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Development of dense film carbon molecular sieve (CMS) membranes for ethylene/ethane
(C,H4/C,He) separation is reported. A commercial polyimide, Matrimid®, was pyrolyzed
under vacuum and inert argon atmosphere, and the resultant CMS films were character-
ized using pure C,H4 and C,Hg permeation at 35 °C, 50 psia feed pressure. The effects on
C,H4/C,Hg separation caused by different final vacuum pyrolysis temperatures from 500
to 800 °C are reported. For all pyrolysis temperatures separation surpassed the estimated
‘upper bound’ solution processable polymer line for C,H4 permeability vs. C,H4/C,Hg selec-
tivity. C,H, permeability decreased and selectivity increased with increasing pyrolysis tem-
perature until 650-675 °C where an optimum combination of C,H, permeability ~14-15
Barrer with C,H4/C,Hg selectivity ~12 was observed. A modified heating rate protocol for
675 °C showed further increase in permeability with no selectivity loss. CMS films produced
from argon pyrolysis showed results comparable to vacuum pyrolysis. Further, mixed gas
(63.2 mol% C,H, + 36.8 mol% C,He) permeation showed a slightly lower C,H, permeability
with C,H4/C,Hg selectivity increase rather than a decrease that is often seen with polymers.
The high selectivity of these membranes was shown to arise from a high ‘entropic selec-
tion’ indicating that the ‘slimmer’ ethylene molecule has significant advantage over ethane
in passing through the rigid ‘slit-shaped’ CMS pore structure.

© 2011 Elsevier Ltd. All rights reserved.

Membrane technology provides an attractive alternative to
cryogenic distillation because it potentially requires low en-

1. Introduction

Ethylene, one of the largest volume organic chemicals, is an
important precursor to polyethylene and organic chemicals
such as ethylene dichloride and ethylene oxide. The global
ethylene production capacity in 2009 was 132.9 million tons
per year (tpy), up nearly 5% from 126.7 million tpy in 2008
[1]. C,H4/C,Hg separation is carried out by cryogenic distilla-
tion (for e.g. —25 °C, 320 psig), an extremely energy intensive
and expensive process because of the low relative volatility
of C,H,4 and C,Hg [2-5]. Potentially significant energy and cost
savings make alternative C,H4/C,H; separation technologies
an important area of study.

* Corresponding author: Fax: +1 404 385 2683.
E-mail address: wjk@chbe.gatech.edu (W.J. Koros).

ergy and cost [6]. Currently dominant polymeric membranes
are however limited by a trade-off between productivity (per-
meability) and efficiency (selectivity) [7-9]. They have shown
relatively low C,H,/C,Hg selectivity (<7) with low C,H, perme-
ability (0.87-4.46 Barrers) in the upper selectivity range of 5-7
[10-13]. Facilitated transport membranes have shown promis-
ing C,H4/C,Hg separation, however, the intrinsic instability of
these membranes makes them questionable for practical
application [5,14-16].

Carbon molecular sieve (CMS) membranes, formed by high
temperature pyrolysis of polymeric materials under controlled
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conditions [17], are chemically inert and temperature resistant
materials that have shown very promising separation perfor-
mance exceeding the polymeric ‘upper bound’ for several
gas separations [18-24].

Although more brittle compared to polymer membranes,
CMS hollow fiber membranes have been shown to perform
stably under high pressure natural gas feeds up to 1000 psi
[25], and can avoid plasticization commonly encountered in
polymeric membranes due to high pressure condensable feed
gases [20,26,27].

C,H4/C,Hg separation using CMS membranes has been
studied by few researchers [28-30], however low C,H4/C,He
separation performance was reported. Fuertes and Menendez
[30] prepared carbon membranes by carbonization (vacuum,
700 °C) of a thin phenolic resin film deposited on the inner sur-
face of an alumina tube support. They studied the effect of
pre-oxidation and post-oxidation in air on separation charac-
teristics of their membranes. In some cases, their carbon
membranes were modified by chemical vapor deposition
(CVD) before or after air-oxidation. Their membranes showed
C,H4/C,Hg selectivity in the range of 1.0-4.9 in all but one case.
For one particular case where the membrane was subject to
both post-oxidation at 350 °C and CVD modification, the selec-
tivity was reported as 11 with C,H,; permeability ~4 Barrer
(membrane thickness ~2 um). Hayashi et al. [28] prepared
membranes by carbonizing (inert argon stream, 700 °C) a
BPDA-pp’ODA polyimide film formed on the outer surface
of a porous alumina support. Their membranes show
C,H4/C,Hg selectivity <6.9 in all cases. Okamoto et al. [29] pre-
pared carbonized hollow fiber membranes by pre-oxidation
and subsequent pyrolysis of asymmetric hollow fiber
membrane of a BPDA-based polyimide at temperatures of
500-700 °C under nitrogen. These membranes were, however,
primarily used for propane/propylene and 1,3-butadiene/
n-butane separation and showed a low C,H./C,Hgselectivity
of 3.1 with 600 °C pyrolysis.

Replacing C,H,/C,Hg distillation units with membrane sep-
aration may not yet be feasible due to the low C,H,/C,He selec-
tivity or instability of current membrane materials. For
example, for a realistic 62 mol% C,H4 + 38 mol% C,H; feed, a
membrane with a C,H4/C,He separation factor of 20 can only
deliver a 97% C,H4 permeate, even under ideal conditions of
downstream under vacuum and zero stage cut, and cannot
achieve required purities >99 mol%. Nevertheless, with ad-
vanced C,H4/C,He separation membranes, a hybrid mem-
brane-distillation system may still offer significant economic
incentive and a practical approach to debottlenecking distilla-
tion units [3,4,31].

This paper addresses, in detail, the development of rela-
tively high selectivity, free-standing CMS dense film mem-
branes derived from the commercial polyimide Matrimid®
and specially tailored for C,H4/C,Hg separation. We report a
method for optimization of C,H./C,Hs separation achieved
by way of fine-tuning the pyrolysis conditions, with focus
on the effects of different pyrolysis temperatures. This work
thus intends to establish a basis for guiding research ulti-
mately aimed at providing a convenient, potentially scalable
hollow fiber membrane formation technology for C,H4/C,Hg
separation.

2. Theory and background

2.1. Structure of CMS membranes

CMS membranes are formed by pyrolysis of polymer precur-
sors under controlled conditions. The resulting ‘turbostatic’
structure comprises disordered, sp?-hybridized, condensed
hexagonal carbon sheets (Fig. 1a) with pores formed from
packing imperfections [17,18,23,32,33]. An idealized ‘slit-like’
pore structure, as represented in Fig. 1b, can be described by
a bimodal pore distribution (Fig. 1c), with larger pores
(7-20 A), called ‘micropores’, connected by smaller pore win-
dows (<7 A), called ‘ultramicropores’ [18]. This combination
of micropores and ultramicropores provides both high flux
and high efficiency via a molecular sieving function in CMS
membranes.

2.2. Transport in CMS membranes

Gas transport in CMS membranes follows the sorption-
diffusion model, wherein gas molecules sorb at the upstream
face of the membrane, diffuse through the membrane under a
chemical potential gradient, and desorb at the downstream
side. Two key parameters define the separation performance
of membrane materials: ‘permeability’, a measure of the
membrane’s intrinsic productivity, and ‘selectivity’, a mea-
sure of the membrane’s separation efficiency.

Permeability is the pressure and thickness normalized
flux, given as

_ l
Ap,

In Eq. (1) na represents the flux of component A through a
membrane of thickness | and Ap, is the partial pressure dif-
ference of A across the membrane. The unit for permeability
is Barrer, where,

Py ey

1010 cc(STP) - cm

1 Barrer =
cm? - s - cmHg

)

Another popular unit for permeability is —¥m°L- (1 Barrerx

m?2.skPa
2.99 x 10" = 1 kmlm)  permeability can also be represented
as the product of a kinetic factor, i.e. the diffusion coefficient,
Da, and a thermodynamic factor, i.e. the sorption coefficient

gAC
PA = DASA (3)

The molecular sieving ultramicropores can effectively sep-
arate similar sized gas molecules because even small changes
in size can result in considerable differences in the activation
energy required to make a diffusive jump, referred to as ‘ener-
getic selectivity’. In addition, unlike conventional polymers,
CMS membranes can provide high ‘entropic selectivity’ since
the rigid ultramicropore windows can effectively restrict the
degrees of freedom of rotation and internal vibration of the
rejected molecule [24,34,35].

The sorption coefficient, Su, equals the ratio of the sorbed
gas concentration, C,, and the partial pressure, p,. It depends
on the condensability of the gas penetrant and its interac-
tions with the membrane material. For CMS membranes
micropores provide the majority of the sorption volume,
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Fig. 1 - (a) Structure of pyrolytic carbon [32,33], (b) idealized pore structure of CMS membrane [18], (c) idealized bimodal pore

size distribution of CMS membrane [18].

and the sorption coefficient is defined as the secant slope of
the applicable Langmuir isotherm, viz.

Ca_ Cyuba

S, — A _
A pa  1+Dbaps

@)
where Cy, is the Langmuir hole-filling capacity and by is
Langmuir affinity constant.

The separation factor is defined as the ratio of the perme-
ate-side and feed-side mole fractions y and x, respectively of
the two components A and B. When the downstream pressure
is negligible compared to the upstream pressure, as in the
current study, the selectivity is equal to the ratio of the com-
ponent permeabilities. Thus,

(YA /yB )permeate
(XA / Xp )feed

_Pa_DaSa
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For C,H,/C,H, separation, because of the similar condens-
ability and critical temperature of the two penetrants, high
diffusion selectivity may be required to provide a useful selec-
tivity in Eq. (5). In this regard, ‘entropic selectivity’, which is
lacking in polymeric membranes, may be a key feature en-
abling CMS membranes for the C,H4/C,H; pair.

2.3. Temperature dependence of permeation, diffusion and
sorption

Permeability of a penetrant through a membrane material,
polymer or molecular sieving, follows Arrhenius-type temper-
ature dependence.

P =P, exp (%?)
where P, is the pre-exponential factor, Ep is the apparent acti-
vation energy for permeation of a penetrant through a given
material, R is the universal gas constant and T is the absolute
temperature.

Diffusion in CMS membranes is an activated process and
increases with temperature according to the Arrhenius rela-
tionship (Eq. (7). The thermodynamic sorption coefficient
decreases with temperature following van’t-Hoff equation

(Eq. (8))-

(6)

D =D, exp <_R7}”EIP> (7)

—Hs
S =S, exp < RT )
where D, and S, are pre-exponential factors for diffusion and
sorption respectively, Ep is the apparent activation energy for
diffusion and Hs is the apparent heat of sorption.
From Egs. (3) and (6)-(8), we get

_ B\ _ps_ ~Ep ~Hs
P =P, exp <ﬁ> =DS 7D0exp(RT)§oexp< RT )
which gives

Pu :DOSD

(8)

)

(10)

Ep = Ep + Hs (11)

The temperature dependence of permeability is less pro-
nounced than that of diffusion, i.e. the activation energy for
permeation is not as high as diffusion, which is primarily
due to typical negative heats of sorption. The increase in diffu-
sivity however outweighs the decrease in sorption coefficient
resulting in an increase in permeability with temperature.
Selectivity, on the other hand, is generally found to decrease
slightly with temperature since an increase in temperature
in most cases results in a greater increase in permeability of
the larger penetrant molecule. When ‘entropic selectivity’
dominates the diffusion selectivity, however, this undesirable
trade-off may be avoided.

2.4.  Energetic and entropic contributions to diffusion
selectivity

Diffusion in CMS increases with temperature according to
Arrhenius relationship (Eq. (7). The pre-exponential factor
D, can be represented from transition state theory as

D, = ei? kT

oo (3)

h (12)

where 1 is the average diffusive jump length, Sp is the activa-
tion entropy of diffusion, k is Boltzmann’s constant, and h is
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Planck’s constant [35,36]. Note that the S used for entropy is
different from the S used for the sorption coefficient. For a
gas pair ‘A’ and ‘B’ of similar size 1 can be considered equal
for both molecules [34,35,37]. The diffusion selectivity is thus
obtained from Egs. (7) and (12) as

Da _Da . ( Ep, —Ep,
Dg  Dg RT

= exp <7SDA ; SDB) exp (* 7EDAR_TEDE>

Entropic selectivity

A E
= exp ( S;”) exp (— %) (13)

From the transition state theory, the diffusion coefficient
can also be described as

<
p2KTE exp <7ED> (14)

Energetic selectivity

h F RT

where F =Fyans * Frot* Fvib is the partition function of a gas
molecule in the normal state and F” is its partition function
in the transition state [34,38]. In the normal state, the gas
molecule sits in a micropore and the transition state occurs
as it passes through the ultramicropore window [34]. F* does
not contain the translational degree of freedom in the direc-
tion of diffusion and this is accounted for by the factor kT/h
[34]. Combining Egs. (12)-(14) we get the ‘entropic selectivity’
as

ASDA.B _ (F#/F)A _ Dao
e (5) = ;o @)

The ultramicropores in CMS membranes, which are analo-
gous to the selective window opening in zeolites, can restrict
the rotational and internal vibrational degrees of freedom of
one molecule compared to the other. This capability can be
especially useful for similar sized molecules like C,H, and
C,He.

2.5. Factors affecting transport through CMS membranes

The separation performance of CMS membrane can be con-
trolled by optimally tuning its critical pore size and pore size
distribution depending on the relative sizes of the gas pair
being separated. The key tuning parameters include (1) poly-
mer precursor material, (2) pre-treatment conditions, (3) pyro-
lysis conditions, i.e. the heating protocol (final pyrolysis
temperature, ramp rates and soak times) and the pyrolysis
atmosphere (vacuum, inert gas, presence of oxygen, etc.)
and (4) post-treatment conditions. The effects of these factors
on CMS performance for a variety of gas pairs has been inves-
tigated by several researchers [20-23,39-44]. However, to date,
a stable, reproducible CMS membrane prepared readily from a
commercially available material and offering improved perfor-
mance in C,H4/C,Hg separation has not been demonstrated.

3. Experimental
3.1. Polymer precursor dense film formation

Commercially available polyimide Matrimid® 5218 obtained
from Huntsman International LLC in the form of powder

was used in the work. The polymer powder was first dried
in a vacuum oven at 120 °C for at least 12 h to remove mois-
ture. The dried powder was dissolved in dichloromethane
(>99.8% purity, Sigma-Aldrich) to form a 3-5 wt% polymer
solution and placed on a roller for at least 6 h for mixing.
The polymer solution was used to prepare polymer dense
films by a solution casting method in a glove bag at room tem-
perature to achieve slow evaporation rate (3-4 days) and the
vitrified films were then removed and dried in a vacuum oven
at 120 °C for at least 12 h to remove residual solvent. The dried
films were then cut using a die-cutter into 2.22 cm circles for
pyrolysis. All films had a thickness of 70+10um for
consistency.

3.2.  CMS dense film formation

The polymer films cut into small circles were placed on a
channeled quartz plate (United Silica Products, Franklin, NJ),
which allowed for diffusion of the volatile by-products
evolved from pyrolysis. This was then loaded into a quartz
tube (National Scientific Company, GE Type 214 quartz tubing,
Quakertown, PA) and placed in the pyrolysis setup shown in
Fig. 2.

The pyrolysis setup was similar to previous reported
apparatus [19,25], with some modifications. It consists of a
three-zone furnace (Thermcraft, Inc., model XST-3-0-24-3C,
Winston-Salem, NC) with three thermocouples connected
independently to three channels of a multi-channel tempera-
ture controller (Omega Engineering, Inc., model CN1504TC,
Stamford, CT), thus allowing accurate and uniform control
of the temperature profile inside the quartz tube. The quartz
tube was sealed on either side using an assembly of metal
flanges with silicon O-rings (MTI Corporation, Richmond,
CA). The set-up was equipped to perform pyrolysis under
vacuum, monitored using a 0-1000 mtorr pressure transducer
(MKS, model 628 Absolute Capacitance Manometer, Andover,
MA), or purge gas atmosphere. An oxygen analyzer (Cam-
bridge Sensotec Ltd., Rapidox 2100 series, Cambridge,
England) was integrated into the set-up to monitor the con-
centration of oxygen present during pyrolysis.

Matrimid® dense film pyrolysis was performed under vac-
uum (<10 mtorr) for a range of temperatures between 500 and
800 °C, specifically at 500, 525, 550, 650, 675 and 800 °C, using
the heating protocols (Fig. 3a) listed below.

Protocol 1: For final temperatures up to 550 °C:

(1) 50 — 250 °C at a ramp rate of 13.3 °C/min.

(2) 250 °C — (Tmax —15)°C at a ramp rate of 3.85 °C/min.
(3) (Tmax —15)°C — Tmax °C at a ramp rate of 0.25 °C/min.
(4) Soak for 2h at Tpax-

Protocol 2: For final temperatures above 550 up to 800 °C:
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Fig. 2 - Pyrolysis set-up.
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Fig. 3 - Pyrolysis heating protocols (a) 550 °C protocol shown as an example for Protocol 1 (green) for temperatures up to 550
and 800 °C protocol shown as an example for Protocol 2 (red) for temperatures above 550 °C and up to 800 °C, (b) 675 °C
Protocol 2 (red) and 675 °C_Fast protocol (black) similar to Protocol 1 but ends at 675 °C. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Unless otherwise specified, all films were pyrolyzed using
the applicable heating protocol (either Protocol 1 for temper-
atures up to 550°C or Protocol 2 for temperatures above
550 °C) as stated above. The films were named based on the
final pyrolysis temperature as 500°C-CMS, 525°C-CMS,
550 °C-CMS and so on.

After the heating cycle was complete, the furnace was al-
lowed to cool down naturally, while remaining under vacuum
or inert gas flow, to below 50 °C before venting the furnace
and unloading the samples. All samples were stored under
vacuum before and after permeation measurements to elim-
inate changes in CMS performance due to atmospheric expo-
sure prior to testing.

After each pyrolysis run, both the quartz tube and the
channeled quartz plate were thoroughly cleaned with acetone
and baked in air at 800 °C for 2 h to clean out any residue and
to prevent contamination in the subsequent run.

In addition to the pyrolysis protocols listed above, a film
was also pyrolyzed at a final pyrolysis temperature of 675 °C
using Protocol 1 instead of (the slow step process in) Protocol
2 (see Fig. 3b). This film was named 675 °C_Fast-CMS, because

the modified protocol for this film used a shorter (faster) ramp
time compared to the traditional Protocol 2 for temperatures
over 550 °C.

Inert gas pyrolysis was also performed at 550 and 675 °C
using Protocol 1 following the same procedure listed above
but instead of pulling vacuum, a controlled flow of argon
(Ultra High Purity, Airgas) was used during pyrolysis.

3.3. Dense film permeation measurement

Precursor and CMS dense films were masked and loaded into
permeation cells. Details of masking and preparation of
permeation cell have been described in previously [19]. The
permeation cell was then placed in a constant-volume per-
meation system [45,46]. The entire system (upstream and
downstream) was evacuated for at least 24 h and a leak rate
was measured (<1% of the permeation rate of the slowest
gas). After leak test and evacuation, the upstream was pres-
surized with feed gas (50 psia ~3.4 atm) while the down-
stream was kept at vacuum. The system temperature was
kept at 35°C. The pressure rise in a constant downstream
volume was recorded over time using LabVIEW (National
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Instruments, Austin, TX) until steady state was achieved and
permeability was calculated using Eq. (1). The system was
evacuated before each experiment for 10 times the time lag
of the previous gas tested.
The permeation raw data was used to estimate the appar-
ent diffusivity (D) from the time-lag method (Fig. 4) as follows:
12

D= (16)

where 0 is the observed permeation time-lag and [ is the film
thickness. This was further used to calculate the apparent
sorption coefficient (S) from Eq. (3) and the respective diffu-
sion and sorption selectivities.

3.4.  Thermo gravimetric analysis (TGA)

TGA (Netzsch, STA 409 PC Luxx TGA.DSC) was performed to
analyze the percentage mass loss due to pyrolysis. Prior to
start, all samples were purged with helium (UHP, Air Gas)
for at least 6 h and measurements were carried out under
30 cc/min helium with the same heating protocols used for

pyrolysis.

4, Results and discussion

4.1.  Estimated experimental upper-bound for ethylene/
ethane separation

Solution processable materials appropriate for forming high
flux asymmetric hollow fiber membranes for gas separation
are limited by a trade-off between the selectivity for the gas
pair and the fast gas permeability, commonly referred to as
the ‘upper bound’. In 1991, Robeson published the polymeric
upper-bound trade-off curves for several light gas pair separa-
tions including O,/N,, H,/CH,4, CO,/CH,4, He/O, and other com-
binations involving these gas molecules [7]. Since then,
continuous efforts to improve gas transport properties of hy-
per-rigid glassy polymers by tailoring their structure and per-
fluorinated polymers have successfully shifted the upper

Typical Permeation Plot
5 :
= Steady State ~ 6 -10 0 i
S i dP
a Podt
= 4 H
=
o
o
=
=
o
(&)

pa
; A 5 Time (s)
6D

Fig. 4 - Calculation of apparent diffusivity (D) from
permeation time-lag (6).

bound [8]. In 2003, based on a review of available data, Burns
and Koros estimated the upper bound for C;He/C3Hg separa-
tion [9]. Given the limited research conducted in the field of
C,H4/CyHg separation, no comprehensive upper-bound com-
pilation is available yet. In order to compare CMS membrane
performance with existing polymer membrane materials, we
have used available literature data [10-13] and measurements
made in this work to estimate the upper-bound for the C,H4/
C,He gas pair, as shown in Table 1 and Fig. 5.

Measurements reported herein are based on pure gas stea-
dy state permeation tests at 35-50 °C and 2-5 atm feed pres-
sure. As noted in the references [10-13] adopted for the
upper bound estimation, plasticization effects in these mate-
rials due to C,H, and C,Hg are shown to be non-existent in
this pressure range. A 1992 publication by Ilinitch et al. [47] re-
ports C,H, and C,Hg permeability and C,H4/C,Hg selectivity
from a gas mixture containing 85vol% CH,, 10vol% C,H,4
and 5 vol% C,Hg for polyphenyleneoxide (PPO), two PPO-based
copolymers and several rubbery polymers. In a 1993 article
the same authors [48] published a corrigendum stating that
due to a technical error, the permeabilities reported in 1992
[47] were one order of magnitude higher than the actual val-
ues. The results obtained by Ilinitch et al. [47,48] have not
been included in predicting the upper bound since the
authors express that these results were obtained from tran-
sient state permeation experiments. It should be noted that
the experimental upper bound constructed here is based on
high performing 6FDA-based polyimides which are the cur-
rent best class of polymeric materials for gas separations,
and can hence be considered a good estimate of the trade-
off curve for C,H4/C,Hg separation.

4.2. Preliminary study

The intrinsic polymer precursor properties can significantly
affect the final CMS membrane. Thus, selecting an appropri-
ate polymer precursor is important. To date, few polymers
have been pyrolyzed and used for C,H./C,Hs separation.
These include a phenolic-resin-based and BPDA-based poly-
mer [28-30]. It is thus useful to determine the viability of
C,H4/C,Hg separation using CMS dense films prepared from
Matrimid® as the precursor material. CMS dense films were
obtained by pyrolyzing Matrimid® precursor films under vac-
uum (<10 mtorr) at 550 and 800 °C using Protocol 1 and Proto-
col 2, respectively as listed earlier. The CMS dense films
obtained were tested for pure gas C,H, and C,He permeation
at 35°C and 50 psia feed pressure. In addition, a Matrimid®
precursor dense film was also tested for pure gas C,H, and
C,He permeation at 35 °C and 50 psia feed pressure. The re-
sults for both the precursor and the CMS dense films were
plotted against the experimental upper bound as shown in
Fig. 6.

Clearly, Matrimid® CMS dense films can surpass the upper
bound for C,H4/C,He separation for both the 550 °C-CMS and
the 800 °C-CMS. The C,Hipermeability for the 550 °C-CMS
represents >3000% increase from the precursor permeability;
however the selectivity is only slightly higher (<50% increase
from the precursor selectivity). Steel and Koros [18] reported a
high CO,/CH, selectivity of 65 for Matrimid® pyrolyzed under
vacuum at 550°C (Protocol 1), which represents ~100%
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Table 1 - Pure gas G,H,; permeability and C,H4/C,Hg selectivity data for different polymeric materials.

Precursor T (°C) p (atm) Pc,u, (Barrer) OC,H, /CyH Source
6FDA-6FpDA 35 5.0 1.90 4.20 [10]
6FDA-1,5-NDA 35 5.0 0.87 5.80
6FDA-NDA 35 2.0 1.17 6.84 [11]
6FDA-NDA/Durene (75:25) 35 2.0 4.46 5.62
6FDA-NDA/Durene (50:50) 35 2.0 9.48 4.27
6FDA-NDA/Durene (25:75) 35 2.0 36.70 3.60
6FDA-Durene 35 2.0 76.70 2.89
6FDA-TrMPD 50 2.0 58.00 2.90 [12]
BPDA-TeMPD 50 2.0 5.80 4.30
6FDA-mPD 35 3.8 0.30 3.30 [13]
6FDA-IPDA 35 3.8 1.40 3.80
6FDA-6FpDA 35 3.8 2.10 4.40
Matrimid® 35 34 0.45 4.50 This work
6FDA-DAM 35 3.4 64.00 3.00 This work
6FDA:BPDA-DAM 35 34 46.00 3.30 This work
4.3. Effect of pyrolysis temperature on ethylene/ethane
100+ separation performance
e Literature
o This work In order to study the effect of pyrolysis temperature on
= C,H4/C,Hs separation performance, Matrimid® dense films
= Experimentally observed were pyrolyzed under vacuum (<10 mtorr) for a range of tem-
3 C,H,/C;Hg Upper bound peratures between 500 and 800 °C, specifically at 500, 525, 550,
E}J’— 10 4 650, 675 and 800 °C using the applicable pyrolysis protocol
= . (Protocol 1 or Protocol 2) listed above. The CMS dense films
9] obtained were tested for pure gas C,H, and C,He permeation
I: at 35°C and 50 psia feed pressure. The C,H, permeability
O and C,H4/C,Hg selectivity results are shown in Fig. 6. As seen
from Fig. 6, for each of the pyrolysis temperatures, perfor-
mance (either permeability or selectivity or both) of the CMS
1 C e veweer ey e membranes is significantly better than that of the precursor
0.1 1 10 100 1000 and surpasses the estimated polymeric upper bound for

C,H, Permeability (Barrer)

Fig. 5 - Experimental C,H,/C,H¢ polymeric upper bound
estimated using available polymeric pure gas C,H,
permeability and G,H,/C,Hg selectivity data, with line
drawn to aid the eye. See Table 1.

increase from the precursor selectivity reported in their study.
At 550 °C, however, the C,H4/C,Hg selectivity obtained in our
study is not significantly higher compared to the starting
polymer, nor is it much higher than that reported by previous
researchers [28-30]. The Matrimid® 800 °C-CMS, on the other
hand, can give C,H4/C,Hs selectivity as high as 12, >160% in-
crease from the precursor material. However, while Steel
and Koros [18] reported a CO, permeability of 66 Barrers,
which is by no means low, with an exceptionally high
CO,/CH, selectivity of 209 for Matrimid® pyrolyzed at 800 °C
under vacuum, our C,H, permeability is low (<0.2 Barrer)
which would present problems for commercial applications.
It is thus desired to optimize the pyrolysis conditions, and
to understand the resulting effects, for Matrimid® to obtain
CMS dense films with both good C,H,; permeability as well
as high C,H4/C,Hg selectivity.

C,H4/C,Hg separation. The C,H, permeability and C,H4/C,Hs
selectivity was plotted against the final pyrolysis temperature
as shown in Fig. 7. It is seen that as pyrolysis temperature
increases, permeability drops drastically up to 550 °C with a
corresponding increase in selectivity. From 550 up to 675 °C,
selectivity continues to increase significantly with a very
small loss in permeability. Beyond 675 °C, permeability drops
drastically again but without significant increase in selectiv-
ity. The optimum C,H4/C,He separation performance appears
to lie in the range of 650-675 °C.

The diffusion and sorption coefficients as well as the
respective selectivities were calculated using the time-lag
method described above. As seen from Fig. 8, the C,H, diffu-
sion coefficient follows a similar trend as its permeability,
decreasing with increase in pyrolysis temperature thus
reflecting as a decrease in permeability. The sorption coeffi-
cient does not seem to follow any particular trend and direct
sorption experiments are required to understand this further
by detailed analysis of isotherms. The diffusion selectivity in-
creases with pyrolysis temperature from 3 to 7 (Fig. 8) and re-
mains fairly constant thereafter, following a trend similar to
the overall selectivity. The sorption selectivity (plotted on
the same scale as diffusion selectivity) remains in the range
of 1.1-1.8 (Fig. 9) and, relative to diffusion selectivity, changes
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Fig. 6 - Comparison of Matrimid® CMS dense film C,H,/C,H; separation performance vs. Matrimid® precursor separation
(open red circles). Vacuum pyrolyzed CMS films are shown as closed red circles and inert pyrolyzed CMS are shown as green
squares. The black diamond represents the 675 °C_Fast-CMS pyrolyzed under vacuum. The estimated experimental C,H,/
C,Hg polymeric upper bound line is shown. Performance of CMS membranes exceeds the upper bound line. The data points
at 525, 650 and 675 °C represent an average over two CMS films each while the 550 °C is an average of three CMS films (error
bars are shown). In all cases checked, the reproducibility was good (with standard deviations <10% in permeability and <5%
in selectivity). Inert pyrolysis at 550 and 675 °C using Protocol 1 shows results similar to vacuum pyrolysis. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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dense film membranes.
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Fig. 8 - Effect of pyrolysis temperature on C,H, diffusivity
and C,H,/C,H; diffusion selectivity of Matrimid® derived
CMS dense film membranes. Diffusivity and diffusion
selectivity are calculated using the permeation time-lag data
as described. The G,H, diffusivity for the 800 °C-CMS is

~6 x 10~'* cm?/s. The C,H; diffusivity is on the order of
102 cm?/s and could not be computed accurately because
of the unusually long time lag (>12 days to reach steady
state). The 800 °C point has thus been excluded.

little (~50% change in sorption selectivity as opposed to a
change in diffusion selectivity ~140-150%) with the pyrolysis
temperature despite overall selectivity changes.

These effects can be explained qualitatively by considering
the changes in the hypothetical, semi-quantitative ultrami-
cropore size distribution (Fig. 10) proposed by Steel and Koros
[39,40]. In Fig. 10, penetrant molecules are represented accord-
ing to size along the abscissa, thereby providing an effective
semi-quantitative molecular scale ruler. A given penetrant
has free diffusive access to all inter-connected pores to the
right of the line drawn at its characteristic size. Further, the

@+ Sorption selectivity

C,H,/C,H, Sorption Selectivity

T T

550 575 600 625
Pyrolysis Temperature (°C)

500 525 650 675

Fig. 9 - Effect of pyrolysis temperature on C,H,/C,Hg
sorption selectivity of Matrimid® derived CMS dense film
membranes. The 800 C point has been excluded for the
same reason stated above in Fig. 8.

# density of ultramicropores

————— E—

C,H,  Poresize (A)

Fig. 10 - Hypothetical ultramicropore distributions. The
solid black curve shows the hypothetical ultramicropore
diffusion that may result at a final pyrolysis temperature T;.
When the final pyrolysis temperature is increased to T,, the
hypothetical ultramicropore distribution shifts to a smaller
average pore size, represented by the dashed grey curve.

ratio of the areas under the curve to the right of the respective
line for each penetrant represents the selectivity. With in-
crease in the final pyrolysis temperature, the critical molecu-
lar sieving ultramicropore distribution shifts to a smaller
average pore size resulting in a decrease in diffusivity, and
hence permeability, for both C,H, and C,He, but the pores also
become more selective as a relatively larger number of pores
still remain accessible to the “skinnier” molecule C,H, but
not to C,He. There is however a limit to such increase in selec-
tivity with pyrolysis temperature, as for the 800 °C-CMS, when
most of the pores become blocked to both C,H, and C,Hs
resulting in a drastic loss in permeability with no significant
increase in the selectivity.

4.4.  Further optimization of ethylene/ethane separation
performance

A modified temperature protocol was used wherein a Matri-
mid® precursor film was pyrolyzed at a final pyrolysis temper-
ature of 675 °C using Protocol 1, instead of going through the
traditional slow step process in Protocol 2 for temperatures
over 550 °C (see Fig. 3b). This modified pyrolysis protocol re-
sulted in a small increase in permeability without loss in
selectivity, yielding very attractive separation performance
with a C,H, permeability of ~17 Barrers and a high C,Hs/
C,Hg selectivity of ~12. As seen from the TGA curves shown
in Fig. 11, the 675 °C_Fast-CMS shows a slightly larger mass
loss compared to the 675 °C-CMS. These results compare well
with mass loss data collected during the actual pyrolysis pro-
cess under vacuum for the 675 °C protocol and 675 °C_Fast
protocol as is shown in Table 2. For the 675 °C_Fast-CMS, rapid
mass loss starts around 480 °C, the decomposition tempera-
ture for Matrimid®, and continues until 660 °C due to evolu-
tion of pyrolysis by-products. After 660 °C, densification of
the carbon matrix takes place with a very small mass loss.
For the 675 °C-CMS instead, rapid mass loss takes place only
from 480 °C to about 550 °C after which the rate of evolution
of pyrolysis by-products slows down before densification
starts to occur, resulting in a smaller overall mass loss with
greater shrinkage of CMS pores. Evolution of pyrolysis
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Fig. 11 - TGA mass loss curve for 675 °C_Fast-CMS and 675 °C-CMS.

by-products is believed to contribute to the CMS pore struc-
ture and sintering of the defects lead to ultramicropore tun-
ing. It appears reasonable, therefore, that the 675 °C_Fast
carbon shows slightly higher permeability compared to the
675 °C-CMS, while retaining the high selectivity. This is also
reflected in the slight increase in both the diffusion and sorp-
tion coefficients for the 675 °C_Fast-CMS.

4.5.  Effect of pyrolysis atmosphere on ethylene/ethane
separation performance

Matrimid® precursor dense films were pyrolyzed at 550 and
675 °C using Protocol 1 as described above except that instead
of drawing vacuum a controlled flow of 200 cc/min argon
purge was used during pyrolysis. The system was purged for
at least 6 h prior to pyrolysis in order to drive out all the air
present in the system. Prior to start of the pyrolysis, the oxy-
gen analyzer displayed an initial oxygen concentration of
~0.5 + 0.1 ppm oxygen in the pyrolysis quartz tube. A needle
valve was used to control the flow rate of argon, with the flow
rate monitored before and after the pyrolysis run using a uni-
versal gas flow-meter (Agilent Technologies, ADM 1000). The
CMS dense films obtained were tested for pure gas C,H, and

Table 2 - % Mass loss during vacuum pyrolysis for the 675 °C
Protocol and 675 °C_Fast protocol. The data is averaged ove
two runs for each protocol with three samples in each run.

The % residual mass for the 675 °C protocol and 675 °C_Fast]
protocol compare well with the respective TGA data shown|

675 °C protocol 675 °C_Fast protocol

Vacuum pyrolysis

41.83
58.17

40.12
59.88

% Mass loss
% Residual mass

C,Hg permeation at 35 °C and 50 psia feed pressure. As seen
from Fig. 6, inert gas pyrolysis yielded results comparable to
vacuum pyrolysis with a slightly higher permeability and low-
er selectivity, indicating feasibility for scale-up.

Kiyono et al. [43] reported an “oxygen-doping” method
using controlled concentrations of oxygen in the pyrolysis
purge stream, where in the oxygen tends to chemisorb selec-
tively at the ultramicropores (ultramicropore defects are be-
lieved to be ~17 times more reactive than the basal plane
[49]), thus allowing a means to tune the CO,/CH, separation
performance. For CMS films derived by pyrolyzing Matrimid®
at 550 °C, they reported a decrease in both CO, permeability
and CO,/CH, selectivity (from the vacuum pyrolysis perfor-
mance) with increase in oxygen concentration from 3 to
100 ppm in argon. At a lower pyrolysis temperature of 500 °C,
an increase of oxygen concentration from 1 to 30 ppm showed
an increase in selectivity with a corresponding decrease in
permeability, but the performance was similar to the 550 °C
vacuum pyrolysis. The results reported by Kiyono et al. [43]
indicate that the use of “oxygen-doping” to tune the C,H./
C,Hg separation performance of CMS fabricated from Matri-
mid® may require significant modification for the larger
C,H,/CyHg pair with relatively smaller size difference between
the two gas molecules. This will be a topic of future study.

4.6. Ethylene/ethane mixed gas permeation

Mixed gas permeation tests were performed at 35 °C on Matri-
mid® 550 °C-CMS and 675 °C_Fast-CMS pyrolyzed under vac-
uum. The feed composition used was 63.2 mol% C,H, and
36.8 mol% C,Hewith a total feed pressure of 50 psia and the
stage cut was maintained at <1%. The mixed gas feed compo-
sition used here for lab-scale testing is similar to the feed
composition currently employed for some industrial scale
distillation columns. The steady state permeation results
are summarized in Table 3.
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It is seen that there is a decrease in permeability and a
slight increase in selectivity compared to pure gas measure-
ments, and these seem to be due to the complicated compe-
tition effects between the very similar C,H, and C,Hs
molecules. It may be that the double-bonded C,H, can inter-
act more strongly with the sp? hybridized CMS basal plane,
favoring C,H, sorption and possibly hindering C,Hs, with a
resultant small increase in mixed gas selectivity. The compe-
tition between C,H, and C,Hg however does hinder diffusion
of both the gases, with a resultant lower permeability in the
case of mixed gas. This fact notwithstanding, as seen from
Table 3, pure gas measurements give a good estimate of the
CMS performance expected using mixed gas compositions
representative of real industrial feeds. Sorption experiments
will be pursued in the future in order facilitate further under-
standing of the competition between C,H, and C,He, and will
also be useful in predicting mixed gas permeability and selec-
tivity from pure gas properties using Langmuir sorption
parameter (Eq. (4)).

4.7.  Effect of permeation temperature on ethylene/ethane
separation performance

The effect of permeation temperature was studied at two
pyrolysis temperatures. For preliminary investigation, pure
C,H, and C,Hg permeation tests were done at 35 and 50 °C
using 50 psia feed pressure, on a Matrimid® film pyrolyzed
under vacuum at 550 °C using Protocol 1. Apparent diffusion
and sorption data were calculated from the permeability val-
ues using the time-lag method described above. The diffusion
selectivity at 35 °C and 50 °C are 4.5 and 4.8, respectively while
the sorption selectivity lies in the range of 1.3-1.4, indicating
that CMS selectivity comes mostly from its diffusion selectiv-
ity while the sorption selectivity contribution is similar to
polymeric membranes. Using Arrhenius-type relationships
(Egs. (6) and (7)), it was further seen that the activation ener-
gies for permeation and diffusion through the 550 °C-CMS for
C,H, and C,Hg are similar (Table 4), presumably because of
their similar size and properties. In addition, as suggested,
the major contribution to diffusion selectivity comes from
its ‘entropic selectivity’ while the ‘energetic selectivity’ is
low. This entropic selectivity is essentially a measure of the
configurational advantage that the ‘slimmer’ C,H, molecule
has over C,Hg in transport through the ‘slit-like’ CMS struc-
ture. In other words, an entropic selectivity of 14.7 (Table 4)
indicates that C,H, is 14.7 times more likely to orient itself
in a configuration that allows it to diffuse though the CMS
pores compared to C,Hs. Since polymers do not possess a ri-
gid structure as in the case of CMS, they do not allow taking
advantage of this configurational orientation, and this is the

main reason why CMS membranes can deliver attractive
C,H4/C,Hg separation performance [34].

Since this preliminary study was carried out using only
two permeation temperatures with the results assumed to
fit the Arrhenius-type equations, a more detailed investiga-
tion was done for the vacuum pyrolyzed 675 °C-Fast Carbon
which gave optimum C,H,/C,H¢ performance. Pure C,H, and
C,Hg permeation, using 50 psia feed pressure, was done at
three temperatures: 30, 35 and 45 °C. Limitations on the trans-
ducers and epoxy used in the study did not allow for mea-
surements at higher temperatures. The Arrhenius-type plots
for permeability and diffusivity are shown in Fig. 12 and the
results are tabulated in Table 3. The data used are average val-
ues from two tests each with <10% standard deviation in per-
meabilities. As noted in the case of the 550 °C-CMS, C,H, and
C,Hg show similar activation energies for both permeation
and diffusion for the 675 °C_Fast-CMS as well. The activation
energies for both permeation and diffusion are higher for the
675 °C_Fast carbon than for the 550°C-CMS, representing
greater resistance to transport in the former. However, the
pre-exponential factors for permeation and diffusion increase
several orders of magnitude in going from the 550 °C-CMS to
the 675 °C_Fast-CMS, thus resulting in an overall increase in
both permeability and diffusivity for the 675 °C_Fast-CMS.
An increase in pre-exponential factor for diffusion can result
from either an increase in activation entropy of diffusion or
diffusive jump length (Eq. (12)) or a combination of the two
[37]. Since it is hard to imagine significant increase in jump
lengths in going from 550 to 675 °C, increase in pre-exponen-
tial factor for the 675 °C_Fast-CMS is likely a result of increase
in the activation entropy of diffusion. The sorption selectivity
for the 675 °C_Fast-CMS is similar to 550 °C-CMS while the dif-
fusion selectivity is higher for the former, thus resulting in an
increase in selectivity. As before, while the energetic contri-
bution to the diffusion selectivity remains low, an exception-
ally high entropic selectivity of 16.2 for the 675 °C_Fast-CMS
indicates a further configurational advantage for C,H, over
CoHe.

Singh and Koros [34] carried out similar entropic and ener-
getic selectivity calculations for the O,/N, gas pair for trans-
port in CMS. It is worth noting that while Singh and Koros
[37] observed significant energetic contribution to overall dif-
fusion selectivity for O,/N, separation, such effect is not ob-
served here because of the similar activation energies of
C,H, and C,Hg. This also leads to the fact that with a small in-
crease in permeation temperature there is no loss in selectiv-
ity (see Table 4) for C,H4/C,H, separation as is observed in the
case of most gas separations. Singh and Koros [34] evaluated
the theoretical limits for entropic selectivity, essentially equal
to the ratio of the partition functions in the transition state to

Table 3 - Pure and mixed gas (63.2% C,H4/ 36.8% C,Hg¢) permeation results at 35 °C and 50 psia total feed pressure.

State Total feed pressure Pure gas Mixed gas

(psia) Pc,n, (Barrer) 0C,Hy /CoHs Pc,n, (Barrer) 0C,H, /CoHe
550 °C-CMS, vacuum 50 14.5+1.35 6.6 +0.26 8.3 7.7
675 °C_Fast-CMS, vacuum 50 16.7 11.7 10.9 12.3
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Table 4 - Effect of permeation temperature on C,H,/C,H¢

separation for 550 °C-CMS and 675 °C_Fast-CMS.

550°C-CMS 675 °C_Fast-CMS
Pa/Pg 30°C 12.1
35°C 6.3 35°C 11.7
50°C 6.3 45°C 12.1
Da/Dg 30°C 8.1
35°C 45 35°C 8.3
50 °C 4.8 45°C 8.4
Sa/Sg 30°C 1.5
35°C 14 35°C 1.4
50°C 1.3 45°C 14
Epa (kcal/mol) 7.1 12.2
Epg (kcal/mol) 7.2 12
P4, (Barrer) 1.60E+06 6.20E+09
P, (Barrer) 3.00E+05 4.20E+08
Epa (kcal/mol) 10.4 17.6
Epg (kcal/mol) 9.7 17.1
Do (cm?¥s) 1.90E—02 3.60E+03
Dz, (cm?%/s) 1.30E-03 2.20E+02
Entropic contribution 14.7 16.2
Energetic contribution ~0.3 ~0.5

the normal state of the two components [((‘;iéi’): , for the 0,/N,
gas pair in transport through a slit-like CMS pore by taking
into account the degrees of freedom for the two molecules
in the normal (sorbed) and transition state. O, molecule can
pass through the CMS slit-shaped pores rotating about either
axis of rotation. N,, on the other hand, may pass through
rotating only about one axis as shown in Fig. 13a. Both O,
and N, can translate along the graphitic planes, transverse
to the direction of diffusion. Depending on whether or not
an additional vibrational degree of freedom is present for
N,, in lieu of the lost rotational degree of freedom, in the acti-
vated state, the entropic selectivity calculated is 3.7-9.0 (see
[34] for detailed calculation). These values encompass the
experimentally observed O,/N, entropic selectivity range of
4.9-8.8 for CMS [34,50]. A similar analogy can be extended to
the C,H4/C,Hg case as shown in Fig. 13b. However, compared
to the simple O,/N, case where a molecule can either pass
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R2=10.9511 °
2 4
E 15 -
1 -
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Fig. 13 - View of a CMS slit-shaped pore in the direction of
diffusion with illustration of the rotational degrees of
freedom in the activated state. (a) 0,/N, system: O, can pass
through rotating about both axes while N, can rotate only
about one axis. (b) C,H4/C,H, system: C,H, can pass through
rotating about two axes with greater probability than C,He.
C,Hg may either get rejected completely at all configurations
or may pass through rotating about either one axis or two
axes but with a smaller probability than C,H,.

through or get rejected, the entropic selectivity for the more
complex C,H, and C,Hg molecules is much more complicated
to predict. For these more complex molecules, the entropic
selection would now be dependent on the probability of many
subtle configurational differences enabling a particular mole-
cule to get through the diffusion-limiting ultramicropore. As
shown in Fig. 13b, at a particular configuration, the ‘skinnier’
C,H, will pass through the ‘slit-shaped’ CMS pore with greater
ease (probability) while C,H¢ will require greater effort (con-
tinuous rotation about an axis) if at all it can pass through
in the same configuration. Computing the theoretical limits
for C,H4/C,Hs entropic selectivity is thus not simple, as for
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Fig. 12 - Arrhenius-type plots for (a) permeability (Eq. (6)) and (b) diffusivity (Eq. (7)) for C,H4/C,He separation using
675 °G_Fast-CMS. The data represents average values from two tests each with <10% standard deviation in permeabilities.



1500

CARBON 50 (2012) 1488-1502

(d)

Fig. 14 - Different types of CMS films formed as a result of pyrolysis (a) flat film, (b) slightly curled film, (c) over-curled film, and

(d) crinkled film.

the case of 0y/N,, and would require extensive modeling.
Besides, unlike O,/N,, the parameters involved in such a
theoretical calculation (see [34]) are not available for C,H/
C,He. Detailed modeling being beyond the scope of this study
has thus not being pursued in detail here; however, we may
consider this in the future.

4.8.  Production of “testable” CMS dense films from
Matrimid®

Production of “testable” (suitable for permeation measure-
ments) CMS dense films from Matrimid® can be challenging.
Since CMS films are brittle compared to polymer films, it is
important to get CMS films that can be handled and masked
appropriately for permeation measurements (see Section 3.3
for details). Several factors have been identified as being
responsible in the formation of testable CMS dense films.
Before discussing these factors, it is useful to describe the
various different types of films that can result from pyrolyz-
ing Matrimid® precursor films. For convenience, the resultant
CMS films can be categorized into four types (Fig. 14): (a) flat
films (testable), (b) slightly curled (bent) films (testable), (c)
over-curled films (not testable) and (d) crinkled (wavy) films
(not testable).

Flat films can easily be masked for permeation. Slightly
curled films generally resulted from pyrolysis under inert
gas argon atmosphere. Such films are flexible and can be
masked for permeation with a >95% success rate. Over-curled
films and crinkled films are impossible to mask and break
invariably. The detailed cause in terms of pyrolysis condition
for these different types of films is not yet well understood,
but with experience the first two types (a and b) can be cre-
ated and tested relatively easily.

A primary reason for production of crinkled or over-curled
films is believed to be stress present on the precursor films
prior to pyrolysis, which can result due to several factors. The
casting technique for precursor films is extremely important.
A Teflon disc is preferred as the casting substrate for solution
casting of Matrimid® precursor films, as opposed to so-called
“ring casting” on a glass surface using a metal ring. Casting
on a Teflon disc minimized inherent stress on the resulting pre-
cursor film by preventing adhesion of the final vitrified polymer
films to the surface of the substrate. In addition, it is important
to maintain a very slow evaporation rate during the casting
process to minimize resultant stress on the precursor films
due to vitrification. Precursor films cast on Teflon resulted in

>90% success rate in formation of testable CMS dense films
while ring-casting on a glass surface resulted in crinkled or
over-curled films in most cases. It was also found that using
thicker precursor dense films resulted in less curling of films
due to pyrolysis. Lastly, cutting of precursor films into small cir-
cles for pyrolysis can also result in stresses. In order to avoid
this, films were cut using a sharp die-cutter by hitting uni-
formly with one single blow of a hammer. This results in distri-
bution of the stress on the unwanted area around the desired
circle. On some occasions, scissors were used to detach the cir-
cular film at points that were not cut using the die-cutter. In
addition to the precautions practiced in precursor film prepara-
tion, experiments were conducted to remove residual stresses
on the precursor films prior to pyrolysis by soaking the polymer
films just below as well as at the glass transition temperature
(310 °C) of Matrimid® for 2 h. This however did not significantly
affect the resultant CMS dense films.

The nature of the support used for pyrolysis is also impor-
tant. Pyrolysis over a wire mesh support results in CMS films
bearing impressions of the wire mesh with stress points at
which they tend to crack easily. A solid quartz support results
in over-curled films because of hindered transfer of the pyro-
lysis by-products. A ribbed or channeled quartz plate on the
other hand allows for free diffusion of the pyrolysis by-prod-
ucts thus resulting in testable CMS film formation. This study
thus uses a channeled quartz plate for the production of CMS
dense films for C,H4/C,Hg separation. Recently it has also
been found that use of the same quartz support and quartz
tube over an extended period of time eventually tends to cre-
ate crinkled CMS films. The reason for this is however not yet
well understood by the authors. After repeated burn out in air,
the ribbed quartz plate and quartz tube eventually show signs
of erosion with a somewhat roughened surface, and this pre-
sumably causes the odd crinkling effect.

5. Conclusions

CMS dense films were successfully fabricated from commercial
polyimide Matrimid® for C,H,/C,H, separation. The CMS films
showed significant improvement in separation performance
over their precursor under a wide range of pyrolysis conditions
and performance was seen to surpass the estimated C,H4/C,Hg
polymeric upper bound line. With increase in pyrolysis temper-
ature, C,H, permeability was found to increase with a
corresponding decrease in C,H4/C,H;g selectivity up to an opti-
mum temperature, beyond which permeability dropped drasti-
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cally with no significant increase in the selectivity. Optimum
separation performance was obtained in the range of 650-
675 °C with a C,H,; permeability of 14-15 Barrer and a high
C,H4/CyHg selectivity of ~12.These combined properties are
well beyond those of the precursor material and the estimated
polymer ‘upper bound’. C,H, diffusion and C,H4/C,H, diffusion
selectivity were shown to follow a similar trend as permeability
and overall selectivity. These changes have be explained qual-
itatively by considering changes in the hypothetical ultrami-
cropore distribution indicative of the critical molecular
sieving selective pores of the CMS membranes. A modified
heating protocol with a final pyrolysis temperature of 675 °C
further improved the separation performance. In addition,
CMS films produced by pyrolysis under an inert argon atmo-
sphere showed results comparable to vacuum pyrolysis,
indicating feasibility of scale-up. Mixed gas permeation exper-
iments, using a 63.2mol% C,Hs—36.8 mol% C,He mixture,
showed a slightly lower C,H, permeability with an increase
in C,H4/C,Hg selectivity rather than a decrease which is often
seen with polymers. Nevertheless, pure gas measurements
can give a reasonably good estimate of the CMS performance
expected using mixed gas compositions representative of real
industrial feeds. Further sorption experiments will be pursued
in the future in order facilitate complete understanding of the
complicated competition effects between C,H, and C,He, and
for predicting mixed gas permeability and selectivity from pure
gas properties. Lastly, the dependence on permeation temper-
ature was evaluated for the CMS dense films, indicating an
increase in C,H, permeability with no significant change in
C,H4/C,Hg selectivity. The activation energies for both perme-
ation and diffusion for C,H, and C,Hg were found to be very
similar. Further, the C,H4/C,He selectivity of CMS membranes
was found to come mainly from its diffusion selectivity,
whereas the sorption selectivity was similar to polymeric
membranes. In addition, the CMS membranes showed a very
high ‘entropic selectivity’, indicating strong dependence on
the probability of many subtle configurational differences en-
abling the ‘slimmer’ C,H, molecule to preferably get through
the rigid ‘slit-shaped’ diffusion-limiting CMS ultramicropores.
This seems to be the main reason why CMS membranes can
deliver attractive C,H4/C,Hg separation performance.
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