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ABSTRACT: In this paper, we describe polyimide-derived
carbon molecular sieve (CMS) hollow fiber membranes with
CO2/CH4 separation factors ∼60 under a supercritical (1800
psia) natural gas feed comprising 50% CO2 and 500 ppm highly
condensable C7 hydrocarbons. Long-term tests extending for 200
h proved membrane stability. Temperatures ranging from −50 to
100 °C were also tested, and the membrane showed attractive
performance under the diverse conditions studied. With attractive
and stable separation performance, the CMS hollow fiber
membranes studied in this work can potentially enable next-
generation CO2 removal processes for challenging natural gas
feeds.

1. INTRODUCTION

World natural gas production is expected to rise by over 50%
by 2040, with U.S. shale gas production comprising a large
portion of the growth.1,2 As the cleanest fossil fuel, natural gas
emits 50% less carbon dioxide (CO2) than coal and is seen as
“fuel for the 21st century”.3 The processing of raw natural gas
into pipeline-quality product gas can comprise a significant
portion of overall cost. Conventional natural gas processing
plants use energy-intensive thermally driven processes (e.g.,
amine absorption and fractional distillation) to remove
impurities [CO2, hydrogen sulfide (H2S), nitrogen (N2), etc.]
and recover heavy hydrocarbons (e.g., ethane, propane,
butanes, etc.).4 Breakthroughs in natural gas processing
technologies will clearly reduce the energy intensity and
consequently environmental impacts of the natural gas industry.
Removing CO2 from natural gas using membranes is well-

established.5−8 Membrane processing is particularly attractive
for remote and offshore natural gas installations, where low
maintenance, flexibility, and reduced equipment footprints are
highly desirable.9,10 Commercially available membrane gas
separators are predominantly derived from un-cross-linked
polymers, with cellulose acetate being the most common. In
addition to the permeability−selectivity trade-off,11 another
challenge associated with un-cross-linked polymers is plasti-
cization-induced selectivity loss under aggressive feeds.12 Raw
natural gas can comprise high level of CO2 and H2S, in addition
to heavy hydrocarbons.10,13 In general, sorption of conden-
sables causes increased mobility of polymer chain segments,

thereby increasing the diffusivities of all penetrants (especially
CH4) and reducing membrane permselectivity.14,15 For
example, cellulose acetate loses 70% of its CO2/CH4
permselectivity when exposed to high-pressure natural gas
feeds comprising condensable hydrocarbons.16 The permse-
lectivity loss reduces membrane CH4 recovery, and thus,
membrane separation becomes less attractive under these
conditions.
Due to these limitations, scalable and more robust

membranes are needed with attractive CO2/CH4 selectivity
under aggressive natural gas feeds. Extensive efforts were made
in the past 2 decades to improve plasticization resistance of
polymer membranes. A notable class of advanced polymers
with enhanced plasticization-resistance comprise cross-linked
polyimides in which polymer swelling is suppressed via
covalently formed linkages between polymer chains.17−19

More recently, thermally rearranged polymers,20,21 polymers
with intrinsic microporosity (PIMs),22,23 hydroxyl-function-
alized polyimides,24 and mixed-matrix materials25,26 have also
been reported to possess improved plasticization-resistance
over commercially available polymer membranes. Inorganic
materials (e.g., zeolites, ceramics, carbon molecular sieves) and
inorganic−organic hybrids (e.g., metal−organic frameworks)
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with more rigid framework generally provide good plasticiza-
tion-resistance when exposed to aggressive feeds.27,28 Among
these candidate materials, carbon molecular sieves (CMS)
appear to offer the best balance between performance and
scalability.29−32 CMS membranes are formed by controlled
pyrolysis of polymer precursors. The unique pore structure of
CMS offers excellent selectivity and permeability that well
exceed the polymer upper bounds.33−38 The micropore
“chambers” provide surface area for penetrant sorption, as
well as controllable penetrant jump lengths, and are formed by
packing imperfections of disordered sp2-hybridized defective
graphene-like plates. CMS ultramicropore “windows” provide
entropically enabled diffusion selectivities and are primarily
defects within the graphene-like plates. In a recent work,37 it
was shown that sorption selectivities in CMS can be tuned by
forming ultramicropores and micropores that selectively
exclude target penetrant molecules. CMS materials are derived
from polymer precursors, thereby allowing translation into
asymmetric hollow fibers for efficiently packed high-density
hollow fiber modules.39,40

Existing work on high-pressure membrane-based natural gas
purification is usually evaluated at a CO2 partial pressure <500
psia.24,41−43 Vu and co-workers studied CO2/CH4 separation
performance of CMS hollow fiber membranes at total feed
pressure up to 950 psia but for CO2 concentrations of 10%;
therefore, the CO2 partial pressure was below 100 psia.27,44

Some aggressive natural gas feeds, however, are predicted to
comprise 1300 psia CO2. In the current work, we extensively
evaluated polyimide-derived asymmetric CMS hollow fiber
membranes for processing aggressive, high-pressure, super-
critical natural gas with a CO2 partial pressure up to 900 psia
(total feed pressure up to 1800 psia). Separation performance
under a wide range of feed pressures, feed compositions, and
operating temperatures was studied. Long-term (200 h)
stability of membrane performance under these demanding
supercritical feeds was also studied. Moreover, the temperature
dependence of these membranes was studied between −50 and
100 °C.

2. MATERIALS AND METHODS

2.1. Materials. The 6FDA/BPDA(1:1)-DAM polyimide
precursor was provided by API Polymers, Inc. (Clinton, MI).
Duralco 4525 electrically resistant epoxy resin (Cotronics
Corp., Brooklyn, NY) was used as sealing material to construct
all CMS hollow fiber modules.
2.2. Formation of Precursor Hollow Fiber Membranes.

Monolithic 6FDA/BPDA-DAM precursor hollow fiber mem-
branes were spun using a “dry-jet/wet-quench” setup. Details of
dope composition determination, fiber spinning process,
postspinning solvent exchange, and precursor fiber module
construction can be found elsewhere.45,46 Spinning dope
composition and spinning parameters are shown in Tables 1

and 2, respectively. Separation performance of the precursor
hollow fibers was characterized with O2/N2 single-gas

permeation at 35 °C using the constant pressure method.27

The precursor hollow fibers had an O2 permeance of 27 GPU
and O2/N2 ideal selectivity ∼4.1, which is consistent with the
intrinsic selectivity measured using dense films.34

2.3. Formation of Asymmetric CMS Hollow Fiber
Membranes. Asymmetric CMS hollow fiber membranes were
formed by controlled pyrolysis of 6FDA/BPDA-DAM
precursor hollow fibers. The precursor hollow fibers were
treated with 25 wt % vinyltrimethoxysilane (VTMS)/hexane
solution prior to pyrolysis following the procedures reported in
the literature.40 The pyrolysis setup is shown in Figure 1. The
precursor hollow fibers were placed on a wired stainless steel
mesh plate (McMaster Carr, Robbinsville, NJ) in a quartz tube
(GE Type 214 quartz tubing, National Scientific Co.,
Quakertown, PA) and then loaded into a pyrolysis furnace
(model 23-24-1ZH, Thermocraft, Inc., Winston-Salem, NC).47

The entire system was purged with ultrahigh purity (UHP)
argon for at least 12 h until the O2 level in the system dropped
below 1 ppm. Pyrolysis was performed using the heating
protocol below under continuous purge of UHP argon (200
cm3/min). After the heating protocol was completed, the
furnace was naturally cooled down to room temperature.
The following heating protocol was used [Figure S1,

Supporting Information (SI)]:

(1) from 50 to 250 °C (13.3 °C/min),
(2) from 250 to 535 °C (3.85 °C/min),
(3) from 535 to 550 °C (0.25 °C/min),
(4) thermal soak at 550 °C for 120 min,
(5) natural cooling down to room temperature.

2.4. Construction of CMS Hollow Fiber Modules. The
CMS hollow fiber membrane modules were constructed using
Duralco 4525 epoxy following procedures modified from those
described in the literature.27 The tensile strength of Duralco
4525 epoxy is ∼10 000 psia, which provides good sealing and
attractive separation factors for CMS hollow fiber modules
during high-pressure permeation. CMS hollow fiber modules
constructed using a mechanically weaker epoxy (Scotch-Weld
DP-100 Plus Clear, tensile strength ∼1800 psia) showed
unattractive separation performance under high-pressure feeds.
The resin (100 parts) was mixed with the hardener (8 parts)
and stirred vigorously at room temperature before being
degassed in a sonication bath for 5 min. The epoxy paste was
allowed to rest for another 10 min at room temperature to
increase viscosity. The thickened epoxy paste was poured into
one side of the fiber module and allowed to cure at room
temperature for 12 h. The process was repeated for the other
side of the fiber module. The epoxy was allowed to cure for
another 12 h at room temperature before permeation tests.

Table 1. Spinning Dope Compositions of 6FDA/BPDA-
DAM Precursor Hollow Fiber Membranes

component wt %

6FDA/BPDA-DAM 20
N-methylpyrrolidone 47.5
tetrahydrofuran 10
ethanol 16
LiNO3 6.5

Table 2. Spinning Parameters of 6FDA/BPDA-DAM
Precursor Hollow Fibers

spinning parameter value

dope temperature (°C) 70
quench bath temperature (°C) 50
dope flow rate (cm3/h) 180
bore fluid flow rate (cm3/h) 60
air gap (cm) 10−20
fiber take-up rate (m/min) 20−30
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Figure 1. Schematic representation of the CMS hollow fiber membrane pyrolysis system. Reprinted with permission from ref 48. Copyright 2010
Elsevier.

Figure 2. The high-pressure (max. system pressure 2000 psia) CMS hollow fiber membrane mixed-gas permeation system (adapted from ref 49 with
permission).

Figure 3. SEM images of precursor hollow fiber membranes: (a) fiber overview, (b) fiber wall, and (c) fiber skin layer. SEM images of CMS hollow
fiber membranes: (d) fiber overview, (e) fiber wall, and (f) fiber skin layer.
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2.5. Characterizations and High-Pressure Permeation
Measurements. Images of the precursor hollow fibers and
CMS hollow fibers were obtained by scanning electron
microscopy (SEM) (LEO 1530 field emission scanning
electron microscope). A schematic representation of the high-
pressure (max. system pressure 2000 psia) mixed-gas
membrane permeation system is shown in Figure 2. The
CMS hollow fiber module was secured in a customized
permeation box. The feed mixture was provided by a prefilled
gas cylinder (500−800 psia) and further pressurized using a
1000 mL syringe pump (model 1000D, Teledyne Isco, Lincoln,
NE). The pressurized feed was delivered to the shell side of the
fiber module. For safety considerations, the chamber of the
permeation box was purged with continuous N2 flow during
high-pressure permeation to prevent accumulation of leaked
flammable gases, if any. Permeate was kept at 1 atm and
withdrawn from the fiber bore side. No downstream purge gas
was used. Permeate flow rate was measured using a bubble flow
meter (10 mL), and compositions were analyzed using a
Varian-430 gas chromatograph (GC). The stage-cut, which is
the percentage of feed mixture that permeates through the
membrane, was kept less than 1% to avoid concentration
polarization. A small stage-cut also minimizes any changes in
the feed’s phase envelopes to avoid condensation of heavy
hydrocarbons on the membrane surface. The retentate flow rate
was controlled using a metering valve (Swagelok, Alpharetta,
GA) and a digital flow meter (FMA series, Omega, Stamford,
CT). Each data point was taken after bubble flow meter and
GC readings became stabilized, which typically takes 30−60
min. At least three or four GC injections were made for each
data point.
For the long-term (∼200 h) high-pressure (1500 psia)

stability measurement, the syringe pump had to be manually
refilled periodically (every ∼6−7 h) to maintain the high
pressure of the system. Prior to refilling, the system was slightly
pressurized to ∼1600 psia and valve B was closed. This ensures
that the pressure of the system stays above 1500 psia in case
any slight pressure drop occurs as the pump was refilled. After
the pump was refilled and reached 1500 psia, valve B was
reopen.

3. RESULTS AND DISCUSSION

3.1. Effect of Feed Pressures and Compositions on
Separation Performance. Morphologies of the precursor
hollow fibers and CMS hollow fibers are shown in Figure 3.
The CMS hollow fiber membrane is asymmetric with a highly
porous substrate. The membrane dense separation layer was ∼3
μm, which comprises a bimodal ultramicropore−micropore
structure, providing excellent permeabilities and entropically
enabled diffusion selectivities.30 A transition layer with reduced
pore connectivity seems to exist underneath the dense skin
layer. Four feed compositions were used for the high-pressure
permeation measurements: (A) 10%/90% CO2/CH4; (B)
50%/50% CO2/CH4; (C) 50% CO2 with 250 ppm toluene,
balanced with CH4; and (D) 50% CO2 with 250 ppm toluene
and 250 ppm n-heptane, balanced with CH4. Toluene and n-
heptane represent aromatic and linear hydrocarbon impurities
that can be encountered in realistic natural gas feeds. The
mixture permeation measurements were carried out at 35 °C by
gradually pressurizing the fiber shell side from 100 to 1800 psia.
For feed A (10%/90% CO2/CH4), the pressurization started at
300 psia to ensure that measured separation factors were not
limited by pressure ratios for the 1 atm membrane down-
stream.50

Measured CO2 permeances and CO2/CH4 separation factors
for each feed composition are summarized in Figure 4. For
feeds A and B, depressurization permeation data were also
collected and are shown in Figure S2 (SI). Fugacities (Virial
equation of state) were used as driving forces to calculate
membrane permeances and separation factors.27 Phase
envelopes of feeds C and D can be found in Figure S3 (SI).
As shown in Figure 4, the CMS hollow fiber membranes
demonstrate remarkably attractive CO2/CH4 separation factors
within the studied feed pressure range for all feed compositions.
The membrane CO2 permeances increased as feed CO2
concentration increased from 10% (feed A) to 50% (feed B).
This is due to competitive sorption effects, and is consistent
with the findings of previous studies. This fact notwithstanding,
the membrane showed consistent CO2/CH4 separation factors
as the feed CO2 concentration increased. Depressurization data
show slight hysteresis (Figure S2, SI); however, no appreciable
changes in separation factors were seen at the end of
depressurization.

Figure 4. Measured CO2 permeances (left) and CO2/CH4 separation factors (right) in CMS hollow fiber membranes under different feed
compositions. The permeation measurements were done at 35 °C. One GPU = 3.348 × 10−10 mol/m2·s·Pa.
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Steel and Koros34 measured single-gas permeation data (35
°C, feed pressure <100 psia) in CMS dense film membranes
pyrolyzed (550 °C) from the same precursor 6FDA/BPDA-
DAM. The CO2 permeability was ∼4864 Barrer and the CO2/
CH4 ideal selectivity was ∼54. Therefore, the CO2/CH4
separation factor of the CMS hollow fiber membranes reported
in this work is consistent with CMS dense film membranes.
The permeances (∼100 GPU) of the CMS hollow fiber
membranes, however, is much lower than the value (∼1500
GPU) that one would expect on the basis of skin layer
thickness (Figure 3) of the asymmetric CMS hollow fiber
membranes. The lower-than-expected permeances of asym-
metric CMS hollow fiber membranes have been observed in
previous studies.40 Mass transfer resistance due to residual silica
on the membrane skin layer, among other factors, may have
contributed to the low permeances.
Transport of CO2 and CH4 molecules in un-cross-linked

polymers, cross-linked polymers, and CMS under low-pressure
CO2/CH4 feeds follows a standard sorption−diffusion process.
Under low-pressure CO2/CH4 feeds, negligible dilation should
occur in all materials due to low CO2 sorption capacity.
However, it is believed that the materials behave quite
differently under high-pressure CO2/CH4 feeds. Due to strong
CO2 sorption at higher pressure, un-cross-linked polymers are
dilated, leading to enlarged interchain spacing and higher
segmental motions with dramatic separation factor losses. In
cross-linked polymers, dilation is suppressed by introducing
linkages between polymer chains. Slight dilation will occur in
cross-linked polymers under high-pressure CO2/CH4 feeds;
however, the losses in separation factors have been shown to be
much smaller than for un-cross-linked polymers.18 The
hysteresis seen for depressurization data (Figure S2, SI) of
the CMS hollow fiber membranes suggest that small dilation
may still occur even in highly rigid CMS materials under high-
pressure feeds. In addition to the frame of reference/bulk flow
effects,51 such small dilation contributes to the slight drop in
separation factors below ∼700−900 psia. The results are
consistent with the findings of Vu and co-workers.27 Since the
separation factors were essentially recovered at the end of
depressurization, the dilation process is possibly reversible.
One would expect the CMS membrane separation factors to

further drop as the feed pressure increases beyond 900 psia due
to dilation and frame of reference/bulk flow effects. In fact,
separation factor reduction did not occur as the feed pressure
continued to rise from 900 to 1800 psia. Slightly increased
CO2/CH4 separation factors were seen for feeds A and B.
When dilated, CMS ultramicropores and micropores are
hypothetically enlarged due to strong CO2 sorption. We
further hypothesize that above a “threshold pressure” (∼700−
900 psia for the CMS studied in this work), densely packed
CO2 molecules in CMS micropores may start to suppress
diffusion of less condensable CH4 molecules, thereby offsetting
any effects due to enlarged ultramicropores. With such
hypothetically suppressed CH4 diffusivity and permeability,
CO2/CH4 separation factors were not compromised. High-
pressure CO2/CH4 mixture adsorption and diffusion measure-
ments would be needed to support this hypothesis; however,
this is beyond the scope of the current work. It is worthwhile to
note that similar “high-pressure suppression effects” have been
reported in other microporous materials. For example, a recent
work by Lin and co-workers52 showed that CO2/CH4 and
CO2/N2 separation factors in polycrystalline MOF-5 mem-
branes were substantially increased at higher CO2 partial

pressures due to blocking of N2 and CH4 molecules by highly
sorbing CO2 molecules. Salinas and Swaidan53,54 studied the
effects of feed pressure on CO2/CH4 and ethylene/ethane
separation factors in CMS dense film membranes derived from
a different precursor, PIM-6FDA-OH. Contrary to the findings
of this work, the authors observed reduced CO2/CH4 and
ethylene/ethane separation factors as feed pressure increased.
The differences in precursor chemistry and resulting CMS pore
structures could contribute to the differences in observed
results.
Hydrocarbon impurities are often present in raw natural

gas.14 Among them, BTEX (benzene, toluene, ethylbenzene,
and xylenes) represent very strong membrane plasticizers
encountered in natural gas purification. Over 50% drop in
membrane separation factors was seen in polymer membranes
exposed to only 70 ppm toluene.44 Figure 4 shows that CMS
hollow fiber membranes studied in this work offer excellently
stable CO2/CH4 separation factors under up to 500 ppm
toluene and n-heptane, which represent typical C7 hydrocarbon
levels in associated natural gas prior to pretreatments.55 At each
studied pressure, CO2 permeance was reduced with increasing
heavy hydrocarbon concentration (Figure 4). For example, at
1800 psia, CO2 permeance was reduced by 15% when 250 ppm
toluene was introduced to the feed (feed C) and by 42% when
an additional 250 ppm n-heptane was introduced to the feed
(feed D). We hypothesize that competitive sorption of heavy
hydrocarbons in CMS micropores reduces the percentage of
micropores and surface area available for CO2 and CH4
sorption. The competitive sorption effects presumably reduce
sorption coefficients of CO2 and CH4 and consequently their
permeabilities (or permeances). Similar reductions in CO2
permeance have been observed in SAPO-34 zeolite mem-
branes.56

Interestingly, compared to feed B, which is free of C7
hydrocarbons, slight increases (5−10%) in CO2/CH4 separa-
tion factors were seen for feeds C and D. Due to their larger
kinetic diameters,57 the C7 hydrocarbon molecules can only be
admitted into larger and less selective ultramicropores, perhaps
making them unavailable for CO2 and CH4 transport. As a
result, the average ultramicropore dimension available for CO2
and CH4 transport possibly becomes more refined, which leads
to slightly higher CO2/CH4 diffusion selectivities and
separation factors in the presence of heavy hydrocarbons.
Clearly, such hydrocarbon-induced selectivity increase is
expected to be unique to amorphous materials like the CMS
discussed in this work. In fact, heavy hydrocarbon impurities
typically cause reduced CO2/CH4 selectivities in polymer
membranes19,44,58 and zeolite membranes.56 Figure S4 (SI)
compares CO2/CH4 separation performances of CMS hollow
fiber membranes and cross-linked polymer (propanediol
monoesterified cross-link-able polyimide, or PDMC) hollow
fiber membranes under aggressive feeds comprising 50% CO2
and 500 ppm of C7 hydrocarbons. The CMS hollow fiber
membranes studied in this work provide ∼350% higher CO2
permeances and ∼90% higher CO2/CH4 separation factors at
∼1000 psia total feed pressure. Separation performance was not
reported for PDMC hollow fiber membranes above 1000 psia;
however, an even larger advantage is expected for CMS hollow
fiber membranes over PDMC hollow fiber membranes with
increasing feed pressure beyond 1000 psia.

3.2. Long-Term Membrane Stability Measurements.
Long-term stability of CMS hollow fiber separation perform-
ance was evaluated using a supercritical feed (feed D: 50% CO2
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with 250 ppm toluene and 250 ppm n-heptane, balanced with
CH4) at 10 °C and 1500 psia [see Figure S3 (SI) for the phase
envelope]. The long-term stability study was carried out at 10
°C (instead of 35 °C) to reduce membrane flux and
consequently retentate flow rate, which resulted in workable
syringe pump refilling cycles (∼6−7 h). Note that this test is
actually more demanding than at 35 °C, since the activity of
heavy hydrocarbons is higher at the same ppm content of the
C7 than at 35 °C. As shown in Figure 5, the CMS hollow fiber

membrane had stable permeance and separation factor under
continuous permeation of 200 h, and we expect stability under
indefinite exposure. It should be noted that the strong time-
dependence of separation factor reported by Swaidan and co-
workers on PIM-derived CMS was not seen in this work.54

Comprehensive feed pretreatments are usually required for
polymer membranes to reduce feed heavy hydrocarbons and to
minimize membrane plasticization. Additionally, condensation
of heavy hydrocarbons may occur on the membrane surface
due to the temperature drop induced by Joule−Thompson
effects, which can significantly compromise membrane perform-
ance over time.14 The stable performance shown in Figure 5
suggests that CMS membranes studied in this work have good
resistance to feed heavy hydrocarbons and can be potentially
used with simplified pretreatments. Additionally, CMS
membranes can maintain attractive performance with super-
critical feeds, under which liquid condensation induced by
Joule-Thompson effects can be avoided.14 Of course, additional
precautions should be taken during realistic applications where
the stage-cut is substantial, which changes the phase envelope
of the feed mixture due to the removed CO2. On this basis,
tests with actual streams from diverse sources clearly should be
performed before reaching such optimiztic conclusions;
however, the results reported here are very encouraging.
3.3. Temperature Dependence of Separation Per-

formance. The capability to maintain attractive separation
factors in response to changing operating temperature is
pragmatically important. For example, natural gas feeds are
sometimes heated to >60 °C to avoid heavy hydrocarbon
condensation.14 Moreover, operation in winter environments

may expose membranes to less than −40 °C. Temperature-
dependent (−50 to 100 °C) CO2/CH4 mixed-gas permeation
data were assessed at 800 psia using feed A (−50 and −30 °C)
and B (−10, 11, 35, 60, and 100 °C). Feed A (10% CO2/90%
CH4) was used for −50 and −30 °C permeation to avoid CO2
condensation at membrane upstream. As shown in Figure 6, a

substantially higher CO2/CH4 separation factor (∼265) was
obtained at −50 °C than at ambient temperature. As expected,
as temperature increased from −50 to 100 °C, both CO2 and
CH4 permeance increased while the CO2/CH4 separation
factor dropped. Despite such changes, the CMS hollow fiber
membrane studied in this work maintained an attractive CO2/
CH4 separation factor (∼36) at 60 °C under the 50%/50%
CO2/CH4 feed (feed B) mixture at 800 psia. The apparent
activation energies for permeation were calculated by fitting the
permeation data shown in Figure 6a with eq S5 (SI) and are
16.6 (CO2) and 29.0 (CH4) kJ/mol, respectively (Figure 6b). It
should be noted that the temperature dependence study was
performed at less aggressive feed pressures and compositions

Figure 5. Stability of CMS hollow fiber membrane permeance (in
black) and separation factor (in blue) under continuous long-term
(∼200 h) permeation testing (10 °C, 1500 psia) using an aggressive
natural gas feed (50% CO2 with 250 ppm toluene and 250 ppm n-
heptane, balanced with CH4).

Figure 6. Effects of permeation temperature (−50 to 100 °C) on
separation performance of CMS hollow fiber membranes pyrolyzed
from 6FDA/BPDA-DAM precursor hollow fibers. (a) Temperature
dependence of CO2 permeance and CO2/CH4 separation factor of
CMS hollow fiber membranes (total feed pressure = 800 psia).
Permeation at −10, 11, 35, 60, and 100 °C was carried out using a 50%
CO2/50% CH4 mixture (feed B). Permeation data at −50 and −30 °C
were measured using a 10% CO2/90% CH4 mixture (feed A). (b)
Arrhenius plots allowing calculations of CO2 and CH4 apparent
permeation activation energies in the CMS membrane.
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than the long-term membrane stability study. Similar temper-
ature dependences of CO2 permeances and CO2/CH4

separation factors are expected for feeds comprising heavy
hydrocarbons.
Commercial polymer membranes typically have unattractive

CO2/CH4 selectivities (<10−15) under high-pressure aggres-
sive natural gas comprising high level of CO2 (>50%) and
heavy hydrocarbons.10,14 For these challenging feeds, mem-
brane processes are usually unable to reduce CO2 content to
the required pipeline specification (2%) without significant
CH4 loss or uneconomical compressor costs. In fact, multistage
polymer membrane separators must be used in combination
with amine absorption units to meet product CO2 concen-
tration requirements and keep CH4 loss below acceptable levels
(<5−10%).10 Clearly, such requirements undermine membrane
competitiveness relative to traditional approaches.
The CMS hollow fiber membranes discussed in this work are

highly scalable and have attractive permeances and substantially
higher CO2/CH4 selectivities (50−60) than commercial
polymer membranes under aggressive supercritical natural gas
feeds. Additionally, the capability to operate under supercritical
feeds potentially simplifies feed pretreatments (i.e., heavy
hydrocarbon removal) typically required for polymer mem-
branes. Indeed, CMS hollow fiber modules will possibly cost
more than state-of-the-art polymer spiral-wound modules;
however, the differences may be easily offset by CMS
membrane’s attractive advantages noted above. With attractive
and stable separation performance, CMS hollow fiber
membranes can potentially enable next-generation CO2

removal processes for challenging feeds with reduced process
complexity, smaller footprints, higher CH4 recoveries, and less
compressor costs. They will likely expand the spectrum of
membrane use in natural gas processing, thereby reducing
energy consumption and CO2 footprints to promote a more
sustainable natural gas industry.

4. SUMMARY AND CONCLUSIONS

To summarize, we have evaluated the separation performance
of CMS hollow fiber membranes for purification of high-
pressure, aggressive supercritical natural gas. Although slightly
dilated, the CMS hollow fiber membranes showed excellent
CO2/CH4 separation factors (∼60) under an aggressive natural
gas feed at 1800 psia comprising 50% CO2 and 500 ppm of C7

hydrocarbons. To the best of our knowledge, these represent
the most aggressive feed conditions reported in the open
literature for membrane-based natural gas purification. We
hypothesize that strong CO2 sorption suppresses CH4

diffusion, thereby offsetting any dilation and frame of
reference/bulk flow effects and contributing to attractive and
stable separation factors in CMS hollow fiber membranes. The
stability of the CMS hollow fiber membranes under aggressive
feeds was confirmed by a long-term high-pressure permeation
test extending for 200 h. Additionally, the CMS hollow fiber
membranes showed attractive separation performance under a
wide range of operating temperatures (−50 to 100 °C). This
work suggests that CMS hollow fiber membranes are excellent
candidates for processing aggressive supercritical natural gas
feeds, which typically cannot be accomplished by polymer-
based membranes.
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