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Ultrathin (down to 300 nm), high quality carbon molecular sieve (CMS) membranes were synthesized on mesoporous
y-alumina support by pyrolysis of defect free polymer films. The effect of membrane thickness on the micropore structure
and gas transport properties of CMS membranes was studied with the feed of He/N, and C3Hs/C3Hg mixtures. Gas perme-
ance increases with constant selectivity as the membrane thickness decreases to 520 nm. The 520-nm CMS membrane exhib-
its C3Hs/C3Hg mixture selectivity of ~31 and C3Hs permeance of ~1.0 X 1078 mol m=2 s~ Pa~'. Both C;Hg permeance
and HelN, selectivity increase, but the permeance of He, N», and C;Hg and the selectivity of CsHs/C3Hg decrease with fur-
ther decrease in membrane thickness from 520 to 300 nm. These results can be explained by the thickness-dependent chain
mobility of the polymer film which yields thinner final CMS membranes with reduction in pore size and possible closure of
Cs;Hg-accessible micropores. © 2015 American Institute of Chemical Engineers AIChE J, 62: 491-499, 2016
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Introduction

Carbon molecular sieve (CMS) membranes are formed by
pyrolysis/carbonization of polymeric precursor membranes
under controlled vacuum or inert atmosphere.'™ The slit-like
micropore structure of CMS membrane can be finely tuned
through the selection of polymer precursors and varying pyrol-
ysis conditions to offer strong molecular sieving effect toward
gas pairings, such as H,/CO,, O,/N,, CO,/N,, CO,/CH,4, and
C3Hg/C5Hg, for which conventional polymeric membranes do
not offer great selectivities.*”’ Among them, using CMS for
the separation of C3;Hg and C3Hg is even more promising,
because of the high product value and high energy-intensity of
the existing separation technology.g_10 Several research groups
have successfully fabricated CMS membranes with superior
C53Hg/C3Hg separation performance exceeding the upper bound
curve between permeability and selectivity for conventional
polymeric membranes,''™'* making CMS membrane one of
the most promising candidates for C3Hg/C3Hg separation.

The membrane performance determines the productivity of
the membrane system.'” For a given membrane material, per-
meance enhancement can be achieved by lowering the thick-
ness of the selective layer. However, it is challenging to
fabricate thin, high quality membranes without compromising
the membrane selectivity. So far, researchers have prepared
the CMS membranes in two different forms in an effort to
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achieve high permeances: asymmetric hollow fiber and thin-
film composite membranes using inorganic substrates.

Hollow fiber membranes offer advantages of high packing
density than thin-film composite membranes. Okamoto et al.'?
prepared hollow fiber CMS membranes with a selective layer
of approximately 200 nm, and the membrane exhibited a high
C;Hg permeance of 8.7 X 10™ " mol m s~ ' Pa~' (26 GPU)
and C3Hg/C3Hg selectivity of 11 at 35°C. The relatively low
selectivity suggested the existence of nonselective defects in
the membrane. Recently, Koros and coworkers'? found that
the porous substructure of Matrimid hollow fiber membrane
densifies during pyrolysis, resulting in an increased effective
separation layer thickness. In another study, Koros and
coworkers reported a pre-pyrolysis treatment method using a
sol-gel crosslinking reaction to induce vinyl crosslinked silica
on precursor fiber walls to restrict the morphology collapse.14
The treated membranes possess an apparent membrane skin
thickness of 5—6 pum for Matrimid derived membrane and 3—4
um for 6FDA derived membrane, 5—6 fold thinner than the
CMS membranes from untreated precursors.14

Thin-film composite CMS membranes can be prepared by
coating the polymer precursor film on ceramic support fol-
lowed by pyrolysis. The resultant CMS membrane layer has a
symmetric pore structure with the thickness essentially deter-
mined by the thickness of the coated polymer layer. Most com-
posite CMS membranes reported in literature have an effective
membrane thickness larger than 2 yum, because a certain mem-
brane layer is required to cover the surface defects and the
macropores of inorganic substrate.'®'® This is especially
important in fabricating CMS membrane with high selectivity

February 2016 Vol. 62, No. 2 491



Table 1. Preparation Conditions of y-Alumina Supported
Polymer Membranes

Polymer Polymer Dip-Coating
Membrane Concentration (wt %) Time (s)
P-2-60 2 60
P-2-30 2 30
P-2-15 2 15
P-1-15 1 15
P-0.5-15 0.5 15
P-0.2-15 0.2 15

for separation of propylene/propane gas pairs of very close
molecular sizes. Hayashi et al.'® fabricated a BPDA-pp’ODA
polyimide derived CMS membrane on the outer surface of a
porous alumina tubular support (average pore size, 140 nm) by
repeating the coating/carbonization two or three times. The
prepared membrane showed a high C3He/C3Hg mixture selec-
tivity of 46 but a low C3H, permeance of 7.9 X 10~ '° mol
m Zs 'Pa! (2.4 GPU) due to the large membrane thickness
of 5-6 um. Single-time dip-coating was used by Yamamoto
et al.'? to form the polymer precursor film on alumina support
before pyrolysis. However, their membranes are still of 4-6
um in thickness and only offered unattractive C3Hg permean-
ces lower than 3.0 X 10" molm™%s™ ' Pa™ ',

Despite these efforts on synthesis of the thin CMS mem-
branes discussed above, there was essentially no study
reported on synthesis and transport properties of high quality
CMS membrane with submicron thickness. It has been
reported that the film thickness affects weight loss, amounts of
evolved compounds and the degree of graphitization
of polyimide-derived carbon films.?**' But the influence of
thickness, especially when it is down to the submicron range,
on the properties of microporous carbon membranes is still
unknown. Our group recently demonstrated that high quality
CMS membrane can be synthesized on mesoporous y-alumina,
rather than on the commonly used macroporous support.”
This advancement in CMS membranes enabled us to synthe-
size CMS membranes of various thicknesses down to submi-
cron range. This article will report synthesis of ultrathin CMS
membranes on y-alumina substrates with high C3;Hg gas per-
meance for C3Hg/C3Hg separation, and study of the effect of
membrane thickness on the structure and gas transport proper-
ties of CMS membranes. The main objective of this work is to
understand the synthesis-structure-gas permeation property
relationship for thin CMS membrane based on the gas permea-
tion and separation results of polymer and CMS membranes of
different thicknesses.

Experimental
Preparation of polymer membranes

Ceramic supports with an asymmetric structure consisting
of a y-alumina top layer and a-alumina substrate were used as
the supports for membrane preparation. The o-alumina sup-
ports with a porosity of ~45% and an average pore diameter
of ~200 nm were prepared by sintering o-alumina disk at
1150°C for 30 h. One side of the a-alumina support was pol-
ished with sandpaper (#500, #800, and #1200). The boehmite
sol was prepared following previously reported proce-
dures,?>?* and then coated onto the polished side of x-alumina
support. The whole support was then calcined at 550°C for 3 h
with a heating and cooling rate of 0.5°C min~'. If necessary,
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the coating and calcination was repeated to get a final good
quality y-alumina layer.

The polymer precursor used in this work is a proprietary
6FDA-based polyimide polymer (molecular weight >30,000)
provided by Membrane Technology and Research. The precur-
sor was dissolved in acetone to prepare polymer coating solu-
tions with different concentrations from 1 to 0.2 wt %. The
polymer membranes were formed on the surface of y-alumina
support by dip-coating method. The dip-coating time was var-
ied from 15 to 30 s and 60 s. Different polymer concentration
and different dip-coating time were used to give polymer
membranes with different thicknesses. Detailed preparation
conditions of polymer membranes were listed in Table 1.
The polymer membranes were named in the form of
P-concentration of polymer solution-dip coating time. These
supported polymer membranes were first dried at room tem-
perature for 3 h, then at 100°C for 12 h, and finally annealed at
140°C in air for 5 h.

Preparation of CMS membranes

CMS membranes with different thicknesses were formed by
pyrolysis of the supported polymer membranes under ultra
high purity (UHP) argon gas environment. The oxygen level
in the pyrolysis gas is crucial to the quality of CMS mem-
branes prepared by this method. Depending on the concentra-
tions, the oxygen could damage the membrane due to
excessive decomposition of the polymer film,* or improve the
membrane performance through oxygen doping in the micro-
pores.”® To avoid any effects from oxygen and to maintain the
same pyrolysis conditions for all membranes, an additional
oxygen removal step using copper-based catalyst (Research
Catalysts) as “oxygen getter” was applied in this work.

Figure 1 shows the schematic setup for the oxygen removal
assisted pyrolysis process. The copper catalysts were closely
packed inside the left tubular furnace to form a fixed-bed reac-
tor. The catalysts, which came as copper oxides, were first
activated by reduction of the copper oxides to metallic copper
using a reducing 2% H,/Ar mixture at a flow rate of 100 mL
min~' at 175°C for 24 h. After the activation, the polymer
membranes were placed inside the furnace on the right side
and UHP Ar gas at a flow rate of 100 mL min~ ' was used for
pyrolysis. The copper catalyst reacted with the oxygen impur-
ities existing in the UHP Ar to form copper oxide. As a result,
an almost oxygen free environment was created for the down-
stream pyrolysis process. The pyrolysis was typically con-
ducted at 550°C for 2 h with a heating and cooling rate of 4°C
min~'. The pyrolysis conditions including the final pyrolysis
temperature and thermal soak time were varied for the ultra
thin CMS membrane. All the CMS membranes prepared were
stored in UHP Ar atmosphere before gas permeation and sepa-
ration test, to avoid any water or oxygen adsorption on
membrane.”’

Membrane characterization and single
gas permeation measurements

The surface morphology and cross-section of the polymer
membranes and CMS membranes were characterized by scan-
ning electron microscopy (SEM, Philips, XL 30) at an accelerat-
ing voltage of 20 kV. The thicknesses were determined from the
cross-section SEM images of these membranes. Fourier trans-
form infrared spectroscopy (FTIR) spectra for the CMS mem-
branes were collected by a Nicolet 4700 FT-IR spectrometer.
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Figure 1. Schematic setup for the oxygen removal assisted pyrolysis of CMS membrane.

The He and N, single gas permeances through the polymer
membranes were measured by a previously reported steady-
state method at room temperature,28 with a feed pressure of 45
psi. The He/N, perm-selectivity was calculated based on the
ratio of He and N, single gas permeance, and was used to
examine the membrane quality. In the physical aging test of
polymer membranes, the permeances of He and N, were
monitored over 72 h. To facilitate comparison of the rate of
physical aging, the He, N, permeances, and He/N, perm-
selectivity were normalized by the corresponding initial values
of the membranes.

Mixture separation measurement

The C3;Hg/C3Hg mixture separation performance of the
CMS membranes was measured using a previously reported
cross-flow se:tup.zz’29 The feed side was a 50%/50% CsHg/
C;Hg mixture at a total flow rate of 50 mL min~ ', and N, at a
flow rate of 50 mL min~ ' was used as sweeping gas on the
permeate side. The feed pressure was maintained at 45 psi
(310 kPa) by a needle valve on the retentate line. The gas flow
rate on the permeate side was measured by a bubble flow
meter. The gas composition on the permeate side was meas-
ured by gas chromatography (SRI Instruments, SRI 8610C)
equipped with a flame ionization detector and a 6’ X 1/8”
silica gel packed column, using He as carrier gas. All the
measurements were conducted at room temperature.

The He/N, mixture separation properties of CMS mem-
branes were measured with a 50%/50% He/N, mixture using
the same cross-flow setup. Ar gas with a flow rate of 50 mL
min~ ' was used as sweeping gas. The gas composition on the
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Figure 2. Effect of dip coating time on the He and N,
permeation through polymer membranes.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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permeate side was measured by a GC (Agilent 6890N) with a
thermal conductivity detector detector and an AllTech
HayeSep DB 100/120 column. All the gas permeation meas-
urements were conducted three times to determine the average
values for permeance and selectivity. The errors for the tripli-
cate measurements are in the range of 3—10%.

Results and Discussion
Polymer membranes with different thicknesses

The mesoporous y-alumina supports prepared in this work
have a pore size of ~3 nm and a surface roughness of ~4 nm,
and are all of good quality with the gas transport showing
Knudsen diffusion behavior. Coating a y-alumina layer of sev-
eral microns thick only causes a 20-30% reduction in the gas
permeance of a-alumina support, ensuring negligible gas
transport resistance through the support as compared with the
polymer or CMS membrane.

Figures 2 and 3 show the He and N, gas permeation proper-
ties of the membranes after the supports were coated with the
polymer precursors at different conditions. For membranes
coated with the same polymer solution (P-2-60, P-2-30, P-2-
15) shown in Figure 2, with the decrease of dip-coating time,
the permeance of both He and N, increases while the perm-
selectivity stays essentially constant. The increase in gas per-
meance is more obvious for the membranes prepared with a
more diluted polymer solution. As shown in Figure 3, at a
fixed dip-coating time of 15 s, the permeance increases by
about eight times as the concentration of the dip-coating
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Figure 3. Effect of the concentration of polymer coat-
ing solution on the He and N, permeation
through polymer membranes.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. Cross-section SEM images of y-alumina supported polymer membranes with different thicknesses:
(a) P-2-15, (b) P-1-15, (c) P-0.5-15, and (d) P-0.2-15.

solution decreases from 2 to 0.2 wt %. These membranes all
show good He/N, perm-selectivities of above 26, suggesting
the absence of any large defects. Overall, higher gas perme-
ance results from lowering thickness of the polymer layer,
which can be achieved by shortening the dip-coating time or
lowering the concentration of the coating solutions. It should
be noted that membrane P-0.2-15 shows a slightly higher He/
N, perm-selectivity than others. This could be because the
polymer chains are more uniformly dispersed and less tangled
together in the more diluted solution, which consequently
leads to a more closely packed polymer chains in the polymer
film coated on the support. Another possible reason is the
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Figure 5. He and N, permeances of the polymer mem-
branes as a function of the reciprocal of
membrane thickness.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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faster physical aging for the thinner polymer membrane, as
will be discussed later.

To verity the infiltration of polymers into the support pores,
the cross-section of the membranes were characterized by
SEM and the images are shown in Figure 4. The SEM images
confirm the decrease of membrane thickness with lowering the
concentration of coating solutions. Although a distinct bound-
ary can be found between the polymer film and the y-alumina
layer, the infiltration of polymers is difficult to be observed
under the used magnifications. With the thickness information
obtained from the SEM cross-section images, the He and N,
gas permeances were plotted as a function of the reciprocal of
the thickness, as is shown in Figure 5. A clear linear relation-
ship between the permeance and the reciprocal of membrane
thickness was observed. This indicates no penetration of poly-
mer chains into the support pores even under the conditions of
using very diluted polymer solutions. These high quality poly-
mer membranes were pyrolyzed to form CMS membranes
with different thicknesses.

CMS membranes with different thicknesses

Figure 6 shows the cross-section SEM images of the CMS
membranes with different thicknesses after pyrolysis at 550°C
for 2 h. The three-layer structure consisting of carbon layer,
y-alumina layer, and o-alumina support are clearly shown in
the SEM images. These membranes are of high integrity with
no macroscopic defects found on the surface SEM images (not
shown here). The SFg (0.55 nm) permeance for the membranes
is smaller than 1 X 10~ "' mol m~% s~ ' Pa~', further indicat-
ing the presence of limited defects. The FTIR spectra of the
CMS membranes with different thicknesses are shown in
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Figure 6. Cross-section SEM images of y-alumina supported CMS membranes with different thicknesses: (a) 2.1

um, (b) 850 nm, (c) 520 nm, and (d) 300 nm.

Figure 7. All these membranes exhibit a relatively strong band
at 1605 cm ™! ascribed to C=C bond, and tiny bands at 1723
and 1350 cm ™' which come from the residual oxygen and nitro-
gen heteroatoms on the membrane surface. The similar spectra
observed for these membranes suggest no change of the surface
functional groups with the change of membrane thickness.
Figure 8 shows the mixed-gas permeances and selectivity of
He and N, for membranes with different thicknesses. When
the carbon layer thickness decreases from 2100 to 520 nm,
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Figure 7. FTIR spectra of CMS membranes with differ-
ent membrane thicknesses.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

AIChE Journal February 2016 Vol. 62, No. 2

Published on behalf of the AIChE

both He and N, permeances increase accordingly with a slight
decrease in He/N, selectivity. However, it is interesting to
note that further reducing the thickness from 520 to 300 nm
results in a decrease in the gas permeances but an increase in
He/N, selectivity. This appears to indicate a reduction in the
effective pore size when the carbon layer thickness is reduced
beyond 520 nm. Figure 9 shows the C3Hg/C3Hg separation
performance as a function of membrane thickness. Similar to
the trend for He/N, system, the C3Hg permeance is improved
without compromising the selectivity by reducing the mem-
brane thickness to 520 nm. However, the 300 nm membrane
shows a dramatically decreased C3Hg/C3Hg selectivity, due to
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Figure 8. He, N, permeances and He/N, mixture selec-
tivity of CMS membranes as a function of
membrane thickness.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
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a decrease in C3Hg permeance and an increase in C3Hg perme-
ance. These results suggest that some dramatic pore structure
change has taken place when reducing the carbon layer thick-
ness from 520 to 300 nm.

To better interpret the pore structure change associated with
the membrane thickness, permeabilities for the four studied
gases were calculated from the permeances, and plotted as a
function of membrane thickness. As shown in Figure 10, the
permeability values for He, N,, and C3Hg decrease with lower-
ing the thickness, with the most significant reduction occurring
at 300 nm. However, the C3Hg permeability almost keeps
unchanged. These thickness dependences of permeabilities,
together with the mixture selectivity results shown above indi-
cate that: (1) the membrane experiences a reduction in the
porosity with thickness decreasing from 2100 to 520 nm; (2)
as thickness is further reduced to 300 nm, the effective pore
size of the membrane drastically decreases as well.

The micropores in CMS membranes are formed by the mis-
alignment/imperfect packing of the aromatic domains/carbon
sheets.***! The piling of polymer precursor chains on support
before pyrolysis has been reported to have influences on the
final CMS pore structure.”*>> TIrregularly arrayed polymer
chains tend to form bigger CMS pores, while orderly and
tightly arranged polymer chains will result in a smaller dis-
tance between the carbon sheets. For the polymer membranes
prepared in our work, a more closely packed polymer chains
in the thinnest polymer film coated on the support has been
suggested by the slightly higher He/N, perm-selectivity for
membrane P-0.2-15 (Figure 3) compared with the others. As
discussed above, after this membrane is pyrolyzed, a more
restricted pore structure can be expected.

The glass transition temperature T, which is directly related
to the chain segmental mobility of the polymer, is another key
factor influencing polymer-carbon transition during the pyrol-
ysis and the pore structure formation of the final CMS mem-
brane.*** Polymer precursor with higher T, possesses higher
chain rigidity to prevent pore collapses in the intermediate
stage during pyrolysis and help the membrane retain the desir-
able pore structure. Conversely, lower T,, which implies
higher molecular mobility, facilitates the reorganization of
carbon chains and leads to a more closely packed carbon
sheets. It is well known that for free standing polymer films
and supported polymer films on nonattractive substrates, the
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glass transition temperature for the polymer decreases as the
film thickness decreases.>>® This film thickness dependence
of T, causes a faster physical aging for a polymer membrane
with a smaller thickness. It was recently reported that the ther-
mal rearrangement of an ortho-functional polyimide and the
gas transport properties of thermal rearranged (TR) films are
also strongly film thickness depende:nt.37’38 Thin TR film has a
higher degree of chemical conversion, and experiences a much
greater rate of physical aging than the thick films. The lower
glass transition temperature, the higher segmental chain
mobility for the thinner polymer film is believed to be the
main reason behind these phenomena.

The physical aging behavior of our y-alumina supported
polymer membranes was measured by tracking the gas perme-
ances and selectivity over time. As shown in Figures 11 and 12,
the thinner the membranes, the more rapid the rate for the
decrease of normalized He, N, permeance, and the higher the
normalized He/N, perm-selectivity over aging time. This effect
is more pronounced for the 386-nm membrane. These results
reflect a much higher chain segmental mobility for the 386-nm
polymer membrane, which allows the aromatic domains/carbon
chains extra freedom to become more closely packed and form
smaller micropores in the 300-nm CMS membrane.

In addition, the release of volatile products during pyrolysis
might also play some role in the structure change. The thinner
film clearly provides a shorter pathway for the diffusion and
release of volatile products from the membrane. Wang et al.*®
reported that the reduced diffusional resistance for the evolv-
ing volatile compounds is one possible cause for the much
larger weight loss and higher degree of chemical conversion
observed for a thinner TR membrane. Hatori et al.>" also found
that the thinner the film, the more weight is lost during the
pyrolysis of polyimide films. Therefore for the CMS mem-
branes prepared in this work, under the same pyrolysis condi-
tion, the thinner film may eventually end up with a higher
degree of graphitization and smaller pore size. However, more
experiments are required to verify this possible reason.

The combined effects from the packing of polymer chains,
chain segmental mobility, and the diffusion of volatile by-
products result in a smaller effective micropore size and
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Figure 10. Gas permeabilities of He, N,, C3Hg, and
CzHg of CMS membranes as a function of
membrane thickness.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 13. Schematic micropore size distribution for
CMS membranes based on the hypothetical
qualitative model proposed by Koros and
coworkers.>®

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

smaller amount of these pores for the 300-nm CMS mem-
brane. A hypothetical qualitative micropore size distribution
model proposed by Koros was used to explain the unusual gas
permeation and separation properties of the 300-nm CMS
membrane.?’ Based on Koros’s model, the pore-size distribu-
tions for the CMS membranes prepared in this work were gen-
erated and illustrated in Figure 13. When the membrane
thickness was reduced to 300 nm, the distribution curve is
very likely to transfer from type (a) to type (b). The four solid
straight lines indicate the molecular size of He, N,, C3Hg, and
C3Hg. Here we use van der Waals diameter, instead of kinetic
diameter, for these four molecules, which is respectively 2.66,
3.13,4.03, and 4.16 A for He, N, C3Hg, and C5Hg, as reported
by Koros and coworkers.* It should be noted that the CMS
has similar adsorption property for He and N,, and for C3Hg
and C;Hg Thus, the difference in the permeability between
He, N, and between C3Hg and C3Hg is due to the difference in
diffusivity as a result of different molecular size.

The micropores locating on the right side of the straight
lines in Figure 13 represent the corresponding pores accessible
for the transport of each gas. The membrane with type (b) dis-
tribution is expected to be more selective but less permeable
to the He/N, gas pair. However, the permeation of the rela-
tively large C3Hg and C3Hg molecules through the CMS mem-
brane largely depends on the micropores locating on the tail
end of the distribution. As illustrated by the red area, the shift
from distribution type (a) to type (b) leads to a significant
reduction in the total number of micropores accessible for the
transport of C3Hg, which lowers the permeability of C3Hg to a
large extent, as suggested by the lower C;Hg permeance at
even reduced membrane thickness. However, pores that are
accessible to C3Hg are less affected by the aforementioned
effects, which gives an almost unchanged C;Hg permeability
and allows the permeance of C3;Hg to continue to increase as
the membrane thickness decreases.

Performance improvement by optimization of pyrolysis
conditions

It was reported that for a given polymer precursor, perform-
ing the pyrolysis at a higher temperature for a longer thermal
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Table 2. C3H4/C3;Hg Separation Results of CMS Membranes with the Thickness of ~300 nm Prepared at Different Pyrolysis
Conditions, Ramping Rate is 4°C min~" for All Membranes

Pyrolysis Thermal Soak C53Hg Permeance C3He/C5Hg
Membranes Temperature (°C) Time (h) (molm2s 'Pah) Selectivity
Ml 550 2 75X 1077 16
M2 550 0.5 8.7 x 1077 17
M3 500 0.5 14 x 1078 23

soak time leads to a smaller effective pore size of the pyrolysis-
derived CMS membrane, and vice versa.>>*® To obtain the
desirable pore structure of the membrane with carbon layer
thickness of less than 500 nm, pyrolysis was performed at lower
temperature for a shorter period to minimize reduction in the
pore size. As shown in Table 2, as the final pyrolysis tempera-
ture lowered to 500°C and the thermal soak time reduced to
0.5 h, membrane M3 shows improved permeance and selectiv-
ity, as compared with membrane M1. The improvement is most
likely caused by forming a more favorable pore structure with
the pore distribution close to type (a) in Figure 13. However,
the selectivity is still lower than those of the membranes with
selective layer thickness of above 500 nm, suggesting that the
pore structure is not completely retained even under the more
gentle pyrolysis condition, and tuning of precursor structure is
probably necessary for further performance improvement.
Nevertheless, this is beyond the scope of this study.

Figure 14 compares the C3Hg/C3Hg mixture selectivity and
C;3Hg permeance (at <50°C) for the CMS membranes prepared
in this work with various other membranes reported in litera-
ture. The upper-bound trade-off curve for CMS membranes
was generated based on reported data, and the curve for poly-
mer membranes was created using the reported permeability
and selectivity upper-bound curve*' assuming the membrane
thickness to be around 500 nm. The CMS membranes with the
thickness of around 520 nm prepared in this work exhibit a
mixture selectivity of around 31, and a C3Hg permeance up to
1.0 X 10 ® molm 2s ' Pa . As shown, the performances
of the CMS membranes prepared in this work are above the

100
>
=
©
(1)
@ 10- ]
w
T
o
I.-, A This work
o + CMS
= ZIF-8
4 Silica
1 . . .
10" 10° 10% 107 10°

C.H, Permeance, mol/m®s-Pa

Figure 14. C3Hes/C3Hg mixture selectivity as a function

of C3zHg permeance (at <50°C) for polymer,*!
CMS’11—14,18,19,42 ZIF'8,43_45 and silica46,47
membranes.
The solid line shows the upper-bound trade-off curve
for polymer membranes and CMS membranes
reported in the literature to date. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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upper-bound curve for the reported CMS membranes and
polymer membranes, and close to the performances of ZIF-8-
and silica-based membranes.

Membrane cost is an important factor to be considered for
practical application. The major share of the cost for the sup-
ported CMS membrane comes from the underlying porous sub-
strate. For scaling up, ceramic hollow fibers can be used as the
substrates to deliver high membrane packing density compara-
ble with that of free-standing CMS hollow fiber membranes. As
demonstrated in our work, coating a y-alumina intermediate
layer can significantly improve the support quality as well as
the membrane performance, making it possible to use relatively
cheap low quality ceramic hollow fibers as supports to reduce
the overall membrane cost. On the other hand, at a similar
C3He/C5Hg mixture selectivity, for example, ~30, the perme-
ance of alumina supported CMS membrane is around 3-10
times that of other reported CMS membranes, as shown in Fig-
ure 14. The greatly improved permeance means smaller mem-
brane area, which could compensate the relatively high cost of
ceramic support, making ceramic supported CMS membrane
system a cost-effective option for practical application.

Conclusions

Ultrathin, high quality CMS membranes of various thick-
nesses (300-2100 nm) were synthesized on mesoporous
y-alumina support by pyrolysis of polymer films of different
thicknesses. The gas permeation properties and micropore
structure of the CMS membranes depend on membrane thick-
ness. With the membrane thickness decreasing from 2100 to
520 nm, the gas permeance of the studied gases He, N,, C3Hg,
and C;3Hg increases, and the He/N, and C3Hg/C5Hg selectiv-
ities almost keep constant with decreasing membrane thick-
ness. However, further reduction in thickness to 300 nm
causes an increase in He/N, selectivity, but a decrease in
C53Hg/C3Hg selectivity. These findings suggest that the 300-nm
CMS membrane contains micropores in smaller size and lower
quantity as compared with the other membranes with larger
thickness. The change in micropore structure might be due to
the more close packing of polymer chains, higher chain seg-
mental mobility, and the faster release of volatile products dur-
ing pyrolysis for the thinner polymer films. The CMS
membranes prepared in our work show excellent C3Hg/C3Hg
mixture separation performances, especially a high C3Hg per-
meance offered by the ultrathin membrane layer.
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