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Abstract
An intrinsically microporous polymer with hydroxyl functionalities, PIM-6FDA-OH, was used
as a precursor for various types of carbon molecular sieve (CMS) membranes for ethylene/ethane
separation. The pristine polyimide films were heated under controlled N2 atmosphere at different
stages from 500 to 800 °C. All CMS samples carbonized above 600 °C surpassed the polymeric
ethylene/ethane upper bound. Pure-gas selectivity reached 17.5 for the CMS carbonized at 800
°C with an ethylene permeability of about 10 Barrer at 2 bar and 35 °C, becoming the most
selective CMS for ethylene/ethane separation reported to date. As expected, gravimetric sorption
experiments showed that all CMS membranes had ethylene/ethane solubility selectivities close to
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one. The permselectivity increased with increasing pyrolysis temperature due to densification of
the micropores in the CMS membranes, leading to enhanced diffusivity selectivity. Mixed-gas
tests with a binary 50:50 v/v ethylene/ethane feed showed a decrease in selectivity from 14 to 8.3
as the total feed pressure was increased from 4 to 20 bar. The selectivity drop under mixed-gas
conditions was attributed to non-ideal effects: (i) Competitive sorption that reduced the
permeability of ethylene and (ii) dilation of the CMS that resulted in an increase in the ethane
permeability.
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1. Introduction
The worldwide ethylene production by steam cracking was 141 million tons in 2011 which is
higher than that of any other organic compound [1]. The ethylene-rich stream exiting the cracker
must be separated from other organic compounds such as ethane. The ethylene/ethane separation
step is extremely challenging due to the similarities in size of the molecules (Lennard-Jones
diameter: 4.23 Å for ethylene and 4.42 Å for ethane [2] and condensability (critical temperature:
9.2 °C for ethylene and 32.3 °C for ethane). In current practice this separation is accomplished
by highly energy-intensive cryogenic distillation. Membranes separate mixtures without
requiring a phase change [3], so incorporating a membrane into the cryogenic process can
potentially reduce its energy consumption, provided that a suitable membrane material can be
developed. Recent process modeling indicated that coupling the ethylene/ethane distillation
column with a membrane process to debottleneck the operation could potentially save energy [46]. However, the advantages of using a hybrid system will only outweigh the cost of
implementation if a membrane material exhibits high ethylene/ethane selectivity (15-20) and
withstands realistic process conditions [7].
2

Currently available commercial membrane materials used for gas separation mainly comprise
low-free-volume, solution-processable, glassy polymers, which exhibit an inverse relationship
between permeability and selectivity [8, 9]. In 2013, Rungta and Koros reported the polymer
upper bound for the ethylene/ethane system [10] based on pure-gas permeation properties, with
6FDA-NDA copolymers providing the highest combination of permeability and selectivity [11,
12]. To date, the best performing polymers offer pure-gas ethylene/ethane selectivities of < 7,
even at low pressures. Under high feed pressure mixed-gas conditions (i.e. high hydrocarbon
activities) penetrant-induced plasticization typically causes even lower selectivity [13].

Recent research efforts have been devoted to the study of polymers of intrinsic microporosity
(PIMs) for various gas separation applications [14-20]. PIMs possess high BET surface area (up
to 1000 m2/g) with pores of less than 2 nm. Remarkably, PIM polymers have a large free volume
fraction of finer pores < 7 Å (i.e. ultra-micropores), which may discriminate between gases with
small differences in molecular dimensions and some types have significantly surpassed
previously reported 2008 polymeric upper bound performance for air and hydrogen separation
[21]. So far, pure-gas ethylene/ethane separation performance of PIM-materials has only been
reported for PIM-1 [22], which offered poor separation due to its very broad pore size
distribution (PSD). Tailoring microporosity is essential to developing advanced materials for
ethylene/ethane separation.

In general, polymers can gain microporosity if they are heated beyond their degradation
temperature. Reactions that occur when the polymer is heated depend on reaction conditions
(temperature [23], thermal-soak [24], and atmosphere composition [25, 26]), and the nature of
the precursor itself [27-29]. Pyrolysis of the polymer chains leads to the formation of carbon
molecular sieves (CMS) [30-32]. CMS membranes have narrower PSDs than polymers and,
therefore, better molecular sieving capabilities [33]. Furthermore, carbon membranes have
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shown chemical stability after long-term exposure to hydrocarbons at low pressures [34, 35],
which makes them promising candidates for olefin/paraffin separation. Thermal treatment may
lead to materials with the PSD and stability needed to meet the benchmarks for improving
ethylene/ethane separation. In fact, the ethylene/ethane transport properties of CMS materials
usually surpass the polymeric upper bound due to their high permselectivities (C2H4/C2H6 ~ 7-12)
[35-41].

Recently, a polyimide with intrinsic microporosity (PIM-PI), PIM-6FDA-OH, containing
hydroxyl functionalities in ortho position relative to the imide linkage showed enhanced interand intra-chain interactions [42]. As a result, the polymer matrix was more diffusion-selective
compared to the prototypes from the PIM-polyimide family [43]. Previous studies indicated that
CMS derived from PIM-6FDA-OH showed attractive pure-gas selectivity for CO2/CH4 and
O2/N2 separations [44]. In addition, the mixed-gas CO2/CH4 permeation properties of carbonized
samples derived from PIM-6FDA-OH were assessed while increasing the feed pressure to
realistic industrial values [45]. It was shown that the mixed-gas carbon dioxide permeability
decreased, most likely due to competitive sorption, whereas the methane permeability increased
as a result of a small CMS matrix dilation at higher feed pressures.

In this work, carbonized PIM-6FDA-OH samples were evaluated for ethylene/ethane separation.
Pure-gas ethylene and ethane permeation properties of isotropic films prepared under a range of
treatment conditions are reported. The effect of pressure on membrane performance was
evaluated for a 50:50 mixed-gas feed. These results are complemented with sorption isotherms at
35 °C where the appropriate sorption models were fitted to the data.

4

2. Experimental

2.1

Materials and characterization methods

Pristine PIM-6FDA-OH was synthesized according to our previously reported method [42]. A
thermogravimetric analyzer (TGA, Q5000 TA Instruments) was used to measure sample weight
loss as a function of pyrolysis temperature. Evolved gases were studied with a quadrupole mass
spectrometer (Hiden Analytical) coupled to the TGA with N2 as the carrier gas. Raman spectra of
the carbonized films were obtained with a Horiba LabRam HR visible microscope. The internal
structure of the samples was studied by CO2 sorption at 0 °C using a Micromeritics 2020. The
pore size distribution was calculated using the nonlocal density functional theory (NLDFT)
model assuming a carbon-slit pore geometry using the software version 4.02 provided by
Micromeritics.

2.2

Dense pristine polyimide film

Dense polyimide films were made by slowly evaporating 3% w/v polymer/THF solutions cast on
a leveled glass plate. The resulting 90 µm films (± 1 µm as measured with a digital micrometer)
were then air dried for 12 h, and conditioned at 250 °C for 24 h under vacuum to remove traces
of solvent without the need of a solvent-exchange step. TGA confirmed that the precursor
polyimide film did not contain any solvent. After heat treatment at 500 ºC, the film thickness
increased by 10±1% compared to that of pristine PIM-6FDA-OH. Further carbonization at
higher temperature did not cause significant additional variation in the thickness of the
membranes. The densities were calculated gravimetrically by measuring the weight of the
samples using a microbalance (Mettler Toledo) as well as their area with a scanner. Like all
thick, isotropic carbon membranes, the dense CMS derived from PIM-6FDA-OH were brittle;
however, the films were mechanically strong enough to withstand up to 20 bar pressure
difference during the gas permeation tests.
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2.3

Carbonization in three-zone tube furnace

Round 25 mm diameter films were placed inside a Carbolite three zone tube furnace in a quartz
tube supplied with 1000 cm3(STP)/min of N2 from a mass flow controller. The temperature was
measured with a thermocouple adjacent to the sample. The concentration of oxygen exiting the
furnace was continuously measured at all times with a Cambridge Sensotec Rapidox 3100 and
confirmed to be less than 2 ppm. The furnace temperature was ramped at 3 °C/min and then held
isothermally for 30 minutes (Fig. 1). After this isothermal stage, the furnace was allowed to cool
down to room temperature. The films were immediately tested after removal from the furnace to
prevent any significant oxygen chemisorption. These measures were used to ensure data
reproducibility.

Fig. 1. Heat-treatment procedure of PIM-6FDA-OH films in a three-zone Carbolite tube furnace.
The thermal soak time was 30 minutes for each degradation stage.
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2.4

Gas permeation measurements

Gas permeation experiments were performed at 35 °C in a constant-volume/variable-pressure
apparatus as described in detail elsewhere [46]. The films were masked with special care to
prevent damage under vacuum as previously described [47]. Samples were degassed under high
vacuum for at least 24 h to remove adsorbed gases. Pure-gas permeability was calculated
according to the following equation:

where Pi is the pure-gas permeability, Vd is the downstream volume, l is the membrane thickness,
PU is the upstream pressure, T is the temperature in absolute units, R is the gas constant, A is the
active permeation area and dpi/dt is the steady-state rise in pressure with respect to time. Puregas selectivity was calculated as the ratio of the pure-gas permeabilities:

⁄

The mixed-gas permeability was measured with a 50:50 v/v ethylene/ethane mixture by the
general technique described by O’Brien et al. [48]. The experiments were performed at 35 °C
and the total feed pressure was set at 4, 8, 12 and 20 bar, respectively; the permeate pressure was
essentially 0 bara. The stage-cut, that is, the permeate to feed flow rate, was less than 1%. Under
this condition, the feed and residue concentrations were essentially equivalent. The feed and
permeate compositions were determined with an Agilent 3000A Micro GC. Mixed-gas
permeabilities were calculated as follows:
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where Pi is the permeability of the component i, yi and xi are the molar fractions of i in the
permeate and feed, respectively. Finally, the mixed-gas selectivity was calculated by:

⁄
⁄

2.5

⁄

Gravimetric sorption

Sorption isotherms in the pressure range from 1 to 15 bar were determined at 35 °C with a Hiden
IGA apparatus. Gas sorption in organic glassy polymers can be described by the dual-mode
sorption model [49]:

where C is the total gas concentration in the glassy polymer, Kd is the Henry’s law coefficient,
CH is the Langmuir hole capacity, b is the interaction parameter, and p is the gas pressure. Gas
isotherms of carbon materials are typically expressed by the Langmuir model [50]:
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The gas solubility can be calculated for a fixed thermodynamic state as:

Then, the diffusion coefficient, D, can be estimated from the basic permeability definition as:

3. Results and discussion

3.1

Thermal-treatment of dense-PIM-6FDA-OH

3.1.1 Thermal annealing of PIM-6FDA-OH
Freshly-cast films showed an increase in bulk density from 1.22 g/cm3 for the 120 °C-dried film
reported in [42] to 1.28 g/cm3 for a 250 °C-annealed film reported in this study. This
densification due to thermal annealing decreased the permeability of H2, N2, O2, CH4 and CO2 in
PIM-6FDA-OH by about 50%, as shown in the Table 1. Annealing microporous functionalized
polyimides is known to be beneficial for their selectivity due to the formation of charge transfer
complexes (CTCs) [51, 52].
9

Table 1. Gas permeation properties of thermally annealed PIM-6FDA-OH measured at 2 bar
and 35 °C.
Drying
protocol
(°C)

Permeability (Barrer)c

αx/y (-)

H2

N2

O2

CH4 CO2 C2H4 C2H6 O2/N2

120a

259

11

45

9

251

16.6

6

250b

181

5.5

23.8

3.4

119

5.5

1.4

CO2/CH4

C2H4/ C2H6

4.2

28

2.8

4.4

35

4

a

Previous communication; the film was conditioned for 24 h at 120 °C [55]

b

This work

c

1 Barrer = 10−10 cm3 (STP) cm cm−2 s−1 cmHg−1 or 7.5 × 10−18 m3 (STP) m m−2 s−1 Pa−1

3.1.2

Carbonization of PIM-6FDA-OH

As reported previously, the onset of the decomposition temperature of PIM-6FDA-OH is ~380
°C [44]. CO2 evolution occurred mainly from 400 to 450 °C, while H2O peaked at 550 °C
confirming backbone scission reactions (Fig. S1). The carbonization of PIM-6FDA-OH was
related to the decrease in infrared-sensitivity (i.e. loss of functionalities) of the PIM-PI for
pyrolysis above 500 °C (Fig. S2). The weight loss of PIM-6FDA-OH for each heat-treatment
temperature is shown in Fig. 2(a). After 30 min thermal soak at 500 °C, PIM-6FDA OH lost
~30% of its initial (pristine) weight and the films became pitch-black. In addition, the samples
gained Raman sensitivity (Fig. S3), which proved the existence of graphene in its damaged form
[53].
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The thermal degradation of the samples can be divided into two prominent regimes: i) Pore
opening and ii) pore sintering. The former is associated with nearly 30% of the weight loss, (i.e.
for a pyrolysis temperature of 500 °C) whereas the latter showed only 15% mass loss above 600
o

C. These pore formation mechanisms can be elucidated from the XRD spectra shown in Fig.

2(b). Degradation of the pristine PI at 500 °C increased the d-spacing from 5.53 to 6.22 Å by
virtue of the formation of damaged graphene. Carbonization above 600 °C was related to internal
reconfigurations towards a more ordered molecular sieve, as demonstrated in the bimodal XRD
spectra. An increase in the intensity of the 2.05 Å (1 0 0) graphene plane peak [54] indicated an
enhancement of the ultramicroporosity in the samples. The larger d-spacing reached a minimum
of 3.75 Å for samples made at 800 °C. However, even the most carbonized samples had wide
halos in the XRD spectra, indicating a high percentage of amorphous material was still imbedded
in the final structure. The carbonization process is depicted in Fig. 3.
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Fig. 2. (a) Weight loss of PIM-6FDA-OH for each isothermal stage of degradation. Shaded
areas show the dominating porosity evolution mechanisms during heat treatment while the
dashed line was the actual soak time used in the pyrolysis protocol; (b) XRD spectra of all
samples.
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Fig. 3.

Carbonization of PIM-6FDA-OH. At 500 °C the polymer structure degrades into

turbostratic graphene layers that sinter as the pyrolysis temperature increases. Non-carbon
impurities (as significant as 10% molar [44]) are contained within the honeycomb array of the
turbostratic graphene sheets (generated in Material Studio, version 8.0).

3.2

CO2 sorption for PSD estimation

CO2 sorption can be used to probe CMS ultramicropores [55], which could potentially
discriminate ethylene from ethane. PIM-6FDA-OH derived CMS samples exhibited a larger CO2
uptake in the low-pressure range (i.e. p/po < 10-3) as the carbonization temperature increased, as
shown in Fig. 4. The carbonization of PIM-6FDA-OH at 500 °C amplified the ultramicroporous
gates that connect the initially generated microporous cavities. In addition, CO2 uptake nearly
doubled after PIM-6FDA-OH was carbonized at 500 °C, from 35 cm3(STP)/g to 60 cm3(STP)/g
at p/po of 0.028. Uptake then further increased to 80 cm3(STP)/g at 600 °C and 90 cm3(STP)/g at
800 °C, respectively.
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Fig. 4. Physisorption of CO2 at 0 °C in PIM-6FDA-OH and its heat-derived CMS membranes.
Low-pressure sorption is shown in the upper left corner of the graph.

In order to obtain the pore size distribution of the CMS membranes, the incremental surface area
was calculated using the NLDFT model assuming carbon-slit pore geometry using the software
version 4.02 provided by Micromeritics. The PSD obtained from CO2 sorption at 0 °C is shown
in Fig. 5. A bimodal ultramicropore distribution was detected in all samples. It can be seen that
there was a strong growth of the 3.6 Å pores with an increase in pyrolysis temperature. Similarly,
the fraction of larger pores from 4.5 - 6 Å increased after heat treatment of 500 °C or higher.
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Fig. 5.

PSD from the NLDFT method derived from CO2 sorption data at 0 °C for the pristine

PIM-6FDA-OH conditioned at 250 °C and its heat-derived CMS samples.

Steel and Koros proposed an idealized pore structure model that can be used to qualitatively
describe the molecular sieving mechanism in a CMS membrane [56]. PIM-6FDA-OH is a rigid
polymer with entrapped free volume (intrinsic microporosity) that remains “static” compared to
the time scale of molecular diffusion. Therefore, the Steel and Koros model may be applied to
elucidate changes on the critical dimension, dc, of the ultramicropores responsible for the
separation. The overall effect of heat-treating PIM-6FDA-OH is shown schematically in Fig. 6.
At 250 °C, PIM-6FDA-OH was thermally annealed where small micropores (indicated by a red
arrow) were frozen in the intrinsically microporous polymer structure. After heating to 500 °C,
the polymer started to form a partially carbonized structure, which resulted in pore enlargement,
and, consequently, a significant increase in ethylene permeability and loss in ethylene/ethane
selectivity (Fig. 7) was observed. Heating to 600 and 800 °C, respectively, further completed the
formation of the amorphous CMS structure, and importantly, pore densification in the carbon
matrix. Accordingly, the ethylene permeability dropped continuously due to pore sintering from
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600 to 800 °C. During this process, a finely ultramicroporous CMS structure developed, which
led to a significant increase in ethylene/ethane selectivity, as discussed below (section 3.3).

Fig. 6. Schematic pore evolution of PIM-6FDA-OH and its heat-derived CMS samples. The red
arrow represents the critical dimension dc of ultramicropores, which determines the molecular
sieving behavior of the membranes.

3.3

Ethylene/ethane pure-gas permeation properties

Ethylene/ethane pure-gas permeabilities and ideal selectivities are shown in Fig. 7. The 250 °Cannealed PIM-6FDA-OH showed modest performance with a selectivity of 4 and an ethylene
permeability of 5.5 Barrer. Heat treatment at 500 °C increased the ethylene permeability of the
CMS by a factor of 50 but selectivity decreased from 4 to 2.9. The 500 °C-treated sample was
the most ethylene permeable film tested in this work, with a value of 276 Barrer. This is most
likely due to the formation of some larger pores around 4.5 to 6 Å, as shown in Fig. 5. Heat
treatment at higher temperatures reduced permeability, as a result of the pore contraction
16

confirmed by XRD and CO2 sorption tests. From 600 to 800 °C, ethylene permeability decreased
from 66.1 to 10.4 Barrer. All samples treated at temperatures above 600 °C surpassed the
polymeric ethylene/ethane upper bound. At 800 °C a pure-gas selectivity of 17.5 was reached,
which is the highest reported value to date for CMS membranes.

Fig. 7. Pure-gas ethylene/ethane permeation properties of CMS membranes derived from PIM6FDA-OH. The polymer upper bound is represented with the bold black line [10].

3.4

Gravimetric sorption isotherms at 35 °C for ethylene and ethane

Sorption isotherms of ethylene and ethane, shown in Fig. 8, were determined by gravimetric
sorption. Gas uptake for the 250 °C annealed PIM-6FDA-OH displayed the expected dual-mode
sorption behavior for both gases. The CMS derivatives presented much larger sorption capacity
than their polyimide precursor. The shapes of the CMS isotherms resembled Langmuir sorption
behavior due to the significant growth of their ultramicroporous domains (i.e. the smaller pores
are filled at low pressures). Fitted dashed curves followed the dual-mode sorption model for
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the polymeric PIM-PI sample heated at 250 °C, whereas the Langmuir model was used to
describe sorption in the CMS.

Fig. 8. Pure-gas sorption isotherms of C2H4 and C2H6 at 35 °C in PIM-6FDA-OH and its CMS
derivatives. Fitted dashed curves follow the dual-mode sorption model for the polymeric PIM-PI
annealed at 250 °C, whereas the Langmuir model was used to describe sorption in the CMS
samples.
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The parameters of the fitted sorption models are summarized in Table 2. The overall trend
indicates an increase of CH and b with increasing treatment temperature. For example, ethylene
CH of the 800 °C-treated film has a value of 125 cm3(STP)/cm3, three times higher than the CH of
the original polymeric precursor annealed at 250 °C. This result is consistent with the enhanced
CO2 sorption uptake for carbonized PIM-6FDA-OH shown previously.

Table 2. Parameters obtained from fitting experimental data to the dual-mode model (pristine
PIM-6FDA-OH) and the Langmuir model (carbons).
Treatment
Temperature
(oC)

Gas

KD (10-2 cm3 cm-3
cmHg-1)

CH (cm3 cm-3)

b (10-2 cmHg-1)

Ethylene

1.53

42.0

0.62

Ethane

1.65

34.1

1.25

Ethylene

-

91.4

1.29

Ethane

-

83.5

3.07

Ethylene

-

114.3

1.91

Ethane

-

103.3

2.48

Ethylene

-

125.0

2.83

Ethane

-

110.6

3.91

250

500

600

800

3.5

Pure-gas solubility and diffusivitiy of ethylene and ethane

The solubility coefficients of PIM-6FDA-OH and its heat-treated samples are shown in Fig. 9.
Carbon formation in samples treated above 500 °C led to considerable enhancement in solubility
of both gases. Ethylene solubility increased from 0.17 at 250 °C to 0.39 at 500 °C, and then to
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0.66 cm3(STP)/(cm3 cmHg) in the most graphitic 800 °C sample. However, solubility selectivity
in all samples remained very close to 1 due to the very similar condensabilities of both
hydrocarbons.

Ethylene and ethane diffusion coefficients of all membranes are shown in Fig. 10. The evolution
of the pore structure is the most important factor influencing diffusivity. Intermediate
carbonization at 500 °C resulted in a 20-fold increase in ethylene diffusivity and a 30-fold
increase in ethane diffusivity compared to the pristine PI. At 800 °C, pore collapse and the rise of
the ultramicroporosity in the CMS decreased diffusion coefficients 44-fold from 7.1x10-8 to
1.6x10-9 cm2/s for ethylene and 255-fold from 2.5x10-8 to 9.8x10-11 cm2/s for ethane. The
diffusivity ratio essentially matched the actual pure-gas permselectivity for the whole
temperature range, verifying the dominance of the molecular sieving mechanism (Fig. 11).

Fig. 9. Solubility of C2H4 and C2H6 in PIM-6FDA-OH (●) and its CMS (▲) derivatives at
35 °C and 2 bar.
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Fig. 10. Diffusivity of C2H4 and C2H6 in PIM-6FDA-OH (●) and its CMS (▲) derivatives at
35 °C and 2 bar.

Fig. 11. C2H4/C2H6 diffusivity and solubility selectivities in PIM-6FDA-OH (●) and its CMS
derivatives (▲). The fitted lines are drawn to guide the eye.
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3.6

Mixed-gas permeability and selectivity of the 800 °C CMS membrane

The PIM-6FDA-OH sample carbonized at 800 oC was tested with a 50:50 v/v ethylene/ethane
mixture and the results are shown in Fig. 12(a). Ethylene permeability decreased from 10.6
Barrer at 4 bar total pressure to 9.6 Barrer at 20 bar, possibly due to competitive sorption of
ethylene and ethane in the CMS. On the other hand, ethane permeability increased from 0.75 to
1.16 Barrer over the same pressure range, which could be the result of a subtle dilation of the
critical ultramicropores in the presence of ethylene. The strongly time-dependent effect of the
pressure on the mixed-gas selectivity is illustrated in Fig. 12(b). At a feed pressure of 4 bar it
took about 300 hours to reach pseudo-equilibrium state. At intermediate pressures of 8 to 12 bar
the equilibration time was reduced to about 120 hours. A similar carbon matrix dilation was
observed previously for the CO2/CH4 gas pair for PIM-6FDA-OH-derived CMS membranes
[45]. Despite the losses in selectivity, the performance remains above the pure-gas polymer
upper bound, as seen in Fig. 13.
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Fig. 12.

(a) Pressure dependence of the mixed-gas permeation properties of a 1:1

ethylene/ethane binary mixture and (b) time required to reach pseudo-equilibrium at each
pressure for the CMS membrane heat-treated at 800 °C derived from PIM-6FDA-OH.
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Fig. 13. Single ethylene permeability and ethylene/ethane selectivity of CMS derived from PIM6FDA-OH (red closed squares). Mixed-gas selectivity dropped from 14 to 8.3 as the feed
pressure was increased from 4 to 20 bar (open squares). Matrimid® polyimide-based CMS (blue)
pure-gas permeation properties at 35 oC and 3.4 bar [40].

4. Conclusions
Carbon membranes derived from an intrinsically microporous PIM-6FDA-OH precursor via
thermal treatment were evaluated for ethylene/ethane separation. Separation performance
increased dramatically with temperature for the carbonized samples. In contrast to CMS
membranes derived from lower-free-volume polyimides (e.g. Matrimid®), the CMS derived
from PIM-6FDA-OH underwent degradations that prevented the full collapse (shift to smaller
pore size) of its PSD even for the most carbonized sample, retaining a pure-gas ethylene
permeability of about 10 Barrer. With an ethylene/ethane pure-gas selectivity of 17.5, the carbon
generated at 800 °C represents the highest performing CMS membrane for this application to
date. It is suggested that the spiro-containing PIM-6FDA-OH possesses properties (high free
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volume, chain rigidity and thermal stability) responsible for hindering sintering of the graphene
sheets during the pyrolysis process.
Mixed-gas permeation experiments for the CMS membrane pyrolized at 800 °C performed at a
feed pressure of 20 bar showed that the ethylene permeability dropped by ~10%, most likely due
to competitive sorption effects. On the other hand, slight dilation of the CMS ultramicropore
structure resulted in an increase in the ethane permeability by 54%. Consequently, the mixed-gas
ethylene/ethane selectivity dropped from a pure-gas value of 17.5 at 2 bar to 8.3 at a feed
pressure of 20 bar. Our study provides further evidence that the choice of the polymer precursor
strongly determines the final structure and gas transport properties of CMS membranes.
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HIGHLIGHTS


First report of ethylene/ethane separation of a PIM-polyimide.



PIM-6FDA-OH-derived CMS (pyrolized at 800 oC) exhibits the highest pure-gas
selectivity reported to date (C2H4/C2H6 ~ 18).



Permselectivity of the CMS membranes is completely dominated by diffusivity
selectivity.



Mixed-gas ethylene/ethane permselectivity decreased from 14 at 4 bar to 8.3 at 20 bar
feed pressure (1:1 C2H4/C2H6 feed).
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