
German Edition: DOI: 10.1002/ange.201906653Membranes
International Edition: DOI: 10.1002/anie.201906653

Carbon Molecular Sieve Membrane Preparation by Economical
Coating and Pyrolysis of Porous Polymer Hollow Fibers
Yuhe Cao, Kuang Zhang, Oishi Sanyal, and William J. Koros*

Abstract: Dip coating and pyrolysis processes are used to
create multi-layer asymmetric carbon molecular sieve (CMS)
hollow fiber membranes with excellent gas separation proper-
ties. Coating of an economical engineered support with a high-
performance polyimide to create precursor fibers with a dense
skin layer reduces material cost by 25-fold compared to
monolithic precursors or ceramic supports. CMS permeation
results with CO2/CH4 (50:50) mixed gas feed show attractive
CO2/CH4 selectivity of 58.8 and CO2 permeance of 310 GPU at
35 8C.

Over 40% of the natural gas reservoirs in the United States
need upgrading to meet pipeline specifications to remove
impurities.[1] Polymeric membranes for such applications are
limited by shortcomings such as plasticization[2] and perme-
ability–selectivity trade-offs.[3] Carbon molecular sieve (CMS)
membranes[4] show separation performance surpassing the
polymeric upper bound[4b] for gas pairs such as O2/N2, CO2/
CH4, C2H4/C2H6.

[5] For industrial applications, translation of
such performance into high-efficiency hollow fiber configu-
rations is important for space and weight savings. Unfortu-
nately, polyimides (for example, 6FDA: BPDA-DAM,[6]

6FDA-6FpDA,[7] 6FDA: BTDA-DAM[8]) for CMS membrane
fabrication are expensive. Material cost to prepare CMS
membranes can be reduced by using a low-cost material to
fabricate a porous support membrane, which can be coated
with the expensive high-performance polymers. This fact
notwithstanding, it is challenging to coat a thin defect-free
layer on the precursor fiber, which on pyrolysis would lead to
a CMS membrane with attractive separation performance.

CMS membranes have been synthesized on inorganic
substrates such as porous carbon disk,[9] macroporous graph-
ite disk,[10] g-alumina,[11] a-alumina,[12] porous stainless,[13]

TiO2 ceramic,[14] and titania modified alumina supports[15] by
coating. These methods still require fabrication of the
support, which is relatively more complicated and costly
than hollow fiber spinning considered here. Use of a low-cost
support precursor polymer (for example P84) rather than
using the costly high performance polymer (for example
6FDA: BPDA-DAM) alone as a monolith can minimize cost
of the composite membrane (Supporting Information, Fig-

ure S1). Moreover, coating of the high-performance poly-
imide only requires a thin nanoscopically porous layer atop
the core layer. Such a layer on the support, created during
spinning, allows facile coating without allowing polymer
penetrating into the core layer. Subsequent pyrolysis produ-
ces high-selectivity, high-permeance CMS fibers. Herein, we
use such an approach to obtain very low-cost high-perfor-
mance composite CMS membranes by reducing the use of
expensive precursor polymer by 25-fold. The details of this
estimate are provided in the supplementary material. Coating
on an engineered support fiber at 60 % relative humidity
(RH) with appropriate solution concentrations illustrated in
Figure 1A enables successful precursor fibers to be formed.
The cross-sectional schematic of a precursor fiber with an
annular core surrounded by an annular sheath illustrates the
engineered outer layer of the fiber support. Figure 1A also

Figure 1. A) precursor fiber coating process; B) CO2/CH4 separation
performance of coated precursor membrane via coating (with 60%
RH) with different 6FDA:BPDA-DAM concentration.
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notes vinyl trimethoxy silane (V-treatment), which is also
done for monolithic precursors to prevent porous support
collapse, followed by pyrolysis to create the CMS fibers.
Pyrolysis at different temperatures allows tuning properties.

As shown in Figure 1B, for a 2% and 3 % 6FDA: BPDA-
DAM coating, the coated precursor hollow fiber membranes
are highly variable and still defective, and with selectivities
< 20–22, which is typical of a dense film of this polymer. With
4%, the CO2/CH4 selectivity increases to 21.7 with 14.4 GPU
for CO2 permeance and shows small variances in both
selectivity and permeances. With lower coating concentra-
tion, larger value error bars indicate it is not straightforward
to heal the nanoscopic defects and gives high variation for
permeance. Moreover, the thickness of the thin coating layer
is not as evenly distributed, which also contributes to the
permeance variation. The variations get smaller when pyrol-
ysis temperature increased from 550 8C to 675 8C and 800 8C,
which generate our target product. The results indicate that
higher temperature reduces the variation since the carbon
structure will be more tightened with less chance for the slow
gas to pass.

Morphologies of composite precursor hollow fiber mem-
branes with and without 4% 6FDA: BPDA-DAM coating are
shown in Figure 2. Figure 2A and B show the cross-section of
an uncoated composite precursor fiber and Figure 2C is the
magnified SEM images of the cross section, showing a 300 nm

thin nanoscopically porous skin layer in the P84 sheath. This
layer can effectively suppress polymer solution penetration
inside the fiber. Polyvinylpyrrolidone (PVP) from the core
layer maintained the porous structure in the core layer, which
reduces the mass transfer resistance. Humidity has a consid-
erable effect on morphology of the coated precursor fiber,
since moisture in the air promotes phase-separation during
the dip-coating process, thereby inducing pore formation in
the skin layer.

Low RH of 10% with 2% and 4% 6FDA: BPDA-DAM
coating was carried out in an enclosure. The SEM image of
the as-coated precursor fiber membrane is shown in the
Supporting Information, Figure S5, indicating that low
humidity suppresses phase separation during the coating.
Idealized trajectories during formation of the coated layer are
shown in the Supporting Information, Figure S6. Ideally the
vitrification path follows A to C in a dry environment, while it
goes from A to B due to the presence of moisture at higher
RH of 60%. We also investigated the pyrolysis of coated
precursor membranes by using low RH of 10 % with 2% and
4% 6FDA: BPDA-DAM coating. Results are shown in the
Supporting Information, Table S3. Coating with 2 % 6FDA:
BPDA-DAM, 550 8C pyrolysis generated CMS membrane
with 441.5 GPU for CO2 permeance and 13.7 for CO2/CH4

selectivity. However, CO2/CH4 selectivity increased to 72.2
while CO2 permeance dropped to 75.5 GPU when the final
pyrolysis temperature increased to 675 8C. As is shown in the
Supporting Information, Table S4, by comparing the CMS
membranes from 675 8C pyrolysis, 2% coating at low RH
gives higher selectivity than 4 % coating at high RH since the
phase separation was suppressed and defects were sup-
pressed. CMS preparation at 550 8C from 4% 6FDA:
BPDA-DAM coating at low RH was also investigated,
which gives 547.5 GPU for CO2 and 8.6 for CO2/CH4

selectivity, indicating some defects or other nonideal structure
still exist after pyrolysis at 550 8C.

The detailed influence of pyrolysis temperature on the
CO2/CH4 separation properties of CMS membranes was also
investigated and is shown in Figure 3 for the case involving
4% defect free coated precursors. The CO2 permeance of the
CMS membranes increased by more than 20 times after
carbonization as compared to the coated precursor. The

Figure 2. Cross-sectional scanning electron microscopy of precursor
hollow fiber membranes. A)–C) Composite precursor hollow fiber
membranes without coating; D),E) Composite precursor hollow fiber
membranes with 4% 6FDA:BPDA-DAM coating.

Figure 3. CO2/CH4 separation performance of CMS hollow fiber mem-
branes prepared by coating with 4% 6FDA:BPDA-DAM and pyrolyzed
at different temperatures (at RH 60%).
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permeance of CO2 and CH4 is in the order of CMS-550>
CMS-675>CMS-800. The highest CO2/CH4 ideal selectivity
of 87.6 is obtained from CMS-800, the CO2 permeance of
which is 236 GPU. Coated precursor fiber membranes
generated CMS membrane with CO2/CH4 ideal selectivity
of 10.4; however, the CO2 permeance of CMS-550 is 1356
GPU. Normally, the monolithic precursor at 550 8C gives 30–
35 for CO2/CH4 selectivity with 350 GPU for CO2 permeance.
The main difference between the monolithic precursor and
the coated precursor at high RH is the porous structure
generated by the phase separation, which gives advantages for
high permeance CMS membranes. We could enhance the
selectivity by increasing the pyrolysis temperature, which still
gives benefits for the permeance compared with the mono-
lithic CMS membranes. When the pyrolysis temperature
increased from 550 to 675 8C, the ideal selectivity increased to
58.0 while the CO2 permeance reduced to 415 GPU. There is
a significant increase in selectivity with marginal loss in
permeance for increasing pyrolysis temperature from 550 to
675 8C. For practical applications, the mixed gas separation
performance is more useful so 50:50 (mol%) CO2/CH4

mixtures were used to evaluate the membrane separation
performance. The CO2/CH4 selectivity increased from 10.4 to
14.6 for CMS-550 compared with the pure gas selectivity.
There is no great change for the CO2/CH4 selectivity of CMS-
675 and CMS-800. Compared to the corresponding pure
gases, the CO2 permeance dropped to 1218, 310 and 166.7
GPU for CMS-550, CMS-675, and CMS-800, respectively. On
the other hand, the CH4 permeance decreased from 130 to
83.4 GPU for CMS-550; from 7.2 to 5.3 GPU for CMS-675,
and from 2.7 to 1.9 GPU for CMS-800. The decreased
permeance of both gases, compared with their pure gas
permeance along with increased CO2/CH4 selectivity reflects
successful competition by CO2 vs. CH4 for sorption and
transport sites.[16]

Dip-coated composite CMS fiber membranes showed
high selectivities and attractive CO2 permeance at higher
pyrolysis temperatures. Compared to monolithic
6FDA:BPDA-DAM CMS, these composite CMS membranes
showed much higher permeance and lower selectivities for
similar pyrolysis conditions. We could match the selectivity of
the monolithic CMS with higher pyrolysis temperature, while
it seems that the permeance will still be higher than the
monolithic CMS. For instance, 10% VTMS treated 6FDA:
BPDA-DAM CMS obtained from 550 8C shows 25 for CO2/
CH4 selectivity and 360 GPU for CO2 permeance.[17] A 10%
v-treated monolithic 6FDA: BPDA-DAM at 675 8C gives 100
GPU CO2 permeance with CO2/CH4 selectivity of 70, which is
less than the CMS-800 in this article (166 GPU with selectivity
of 87).

Apparently, nanoscopic defects in the CMS skin layer
present in the dip-coating precursors are progressively
reduced as the pyrolysis temperature is increased from
550 8C!675 8C!800 8C. Figure 4A shows the schematic
drawings of envisioned membrane morphology. There is
a sheath layer and a core layer for the uncoated as-spun
precursor fiber, the sheath layer has a nanoscopically porous
top layer, as is shown in Figure 2C. The coating at high RH
generated a nodular coated layer with a dense top skin layer,

which can be seen from Figure 2E. There are some percolat-
ing pores generated in the coated layer during the 550 8C
pyrolysis, however the CMS still shows a CO2/CH4 selectivity
of 14.6. This is presumably because the top layer of the sheath,
combined with the bottom layer of the coated layer formed
a somewhat dense layer with small defects. Some percolating
pores are visible in Figure 5A, while invisible small defects
must also exist in the highlighted dense layer. For higher final
temperature pyrolysis, there are no visible percolating defects
for CMS-675 and CMS-800, which gives CMS membrane with
high CO2/CH4 selectivity. The CMS-800 has less porous
volume than CMS-675 inside the carbonized coated layer.

Figure 4. A) Drawings of various membrane morphologies; B) ideal-
ized hypothetical ultramicropore size distribution for CMS membranes
pyrolyzed at three final pyrolysis temperatures.

Figure 5. Cross-section SEM pictures of CMS membranes at different
pyrolysis temperature (4% 6FDA:BPDA-DAM coated at RH 60%):
A) 550 8C; B) 675 8C; C) 800 8C.
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We envision that compared with dense film or monolith
fiber membranes, more free space exists in the dip-coated
layer formed under the convenient 60% RH conditions.
Phase separation at high RH provides additional free volume
trapped in the separation layer. For dip-coating at low RH
(Supporting Information, Figure S5), no porous structure is
apparent. These results indicate phase separation has been
greatly suppressed owing to low moisture concentration. We
hypothesize that such moisture induced porous precursor
features may carry over into the CMS structure, especially for
the CMS membranes prepared from 550 8C. As illustrated in
Figure 5A, actual percolating pores in the coated layer are
generated. At the higher final 675 8C and 800 8C pyrolysis
temperatures, such packing disruptions appear to be largely
eliminated. Selectivity is more related to the ultramicropore
size distribution, which can be qualitatively illustrated by the
hypothetical ultramicropore size distribution curve (Fig-
ure 4B) proposed by Steel and Koros.[18] In our recent
publication[19] we had noted that subtle changes in ultra-
micropore distribution cannot be probed very precisely using
adsorption-based techniques. In Figure 4B, the number of
accessible ultramicropores for each penetrant is represented
as the area under the distribution curve and to the right of the
line of this penetrant. As final pyrolysis temperature
increases, the CMS skin structure becomes more tightly
packed, resulting in the ultramicropore distribution shifting to
the lower size end.[20] This hypothetical mechanism has been
strongly supported by other research finding for gas separa-
tion.[18–20] Therefore, the CO2/CH4 selectivity for mixed gases
increased dramatically from 14.6 to 87 and CO2 permeance
dropped when the final pyrolysis temperature increased from
550 8C to 800 8C.

Figure 5 shows the SEM images of the cross section of
CMS membranes prepared from different pyrolysis temper-
ature. It can be seen clearly that some percolating pores exist
in the coated layer in CMS-550. Higher final temperature
pyrolysis eliminated these percolating pores of CMS-675,
while a lot of free space remains in the coated layer. The
CMS-800 coated layer has less free space, reflecting improved
skin layer perfection for the higher temperature pyrolysis. We
carried out SEM characterization for the CMS membranes
carbonized at different temperature. As we expected and is
shown in the Supporting Information, Figure S7, the higher
pyrolysis temperature, the smoother surface will be. The
percolating pores were healed when the pyrolysis temper-
ature increased to 675 8C, while the surface is still rough. At
800 8C the CMS membrane surface is further smoothened. A
comparison of CO2 permeance and CO2/CH4 selectivity of
polymer hollow fiber membrane, graphene oxide membranes,
and CMS membranes prepared from different precursor,
including the CMS membranes discussed here, is provided in
the Supporting Information, Table S5. Compared with the
CMS membranes reported elsewhere, our CMS-675 showed
excellent selectivity and permeance for CO2/CH4 separation.
The hollow fiber CMS membrane is mechanically robust, and
sufficiently flexible to prepare modules for permeation test or
commercial application, and even capable to make a loop
around a < 1.5 cm (radius) as shown in the Supporting
Information, Figure S8.

In summary, a polymer coated precursor fiber can be used
to create highly attractive CMS membranes with proper
selection of the concentration of the polymer solution,
relative humidity of the coating atmosphere and the pyrolysis
temperature. Humidity is a critical factor for the phase
separation during the dip-coating. Higher pyrolysis temper-
ature increases the selectivity dramatically compared with
low pyrolysis temperature.
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Carbon Molecular Sieve Membrane
Preparation by Economical Coating and
Pyrolysis of Porous Polymer Hollow
Fibers

Low-cost polymer hollow fiber mem-
branes were coated with 6FDA:BPDA-
DAM at 60 % relative humidity. High-
performance carbon molecular sieve
(CMS) membranes were obtained by
tuning the pyrolysis temperature. It indi-
cates the carbon morphology can be
changed by using different final pyrolysis
temperature.
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