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ABSTRACT: In the present work, membrane contactors using both porous and nonporous polymeric hollow fiber membranes
with ionic liquids as absorbent were developed for precombustion CO, capture at elevated temperature and pressures. 1-Butyl-3-
methylimidazolium tricyanomethanide [Bmim][TCM] was selected as the ILs absorbent. The compatibility and stability of six
different polymeric membranes were evaluated, while the porous PTFE membrane and nonporous Teflon-PP composite
membrane were considered to be the most suitable membranes for this application. Both membrane configurations were tested

and showed comparable separation performances: CO, flux values of 4.86 X 10~* and 4.75 X 10™* mol m™* s~

! were obtained for

the porous PTFE and nonporous Teflon-PP membrane contactor at 20 bar with a gas flow rate of 200 mL min ™", respectively.
The Teflon-PP composite membrane exhibited better stability as compared to the porous PTFE membrane in a 14 day test.

1. INTRODUCTION

CO, capture and storage (CCS) has been regarded as one of
the most promising options to utilize fossil fuels without a
significant influence on climate change." CO, can be separated
after the combustion process (postcombustion) or before
feeding the syngas to the gas turbine (precombustion).
Postcombustion CO, capture separates CO,/N, mixtures
(5—15 vol % CO,) at near atmospheric pressure, whereas the
precombustion process separates CO,/H, mixtures with a
higher CO, concentration (~4S vol %) at an elevated pressure
(15—20 bar) and temperature (190—210 °C). In view of the
larger CO, concentration, the precombustion capture is more
efficient than postcombustion, but the severe operating
conditions make the separation process more complicated. In
the past few years, many different technologies have been
developed for CO, capture from syngas, including chemical and
physical absorption, solid adsorption, and membrane separa-
tion.” Membrane absorption is an emerging technology that
combines the advantages of membrane and absorption. The
main advantages of a membrane absorption process include
large gas—liquid interfacial area, operation flexibility, no
flooding and/or foaming phenomena, small footprint, and
easy up-scaling.’ >

The absorbent selection for a CO, capture membrane
contactor is critical, and various aspects need to be considered,
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such as good thermal and chemical stability, low viscosity, low
corrosion rate, high CO, solubility, and selectivity over other
gaseous species. In the past few years, a large number of CO,
absorbents have been tested in membrane contactors for flue
gas purification.”” So far, amine-based aqueous solvents have
been mostly reported for good CO, separation performances,
mainly due to their larger cyclic capacities.*”"" However, the
use of amine-based solvents for precombustion operating
conditions is threatened by their high volatility, as it causes
large solvent loss, a large degradation rate at high temperatures,
and a high corrosion rate of metallic pipes and tanks.'” In this
regard, ionic liquids (ILs) have also been studied as promising
CO, capture absorbents in the past decade'® due to their
unique properties such as negligible volatility, high CO,
solubility, superior thermal stability, and tailorable structures.
The good thermal stability and low volatility of ILs also ensure
their application with nearly no solvent loss even at elevated
temperatures.'* Despite these facts, there are only a handful of
reports on membrane absorption processes using ILs
absorbents for gas separation.”~>* Most of the reported
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literature employed porous membranes, and the membrane
contactor was operated under mild conditions (~1 bar, close to
room temperature). In 2009, Albo et al. first applied ILs into a
membrane contactor and developed a “zero solvent emission”
membrane absorption process based on 1-ethyl-3-methylimi-
dazolium ethylsulfate [Emim][EtSO,] and commercially
available PP membrane for postcombustion CO, capture.”
Afterward, more IL-based absorbents were studied in
membrane absorption processes for CO, capture, such as 1-
ethyl-3-methylimidazolium acetate [Emim][Ac],"® 1-butyl-3-
methyl-imidazolium tetrafluoroborate ([Bmim][BF,]), 1-(3-
aminopropyl)-3-methyl-imidazolium tetrafluoroborate
([apmim][BE,]),”* and 1-butyl-3-methylimidazolium dicyana-
mide [Bmim][DCA].>® Sirkar et al. studied the possibility of
using ILs in a membrane contactor for precombustion CO,
capture at elevated temperature and pressures. This process
design is similar to a pressure swing adsorption: there is no flow
or recirculation of the liquid phase in the membrane
contactor.'”

The membranes in the majority of the literature concerning
membrane contactors are porous with no gas selectivity,”
typically made of hydrophobic materials such as polyethylene
(PE), polypropylene (PP), polyvinylidenefluoride (PVDF), and
polytetrafluoroethylene (PTFE).? Ideally, the membrane pores
should be gas-filled to ensure a high overall mass transfer
coefficient. However, pore-wetting starts gradually and becomes
more serious with time, lowering the efficiency of the
separation process in the long term.”* Indeed, due to the
lower gas diffusivity in a solvent-filled pore (the gas diffusion
coefficient through fluids changes from the order of 107" cm?
s' in gas to the order of 10 cm® s™' in liquids), membrane
wetting generates a large increase in the overall mass transfer
resistance.

Several criteria must be fulfilled for the selection of a suitable
porous material in a membrane contactor, including good
chemical, thermal, and mechanical stability, sharp pore size
distribution, high porosity, and a high contact angle with the
absorbent. A successful approach to eliminate the occurrence of
pore wetting is the use of a nonporous composite membrane
with a thin dense top layer as a gas/liquid interface in the
contactor.””~*’ By placing the dense layer in contact with the
liquid phase, liquid penetration in the pores can be prevented,”
and the possibility of gas bubbling into the solvent phase and
solvent entrainment into the gas phase can be also reduced.
Nevertheless, the dense layer provides an additional mass
transfer resistance to the CO, transport from the gas to the
liquid phase, and thus materials with large CO, permeability are
preferred to minimize the membrane impact on the overall
mass transfer coefficient. High free volume polymers such as
PTMSP, PIM-1, and PMP are the most commonly reported
materjals in this case due to their extremely high CO,
permeability.”>** However, these membranes are subjected to
significant aging, and their performance reduces quickly over
time.”” Fluorinated polymers such as Teflon AF 1600 and
Teflon AF 2400 have also been employed to prepare thin film
composite membranes and been applied in membrane
contactors due to their chemical and thermal stability, the
relatively high CO, permeability, and the stable long-term
performances.””*® Because of the high active membrane area
per unit volume, hollow fibers membranes are most commonly
used in membrane contactors. Furthermore, this surface area-
to-volume ratio varies inversely with fiber diameter increase,

whereby a hollow fiber membrane with a smaller diameter is
preferred.

A closed loop, pressure swing membrane contactor process
for precombustion CO, capture has been developed in our
group, aiming at the purification of hydrogen in a CO,/H,
mixture coming from the second water—gas shift reaction (as
shown in Scheme 1). In this process, H, is purified in the

Scheme 1. Schematic Representative of the Novel Membrane
Contactor for Precombustion CO, Capture”
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“Reproduced with permission from ref 30. Copyright 2016 Elsevier.

absorber under elevated pressure conditions (i.e., 20 bar), and
CO, is selectively absorbed in the IL phase. Subsequently, the
CO,-rich IL absorbent is sent to a flash tank to partially remove
the absorbed CO, and then to a membrane desorber at a
reduced pressure and higher temperature to complete the
absorbent regeneration. Finally, the CO, lean IL stream is
pumped into the membrane absorber again, and the whole
process forms a closed loop. This design combines the
advantages of pressure swing absorption (PSA), temperature
swing absorption (TSA), and a membrane contactor.

The present work focuses on the membrane absorption step
of the process under elevated temperature (80 °C) and
pressure (20 bar). Precombustion conditions have a temper-
ature much higher than 80 °C. However, 80 °C was chosen in
this work due to engineering considerations. As [Bmim]-
[TCM] is a physical absorbent, the CO, solubility in
[Bmim][TCM] decreases when temperature increases, which
reduces the CO, cyclic capacity and thus increases the
operating energy consumption. In addition, [Bmim][TCM]
presents reasonable viscosity at this temperature, while at a
lower temperature, the viscosity is too high and not practical.
Moreover, ILs have been proven as good solvents for many
polymers and organic compounds, which may gradually attack
or swell the membrane or sealing materials in the membrane
module, especially at high temperatures; it is in general more
expensive and challenging to maintain membrane and sealing
materials for a membrane contactor at higher temperatures.

[Bmim][TCM] was selected as the absorbent due to its
relatively low viscosity, good thermal stability, and high CO,
absorption capacity.” Initially, a compatibility analysis was
carried out by considering four different porous hollow fiber
membranes (polyvinylidene fluoride (PVDE), polytetrafluoro-
ethylene (PTFE), polyazole, and polypropylene (PP)), and two
thin film composite membranes (polymethylpentene (PMP)
composite and Teflon AF 2400-PP composite membrane).
These membrane materials were characterized in terms of their
chemical stability, thermal stability, and contact angle with
respect to the liquid phase. Moreover, the separation
performances of two selected membranes (porous PTFE
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Scheme 2. Schematic Representation of the Experimental Membrane Contactor Setup Used for CO,/He Separation”
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“MFCG and MFCL represent the mass flow controller for the gas and the liquid stream, BPRG and BPRL denote the backpressure regulator for gas
and liquid, and MFMG and MFML are the mass flow meter for gas and liquid, respectively. P and T represent the pressure sensor and temperature

sensor.

membrane and nonporous Teflon-PP composite membrane)
were investigated. The effects of the operating pressure, gas
flow rate, and long-term stability on the overall CO, mass
transfer coeflicient were studied. Finally, the separation
performances by using the selected porous and nonporous
membranes were compared with respect to the CO, flux and
long-term stability.

2. EXPERIMENTAL SECTION

2.1. Materials. The [Bmim][TCM] was purchased from
Iolitech (Germany) and used without any further purification.
The isopropanol (IPA) was purchased from Sigma-aldrich
(Norway) and used without further treatment. The nitrogen
(99.99%) and certified gas mixture (45 vol % CO, in helium
balance) cylinders were purchased from AGA (Norway). The
high-temperature glue used for sealing the membrane module
was purchased from Aremco Products Inc. (U.S.). The Teflon
AF 2400 was ordered from Chemours (U.S.), and the
Fluorinert FC72 was purchased from Kemi-Intressen AB
(Sweden).

The porous PVDF and porous PTFE hollow fiber membrane
were kindly provided by Dr. Zhao’s group from the Tianjin
Polytechnic University. The porous polyazole hollow fiber
membrane was kindly offered by Prof. Nunes’s group from the
King Abdullah University of Science and Technology. The
porous PP and the PP-PMP composite membrane were
supplied by Membrana GmbH.

2.2. Teflon-PP Membrane Preparation. The Teflon-PP
membrane was prepared through a dip-coating procedure. The
PP hollow fiber was first soaked in the IPA solution for 10 s to
reduce possible coating solution penetration, and then dip-
coated in the 0.5 wt % Teflon AF 2400 solution for 10 s. After
10 min, the membrane was coated again with the same Teflon
AF 2400 solution for another 10 s. The double coated
membrane was left in an ambition condition for at least 24 h,
followed by drying the membrane in a vacuum oven at 60 °C
for 6 h to remove the residual solvent.

2.3. Materials Characterization. 2.3.1. Chemical Stability
Test. As the proposed test temperature is 80 °C, the chemical
stability of the selected membranes was tested by soaking the
membranes in [Bmim][TCM] at 100 °C for at least 6 h. The
possible morphology changes of the membranes upon the
immersion were investigated using a scanning electron
microscope (SEM, TM3030 tabletop microscope, Hitachi
High Technologies America, Inc.). The samples were sputter
coated with a gold nanoparticle layer to ensure good electrical
conductivity (coating time = 1.5 min). The backscattered

electron (BSE) signal and an electron beam intensity of 15 kV
are used in the SEM study.

2.3.2. Thermal Stability Test. Thermogravimetric analysis
(Qs00, TA Instruments) was applied to test the thermal
properties of the selected membranes. A sample amount of
about 10 mg was used with a N, sweep flow of 60 mL min™"
and a heating rate of 10 °C min™".

2.3.3. Contact Angle Test. A contact angle goniometer
(Attension Theta, Biolin scientific) was used to measure the
contact angle between the ILs and the selected membranes. A
liquid drop with a volume of 3—5 uL was used, and the contact
angle was calculated as the average between the left and right
contact angles.

2.4. Experimental Setup and Procedure. The separation
performances of the membrane contactor were tested in an in-
house-made system. The schematic of the setup (see Scheme
2) and a brief description of the operation are given below.

The feed gas mixture (CO,/He 45/55 vol %, helium was
used instead of hydrogen because of safety issues) and ILs were
fed through the lumen side and shell side, respectively, with a
countercurrent configuration. A piston accumulator (Parker,
U.S.), instead of a pump, was employed to inject the liquid into
the system to avoid fluctuation and to precisely control the
operating parameters in a broad range. This device enabled the
system to start from a very small flow rate and to maintain a
high pressure (up to 20 bar) at a small flow rate (about 10—20
mL min~"). The gas and liquid flow rates were controlled by
two mass flow controllers (Bronkhost, The Netherlands). The
gas and liquid side feed pressures were controlled by two back-
pressure controllers (Swagelok, U.S.) installed downstream
with respect to the membrane module, and the pressure could
be adjusted between 1 and 20 bar. The gas- and liquid-phase
pressures were measured by four digital manometers (Keller,
Switzerland). To prevent the liquid from entering the gas
analyzer in case of breakthrough of the liquid into the gas
phase, the gas-phase outlet was forced through a liquid trap
before reaching the analyzer. The membrane module was
placed in a ventilated oven with a temperature control from
room temperature to 200 °C. Both the liquid and the gas feeds
were preheated before being sent to the membrane absorber.
The temperatures were detected by two temperature sensors to
make sure the feed reached the desired temperature before
being sent to the absorber. The compositions of the gas mixture
in the feed and in the retentate were analyzed using a gas
analyzer (GSM810, SICK AG, Germany).
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The CO, absorption flux (N¢o,) and overall mass transfer
coeflicient (Kexp) can be calculated by the following equations,
respectively:*

Qg’incg,'m - Q—g,outcg/ out
A (1)

NC02 = KeprCg (2)

NCOZ

where Qg;, and Qg are the inlet and outlet gas flow rates in
m® 57!, respectively; Cgin and ¢y o represent the gas-phase CO,
concentrations in mol m™ at the inlet and outlet, respectively,
which are calculated using a sour SRK model from Aspen
Hysys;”* A denotes the active membrane area in m%; and AC is
the logarithmic mean driving force based on gas-phase

concentration, and can be described as

C,.o — C
in out
AC = 8 8

8 .
ln(ﬁ)
Cgout 3)

Stage-cut () is calculated as the ratio between the permeate
CO, mole flow (g,) and the feed CO, mole flow (g):
o=
9 (4)

3. RESULTS AND DISCUSSION

3.1. Material Screening for Membrane Selection.
PTFE, PP, and PVDF membranes have been the most reported
membranes in membrane contactors for CO, capture due to
their high hydrophobicity and good stability in aqueous
absorbents.>* ¢ In this study, PTFE, PP, and PVDF porous
hollow fiber membranes were selected as the membrane
screening candidates for the designed application. On the basis
of the literature study, the porous polyazole hollow fiber
membrane was also chosen as a candidate due to its high
hydrophobicity and porosity.”” Two nonporous hollow fiber
membranes, Teflon-PP and PMP composite membranes, were
also chosen as the nonporous membranes with highly CO,
permeable dense layers.”® In this section, the immersion tests
were carried out by soaking these membrane samples in
[Bmim][TCM] for a determined time, and SEM was used to
investigate the possible morphology changes. In addition,
contact angle and thermal stability were also tested to identify
the most suitable membranes.

3.1.1. Immersion Test. Morphology Study. In view of the
target application, the good compatibility/chemical stability at
high temperatures is of primary importance for the membrane
materials. The six selected membranes were soaked in
[Bmim][TCM] and kept at 100 °C for 6 h, which is more
severe as compared to the real experimental conditions.

Figure 1A—H presents the morphologies of the four porous
hollow fiber membranes (PVDF, polyazole, PTFE, and PP)
before and after the immersion tests. For PVDEF, polyazole, and
PP membranes, cross section was employed. However, due to
the superior mechanical strength and relatively large membrane
diameter (~200 ym) of the PTFE membrane, it is impossible
to break the membrane in liquid nitrogen to prepare the cross
section SEM sample; therefore, only surface SEM images were
presented. It is clear that no morphological differences can be
observed for all four of these porous membranes before and
after the immersion. However, a clear change in color took
place with PVDF and polyazole membranes during the tests:
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Figure 1. PVDF (A,B), polyazole (C,D), PTFE (E,F), and PP (G,H)
membrane before (left) and after (right) the immersion tests.

they turned from white to transparent, most likely due to the
spontaneous penetration of IL into the membrane pores.

In terms of the porous PTFE and PP membranes, no
significant morphology was observed before and after the
immersion tests, demonstrating a good chemical stability of the
two membranes in [Bmim][TCM]. These two membranes
exhibited no color change in the immersion tests, suggesting
that no spontaneous penetration of IL occurred.

Figure 2 shows the results obtained for the nonporous PMP
composite membrane and Teflon-PP composite membrane in
the immersion tests. In PMP composite membrane (Figure 2A
and B), the thickness of the PMP dense layer increases
evidently after the immersion test, most likely due to the
swelling of PMP by the [Bmim][TCM]. This clearly shows that
the PMP membrane is not suitable for this membrane
contactor application due to the change of the membrane
nature and the lack of long-term stability in the IL absorbent.

Figure 2C and D presents the SEM image of the Teflon-PP
composite membranes before and after the immersion tests. No
obvious changes can be found, suggesting that the Teflon-
coated composite membrane can be a suitable membrane for
the application.
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Figure 2. PMP composite membrane (A,B) and Teflon-PP (C,D)
membrane before (left) and after (right) the immersion tests.

According to the SEM images, except for the PMP composite
membrane, five other tested membranes have both good
compatibility and thermal stability in [Bmim][TCM]. How-
ever, as the color changed from white to transparent during the
immersion, the porous polyazole and PVDF membrane
suffered IL penetration.

Contact Angle. According to the Young—Laplace equation,
a contact angle between the porous membrane and liquid
absorbent higher than 90° is a prerequisite for avoiding
membrane wetting.39 Therefore, the contact angles between the
[Bmim][TCM] and the four porous membranes that showed
good compatibility were measured by using the static sessile
drop method. For each membrane, a fresh sample and a sample
immersed in [Bmim][TCM] at 100 °C for 6 h were used to
investigate the influence of [Bmim][TCM] on the surface
wettability.

The color of the PVDF and polyazole membranes gradually
changed from white to transparent when they were soaked in
[Bmim][TCM] even at room temperature, suggesting a
possible spontaneous penetration of [Bmim][TCM] into the
membrane pores. This was confirmed by the contact angle
tests. Untreated PVDF and polyazole membranes showed a
contact angle of around 57° and 65°, respectively (Figure 3),
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Figure 3. Contact angle of the PVDF, Polyazole, PP, and PTFE
membranes before and after the treatment of [Bmim][TCM] at 100
°C for 6 h.

but it tended to reduce gradually and became negligible in a
couple of minutes; this happens only when the pores on the
surface are occupied by the same liquid. It is thus concluded
that PVDF and polyazole membranes are easily wetted in ILs
and not suitable as membrane interface in the membrane
contactor in this process.

Significantly higher contact angle and less reduction after the
immersion test were obtained with the porous PP and PTFE
membranes as can be seen in Figure 3. The initial contact angle
measured on the neat PP polymer was 90°, whereas in the case
of PTFE it was even higher and corresponded to 123° (Figure
3). However, the sample undergone IL at high temperatures
shows an increase in their wettability: the contact angle of the
PP membrane reduced approximately 14.8°, becoming far
below 90°; whereas for the PTFE membrane, the contact angle
was found to be still 122° with a reduction of only about 1.2°.
The results suggest that among the four porous membrane
candidates only the porous PTFE membrane is suitable for the
designed application. PP porous membrane cannot be used due
to the potential membrane wetting. However, with a good
chemical stability with ILs, PP can be a suitable porous support
in preparing composite membranes.

The contact angle test of Teflon-PP composite membranes
was conducted, where a value equal to 102° was observed,
which is much higher than the pristine PP porous support and
quite close to the contact angle of the dense Teflon membrane
(~105°), suggesting that the PP is fully covered by the Teflon
coating. According to the good stability and compatibility
observed, the Teflon-PP composite membrane is selected as the
nonporous composite membrane for further study.

3.1.2. Thermal Stability Evaluation. 1t is important that the
membrane materials have good thermal stability to operate at
elevated temperatures in this work. From the morphological
analysis carried out with the SEM investigation, it was found
that after the treatment of [Bmim ][ TCM] at 100 °C for 6 h, no
morphology changes or pore collapse were observed for the
porous PTFE membrane and the Teflon-PP composite
membrane, suggesting both good thermal stability and good
chemical stability in these two membranes.

Thermal gravimetric analysis (TGA) was applied to further
evaluate the thermal stability of the selected porous PTFE
membrane and nonporous Teflon-PP composite membrane. As
can be seen from Figure 4, both membranes showed excellent
thermal stabilities at 100 °C. For the PTFE membrane, the
weight loss in 6 h is less than 0.1%, denoting that this
membrane is stable under the studied temperature. It was a
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Figure 4. Thermal stability test of Teflon-PP and PTFE, 100 °C, 6 h.
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Figure S. Optical image of the membrane module.

Liquid in

Gas out

little different for the Teflon-PP membrane; a decrease in the
first 20 min occurred, possibly due to the evaporation of the
residual solvent in the membrane. Nevertheless, the weight loss
during the remaining 5 h was only around 0.2%, indicating that
this membrane is also stable at this temperature. These two
TGA results agree well with the morphology investigations.

3.2. Separation Performances. On the basis of the
compatibility screening, two membranes are considered suitable
for the preparation of membrane modules in the membrane
contactor: the porous PTFE membrane (Tg ~ —100 °C*") and
the Teflon-PP composite membrane (AF 2400 T, ~ 240 °C,
PP T, ~ 13 °C). The two membranes were therefore chosen
and made as hollow fiber modules for further investigation.

A number of hollow fiber membranes were placed in a small
filter paper with holes and inserted into a half-inch stainless
steel tube. The potting material (high temperature two-
composite epoxy, purchased from Aremco, U.S.) was injected
onto the filter paper to form a solid plug. The same procedure
was repeated on the opposite side of the membrane module.
Figure S shows the optical image of the membrane module.

In Table 1 are reported the specifications of the membrane
module prepared for the present study.

Table 1. Specifications of the Membrane Module Used in
This Study

parameter PTFE Teflon-PP
membrane module length (mm) 300 250
effective membrane length (mm) 260 210
module diameter (mm) 10.2 10.2
membrane i.d. (mm) 1.01 0.2
membrane o.d. (mm) 1.39 0.3
number of membranes 4 15
dense layer thickness (um) 1
total membrane area (m?) 0.0296 0.0367

It is worth mentioning that the two hollow fiber membranes
have very different fiber sizes. The PTFE hollow fiber
membrane is much larger in diameter as compared to the PP
hollow fibers due to the limitation of the processability of PTFE
as a polymer. As compared to the PTFE membrane, the Teflon-
PP composite membrane can offer a higher surface area-to-
volume ratio because of its smaller membrane diameter.

The membrane modules were installed inside the membrane
contactor rig to evaluate the separation performances as well as
the influences of the gas flow rate and the operation pressure
on the gas separation performances. In view of the volumetric
limitation of the piston accumulator (2 L) used to inject the
absorbent into the test rig and the minimum stabilization time
of the system (~30 min), the liquid flow was kept at 20 mL

min~' for all of the performed tests. All of the CO, flux
reported in the present work is estimated from the average
value of at least two tests with an error lower than 10%.
3.2.1. Effect of Operation Pressure. The CO, flux values at
pressures up to 20 bar for the porous PTFE and Teflon-PP
composite membrane contactors are shown in Figure 6.
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Figure 6. Effect of operative pressure on the CO, separation
performances, CO, flux (operating conditions: Qiiqua = 20 mL
min~}, Qgas = 100 mL min~}, T = 80 °C).

As expected, in both membrane contactors, the CO, flux was
greatly enhanced by increasing the operating pressure due to
the larger CO, driving forces at a higher CO, partial pressure.
Surprisingly, at 1 bar the porous PTFE membrane showed a
lower CO, flux (0.56 X 10~* mol m™2 s™") than the Teflon-PP
nonporous TEC composite membrane (0.86 X 10™* mol m™
s™!). However, the CO, flux of the PTFE membrane contactor
was greatly enhanced and became higher than that of the
Teflon-PP membrane contactor by increasing the operating
pressure to 20 bar, with values corresponding to 3.70 X 10~*
and 290 X 10™* mol m* s7', respectively. Increasing the
operative pressure seemed more effective in enhancing the CO,
flux for the porous PTFE membrane than the Teflon-PP
composite membrane. The contribution of the mass transfer
resistance in membrane phase and liquid phase at different
pressure range may explain this trend (as shown in Figure 7).
Generally, if no chemical reaction is involved, the liquid side
mass transfer resistance dominates the overall mass transfer in a
membrane contactor.”' Because of the high CO, permeability
(a CO, permeability of 3900 Barrer was reported for Teflon AF
2400 thin film membrane with thickness of 1.5 ym at 20 bar
and 35 °C*), the presence of the top dense Teflon AF 2400
layer adds only a small fraction of the mass transfer resistance in
the membrane phase. At low pressures, the better dispersion of
gases into the liquid phase through the smaller Teflon-PP fibers
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Figure 7. Mass-transfer regions and resistance-in-series in membrane
contactors based on porous membranes and composite membranes.

(0.3 mm) may enhance the liquid phase mass transfer and
results in a high CO, flux. However, due to the ionic nature of
the [Bmim][TCM], the electrostatic attraction between the IL
and Teflon-PP membrane may have forced the membrane to
stick together as a bunch of fibers (this phenomenon was
observed after the test), reducing the effective gas/liquid
interface and consequently CO, flux, specifically at high
operation pressures. On the other hand, as the mass transfer
resistance in the porous membrane is relatively less as
compared to a nonporous membrane, increasing operating
pressure is more effective in enhancing CO, flux in the porous
PTFE membrane contactor.

The stage-cut values of both PTFE and Teflon-PP composite
membrane contactors at various pressures were calculated and
plotted in Figure 8. As mentioned earlier, due to the limitation
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Figure 8. Effect of operative pressure on the CO, separation
performances, stage-cut (operating conditions: Qiquia = 20 mL
min~!, Qg = 100 mL min~!, T = 80 °C).

of the piston accumulator used in this study, the liquid flow rate
was fixed to be 20 mL min™!, but a much higher gas flow rate
(100-200 mL min~!) must be applied to reduce the
experimental error. The high gas/liquid flow ratio and the
limited CO, solubility in the solvent resulted in a small
variation between the feed and retentate gas composition,
especially at low operating pressure conditions. As expected,
low stage-cuts were obtained at low pressures, and the stage-cut
increases notably with the increase of operating pressures for
both cases due to the significant increase of the CO, solubility
in the IL solvent at higher pressures.

3.2.2. Effect of the Gas Flow Rate. The effect of the gas flow
rate on CO, flux was studied. Increasing gas flow rate usually
enhances mass transfer in the gas phase and lead to a higher
CO, flux in a membrane contactor.”** Experimental results in
this work agree well with this expected trend, but the effects of
gas flow rate on porous and nonporous membranes are
different, as can be seen in Figure 9. In the porous PTFE
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Figure 9. Effect of gas flow rate on the CO, separation performances
(operating conditions: Qiiquia = 20 mL min~}, T = 80 °C, p = 20 bar).

membrane contactor, the CO, flux increased from 3.70 X 10™*
to 4.86 X 107 mol m™ s™! when the gas flow rate increased
from 100 to 200 mL min~". A higher gas flow rate can reduce
the gas-phase resistance, and also partially reduce the potential
of membrane wetting in the porous membrane, which may
result in a better mass transfer through the membrane. In the
nonporous Teflon-PP composite membrane contactor, the
CO, flux was enhanced from 2.90 X 10™* to 4.75 X 10™* mol
m™2 57" as well. It is interesting that the CO, flux at a low gas
flow rate in the nonporous composite membrane is much lower
than that in a porous membrane contactor, but at a high gas
flow both membranes show similar CO, flux. Increasing gas
flow is more effective in enhancing mass transfer in the
nonporous composite membrane contactor. Theoretically, the
mass transfer resistance in the gas phase only contributes a
small portion to the overall mass transfer resistance, and
increasing gas-phase flow rate has a limited impact on the
overall mass transfer coefficient and CO, flux. However, in the
present study, increasing gas flow rate effectively enhances the
CO, flux. Except for the improved gas-phase mass transfer, the
higher gas flow rate may have partially reduced the membrane
wetting or membrane fiber cohesive packing, and hence
increased the CO, flux.

3.2.3. Long-Term Stability Performances. 1t is commonly
reported that in most porous membrane contactors, the
membrane pores will be gradually wetted over time and the
membrane mass transfer resistance increases greatly, leading to
significant reductions in CO, flux.*** In this work, the long-
term stability of the porous PTFE membrane contactor and
Teflon-PP composite membrane contactor was studied by
comparing the CO, fluxes of the two membranes conditioned
over 14 days, as shown in Figure 10.

For safety reasons and due to the limited amount of ionic
liquids, the long-term stability test was not carried through a
continuous operation. To investigate the long-term influence of
the ILs at the operating temperature, the membrane module
was first tested at 80 °C and 20 bar for about 2 h, and then
soaked in [Bmim][TCM] at 80 °C and 1 bar before the second
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and third tests were performed. As shown in Figure 10, a 50%
reduction in the CO, flux through the PTFE membrane can be
observed after the first week of operation, but a smaller
reduction was obtained during the second week. The decline of
flux is most likely due to the morphological rearrangements and
pore wetting by the ILs. On the other hand, even though the
Teflon-PP composite membrane showed a lower initial CO,
flux as compared to the porous PTFE, a more stable operation
was achieved through the 2-week investigation. The flux
reduction was less than 15% of the initial value after 2 weeks,
and it decreased and became evidently slower: the flux
reduction was only around 1% during the second week,
which is within the range of the experimental error. It is
believed that the reduction of CO, flux in the Teflon-PP
composite membrane resulted from the physical aging of the
thin Teflon AF 2400 layer and the CO, flux will be gradually
stabilized.”® According to the literature for a Teflon membrane,
the aging effect took place mainly during the first days of
operation, and no further decrease in performance was
observed.”®

The membrane morphologies after the long-term stability
test were also investigated by SEM shown in Figure 11.

As shown in Figure 1E and F, no obverse changes can be
found from the PTFE membrane after being soaked in
[Bmim][TCM] at 100 °C for 6 h at atmospheric pressure.
However, in Figure 11A, it is clearly shown that the PTFE
membrane surface was partially destroyed by [Bmim][TCM]
after the long-term stability test after operation at 20 bar, where
part of the PTFE membrane surface was removed by IL and the
surface morphology was changed (the left-hand part in Figure
11A). The high operating pressure and the possible pore
wetting as well as the flowing IL seem more aggressive to the
PTFE membrane. The significant change in membrane surface
also explains the big differences in the CO, flux over time.
Conversely, the Teflon-PP composite membranes are more
stable in the long-term stability test; no obvious changes can be
found from both the surface and the cross section, as shown in
Figure 11B and C. Neither liquid penetration nor top layer
swelling were observed in this membrane, denoting a superior
stability property of the Teflon-PP composite membrane in
[Bmim][TCM] than the porous PTFE membrane for this
process, which agrees well with the more stable separation
performance. The SEM images before and after the stability
tests in Figure 11 and the results in Figure 10 confirm that the

Figure 11. PTFE porous membrane surface (A) and Teflon-PP
composite membrane cross section (B) and surface (C) after the long-
term stability test.

Teflon-PP composite membrane has better long-term stability
in the IL membrane contactor as compared to the porous
PTFE membrane.

4. CONCLUSION

On the basis of the screening of six polymeric membranes (four
porous membranes and two thin film composite membranes)
for the preparation of a membrane module in a membrane
contactor for precombustion CO, capture, two membranes,
that is, the porous PTFE membrane and nonporous Teflon-PP
composite membrane, were chosen due to their superior
thermal stability, good chemical stability, and better compat-
ibility with the selected IL ([Bmim][TCM]). The CO, capture
separation performances of the two membrane contactors using
the selected hollow fiber membranes were investigated at 80 °C
and 20 bar. The effects of operating parameters such as
operation pressure and gas flow rate were investigated, and it
was found that the operation pressure can greatly promote the
CO, flux in both porous PTFE membrane and nonporous
composite Teflon-PP membrane, with a more significant effect
on the porous membrane. A higher gas flow rate can result in a
higher CO, flux in both types of membrane, while the porous
PTFE membrane contactor exhibits a higher CO, flux and the
Teflon-PP composite membrane contactor presents better
long-term stability. The [Bmim][TCM] can gradually attack
the PTFE membrane in high-pressure conditions and partially
dissolve the membrane material.

The Teflon-PP composite membrane is considered more
suitable for application. However, surprisingly, when the
Teflon-PP composite membrane was used, the cohesive
packing of the membrane fibers occurred, which reduces the
effective membrane area. In a future study, membrane surface
modification and employment of spacers in the membrane
modules can be used to reduce membrane cohesive packing.
The use of blend ILs with other liquid absorbent can be
another approach. The membrane module design and
operation parameters also can be further optimized to achieve
an efficient separation.
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