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ABSTRACT: In this article, we present a facile approach, pyrolysis end-doping (PED), to finely tune pore structures to optimize
separation properties of polyimide-derived asymmetric carbon molecular sieve (CMS) hollow fiber membranes. The PED approach
creates CMS fibers with excellent transport properties using argon with 10 ppm oxygen for 1 min at the end of a conventional high-
temperature pyrolysis process. The tuning capability is demonstrated for a membrane with a thin selective skin layer of about 1 μm
thickness for already highly permeable 6FDA-DETDA:DABE polyimide-derived CMS membranes to improve the CO2/CH4
permselectivity. In the PED process, trace oxygen reacts primarily with the skin layer and underlying support transition layer of
ultramicropores and micropores to achieve overall membrane separation property improvements for natural gas purification. The
PED is a simple one-step process that is easier to implement than a previously published dual temperature secondary oxygen doping
(DTSOD) process. The PED approach, therefore, adds a valuable and scalable new tool, ideally suited for fine-tuning of membrane
properties.

1. INTRODUCTION

Most natural gas produced in the United States requires the
removal of CO2 impurities to meet pipeline specifications.1

Compared to the traditional separation methods, membrane
processes can reduce purification costs and give smaller
amounts of carbon footprints.2−4 Carbon molecular sieve
(CMS) membranes for many purification processes, including
natural gas, can be produced by pyrolysis of asymmetric hollow
fibers under an inert atmosphere. During pyrolysis, CMS is
created with disordered turbostratic structures having aromat-
ized backbone strands arranged to form plates with packing
edge imperfections. The spaces between the plates provide
“micropores” in a size range of 0.7−2.0 nm, and the spaces
between the strands in the plates create “ultramicropores” of
size <0.7 nm. The micropores function as sorption sites and
also impart high-permeance diffusion jump lengths to CMS,
while the ultramicropores enable molecular sieving.5−8

In our previous research work9 on hollow fiber CMS
membranes based on 6FDA-DETDA: DABE (4,4′-

(Hexafluoroisopropylidene)diphthalic anhydride−Diethylto-
luenediamine: esterified diaminobenzoic acid) precursors, we
described the posttreatment of precursor fibers using vinyl-
trimethoxysilane (VTMS) to suppress structural collapse of
pores during pyrolysis.10 Such VTMS-treated precursors were
pyrolyzed to obtain CMS with excellent gas permeance (P/L),
expressed in GPU, where (1 Gas Permeation Unit, 1 GPU =
10−6 cc(STP)/[cm. s. cm Hg]), CO2 permeance (P/L) > 1100
GPU, and CO2/CH4 selectivity ∼25. In addition to high P/L,
increasing CO2/CH4 selectivity makes 6FDA-DETDA:DABE
CMS even more attractive for natural gas separation, so we
focus in this work on further increasing selectivity of the
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6FDA-DETDA:DABE CMS fibers. We report an improved
oxygen doping technique to extend prior approaches11−13 to
tune the CMS pore structure and selectivity while maintaining
high permeance for an outstanding separation performance.
1.1. Oxygen Doping Background. To optimize the

separation properties of CMS membranes, Kiyono et al.11−13

developed the so-called oxygen doping (OD) method to tune
the CMS pore structure. The OD method replaces inert Ar
during pyrolysis with Ar-containing desired ppm levels of O2 in
all stages of pyrolysis including natural cooling to room
temperature. In OD, O2 develops stable chemisorbed O2
structures with the carbon strand edges to increase the
molecular sieving ability of ultramicropores of CMS during
pyrolysis. Such structures are stable in the absence of extreme
heat treatment12 and tighten the ultramicropore distribution in
the CMS. Supporting this hypothesis, studies on 6FDA:BPDA-
DAM (4,4′-(Hexafluoroisopropylidene)diphthalic anhydride:
3,3′,4,4′-Biphenyltetracarboxylic dianhydride-2,4,6-trimethyl-
1,3-phenylene diamine)-derived CMS membranes showed
that as the concentration of O2 in Ar increased, the CMS
became more selective. Above a limiting level of O2 in Argon,
however, both permeability and selectivity dropped, which was
termed “overdoping”. Singh et al.14 employed the first-
generation OD method to optimize the transport properties
of 6FDA:BPDA-DAM-derived hollow fiber CMS membranes
for O2/N2 gas separation. Above a certain O2 level in the
doping gas, both permeance and O2/N2 selectivity decreased,
thereby limiting the utility for CMS property improvements.
To achieve finer tuning ability, Singh et al.14 developed a new
two-step method, “Dual Temperature Secondary Oxygen
Doping (DTSOD)”. The first step consisted of a pyrolysis
protocol using pure Ar, with a final pyrolysis temperature of
500 °C instead of 550 °C to generate more open but less
selective CMS. These CMS membranes were then cooled back
to ambient temperature. In the second step, these CMS
membranes were rapidly heated from ambient temperature to
550 °C in a doping gas medium, for final pyrolysis with a 10
min exposure duration (a shorter duration compared to 2 h in
the original OD method) at 550 °C and cooled to room
temperature in the doping gas medium. Using the DTSOD
method, the amount of O2 in the doping gas could be more
precisely optimized to create CMS hollow fiber membranes
with improved performance for O2/N2 gas separation.
In our work reported here, the DTSOD method was

explored to optimize the CO2/CH4 separation properties for
an intrinsically more permeable CMS based on the 6FDA-
DETDA:DABE precursor.9 Surprisingly, both permeance and
CO2/CH4 selectivity decreased (suggesting overdoping) with
any nonzero O2 level in the doping gas, which showed the
need for a finer tuning tool. Herein, we report such a “pyrolysis
end-doping (PED)” method, wherein the doping gas is
introduced only at the very end of pyrolysis. In particular,
O2 doping concentrations and exposure durations are used to
tune the pore structure and separation properties of 6FDA-
DETDA:DABE-based CMS hollow fiber membranes. In this
paper, we report excellent transport properties at 550 °C for
the optimized PED parameters in a simple one-step process
that is also easily translated to a large-scale process. We found
that the PED CMS shows similar stability to undoped CMS
during storage in a CO2 atmosphere at 7 bar. Finally, we
present and analyze the transport properties for the C3H6/
C3H8 gas pair to understand the effects of the more subtle 0.13
Å size difference in C3H6/C3H8 versus 0.5 Å for CO2/CH4.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Hollow Fiber Precursors. Details of

6FDA-DETDA:DABE synthesis, dope preparation, and hollow
fiber spinning procedure to form precursors are given in detail
in our previous work.9 For consistency here, a fresh batch of
6FDA-DETDA:DABE precursors was produced and used in all
works reported here.

2.2. Formation of CMS Hollow Fiber Membranes and
Oxygen Doping. As a control, hollow fiber CMS membranes
were produced by pyrolysis of the precursor fibers without any
posttreatment. The features associated with oxygen doping
after VTMS posttreatment are separately described in the
Supporting Information to explain why this additional
postspinning treatment was not used in the current work.
Clearly, elimination of this additional step further simplifies
processing. Details of the tube furnace for pyrolysis and the
standard process conditions are given in our previous work9

but are summarized here. Pyrolysis was conducted in an
ultrahigh purity argon medium flowing at 200 mL/min. The
temperature protocol (shown in Figure 1) for the pyrolysis of

6FDA-DETDA:DABE included a crosslinking step (to allow
residual DABA moieties to react) at 370 °C for 60 min as
described in our earlier work.9 PED is done at the very end of
the soak time as shown (yellow highlighted) in Figure 1.
Both the DTSOD and PED methods described in detail

above were done for comparison in the case of an undoped
control. The number of steps, the atmosphere in the pyrolysis
furnace, final temperature, and doping gas exposure duration
for all methods discussed in the Introduction section are
summarized in Table 1. The PED method is an efficient and
economical one-step method that utilizes doping gas only for
1−10 min in a doping phase, representing a significant
advancement over the more cumbersome DTSOD method.

2.3. Permeation Measurements. Module fabrication,
permeance testing, and selectivity using pure gas and mixed gas
feed are given in detail in our previous work9 but are
summarized here for convenience. Pure gas constant pressure
permeation tests were conducted on 5−6 precursor fiber
modules using feed gas at 35 °C and 2 bar. In the case of CMS,
due to higher productivities, single fiber modules could be
used, and a 50:50 mole ratio of CO2: CH4 mixed gas at 35 °C
and 20 bar was used. Permeate flows were measured with a
bubble flowmeter, and composition was determined using a
gas chromatograph (GC) to calculate the selectivity. The
stage-cut, which is the percentage of feed gas that permeates
through the CMS, was maintained at less than 1%. Single fiber

Figure 1. Pyrolysis temperature protocol.
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modules were tested in duplicate, and the average of three
readings from GC was used in calculations. Typically, four
separate modules were tested for each condition, and the
average of the four similar results is reported. For the C3H6/
C3H8 gas pair, a feed with a 50:50 mole ratio of C3H6/C3H8 at
35 °C and 7 bar was used.

3. ADDITIONAL CHARACTERIZATION
Methods of preparing samples for scanning electron micros-
copy (SEM) and energy dispersive X-ray spectroscopy (EDS)
measurements are detailed in our previous work.9 SEM images
were used to observe the cross section of the CMS fiber, pore
structure, and skin thickness (LSEM). EDS scan was used to
calculate the O2 content across the fiber wall and skin. Since
doping gas diffuses from the outer skin to the core of the fiber,
much O2 is chemisorbed in the outermost layer of the skin
with a gradually diminishing level in the skin and core. As with
most polyimide-derived CMS, mechanical properties of the
doped CMS fibers are adequate to allow flexure around a
radius of roughly 1 cm, making them conveniently
processable.9

4. RESULTS AND DISCUSSION
4.1. Transport Properties of Hollow Fiber Precursors

and CMS. Transport properties of the 6FDA-DETDA: DABE
hollow fiber precursors and CMS are summarized in Table 2.
Skin thickness calculated from the SEM images is also included
in the last column of Table 2. For comparison, 6FDA: BPDA-
DAM CMS properties from a previous work15 are also
included in the last row of Table 2. 6FDA-DETDA: DABE
precursors have a very thin skin (LSEM < 1 μm)9 and a good
CO2/CH4 selectivity of 30.8. Using the standard pyrolysis
protocol described in Section 2.2, 6FDA-DETDA: DABE
precursors were pyrolyzed at 550 °C to produce CMS with a
CO2 P/L value of 552 GPU and a selectivity of 37, which are
larger than those for 6FDA: BPDA-DAM CMS produced
under similar conditions with a P/L value of 336 GPU and a

selectivity of 33.15 These results indicate that 6FDA-
DETDA:DABE CMS intrinsically provides finer ultramicro-
pores with increased sieving ability compared to 6FDA:BPDA-
DAM. A possible reason for a higher P/L value in 6FDA-
DETDA:DABE CMS may be due to the higher CF3 contents
of the polymer itself that leave during pyrolysis. 6FDA:BPDA-
DAM (1:1) has 11.8% F content, whereas 6FDA-DETDA:
DABE (3:2) contains a higher 18.5% F content, suggesting
higher CF3H loss and free volume generation during pyrolysis
than for 6FDA:BPDA-DAM (1:1) as reflected by the higher
CO2 permeance.

4.2. Increasing the Selectivity of CMS by Oxygen
Doping. 4.2.1. Transport Properties of CMS Produced by
Dual Temperature Secondary Oxygen Doping Method. In
addition to the undoped case, another secondary control case
to compare PED with 6FDA-DETDA:DABE hollow fiber
precursor-derived CMS was produced using the DTSOD
method.14 The pertinent properties are shown in Table 3 and
Figure 2. The undoped CMS has a P/L value of 552 GPU and
a selectivity of 37 (Table 3, row #1). Contrary to the case of
6FDA:BPDA-DAM CMS, for 6FDA-DETDA:DABE CMS, the
DTSOD method for O2 ppm in Ar from 10 to 30 ppm showed
no optimum values. A small decrease in selectivity was seen
from 37 to 34 (as shown in rows 2 and 3 of Table 3) instead of
an increase after doping. This indicates an overdoping
phenomenon probably due to larger free volume generation
in the case of 6FDA-DETDA:DABE as discussed in the latter
part of Section 4.1. The presence of O2 during cooling
(especially in the 550−500 °C range) could add to overdoping.
This outcome led us to explore the use of the PED method
described above to increase the sieving ability by exposing
CMS to doping gas at the end of pyrolysis at 550 °C with
controlled concentrations of O2 in doping gas and exposure
time (1−10 min). During cooling, UHP argon is used in the
PED method to eliminate the postpyrolysis O2 effect. Details
are provided in the Supporting Information, and only the
optimum 1 min results are discussed here for conciseness.

Table 1. Oxygen Doping Methods

method # of steps furnace atmosphere end temp (°C) O2 exposure at 550 °C (min) O2 during cooling

oxygen doping (OD)11−13 1 doping gas 550 120 yes
dual temperature secondary oxygen
doping (DTSOD)14

2 step 1: UHP argon
step 2: Doping gas

step 1: 500
step 2: 550

10 yes

pyrolysis end-doping (PED) 1 UHP argon except for PED phase
with doping gas

550 1−10 no

Table 2. Transport Properties of the Hollow Fiber Precursors and CMS

ID permeance (P/L) CO2 (GPU) selectivity CO2/CH4 skin thickness LSEM (μm)

6FDA-DETDA: DABE precursora 139 30.8 <1
6FDA-DETDA: DABE CMSb 552 ± 28 37.0 ± 4 ∼1
6FDA: BPDA-DAM CMS15,b 336 ± 63 33.0 ± 5 >5

a5-fiber module, a pure gas constant pressure test at 2 bar, 35 °C. bSingle fiber modules, feed: mixed gas (50% CO2, 50% CH4) at pressure 20 bar,
35 °C.

Table 3. Transport Properties of CMS Produced by DTSOD

details module 1 module 2

ID O2 in argon (ppm) permeance (P/L) CO2 (GPU)
selectivity
CO2/CH4 permeance (P/L) CO2 (GPU)

selectivity
CO2/CH4

Control CMS (undoped) 0 552 37 516 37
6FDA-DETDA: DABE CMS-10 DT 10 495 34.3 481 35.1
6FDA-DETDA: DABE CMS-30 DT 30 202 34.2 232 34.7
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4.2.2. Transport Properties of CMS Produced by
Optimized Pyrolysis End-Doping Method. The transport
properties of the CMS produced by PED at 550 °C at the very
end of the standard 120 min soak time and for a 100 min soak
time are shown in Figure 2 as a solid purple square and a solid
green hexagon, respectively, for the preferred 1 min PED cases.
The 552 GPU and 37 CO2/CH4 selectivity for undoped

6FDA-DETDA: DABE CMS is attractive, and as noted in S2,
multiple factors must be balanced to arrive at the optimized
100 min soak time with 1 min 10 ppm PED. This fact
notwithstanding the data shows that the optimized 100 min
soak time with 1 min 10 ppm PED gives the best overall
performance for the CO2/CH4 pair compared to all other
CMS samples.
Figure 3 helps to understand the basis for PED-induced

changes using the so-called “slit bypass pore” morphological

features. Such features were discussed previously to understand
the nonchemical physical rearrangement changes in the CMS
properties of the CMS ultramicropore morphology.15 Here, we
use these features to understand chemically induced changes in
ultramicropore morphology and property optimization. Before
the pyrolysis soak period, defects may occur between the
ultramicroporous plates, thereby forming slit bypass pores, as

shown in Figure 3. Such larger ultramicropores effectively
comprise the upper end of the ultramicropore distribution
(Figure 3), and after cooling from the soak period, they hinder
diffusional plate rearrangements and retard rearrangements at
ambient conditions. We suggest that the PED process may
avoid the need for strand movement to improve selectivity by
O2 chemisorption tuning such pores in the complex O2
concentration PED process. For other precursors and/or
final pyrolysis temperatures, different PED conditions are
likely, but this is easily optimized as shown for 6FDA-DETDA:
DABE CMS in the Supporting Information.

4.3. Stability of CMS Produced by Oxygen Doping.
Consistent with the combined effects of physical and chemical
implications of slit bypass pore changes, storing CMS modules
in CO2 at 7 bar for 21 days showed only moderate changes.
The permeance and selectivity values of PED-treated 6FDA-
DETDA:DABE CMS, undoped 6FDA-DETDA: DABE CMS9

as a control, and 6FDA: BPDA-DAM CMS15 stored in CO2 at
7 bar are compiled in Table 4. For undoped 6FDA-DETDA:
DABE CMS,9 after 21 days of storage in CO2 at 7 bar, the P/L
retained is 98% of the initial P/L 416 GPU, and selectivity
increased by 4% from 33.2 to 34.8. For pyrolysis end-doped
6FDA-DETDA:DABE CMS, the P/L retained is 93% of the
initial P/L 525 GPU, very close to the control CMS, and
selectivity increased by 4% from 48 to 50. Similarly, for
6FDA:BPDA-DAM CMS, the CO2 P/L retained is 94% of the
initial P/L 336 GPU, and selectivity increased by 6% from 31
to 33. These results suggest that 6FDA-DETDA:DABE PED
CMS has stability similar to that of 6FDA: BPDA-DAM CMS
for CO2/ CH4 separation.

4.4. Transport Properties of the Propylene/Propane
(C3

”/C3) Gas Pair. The encouraging PED results for the CO2/
CH4 gas pair led us to also consider the important larger sized
(C3

”/C3) pair. The more subtle effective size difference (0.13 Å
for C3H6/C3H8 vs 0.5 Å for the CO2/CH4 pair) makes the
C3”/C3 pair a challenging separation. A 50:50 C3”/C3 mixed gas
feed was tested using: (i) undoped 6FDA-DETDA:DABE
CMS, (ii) optimal PED 6FDA-DETDA:DABE CMS, and (iii)
undoped 6FDA:BPDA-DAM CMS. Undoped 6FDA-DETDA:
DABE CMS showed (P/L)C3” = 84 GPU, and C3”/C3
selectivity = 10.6, while the optimum PED 6FDA-DETDA:-
DABE CMS showed (P/L)C3” = 78 GPU, and a selectivity of
10.9. The standard undoped CMS for 6FDA: BPDA-DAM
CMS showed (P/L)C3” = 80 GPU and a selectivity of 15.
Interestingly, for the same CMS samples, unlike the CO2/CH4
case, the 6FDA-DETDA:DABE CMS in undoped or PED-
doped form offers no advantage over 6FDA:BPDA-DAM CMS
for C3”/C3 separation at 550 °C pyrolysis. The lower payoff
versus the CO2/CH4 pair is consistent with the 0.13 Å size
difference for C3H6/C3H8 versus 0.5 Å for the CO2/CH4 pair,
leading to a roughly threefold smaller size difference (0.13 vs
0.5 Å) between the C3 pair and the CO2/CH4 pair.
Figure 4 suggests that the relative loss in accessible

micropores is much larger for C3H6/C3H8 pair versus the
CO2/CH4 pair during O2 doping. This fact also may help to
understand the smaller relative advantage for C3H6 versus
C3H8 in the doped versus the undoped sample. On the other
hand, for the CO2/CH4 pair, more significant relative
advantages exist for the doped case versus the undoped case.
Figure 4 also suggests that different precursors or pyrolysis
conditions leading to larger ultramicropores centered more
around the C3H6/C3H8 pair may allow optimization using

Figure 2. Transport properties of 6FDA-DETDA: DABE CMS: The
10 ppm DTSOD example from Table 3 is shown as a solid red
triangle; 1 min PED with a 100 min soak time as a solid green
hexagon; and 1 min PED with a 120 min soak time as a solid purple
square. Also shown (open cross) is the typical performance of 6FDA:
BPDA-DAM CMS15 for comparison but without O2 doping of any
kind. Undoped 6FDA-DETDA:DABE CMS with 120 and 100 min
soak times is shown as corresponding open symbols. Based on the
four replicates for each case, the uncertainty bounds are roughly the
size of the displayed data points themselves.

Figure 3. Schematic representation of the PED process at 550 °C
with different degrees of doping on defect edges. Oxygen doping (in
orange) reduces space between such edge defects and forces most flux
through highly selective standard slit pores (reproduced with
permission15).
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PED for the C3H6/C3H8 penetrant pair. This is beyond the
scope of the current work.
4.5. Energy Dispersive X-Ray Spectroscopy (EDS) and

SEM Results. Energy dispersive X-ray spectroscopy (EDS)
results for PED CMS are shown in Figure 5A−C. EDS results
for control CMS (undoped) with soak times of 120 and 100
min are shown in Figure 5D,E, respectively. The average
concentration of O2 in the skin (∼1 μm thickness) is shown in
bold blue letters. Control CMS with 120 and 100 min soak
time at 550 °C has an average of 3.3 and 3% O2 in the skin and
almost the same across the wall. These values can be taken as
the base value. Doping gas with 10 ppm O2 is used in all PED
samples, and as shown in Figure 5A, a 5 min PED CMS with
120 min soak time has an average value of O2 in the skin as 9%

(6% more than the control). As shown in Figure 5B, for a 1
min ED CMS with 120 min soak time, the average value of O2
in the skin is 7% (4% more than the control). The 1 min PED
CMS has a lower P/L value, a higher selectivity of 47
compared to the control with a value of 37, indicating
successful doping. As shown in Figure 5C, 1 min ED CMS
with a 100 min soak time has 12% average O2 in the skin (9%
more than the control). This result indicates that reducing soak
time from 120 to 100 min presumably provides CMS larger slit
bypass pores, providing higher permeability. In any case, PED
gives substantially more O2, which increased the selectivity to
47. In undoped CMS fibers, O2 content of the fiber wall is
∼3%, and all ED CMS have >4% (O2 in the wall), still
substantially lower than the O2 content of the skin, suggesting
that a small amount of O2 has permeated into the nonselective
support region. A recent publication16 shows that doping of
ultrathin CMS films (using a pulsed ozone treatment method)
increased the O2 content (carbonyl and epoxy groups).
SEM images of control (undoped) CMS and PED CMS are

shown in Figure 6. Control CMS with the standard 120 min
soak time at 550 °C exhibited skin thickness LSEM ∼ 1 μm as
shown in Figure 6A. PED CMS shows LSEM > 2 μm (Figure
6B). Since the permeance of control CMS (552 GPU) is 30%
more than that of PED CMS (417 GPU), we expect LSEM < 2
μm in PED CMS. Thicker skin (>2 μm) in the SEM indicates
that the doping effect has extended to the transition layer
wherein it decreases the pore size, closes a few pores, and
densifies to appear like an extended skin. Generally,
permeability decreases during O2 doping.

12

Table 4. Stability of CMS Produced by Oxygen dopinga

6FDA-DETDA: DABE undoped CMS9 6FDA-DETDA: DABE PED CMSb 6FDA: BPDA-DAM undoped CMS15

age
(days) permeance (P/L) CO2 (GPU)

selectivity
CO2/CH4 permeance (P/L) CO2 (GPU)

selectivity
CO2/CH4 permeance (P/L) CO2 (GPU)

selectivity
CO2/CH4

1 416 ± 26 33.2 ± 4 525 ± 24 47.5 ± 4 336 ± 63 31 ± 5
21 408 ± 28 (98%) 34.8 ± 4 489 ± 27 (93%) 49.9 ± 4 316 ± 33 (94%) 33 ± 5

aPermeance expressed as % of initial value retained after storage. bAverage of 4 modules.

Figure 4. Schematic representation of reduced ultramicropore
population accessible to C3H6/C3H8 versus CO2/CH4 for low
doped and more highly doped CMS (reproduced with permission15).

Figure 5. Oxygen distribution (%) across CMS wall (O2 in the skin in bold letters). (A) PED 10 ppm O2, 5 min; (B) PED 10 ppm O2, 1 min; (C)
PED 10 ppm O2, 1 min with a soak time of 100 min at 550 °C instead of 120 min, (D) Control CMS (undoped) with a soak time of 120 min, and
(E) Control CMS (undoped) with a soak time of 100 min.
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5. CONCLUSIONS
The new PED method discussed here offers an efficient and
economical one-step method with doping gas only for the final
doping phase in pyrolysis. This involves a very short duration
of dilute O2 exposure at the end of normal pyrolysis to alter the
pore structure. This added feature allows precise tuning of the
selectivity with a moderate effect on CO2 permeance, thereby
providing significantly improved separation performance. The
PED approach is more easily implemented than previously
reported DTSOD process, which involves a two-step process.
In the future, the PED method may be employed to improve
the separation properties of other 6FDA-based CMS for
various gas separation applications. In the first consideration of
an additional gas pair, C3H6/C3H8, PED was not found
attractive under the conditions that are useful for the CO2/
CH4 pair. This issue requires additional research; however, we
suggest a possible fundamental explanation based on the
roughly threefold smaller size difference (0.13 vs 0.5 Å)
between the C3 pair and the CO2/CH4 pair.
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