film composite carbon molecular sieve (CMS) membranes 419 

based on a polyimide of intrinsic microporosity (PIM-PI) precursor.  Next to its unique inherently microporous 420 

character, the chosen CMS precursor (PIM-6FDA-OH) underwent a thermal rearrangement (TR) solid-state 421 

reaction which enabled an additional mechanism of microporosity evolution besides pyrolysis. Using in-situ 422 

thermal spectroscopic ellipsometry we have shown the dramatic acceleration of microporosity collapse in ~100 423 

nm films as a result of pyrolysis. In contrast, films only several times thicker (500 nm) collapsed to a much smaller 424 

extent retaining over 80% of their original thickness vs. only 64% in the 100 nm films. Raman spectroscopy 425 

indicated that similar pyrolysis-induced structural developments occurred in 100 nm supported films by extending 426 

the soak time from 15 min to 10 h at 615 °C to those in thick 80-100 µm films by increasing pyrolysis temperature 427 

from 600 to 800 °C. This effect revealed profound fundamental differences in the pyrolysis process of ultra-thin 428 

and thick films. These findings, together with our previous studies, pointed to significant drawbacks in excessive 429 

minimization of the selective layer thickness in microporous amorphous materials such as PIMs or CMS. 430 

To avoid these unwanted effects and simultaneously limit the probability of non-selective defects we have 431 

prepared thin-film composite CMS membranes with thicker, ~3 µm, selective layers. The optimized membranes 432 

prepared by sequential coating-pyrolysis cycles with a final PDMS protective layer showed excellent permeances 433 

for several important gas pairs combined with moderate to high pure gas selectivities. For example, freshly made 434 

PIM-PI-based CMS membranes exhibited CO2 and H2 permeances of about 1000 GPU with CO2/CH4, CO2/N2, 435 

and O2/N2 selectivities of 30.1, 39.5, and 5.7 respectively. After 90 days of physical aging the selectivities 436 

increased to 43.0, 41.0, and 7.5, respectively, while maintaining favorable CO2 and H2 permeances of 220 and 437 

482 GPU, respectively. For CMS membranes with ~3 µm selective layers, extending the pyrolysis soak time from 438 

15 min to 10 h resulted in significant reductions of pure gas permeances together with slight increases in 439 

selectivities. Interestingly, after 90 days of aging the membranes pyrolyzed for 15 min maintained significantly 440 

higher permeances than freshly made membranes pyrolyzed for 10 h, while maintaining similar selectivities. This 441 

finding suggests that for our PIM-6FDA-OH CMS precursor shorter pyrolysis durations were favorable for the 442 

long term operation of the membranes. Our work indicates that intrinsically microporous polyimide precursors to 443 

CMS membranes present a significant potential for technological scale up. Future work will focus on investigating 444 

the stability and performance of those membranes under realistic mixture conditions for applications in natural 445 

gas purification and olefin/paraffin separations.  446 
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