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Using a process-guided approach, a new 6FDA-based polyimide — 6FDA–DAM:DABA(4:1) — has been

developed in the form of hollow fiber membranes for CO2 recovery from post-combustion flue gas

streams. Dense film studies on this polymer reveal a CO2 permeability of 224 Barrers at 40 1C at a CO2

feed pressure of 10 psia. The dense films exhibit an ideal CO2/N2 permselectivity of 20 at 40 1C, which

permits their use in a two-step counter-flow/sweep membrane process. Dry-jet, wet-quench, non-

solvent-induced phase inversion spinning was used to create defect-free hollow fibers from 6FDA–

DAM:DABA(4:1). Membranes with defect-free skin layers, approximately 415 nm thick, were obtained

with a pure CO2 permeance of 520 GPU at 30 1C and an ideal CO2/N2 permselectivity of 24. Mixed gas

permeation and wet gas permeation are presented for the fibers. The CO2 permeance in the fibers was

reduced by approximately a factor of 2 in feeds with 80% humidity. As a proof-of-concept path forward

to increase CO2 flux, we incorporated microporous ZIF-8 fillers into 6FDA–DAM:DABA(4:1) dense films.

Our 6FDA–DAM:DABA(4:1)/ZIF-8 dense film composites (20 wt% ZIF-8) had a CO2 permeability of 550

Barrers and a CO2/N2 selectivity of 19 at 35 1C. Good adhesion between the ZIF and the 6FDA–

DAM:DABA(4:1) matrix was observed. CO2 capture costs of $27/ton of CO2 using the current, ‘‘non-

optimized’’ membrane are estimated using a custom counterflow membrane model. Hollow fiber

membrane modules were estimated to have order-of-magnitude reductions in system footprint relative

to spiral-wound modules, thereby making them attractive in current space-constrained coal-fired

power stations.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Despite the recent recession-induced downturn in worldwide
CO2 emissions, the US Energy Information Association predicts a
steady increase in US CO2 emissions over the next 25 years
(approximately þ0.025 gigatons (Gt) of CO2/yr increase) [1].
Furthermore, developing countries are expected to drastically
increase worldwide CO2 emissions; a much sharper increase in
worldwide emissions over the same time span is predicted
(approximately þ0.62 Gt CO2/yr increase) [2]. Current global
CO2 emissions for 2012 are approximately 37.4 Gt CO2/yr [2].
As many developed countries currently import products
and commodities with high CO2 intensities from developing
countries, countries with strong foundations in science and
ll rights reserved.
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ly).
engineering should provide global, scalable solutions for redu-
cing CO2 emissions.

Over 3250 coal-fired power plants are installed throughout the
world (1627 GW total capacity, with the average unit being
500 MWe) [3]. These stable and reliable ‘‘base load’’ utilities are
major drivers behind anthropogenic CO2 emissions [4]. Unfortu-
nately, reducing the CO2 intensity of these plants is difficult due
to: (i) massive coal and air intake rates requiring any separation
system associated with such a plant to be ‘‘world-scale’’, (ii) flue
gases contain high concentrations of water, acid gases (SOx, NOx),
oxygen and particulates, and (iii) are typically at low temperature
and pressure. The massive scales require discussion of meaningful
CO2 abatement from coal-fired power plants to focus on the
scalability of the separation device. To put the scale of the
problem into perspective, some of the largest high-pressure
natural gas processing plants in the US (9 total plants with41.2
billion scfd feed rate) [5], are only slightly larger than the low-
pressure flue gas molar exhaust of each of the �500 power plants
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in the US [4]. Here, we discuss a membrane solution that utilizes
the proven scalability of the hollow fiber spinning platform to
address post-combustion CO2 capture at global scales, with a goal
to control the required capture plant ‘‘real estate’’ as well as the
energy penalty to perform the capture process.

Membrane-based single-stage post-combustion CO2 capture
appears unattractive unless ultra-high permeability and selectiv-
ities can be achieved [6]. On the other hand, multi-stage mem-
brane processes with downstream vacuum (rather than upstream
compression) lead to significant reductions in energy consump-
tion and appear viable [7–9]. In particular, Membrane Technology
Research (MTR) has developed a multi-stage membrane process
utilizing the power station boiler feed air in a counter-flow sweep
arrangement [10,11] to increase the CO2 partial pressure in the
combustion exhaust gas from the boiler. This approach increases
the driving force for the subsequent CO2 separation using three
membrane stages. The first stage removes the majority of the CO2

from the flue gas using a downstream vacuum with a pressure
ratio across the membrane of approximately five [10]. The second
stage is the aforementioned counter-flow sweep membrane
which contacts the retentate gas from the first stage with boiler
feed air. After the permeate from the first stage is compressed and
the majority of the CO2 liquefied, a third stage membrane is
utilized to recover any remaining gas-phase CO2. The permeate
from the third stage is recycled to the feed of the third stage
membrane, while the retentate is recycled to the feed of the first
membrane. Utilizing the rubbery PolarisTM membrane in spiral-
wound elements, MTR estimates the total cost of the process to be
about $23/ton of CO2 using approximately 1.3 MM m2 of mem-
brane surface area (550 MWe coal-fired power plant basis). A
recent analysis by DOE-NETL using the counter-flow sweep
arrangement predicts a CO2 capture cost of approximately $27–
$37/ton of CO2, depending on the host plant [12]. We estimate
that approximately 50,000 modules (20.3 cm inner diameter,
100 cm long, 600 m2/m3) will be required for each power plant
using PolarisTM spiral-wound membrane modules.

While rubbery membranes have been primarily considered for
post-combustion CO2 capture [13–16], the difficulties associated
with mass production of low-footprint, surface-area-efficient
devices may preclude their wide-spread adoption, which is neces-
sary to promote meaningful CO2 emission reductions. On the other
hand, 6FDA-based glassy polyimides have proven to be a tunable
polymer family that are readily spinnable as hollow fiber mem-
branes [17–19]. Hollow fiber membrane fabrication systems have
exceedingly high production rates due to multi-filament spinning
capabilities [20] and offer module surface area-to-volume ratios
approaching 10,000 m2/m3. Typically, the thicker selective layers in
hollow fiber membranes offset some of the surface area advantage
of the fiber morphology [21], but an order of magnitude increase in
module productivity per unit volume is feasible for the same base
polymer. As noted by MTR and other researchers, for the case of
post-combustion CO2 capture, CO2 flux through the membrane is
the most paramount membrane characteristic to minimize
required membrane area provided a satisfactory CO2/N2 selectivity
can be achieved (4�20) [10]. Previous work has argued that a
minimum selectivity of 30 is required to capture advantages of the
two-step counter-flow/sweep multi-stage process [10], but as we
show here, the process is still viable with selectivities of at least 20.

With such a ‘‘high flux, moderately selective’’ framework in
mind, we chose to develop a 6FDA dianhydride-based copolymer
using constituent ratios of DAM and DABA diamines that would
achieve this goal. 6FDA–DAM constituents tend to promote high CO2

permeability, yet low CO2/N2 selectivity, and 6FDA–DABA constitu-
ents promote high selectivity, yet low permeability. Previous work
using 6FDA–DAM:DABA(2:1) and 6FDA–DAM [22,23] suggest that
the former is ‘‘too selective’’ (430) and ‘‘too slow’’ while the latter
was found to be sufficiently permeable, but not selective enough
(o17) for low-cost CO2 capture. Here, we synthesize and character-
ize 6FDA–DAM:DABA(4:1) dense films and hollow fiber membranes
to find the appropriate middle ground between the two previously
studied 6FDA-based copolymers.

Finally, we explore a ‘‘proof-of-concept’’ route to boost the
permeability of 6FDA–DAM:DABA(4:1) by utilizing a mixed
matrix membrane approach. Here, we utilize the commercially
available zeolitic imidazolate framework (ZIF) ‘‘ZIF-8’’ as a
permeability-enhancing filler. ZIF-8 has been shown to be:
(i) highly hydrophobic [24], justifying its use over mesoporous
fillers (which would ‘‘wet out’’ at high feed gas water activities),
(ii) highly permeable to CO2 with moderate CO2/N2 selectivities
[25], and (iii) due to its organic nature, easily adherent to the host
polymer matrix [25,26]. While other fillers may enhance selectiv-
ity and permeability (such as zeolites), there are very few — if any
— sufficiently small fillers that can be readily incorporated into
the polymer matrix without surface modification and can also
withstand high water activities typically found in combustion flue
gases. The choice of the 6FDA–DAM:DABA(4:1) and ZIF-8 pair is a
good choice as a proof-of-concept for downsizing CO2 capture
plant footprints while maintaining reasonably low parasitic load
to operate the CO2 capture process.
2. Background/experimental

2.1. Materials

4,40-Hexafluoroisopropylidene diphthalic anhydride (6FDA)
was purchased from Alfa Aesar, and dried at 150 1C under
30 mm Hg reduced pressure. 2,4,6-Trimethyl-1,3-diaminoben-
zene (DAM) and 3,5-diaminobenzoic acid (DABA) were dried at
60 1C and 150 1C, respectively, under 30 mm Hg reduced pressure.
N-methyl pyrrolidone (NMP), acetic anhydride (AcO2) and beta
picoline (3-methyl pyridine) were dried over activated 5A mole-
cular sieves prior to the synthesis. All chemicals, besides 6FDA,
were purchased from Sigma Aldrich (Milwaukee, WI). All glass-
ware was flamed with a propane torch and N2 purge prior to the
reaction. Anhydrous tetrahydrofuran (THF), ethanol, dichloro-
methane (DCM), lithium nitrate, and ZIF-8 were all purchased
from Sigma-Aldrich. Polydimethylsiloxane (PDMS, Sylgard 184)
was obtained from Dow Chemicals.

2.2. 6FDA–DAM:DABA (4:1) synthesis

6FDA–DAM:DABA(4:1) was synthesized through a one-pot,
two-step reaction sequence [19]. In the first step, 6FDA dianhy-
dride was reacted with DAM and DABA diamines under flowi-
ng N2 in a 5:4 (6FDA:DAM) and 5:1 (6FDA:DABA) molar ratio
(Scheme 1). The total solid concentration was 20 wt% in NMP. The
reaction temperature was kept between 0 1C and 5 1C and diamines
were added incrementally over a period of �2 h. Slow addition and
low temperatures are necessary for the formation of high molecular
weight polymers. The reaction was run for 24 h, during which time
the temperature slowly rose back to room temperature. The
resulting polyamic acid was closed through chemical imidization,
whereby beta picoline and acetic anhydride were added and stirred
for an additional 24 h under flowing N2 at room temperature.
The resulting polyimide was precipitated and washed in MeOH,
followed by drying under vacuum at 210 1C for 24 h.

2.3. Film casting

Pure 6FDA–DAM:DABA(4:1) dense films were made from
6FDA–DAM:DABA(4:1)-dichloromethane solutions. The polymer



Scheme 1. Synthesis of 6FDA–DAM:DABA(4:1).
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solution was allowed to mix on a coaxial roller for 24 h prior to
use. Dense films were prepared by pouring a portion of the
solution on to an untreated glass plate and casting with a
10 mil casting knife in a N2 filled, DCM-saturated glove bag. After
18–24 h in the glove bag, the film was removed from the plate
and transferred to a vacuum oven at 200 1C and held at that
temperature for 24 h. After naturally cooling to room temperature
under vacuum, the films were mounted for permeation testing.

Preparation of 20 wt% ZIF-8/6FDA–DAM:DABA(4:1) mixed matrix
membranes was more complex. Approximately 0.75 g of vacuum-
dried ZIF-8 was added to 27 g of DCM. The ZIF-8/DCM mixture was
then homogenized with three 60 s bursts from a sonication horn
(1000 W max. horn, Dukane, Leesburg, VA) with 90 s of vigorous
vortex mixing (Digital Vortex Mixer 120 V, Fisher Scientific) between
bursts. Initially, 10% of the total polymer was added to the ZIF-8/DCM
dispersion, using two 60 s bursts of sonication to homogenize the
dispersion/solution. This step accelerated an unknown undesirable
reaction between the ZIF-8 and the polymer, causing the mixture to
form a solid gel that was impossible to properly cast. To avoid this
phenomenon, this sonication step was omitted and the polymer was
added as described: immediately following the last sonication treat-
ment to the ZIF-8/DCM dispersion, 3.0 g of polymer was slowly added
to the mixture, using vortex mixing to dissolve the polymer after each
addition. After all the polymer was dissolved, the ZIF-8/DCM/6FDA–
DAM:DABA(4:1) mixture was immediately cast in the same manner
as the pure polymer films. Sonication of ZIF-8 in the presence of the
polymer was avoided. The same drying and annealing procedures for
the pure polymer film were followed. In addition, a sample of the
‘‘gelled’’ ZIF-8/DCM/6FDA–DAM:DABA(4:1) was made for X-ray
diffraction analysis.
2.4. Materials characterization

Glass transition temperatures for neat 6FDA–DAM:DABA(4:1)
and its corresponding mixed matrix membranes were measured
by using differential scanning calorimetry (DSC, model TA Instru-
ments Q200). Each run was made from 0 1C to 420 1C at a heating
rate of 10 1C/min. The Tg was determined from the second DSC
sweep. Thermogravimetric analysis (TGA, Netzch STA 409 PC TGA
Burlington, MA) was used to determine the degradation tempera-
tures of the membranes. Samples were heated to a temperature of
600 1C under a nitrogen purge at a ramp rate of 10 1C/min.
Powder X-ray diffraction (XRD) was performed at room tempera-
ture on an X’Pert Pro PANalytical X-ray Diffractometer using
Cu-Ka radiation. Measurements were carried out from 5–401 2y,
using an X’celerator detector with low-background sample
holders. Attenuated total reflectance spectroscopy (ATR) was
performed using a Bruker Vertex 80v FTIR spectrometer coupled
to a Hyperion 2000 IR microscope containing a 20x magnification
ATR objective with a Germanium crystal.

2.5. Permeation

Gas permeation through an asymmetric hollow fiber mem-
brane and a dense film is typically described using the solution-
diffusion theory, and the permeability (‘‘productivity’’) of the
polymer can be expressed as shown in Eq. (1)

Pi ¼DiSi ð1Þ

where Pi typically has units of Barrers [10�10 cm3(STP)-cm/cm2-
s-cm Hg], Di [cm2/s] is defined as the transport diffusivity of
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component i through the membrane and Si [cm3(STP)/cm3poly-
mer-cm Hg] is the solubility coefficient of component i in the
membrane. Permeability is further defined as the flux of compo-
nent i normalized by the transmembrane pressure Dp [atm] and
the film thickness l [cm], viz.,

Pi ¼
ðf luxÞi‘
Dpi

ð2Þ

The ratio of the permeability of component i and component
j — the ideal permselectivity (‘‘efficiency’’) of the membrane — is
given by:

aij ¼
Pi

Pj
ð3Þ

and can be broken into the diffusion selectivity and the solubility
selectivity, viz. [27],

Pi

Pj
¼

Di

Dj

� �
Si

Sj

� �
ð4Þ

Permeation through a membrane occurs via an activated
process, and exhibits an apparent Arrhenius dependence on
temperature, viz.,

Pi ¼ Pi,0exp
�Ep,i

RT

� �
ð5Þ

where Pi,0 [Barrers] is the exponential pre-factor, and Ep [kJ/mol]
is the activation energy of permeation. In situations where the
skin thickness is difficult to determine (i.e., asymmetric mem-
branes), the ‘‘permeance,’’ defined as the partial pressure differ-
ence normalized flux is given by:

P

‘

� �
i

¼
ðf luxÞi
Dpi

ð6Þ

Permeation tests on the dense 6FDA–DAM:DABA(4:1) films
were performed using an isochoric system [27,28], where mea-
surements of the film’s thickness, permeable surface area, feed
pressure, and the rise of pressure in the downstream of the
system (which is proportional to the molar flow rate through
the film) permit the calculation of the intrinsic permeability of the
polymer. Care was taken to test N2 first, followed by CO2, and
then N2 was re-tested to confirm the polymer did not undergo
permanent CO2-induced changes. Measurements were repeated
three times on the same film, and a second film was cast and
made to verify the values of the first film. Here, the error bars
represent one standard deviation from the average of all the
permeation experiments.

6FDA–DAM:DABA(4:1) hollow fibers were assembled into
20 cm long shell-and-tube modules with 5–6 fibers each [27].
The permeance of the fibers was tested using pure gas measure-
ments in a constant pressure system, and multiple modules from
each spin state were tested. Feed pressures of 20 psia were used
to simulate flue gas conditions. After testing, the fibers were post-
treated (if necessary) with a 3 wt% high molecular weight poly-
dimethylsiloxane solution in heptane to seal any pinhole defects
in the selective skin layer [29]. Mixed gas measurements were
performed using a mixture of CO2/N2 (20 mol% CO2) which was
fed to the fibers on the shell side at 30 1C–50 1C. A feed pressure of
100 psia was used to generate sufficient permeate for sampling.
The retentate flow rate was set such that the stage cut across the
fiber was less than 3% [30]. The permeate flow rate was measured
with a bubble flow meter and its composition was analyzed via
gas chromatography.

Wet gas measurements on the hollow fiber membranes
were made by saturating pure CO2 or pure N2 with a custom-
built gas saturating system (Supplementary information). This
system utilizes a water evaporator (Controlled Evaporator Mixer,
Bronkhorst USA Inc., Bethelehem, PA) that mixes water vapor
with the pure gas feed using mass flow controllers. The humidity
of the feed gas was set to 80% R.H., which was the maximum the
saturating system could provide stably. The wet feed gas was
supplied to the shell side of the fibers, and a needle valve set the
retentate flow rate to 740 mL/min at a 20 psia feed pressure. The
permeate humidity was monitored, and the permeate flow rate
was measured using a bubble flow meter. Knowledge of the
permeate humidity and feed humidity allowed for calculation of
the gas permeance.

2.6. Sorption

Gas sorption coefficients in polymeric materials exhibit van’t
Hoff temperature dependencies, viz.,

Si ¼ Si,0exp
�HS,i

RT

� �
ð7Þ

where Si,0 [cm3(STP)/cm3polymer-cm Hg] is the exponential pre-
factor, and HS [kJ/mol] is the apparent heat of sorption into the
polymer (this term combines the heat of sorption into the
unrelaxed volume of the polymer and into the ‘‘dissolved’’ states
[31]). The heat of sorption can be used as a gauge of the
interaction between the gas penetrant and the polymer; more
negative values indicate stronger attractions between the pair.
CO2 and N2 sorption isotherms in 6FDA–DAM:DABA(4:1) were
obtained using the piezometric method known as ‘‘pressure
decay’’ sorption [32].

The vapor adsorption equilibria on 6FDA–DAM:DABA(4:1),
ZIF-8 and the 20 wt% ZIF-8/6FDA–DAM:DABA(4:1) mixed matrix
membrane were obtained using a VTI-SA vapor sorption analyzer
from TA Instruments (New Castle, DE, United States) at a
temperature of 30 1C. The vapor activity was controlled automa-
tically by mixing the wet vapor feed with a dry N2 line. As such,
N2 serves as a carrier gas for the vapors. The sample’s ‘‘dry mass’’
was measured under N2 and were at equilibrium with N2 before
introduction of the vapors to the sample chamber.

2.7. Hollow fiber spinning

6FDA–DAM:DABA(4:1) fibers were produced via dry-jet, wet-
quench, non-solvent-induced phase separation spinning. 6FDA–
DAM:DABA(4:1) dopes were based on dopes capable of making
defect-free skin layers for a similar polymer, 6FDA–DAM:DABA
(3:2) [18]. The synthesized polymer was dried at 110 1C under
vacuum overnight prior to its addition to the solvent/non-solvent
solution. The dope composition and spinning conditions can be
found in Table 1 [19]. The polymer solution was stirred for a week
in a sealed container at 45 1C until a clear, viscous solution was
observed. After degassing, the dopes were loaded into 500 mL
ISCO pumps (Model 500D, Teledyne ISCO, Inc., Lincoln NE). The
fibers were extruded through a co-annular die (‘‘spinneret’’) into a
50 1C, 2 m traversal length water bath and were taken up at 50 m/
min by a take-up drum. The fibers were taken off the drum by a
clean razor cut and were subsequently soaked in deionized water
for 3 days, with the water being changed every day. After the
water soak, the fibers were soaked in methanol for an hour with
the methanol being changed every 20 min. The same process was
repeated using hexane as the final non-solvent rinse. Finally, the
fibers were allowed to air dry for one day, and then put into a
vacuum oven at 110 1C for 1 h.

2.8. Electron microscopy

Scanning electron microscopy (SEM) images were obtained
using a LEO 1550 microscope. Fibers were fractured by first



Fig. 1. CO2 and N2 pure gas sorption isotherms at 30 1C, 40 1C, and 50 1C on 6FDA–

DAM:DABA(4:1) films annealed at 200 1C.

Table 2
Sorption and transport properties of 6FDA–DAM:DABA(4:1) at low pressures

(o20 psia).

T (1C) DCO2
[cm2/s] DCO2

=DN2
SCO2

=SN2
PCO2

(10 psia)

[Barrers]

PCO2
=PN2

30 5.4�10�8 3.4 6.2 211.470.3 21.3

40 7.5�10�8 3.3 5.7 224.170.5 20.4

50 9.7�10�8 3.2 5.9 242.972 19.4

Table 1
6FDA–DAM:DABA(4:1) hollow fiber dope formulation and spinning conditions.

Dope formulation Spinning conditions

Polymer 25.0 wt% Dope extrusion rate 180 mL h�1

NMP 31.5 wt% Bore fluid 60 mL h�1, 80 wt%/20 wt% NMP/H2O

THF 10.0 wt% Bath temperature 50 1C

LiNO3 6.5 wt% Spinneret temperature 70 1C

Ethanol 27.0 wt% Air gap 2–16 cm

Quench bath Tap water, 2 m traversal length

Take-up rate 50 m min�1
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submerging short segments of fiber in hexane, and then cryo-
genically broken using tweezers under liquid nitrogen [33]. The
fiber fragments were sputter coated with a 10–20 nm gold layer
(Model P-S1 Sputter Coater, ISI, Mountain View CA). For transmis-
sion electron microscopy (TEM) imaging, ZIF-8/6FDA–DAM:DABA
(4:1) membranes were embedded in epoxy and microtomed [34]
using a 351 Diatome Diamond Knife and a Leica microtome. Epoxy
slices were floated in water, and then adsorbed to a carbon-
formvar-coated copper grid. Samples were dried at 80 1C over-
night to remove water and dried in a vacuum chamber overnight
prior to imaging. Bright field TEM images were obtained with a
JEOL 400EX high resolution TEM (HRTEM) at 380 kV using a CCD
camera and micrograph software.
3. Results and discussion

3.1. Neat polymer

3.1.1. Polymer synthesis

As shown in Fig. S1, ATR confirms near-complete imidization
of 6FDA–DAM:DABA(4:1). DSC and TGA results (Figs. S2 and S3,
respectively), reveal the polymer has a glass transition tempera-
ture of 380 1C — consistent with other 6FDA-based polyimides
[19,22] — and a decomposition temperature of �450 1C. Using
gel permeation chromatography, the polymer was found to have a
molecular weight of 80,200 g/mol with a polydispersity index
of 2.35.

3.1.2. Sorption

Fig. 1 shows the CO2 and N2 sorption isotherms for 6FDA–
DAM:DABA(4:1) at temperatures and pressures relevant to typical
post-combustion flue gases. The solubility coefficient for gas
sorption into the 6FDA–DAM:DABA(4:1) was determined based
on the secant slope of the sorption isotherms (between 10 psia
and 0 psia). As shown in Table 2, the CO2/N2 solubility selectivity
in 6FDA–DAM:DABA(4:1) is approximately 6 for the temperatures
investigated here. The heat of sorption (Table 3) for CO2 was
found to be �28.371.2 kJ/mol, while N2 was found to have a
value of �22.771.4 kJ/mol, indicating that the solubility selec-
tivity will decrease with increasing temperature, as expected [31].
Furthermore, the heat of sorption is more negative than other
6FDA-based polymers [31], implying a stronger attraction
between the CO2 and the polymer matrix, either as a result of
the free carboxylic acid in the polymer backbone or a more open
structure than other 6FDA-based polyimides with temperature-
dependent data published. From a solubility perspective alone,
operating the post-combustion membrane unit at lower tempera-
tures will result in the most favorable selectivities.

3.1.3. Dense film permeation

The CO2/N2 permeability and permselectivity at temperatures
and pressures relevant to post-combustion CO2 capture are
shown in Table 2. The diffusion coefficient was calculated from
Eq. (1) using the solubility coefficient from the sorption isotherms
and the permeability from the dense film permeation experi-
ments. We investigated feed pressures from 5 psia to 20 psia and
did not observe any noteworthy pressure-dependent changes in
permeability and permselectivity.

The CO2 permeability in 6FDA–DAM:DABA(4:1) is high for a
glassy polymer, and exists between 6FDA–DAM [22] and 6FDA–
DAM:DABA(2:1) [21], as expected. 6FDA–DAM:DABA(4:1) sits
below the 2008 polymer upper bound. The polymer upper bound
for CO2/N2 separations is dominated by rubbery polymers [35],
primarily due to their high solubility selectivities and high CO2

permeabilities. As shown in Table 3, the activation energy of
permeability of CO2 was found to be lower than that of N2 by
nearly 35%, and was also positive, indicating that permeability
will increase with increasing temperature. This indicates that
while diffusion and sorption have competing temperature-
dependent contributions to the permeability of a gas penetrant,
the temperature dependence of the diffusion contribution is the
dominating factor. As the difference in the activation energy of
permeation between CO2 and N2 is negative, a decrease in
permselectivity is expected with an increase in temperature [31].

The diffusion coefficient was found to almost double between
30 1C and 50 1C, and the diffusivity selectivity was found to be



Fig. 2. Ideal CO2/N2 permselectivites of 6FDA–DAM:DABA(4:1) hollow fiber

membranes at 30 1C as a function of nascent fiber residence time in the air gap.

Open circles are the as-spun hollow fibers, whereas the black squares are the

PDMS post-treated fibers. The dotted lines serve as a guide for the eye. Error bars

represent one standard deviation away from the average of multiple modules.

Fig. 3. CO2 permeance (open circles) and apparent skin layer thickness (black

squares) of 6FDA–DAM:DABA(4:1) hollow fiber membranes. The dotted lines

serve as a guide for the eye. Error bars represent one standard deviation away

from the average of multiple modules. 1 GPU¼10�6 cm3(STP)/cm2-s-cm Hg.

Table 3
Temperature dependent properties of 6FDA–DAM:DABA(4:1) films and fibers and

30 1C CO2/N2 permselectivities.

Film Fiber

Ep (kJ/

mol)

(200 1C

annealed)

Hs (kJ/mol) Ed (kJ/mol) aCO2=N2
Ep (kJ/mol)

(110 1C

annealed)

aCO2=N2

CO2 6.270.5 �28.371.2 34.571.7
20.8

8.271.2
23.5N2 9.6370.8 �22.771.4 32.372.2 11.170.7
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approximately 3.3 for all temperatures studied. The temperature
dependence of diffusion can be defined, viz.,

Di ¼Di,0exp
�ED,i

RT

� �
ð8Þ

and is found by taking the difference between the activation
energy of permeation and the heat of sorption [31]. Here, Di,0

[cm2/s] is the pre-factor, and ED,i [kJ/mol] is the activation energy
of diffusion. The activation energies of diffusion for both CO2 and
N2 in 6FDA–DAM:DABA(4:1) were found to be similar. This is an
interesting observation especially in light of previous work which
shows that ED,N2

for non-DABA-containing polyimides is typically
much higher than ED,CO2

, reflecting the larger size of N2 [28].
Taken as a whole, it appears that the primary driver for the

CO2/N2 separation within 6FDA–DAM:DABA(4:1) is the solubility
selectivity, rather than the diffusion selectivity, with the solubility
selectivity being approximately 2/3rd of the total selectivity. This
is contrary to results on other polyimides for other gas pairs such
as O2/N2, where the diffusion selectivity greatly dominates the
solubility selectivity [36]. However, the diffusion selectivity still
plays an important role in the overall selectivity of the polymer.
The solubility selectively and the similar activation energies of
diffusion likely derives in part from the pendant carboxylic acid
on the DABA group, which exerts both a hydrogen bonding force
and an induced dipole interaction with both the quadrupoles and
lone pairs of CO2 [37]. Nitrogen’s weak quadrupoles and lower
critical temperature reduce its interaction (relative to CO2) with
the pendant carboxylic acid group on the DABA constituent of the
6FDA–DAM:DABA(4:1) polymer matrix. Carbon dioxide’s interac-
tion with the carboxylic acid will become weaker at higher
temperatures, which will decrease the solubility of CO2 in the
polymer matrix (along with a corresponding increase in polymer
segmental chain mobility) which will decrease the overall selec-
tivity of the polymer. The more condensable nature of CO2

relative to N2 will also aid the solubility selectivity. With the
goal of maintaining a selectivity of at least 20 with a CO2

permeability as high as possible, these experiments reveal that
an operating temperature of approximately 40 1C is appropriate,
and is close to typical post-flue gas desulfurization (FGD) tem-
peratures [38].

3.1.4. Hollow fiber spinning and permeation

3.1.4.1. Air gap and skin layer formation. By utilizing an optimized
spinning procedure developed for 6FDA–DAM:DABA(3:2) [18], we
were able to spin defect-free 6FDA–DAM:DABA(4:1) hollow fibers
by varying the air gap from 2 cm to 16 cm. The resulting fibers
were approximately 257 mm OD and 130 mm ID. Fibers spun using
an air gap of 2 cm (0.024 s air gap residence time) were found to
be defect-free. As shown in Fig. 2, as the residence time in the air
gap increased, we observed a decrease in the ideal CO2/N2

permselectivity in the hollow fiber sorbents. As the air gap
height increases, we hypothesize that the increased residence
time in the air gap results in greater moisture absorption into the
nascent fiber, leading to interfacial phase separation in the air
gap. However, all of the states were ‘‘repairable’’ with a standard
PDMS post-treatment (Fig. 2) [29]. Defect-free fibers are desirable,
making the PDMS post-treatment step unnecessary, which may
reduce module production costs.

The apparent skin layer thickness of the asymmetric fiber can
be estimated, viz.,

‘¼
ðPermeabilityÞi
ðPermeanceÞi

ð9Þ

As shown in Fig. 3, the skin layer thickness appears to
asymptote at approximately 800 nm as the residence time in
the air gap continues to increase. This is expected assuming
Fickian diffusion and subsequent evaporation of volatile solvents
and non-solvents out of the nascent fiber skin layer. The evapora-
tion of the solvent and non-solvent essentially dictates the skin
layer thickness of the nascent asymmetric membrane. If a con-
stant solvent diffusion coefficient through the dense skin layer is
assumed, the evaporation rate of the solvent and non-solvent will
decrease with the square of the skin layer’s increasing thickness,
thus essentially ‘‘self-limiting’’ the growth of the skin layer,
assuming temperature, relative humidity and air convection rate



.

Fig. 4. Representative SEM micrograph of defect-free 6FDA–DAM:DABA(4:1)

hollow fiber membrane skin.

Table 4
Mixed gas and wet gas permeances and permselectivities for

defect-free 6FDA-DAM:DABA(4:1) hollow fiber membranes.

Mixed gas (20% CO2) PCO2
(GPUs) PCO2

=PN2

30 1C 32075 19.7

40 1C 38174 17.3

50 1C 40075 15.2

Wet gas (80% R.H.)

30 1C 24372 20.9
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around the wet-jet are held constant and that the fiber undergoes
spinodal decomposition in the quench bath. A representative SEM
image of the defect-free 6FDA–DAM:DABA(4:1) skin layer is
shown in Fig. 4. A skin layer of approximately 400 nm is visible,
as well as a transition region and the porous support beneath
the skin.
3.1.4.2. Hollow fiber permeance and activation energy of permeation

The pure CO2 permeance of the defect-free asymmetric hollow fiber
membranes was found to be approximately 52079 GPU
[1 GPU¼10�6 cm3(STP)/cm2-s-cm Hg], which is quite high and
within a factor of two of the PolarisTM membrane (1000 GPU)
[10]. As shown in Fig. 3, the CO2 permeance asymptotically
decreases with an increase in the air gap residence time,
essentially leveling off at approximately 29075 GPU. We varied
the temperature of the permeation experiment to compare the
activation energy of permeation between the dense film and the
hollow fibers. Table 3 shows the activation energy of the defect-free
asymmetric hollow fibers, the dense films, and the CO2/N2

permselectivites of the two 6FDA–DAM:DABA(4:1) morphologies
at 30 1C. The ideal selectivity of the hollow fiber membranes was
found to be higher than the dense film results. This phenomenon
has been seen before in 6FDA-based polymer spinning [17]. One
hypothesis is that the extremely high shear rates in the spinneret
(�2000–20,000 s�1) [39] combined with the rapid take-up rates
results in uniaxial orientation of the polyimide polymer chains. This
‘‘oriented’’ arrangement presumably results in tighter packing of the
polymer chains, which leads to an increase in gas permselectivity
over the un-aligned state, but likely results in slower gas permeation
through the selective layer [17]. The resulting activation energies of
permeation for the hollow fibers were found to be higher than the
dense films. This implies that the ‘‘activated state’’ required for
permeation is more difficult to achieve in the fiber than in the dense
films, lending support to the chain alignment hypothesis.
Nonetheless, at 40 1C, defect-free fibers with pure CO2 permeances
of approximately 56076 GPU and a pure gas CO2/N2 perm-
selectivities of approximately 21.0 were achieved. However, as the
skin layers are still approximately 415710 nm thick, continued
optimization of the spin dope and spinning conditions is required to
reduce the skin thickness even further.
3.1.4.3. Mixed gas and wet gas permeation. Permeation mea-
surements on the defect-free 6FDA–DAM:DABA(4:1) hollow
fibers (air gap residence time of 0.024 s) were performed using
20 mol% CO2/80 mol% N2 feed gas to simulate the CO2-enriched
flue gas found in the two-step counter-flow/sweep arrangement
considered here. Table 4 shows the mixed gas CO2 permeance,
mixed gas CO2/N2 permselectivity, CO2 permeance in the presence
of water and the CO2/N2 permselectivity in the presence of water.
Both the CO2 permeance and permselectivity were found to be
lower than the pure gas experiments, likely indicating competi-
tive sorption effects favoring nitrogen. In mixed gas, the feed gas
temperature strongly affects the permselectivity of the hollow
fiber membrane. An increase in temperature from 30 1C to 50 1C
reduces the permselectivity by 22% with an increase in per-
meance of approximately 20%. While an increase in permeance
has been shown to be advantageous for low-cost post-combus-
tion CO2 capture [10], maintaining a selectivity of at least 20
is desirable to keep the membrane costs from escalating
dramatically.

6FDA–DAM:DABA(4:1) hollow fiber membranes with wet CO2

feeds (80% RH) were found to have significantly reduced CO2

permeances relative to dry CO2 feeds. This is likely due to strong
water sorption in the unrelaxed volume of the glassy 6FDA–
DAM:DABA(4:1), which leads to a decrease in CO2 sorption in the
polymer [40]. The decrease in CO2 permeance could also be due to
capillary condensation of water in the nano-pores in the transi-
tion layer sub-structure of the asymmetric hollow fiber mem-
brane. The CO2/N2 permselectivity is slightly lower than that
found in the pure gas experiments, presumably due to water out-
competing the permanent gases for sorption sites, which would
likely affect CO2 more than N2. While the loss of CO2 permeance
due to water is important, it is not a ‘‘show-stopper’’ as it is in
other high fractional free volume polymers, where the CO2 flux
can be even more substantially retarded due to the presence of
water [41]. Furthermore, the ‘‘wet CO2’’ permeance of the 6FDA–
DAM:DABA(4:1) hollow fibers is still high relative to other
polymers being considered, and continuing efforts to reduce the
skin layer thickness to approximately 100 nm from 415 nm will
result in permeances similar to MTR’s PolarisTM membrane
(�1000 GPUs) [10], even in wet feeds.

3.2. ZIF-8/6FDA–DAM:DABA(4:1) mixed matrix membranes

3.2.1. Dope preparation

During the mixed matrix membrane dope preparation, it was
discovered that excessive thermal energy input led to the forma-
tion of a non-flowing, insoluble gel. While ZIF-8 has demonstrated
thermal stability and stability to basic solutions [42], it is known
that the ZIF is susceptible to even weak acids [43]. We hypothe-
size here that the pendant carboxylic acid on the solvated 6FDA–
DAM:DABA(4:1) chains de-stabilize the exterior of the metal–
imidazole framework and these pendant moieties subsequently
crosslink to the ZIF particles. By minimizing the thermal energy
input to the mixed matrix membrane dopes, this crosslinking was
avoided, thus enabling film casting.

XRD was used to compare the ZIF-8 powder sample and the
mixed-matrix membrane (MMM) samples. Fig. 5 shows the XRD
patterns of the BASF ZIF-8 (a) with the typical I-43m cubic
structure [44]. The composite film prepared at 20 wt% loading
before the polymer dope seized into an insoluble gel (b) is shown
in Fig. 5. The crystalline structure is maintained, and the broad,
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amorphous peak associated with the 6FDA–DAM:DABA(4:1)
polymer matrix can be seen. A dope of 20 wt% ZIF-8/6FDA–
DAM:DABA(4:1) was intentionally gelled with sonication and
dried in a vacuum oven. Powder XRD patterns of the resulting
flake (c) are shown in Fig. 5. Although the [110], [200] and [220]
peaks are still detectable, they show very poor crystallinity when
compared with the ZIF-8 powder or the successful ZIF-8/6FDA–
DAM:DABA(4:1) composite film. Furthermore, the [211], [310]
and [222] peaks are completely undetectable in the flakes of the
gelled dope. It is likely that the pendant carboxylic acid functional
group reacted with the imidazolate linkers to produce this poor
crystallinity. Due to the fact that some crystallinity remains in the
ZIF-8/6FDA–DAM:DABA(4:1) flakes suggests that the ZIF-8 sur-
face is reacting — and subsequently cross-linking with the
Fig. 5. Powder X-ray diffraction patterns for (a) ZIF-8 powder, (b) 20 wt% ZIF-8/

6FDA–DAM:DABA(4:1) films made without sonication, and (c) flakes of 20 wt%

ZIF-8/6FDA–DAM:DABA(4:1) after sonication.

Fig. 6. Representative SEM (a) and HRTEM (b–d) micrographs of 20 wt% ZIF-8/6FD

(c and d) show the adhesion and dispersion of the majority of the ZIF-8 particles (dark
pendant carboxylic acid group on 6FDA–DAM:DABA(4:1), while
the ‘‘core’’ of the ZIF-8 particle likely remains crystalline.

3.2.2. Film characterization

DSC and TGA analysis on the 20 wt% ZIF-8/6FDA–DAM:-
DABA(4:1) film reveal a negligible difference in Tg between neat
polymer and the mixed matrix film, while the TGA data reveal a
lower decomposition temperature for the MMM of �425 1C,
likely as a result of the ZIF-8 decomposing (Figs. S2 and S3)
[45]. ATR (Fig. S4) does not reveal any significant peak shifts in
the region of characteristic absorption for carboxylic acids as a
result of including the ZIF-8 into 6FDA–DAM:DABA(4:1).

3.2.2.1. SEM/TEM Images of mixed matrix films. SEM images of the
20 wt% ZIF-8/6FDA–DAM:DABA(4:1) mixed matrix membrane
films reveal a fairly homogenous dispersion of the ZIF-8 crystals
throughout the polymer matrix (Fig. 6a). Adhesion to the polymer
matrix, at least under magnifications used in SEM, appears to be
excellent. The ZIF-8 particles appear to be approximately
40–150 nm in diameter, with the majority of particles being
approximately 50 nm from SEM inspection. TEM images of the
microtomed ZIF-8/6FDA–DAM:DABA(4:1) mixed matrix
membranes reveal that the majority of the ZIF-8 particles had
good adhesion to the polymer matrix (Fig. 6c and d). However, a
minor portion of the dispersed ZIF-8 showed agglomerates of
crystals (Fig. 6b). These non-ideal regions within the mixed
matrix membrane will lead to higher yet non-selective fluxes
and may also have small enough interparticle pores that high
water activities will result in capillary condensation between
the particles.

3.2.2.2. Water sorption isotherms. The primary motivation for
using ZIF-8 as a permeability-enhancing filler is its adhesion to
the polymer, its high flux, and its hydrophobicity. However, if the
A–DAM:DABA(4:1) films. (b) Small domains of aggregates were found, while

grey) within the 6FDA–DAM:DABA(4:1) matrix (light grey).
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small portion of aggregates found in the ZIF-8/6FDA–DAM:DABA
(4:1) have water condensed in the interparticle pores, then some
of the advantage of including ZIF-8 will be undone. Water vapor
sorption isotherms from 5% RH to 95% RH (Fig. 7) indicate that the
ZIF-8 itself is quite hydrophobic, as expected. Furthermore, there
is no discernible difference between the neat 6FDA–DAM:DABA
(4:1) and the 20 wt% ZIF-8/6FDA–DAM:DABA(4:1) water isotherms.
These experiments confirm that the small portion of undesirable
ZIF-8 aggregates in the mixed matrix membrane do not
deleteriously affect the membrane properties from a water
condensation perspective.
3.2.3. CO2/N2 permeation results

Pure gas permeation on the 20 wt% ZIF-8/6FDA–DAM:-
DABA(4:1) reveals a marked CO2 permeability enhancement with
only marginal loss in CO2/N2 selectivity. The Robeson-style plot in
Fig. 8 [35] shows the mixed matrix membrane has a CO2

permeability of 55373 Barrers at 30 1C, which is a 2.5x increase
in permeability over the neat 6FDA–DAM:DABA(4:1). Recent
work has shown that ZIF-8 has a matrix-dependent permeability
[24,25,45–51] and selectivity [52], and a CO2/N2 permselectivity
of approximately 10 has been estimated recently in similar
polymer matrices [52]. Thus, since as ZIF-8 has a modest
Fig. 7. Water sorption isotherms on ZIF-8 powder (red circles), neat 6FDA–

DAM:DABA(4:1) films (blue triangles), and 20 wt% ZIF-8/6FDA–DAM:DABA(4:1)

mixed matrix membrane films (purple diamonds). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version

of this article.)

Fig. 8. Robeson plot [35] illustrating the effect of 20 wt% ZIF-8 addition to 6FDA–

DAM:DABA(4:1) and a hypothetical 6FDA-family upper bound.
CO2/N2 selectivity, the resulting mixed matrix membrane has an
ideal CO2/N2 permselectivity of 19.370.3; a 9.3% decrease in
selectivity relative to the neat film. Thus, when taken with the
SEM/HRTEM images and water vapor isotherms (which indicate
good adhesion between the ZIF and the polymer), it appears that
the loss in selectivity is a result of the intrinsic properties of the
ZIF-8, rather than poor adhesion between the polymer and the
filler. As flux through the membrane has been shown to be the
main way to decrease the overall CO2 capture cost, the 2.5x
increase in permeability more than offsets the 9.3% loss in
permselectivity. This ‘‘proof-of-concept’’ scoping study highlights
some potential paths forward for post-combustion CO2 capture
using hollow fiber membranes. If ZIF-8/polymer hollow fiber
membranes are made (which have been previously demonstrated
using Ultems as the polymer matrix [25]) using 6FDA-based
polymers, the resulting ultra-high flux fibers could drastically
reduce CO2 capture costs. For instance, if skin layer thicknesses
could be reduced to 100 nm, a 20 wt% ZIF-8/6FDA–DAM:-
DABA(4:1) hollow fiber (utilizing 20 nm ZIF-8 particles [52])
could be expected to have wet CO2 permeances of approximately
2000 GPU and a CO2/N2 permselectivity of approximately 19.5.
3.3. Process design

Preliminary process design calculations were performed using
a custom-built cross-flow membrane model module [53] in Aspen
Pluss to determine the cost of the CO2 capture process using
6FDA–DAM:DABA(4:1) in its current form (neat polymer hollow
fiber membranes). The model description can be found in the
Supplementary material. We have also analyzed the effect of
membrane permeance and CO2/N2 permselectivity on the overall
membrane performance using three other cases. These cases
include: (i) neat polymer hollow fibers with 100 nm skin thick-
nesses, (ii) 20 wt% ZIF-8/6FDA–DAM:DABA(4:1) hollow fibers
with 150 nm skin layers, and (iii) 20 wt% ZIF-8/6FDA–DAM:-
DABA(4:1) with 100 nm skin layers. The process configuration
considered here is the two-step counter-flow/sweep membrane
process first proposed by Merkel et al. [10,11]. This configuration
has many advantages over two-vacuum, two-stage processes;
namely, the air sweep used in the second membrane effectively
handles a portion of the separation for ‘‘free.’’ Furthermore, by
using a condenser/compressor to treat the permeate of membrane
I (Fig. 9), the challenging requirement of creating the required
95 mol% purity via membranes is removed.

The process modeling used the following assumptions for the
CO2 capture system. Compression equipment capital was
assumed to cost $500/kW, while the plant mill rate was assumed
to be $0.04/kWh. A capital installation factor of 1.6 was used and
a plant capacity factor of 85% was assumed. CO2 capture rates of
90% were used, and the CO2 product purity was set to be greater
than 95%. A feed pressure of 1.1 bar to the first membrane was
used along with a permeate pressure of 0.2 bar in order to achieve
a pressure ratio of 5.5 across the membrane. One hundred percent
of the boiler feed air was assumed to contact membrane II. More
than 95% of the water in the feed flue gas was assumed to
permeate through the first membrane, which is a worst-case
scenario due to the increased duty of the water condenser. Finally,
the loss of efficiency in the boiler due to lower O2 concentrations
was neglected in order to make meaningful comparisons with
previous work, which used the same assumption [10]. Recent
work by MTR has given some support to this assumption [54].

As shown in Table 5, we benchmarked the model using spiral-
wound membranes with a 1000 GPU CO2 permeance and a
CO2/N2 permselectivity of 50 as a base case [10]. Using a skidded
cost of $50/m2 for spiral wound membranes in plastic modules,



Fig. 9. Two-step counter-flow/sweep process arrangement. Membranes I and III operate in cross-flow mode, while membrane II operates in counter-flow/sweep mode.

Adapted from [10].

Table 5
Comparison of membrane materials and morphologies for CO2 capture using a two-step counter-flow/sweep membrane process for a 600 MWe coal-fired power plant.

Case ðP=lÞCO2
(GPU) CO2/N2 Permselectivity Membrane area (106 m2) Plant electric derate (MWe)

1. Base case (spiral wound) 1000 50 0.973 114.0

2. 6FDA–DAM:DABA(4:1) 415 nm skins 243 19.75 3.391 142.6

3. 6FDA–DAM:DABA(4:1) 100 nm skins 1000 19.75 1.070 145.0

4. 20 wt% ZIF-8/6FDA–DAM:DABA(4:1) 150 nm skins 1600 19.75 0.537 144.4

5. 20 wt% ZIF-8/6FDA–DAM:DABA(4:1) 100 nm skins 2000 19.75 0.430 145.3
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and similar assumptions to Merkel et al., the membrane model
yields surface areas and CO2 capture costs consistent with those
previously reported [10]. While spiral wound modules for high-
pressure gas separations are typically $500/m2 [21] when deliv-
ered on a skid, Merkel et al. reasonably argue that skidded costs of
$50/m2 for spiral-wound modules in plastic housing can be
achieved. Hollow fiber membrane modules for high-pressure
gas separations can be produced at a cost of $20/m2 [55], and
by following similar trends for spiral-wound modules, have
approximately $100/m2 skidded costs. However, due to the low-
pressure operation planned for post-combustion CO2 capture,
much of the complexity of a membrane skid can be removed,
and plastic housings are permissible. As such, we expect that
hollow fiber membrane modules on a skid can be delivered for
approximately $10–$20/m2; we used $20/m2 in this analysis. Due
to the costs of a specialty polymer such as 6FDA–DAM:DABA(4:1),
this low cost can likely be achieved given sufficient economies of
scale (massive scales will be required for CO2 capture). Moreover,
dual-layer asymmetric hollow fiber spinning can be used [29],
wherein a small amount of specialty polymer is co-spun with a
low-cost support, thus making the cost estimates quite reason-
able. Table 5 shows the total membrane surface area required for
defect-free 6FDA–DAM:DABA(4:1) hollow fiber membranes using
performance properties achieved in this study (243 GPU wet CO2

permeance and wet CO2/N2 permselectivity of 19.75). We esti-
mate that approximately 3.4 MM m2 of membrane surface area is
required due to the lower fluxes of the glassy hollow fiber
membranes relative to the rubbery spiral wound membranes.
Furthermore, the parasitic load (plant electric derate divided by
the plant’s nameplate capacity, Fig. 10a) was found to increase by
5.2 percentage points (a 25.2% increase) due to the lower
selectivity of the hollow fiber membranes. However, as shown
in Fig. 10b, the total number of 80 0 diameter modules required for
the hollow fiber membrane system is approximately 13,070
(assuming 8000 m2/m3 packing), whereas the number of modules
required for the base case spiral-wound system is approximately
50,000 modules (assuming 600 m2/m3 packing). In terms of
modules alone (compression systems, piping, fans, etc. not
included), the total footprint required — assuming the modules
are laid horizontally and stacked 10 high — is 1016 m2 for the
base case system, and 265 m2 for the current 6FDA–
DAM:DABA(4:1) hollow fiber membrane system. Finally, the
CO2 capture cost is approximately $26.7/ton of CO2 for the hollow
fiber membrane system, while we estimate a cost of $21.0/ton of
CO2 for the base case spiral-wound membranes (Fig. 10c).

Continued research most certainly can reduce the skin layer
thickness of the 6FDA–DAM:DABA(4:1) towards 100–200 nm and
could lead to the inclusion of flux-enhancing ZIF-8 particles in the
fiber skin layer. These ‘‘advanced’’ cases (Table 5) show significant
reductions in total membrane surface area required due to the
higher fluxes of the advanced hollow fibers; however, similar
parasitic loads are expected due to the selectivity of the material
(Fig. 10a). Nonetheless, the total number of modules is reduced
significantly to approximately 1656 modules (Fig. 10b), or a total
footprint of 33 m2 using the same assumptions as above. This
possible order-of-magnitude reduction in system footprint is
accompanied by competitive CO2 capture costs of approximately
$23.1/ton of CO2 (Fig. 10c).
4. Conclusions

Due to the overwhelming scale of CO2 emissions from coal-
fired power plants, any discussion of post-combustion CO2

capture must first begin with the scalability of the CO2 capture
solution. Here, we propose highly scalable glassy polyimide
hollow fiber membranes as an attractive option for post-
combustion CO2 capture. 6FDA–DAM:DABA(4:1) was synthesized
and spun as a hollow fiber membrane. CO2 permeances of
52079 GPU were obtained at 30 1C with a CO2/N2 permselec-
tivity of 23.5. The defect-free hollow fibers had an apparent skin
thickness of 415710 nm. Mixed gas and wet gas experiments
showed a factor of 2 reduction in CO2 permeance at 30 1C, while
temperatures over 40 1C showed loss in selectivities. This likely



Fig. 10. Comparative process analysis results for 6FDA–DAM:DABA(4:1) hollow fiber membranes and control case in the counter-flow sweep arrangement. Red numbers

on figure refer to specific cases listed in Table 5. (a) Parasitic load estimates, (b) number of 80 0 module elements estimate, and (c) cost of CO2 capture. (For interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article.)
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indicates the optimum temperature range for 6FDA–DAM:DABA
(4:1) operation exists between 30 1C and 40 1C. Nonetheless, even
in wet gas feeds, high CO2 permeances (243.272.2 GPU) were
obtained. ZIF-8, a commercially available metal-organic frame-
work from BASF, was used to improve the permeability of
6FDA–DAM:DABA(4:1) films. At 20 wt% loading, the membrane
permeability increased by 250% over the neat polymer mem-
brane, with only a modest 9.4% loss in CO2/N2 permselectivity.
A process analysis using a two-step counter-flow/sweep mem-
brane arrangement predicted power plant parasitic loads of
approximately 24% for the 6FDA–DAM:DABA(4:1) hollow fiber
membranes and CO2 capture costs ranging from $26.7/ton to
$23.1/ton, depending on the skin thickness of the membrane.
These numbers are competitive with the current state-of-the-art
spiral wound membranes [10], yet the analysis here predicts a
5–50x reduction in total modules required as a result of the
hollow fiber morphology.

Finally, post-combustion CO2 capture presents many chal-
lenges that must be addressed for effective worldwide deploy-
ment. Materials research needs include membrane stability to
flue gas contaminants, oxygen, particulates and overall lifetime.
Indeed, pilot-scale tests using hollow fiber membranes for flue
gas dehydration have illustrated the challenges of a typical flue
gas feed [56]. Process research needs encompass the materials
research needs, but also requires an understanding of the effect of
reduced oxygen on the boiler efficiency as well as the feasibility of
ultra-large vacuum and compression equipment. From a scale-up
perspective, hollow fibers have the potential to be produced in
the quantities required for a worldwide deployment of post-
combustion CO2 capture systems. Based on our analysis here,
13 trillion meters of hollow fiber membrane are required to capture
90% of the CO2 emitted from over 3250 coal-fired power plants
worldwide. To put this into perspective, the synthetic textile
industry produces approximately 470 trillion meters of fiber per
year [57]. Furthermore, while ZIF-8 production is still at the pilot
scale (�0.04 kton/yr [56]), if ZIF-8 is to only be included in the
thin skin layers of composite hollow fibers [29], we estimate that
approximately 16,800 t of ZIF-8 will be required, or approxi-
mately 5.6 kton/yr assuming a 3 year fiber lifetime [58]. The
materials and process work performed here, along with these
simple estimates of production rates and capacity highlight the
potential for a hollow fiber membrane platform for post-
combustion CO2 capture.
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