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ABSTRACT: A novel strategy to design a high-performance composite :
membrane for CO, capture via coating a thin layer of water-swellable polymers Adhesion *
(WSPs) onto a porous support with enriched CO,-philic groups is demonstrated <:X/(\ rv\i/,\ 3\[)\ W
in this study. First, by employing a versatile platform technique combining non- o ’ D"
solvent-induced phase separation and surface segregation, porous support =>

membranes with abundant CO,-philic ethylene oxide (EO) groups at the surface Pebax ~——— F127 PES
are successfully prepared. Second, a thin selective layer composed of Pebax MH

1657 is deposited onto the support membranes via dip coating. Because of the water-swellable characteristic of Pebax and the
enriched EO groups at the interface, the composite membranes exhibit high CO, permeance above 1000 GPU with CO,/N,
selectivity above 40 at a humidified state (25 °C and 3 bar). By tuning the content of the PEO segment at the interface, the
composite membranes can show either high CO, permeance up to 2420 GPU with moderate selectivity of 46.0 or high selectivity
up to 109.6 with fairly good CO, permeance of 1275 GPU. Moreover, enrichment of the PEO segment at the interface
significantly improves interfacial adhesion, as revealed by the T-peel test and positron annihilation spectroscopy measurement. In
this way, the feasibility of designing WSP-based composite membranes by enriching CO,-philic groups at the interface is
validated. We hope our findings may pave a generic way to fabricate high-performance composite membranes for CO, capture

CO, philicity #

using cost-effective materials and facile methods.
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1. INTRODUCTION

Given the growing demands for energy-intensive lifestyles in
the 21st century, the increasing amount of CO, emission from
the combustion of fossil fuels has become a problem of global
concern versus the sustainable development of human
community."” Highly efficient CO, capture technologies with
large capacity and low energy penalty are therefore urgently
required, among which polymeric membrane-based technolo-
gies have possessed several advantages over other traditional
technologies such as absorption and adsorption in capital
investment, operational cost, and energy efficiency.”~> How-
ever, state-of-the-art polymeric gas separation membranes
cannot guarantee the economic competitiveness of membrane
technology because of their insufficiently high CO, permeance
(mostly below 1000 GPU; 1 GPU = 107 cm® (STP) cm ™2 s
cmHg_l).é’7 Because permeance is known as the quotient of
permeability and membrane thickness, researchers are endea-
vored to pursue high-permeability polymeric membrane
materials® "' or to reduce the membrane thickness without
defects and mechanical instability.”>~"> A combined strategy of
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developing composite membranes comprising a thin film of a
high-permeability material and a porous support is therefore of
great importance,'”'” while the feasibility of thin-film
fabrication is often neglected in the development of new
membrane materials.

In recent years, water-swellable polymers (WSPs) have
aroused significant research interest as highly permeable
membrane materials for CO, separation.'"'® First, water
often exists in many CO,-containing industrial gases.”'*?° It
has negative effects on conventional glassy polymer membranes
because of the completive sorption effect and consequent
blockage of the gas-permeation route,”"** while it plays positive
roles in WSP membranes because of membrane swelling and
the fast selective transport of other forms of CO, (eg,
HCO;7).>*** Second, defect-free thin films of WSP can be
simply deposited onto a porous support for composite
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membranes by dip coating or interfacial polymerization.***®

Last but not least, a large number of WSPs [e.g., poly(vinyl
alcohol),*® chitosan,”” and Pebax*®] are usually of low price and
easily available and have excellent film-forming ability and
mechanical stability. Consequently, WSPs combine the
advantages of high CO, separation performance and the
fascinating feasibility of large-scale fabrication of composite
membranes.

For high-permeance composite membranes based on WSPs,
the thickness of the selective layer is usually below 1 ym, and
hence the interface between the selective and support layers can
significantly affect the flexibility and packing manner of polymer
chains confined in such a narrow space.” Most importantly,
when the selective layer is excessively swollen by water, it will
often be detached from the neighboring support layer because
of the external interfacial tension.’® Therefore, the interfacial
adhesion between the adjacent layers should be strong enough
to prevent the selective layer from peeling off. According to
adhesive principles based on adsorption theory,>" enriching
polar groups at the interface is beneficial to adequate interfacial
adhesion. On the other hand, polar groups can preferentially
interact with CO, via dipole—quadrupole interactions.>”
Because of the extremely thin selective layer of composite
membranes, the polar groups at the interface zone are expected
to significantly affect the membrane performance by enhancing
selective CO, sorption. Although abundant polar groups are
known to cause high cohesive energy and a low fraction of free
volume,* the effect of swelling mediated by water delicately
solves this problem. In summary, a versatile method to modify
the surface of the support layer with polar groups is expected
toenhance both interlayer interactions and selective CO,
sorption within the interfacial zone. To the best of our
knowledge, rare efforts have been devoted to enhancing the
CO, capture performance of composite membranes by surface
modification of the support layer.

In this study, a high-performance composite membrane for
CO, capture was designed and fabricated by modifying the
surface of the support layer with EO groups. A widely utilized
platform technique combining non-solvent-induced phase
separation and surface segregation was employed to fabricate
porous support membranes with abundant CO,-philic EO
groups at the surface.**> Specifically, a series of support
membranes were fabricated by surface segregation of Pluronic
F127 (abbreviated as F127 in the following text) during the
non-solvent-induced phase inversion of poly(ether sulfone)
(PES). In this way, poly(ethylene oxide) (PEO) segment of
F127 was enriched at the surface of support membranes and
also at the interface of the corresponding composite
membranes. Pebax MH 1657 (abbreviated as Pebax in the
following text) was selected as the selective layer material
because of its low price, good film-forming ability, and high
CO, permeability in the presence of water.”® Furthermore,
Pebax as a PEO-based copolymer possesses the same structural
unit (PEO) as F127, which is favorable for improving the
compatibility of the adjacent layers. The as-prepared composite
membranes exhibit high CO, permeance, high CO,/N,
selectivity, and high stability under a humidified state. The
interfacial adhesion strength was evaluated by T-peel tests. The
correlation between the interfacial structures and separation
performance was explored by positron annihilation spectros-
copy (PAS).
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2. EXPERIMENTAL METHODS

2.1. Materials. PES (6020P, M,, = 29000) was purchased from
BASF Co. (Ludwigshafen, Germany) and dried at a temperature of
110 °C for 12 h before use. Pebax 1657 and F127 were purchased
from Arkema (Paris, France) and Sigma-Aldrich, respectively. The
chemical structures of PES, F127, and Pebax 1657 are shown in
Scheme 1. N-Methyl-2-pyrrolidinone (NMP), ethanol, and n-heptane

Scheme 1. Chemical Structures of (a) PES, (b) Pluronic
F127, and (c) Pebax 1657
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were purchased from Tianjin Guangfu Fine Chemical Research
Institute (Tianjin, China). All chemicals were of reagent grade or
higher and were used without further purification.

2.2. Preparation of Support Membranes. Casting solutions
were prepared by dissolving PES and a certain amount of F127 into
NMP (containing ethanol as a nonsolvent additive) under mechanical
stirring at 60 °C for 4 h. The compositions of the casting solutions are
shown in Table 1 (including the corresponding abbreviation of each

Table 1. Chemical Composition of the Casting Solutions of
Support Membranes

W127/

PES F127 NMP ethanol total Wogs

sample » @ @ (2) (2) (%)%
PES 3.00 900 150  13.50 0
PES—F127(5) 300 015 885  L50  13.50 5
PES-FI127(10) 300 030 870 150  13.50 10
PES—F127(15) 300 045 855 150  13.50 15
PES-F127(20) 300 060 840 150  13.50 20
PES—FI127(30) 300 090 810 150  13.50 30

“The weight ratio of Pluronic F127 to PES in the casting solution.

membrane). The homogeneous solutions were kept without stirring
overnight to ensure the complete release of bubbles. When cooled to
room temperature, the solutions were cast onto a glass substrate with a
steel knife, and the wet thickness of the nascent membranes was
controlled at about 240 pm. The nonsolvent was allowed to evaporate
for 30 s, and then the nascent membranes together with the glass
substrates were immersed into a coagulation bath of deionized water at
27 + 1 °C. When the membranes were solidified and peeled off from
the substrate, it was subsequently washed with deionized water to
completely remove the residual solvent and F127. Then a two-step
solvent-exchange procedure was conducted by immersing the wet
membranes in three ethanol baths for 2 h each, followed by immersion
in three n-heptane baths for 2 h each. The resultant membranes were
dried and kept at 30 °C and 40% relative humidity (RH) before use.

2.3. Preparation of Composite Membranes. Pebax was
dissolved in ethanol/water (70/30 wt %) with stirring and reflux at
80 °C to obtain a homogeneous solution. The concentration of Pebax
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Table 2. XPS Analysis, Water Contact Angle, Thickness, and Pore Size of Support Membranes

membrane surface composition

(mol %)*
surface coverage of the PEO
C segment (%) thickness (ym)
sample c-Cc c-0* (0] S exp.© cal. 54 contact angle (deg) exp.© cal.“¢ pore size (nm)
PES 48.4 24.1 24.0 39 0 0 62.5 + 1.8 171 £ 10 4-11
PES—F127(5) 464 265 239 38 5184045 278 + 033 589 + 1.5 189 + 9 189 + 1 5-15
PES—F127(10) 44.0 294 23.7 3.6 1134 + 1.01 5.44 + 0.89 544 £ 1.6 200 £ S 200 + 2 6—14
PES—F127(15) 41.1 32.7 23.6 3.4 18.55 + 1.24 8.04 + 1.01 50.5 £ 14 219 £ 13 218 + S 6—16
PES—F127(20) 39.0 35.3 234 3.1 2394 + 1.73 10.59 + 1.46 469 + 1.8 230 + 8 227+ 3 8-21
PES—F127(30) 36.2 38.5 23.2 29 30.66 + 1.38 15.51 + 1.53 419 + 1.2 231+ 7 225 £ 2 10—-20

“The error limits are within $%. *“C—O” stands for ether carbon, which actually consists of carbon atoms in the C—O and C—S bonds. “Exp.” and
“Cal.” stand for experimental and calculated values, respectively. “The calculated values of the surface coverage of PEO can be obtained by evaluating
the membrane surface composition based on the composition of the casting solution. “The theoretical thickness of PES—F127(X) is calculated by a

»

“mixed-matrix

model using the measured density of the PES membrane as the density of the PES matrix.

was controlled at 3 wt %, except when the effect of the Pebax
concentration was studied. Composite membranes were prepared by
casting a Pebax solution onto support membranes at room
temperature, and then the residual casting solution was removed by
slowly increasing the gradient of the membrane surface up to 30°. The
resultant composite membranes were kept at 30 °C and 40% RH to
allow the residual solvent to evaporate.

2.4. Membrane Characterization. The cross-sectional morphol-
ogies of support and composite membranes were characterized by
using field-emission scanning electron microscopy (FESEM; Nanosem
430) operating at 10 kV. The chemical structure of the membrane was
characterized by a Nicolet-560 Fourier transform infrared (FT-IR)
spectrometer with a scan range of 4000—400 cm™". The static contact
angles were measured using a contact-angle goniometer (JC2000C
Contact Angle Meter, Powereach Co., Shanghai, China). The chemical
composition of the membrane surface was determined using X-ray
photoelectron spectroscopy (XPS; PHI-1600 X-ray photoelectron
spectrometer) using Mg Ka as the radiation source. The takeoff angle
of the photoelectron was set at 90°. Survey spectra of membranes were
collected over a range of 0—1100 eV. The pore size of the support
membranes was estimated following a method previously reported,*
based on liquid—liquid displacement porosimetry experiments
proposed by Zydney and co-workers.”” The interlayer adhesion
strength of the composite membranes was measured by the T-peel
test, using a Micro-Uniaxial Fatigue Testing system (MUT-1020,
CMC). The size of sample was 8 mm (width) X 30 mm (length). The
displacement-dependent load curves were recorded with a loading rate
of 0.5 mm s~ at room temperature. The free volume property at the
interface was measured by Doppler broadening PAS in a **Na slow
positron beamline, using one high-purity germanium detector. Slow
positrons in the energy range of 0.18—20 keV were implanted into the
specimens. Each spectrum was collected with total counts of about 5 X
10° and characterized by the S parameters.

2.5. Gas-Permeation Experiments. Single CO, and N, and
binary CO,—N, (10 vol %/90 vol %) gas-permeation experiments
were conducted at 25 °C based on the conventional constant
pressure/variable volume technique (a scheme of the apparatus is
shown in Figure S1 in the Supporting Information, SI). CH, was
selected as the sweep gas to determine the permeability of CO, and
N,. In a typical measurement, 3 bar of feed gas was first introduced
into a water bottle (35 °C) to be saturated with water vapor and then
passed through an empty bottle to remove the residual water.
Meanwhile, the sweep gas was humidified at room temperature. The
RH values for the feed and sweep gases were 82 & 5% and 89 + 4%,
respectively. The flow rate and composition of the sweep gas were
recorded every 5 min until they no longer varied with time. The feed
and sweep gases could also be directly introduced into the membrane
cell to conduct a dry-state gas-permeation test.

The compositions of the feed, retentate, and permeate were
measured using gas chromatography (Agilent 6820). The permeance
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(P/1, GPU) of either gas was obtained from the average value of at
least two tests, by using eq 1:

<&

(P/l)i = APiA

(1)

where Q; is the volumetric flow rate of gas i (cm® s™') at standard
temperature and pressure (STP), Ap; is the transmembrane partial
pressure difference of gas i (cmHg), and A is the effective membrane
area (12.56 cm?®). The pure-gas or mixed-gas selectivity (a,-j) was
calculated by eq 2:

@/,

RNOD) ©)

B RESULTS AND DISCUSSION

3.1. Structures and Properties of Support Mem-
branes. The thickness of each support membrane is obtained
from FESEM images (Figure S2 in the SI) and shown in Table
2. With an increase of the F127 content, the thickness of the
support membrane increases from 171 pm (PES) to 231 ym
[PES—F127(30)]. The increment of the membrane thickness is
attributed to the increment of the total mass (PES + F127). For
example, as shown in Table 2, the theoretical thicknesses of
PES—F127(15) and PES—F127(30) should have been around
198—201 and 224-227 um, respectively, which are close to
their experimental values (200 and 231 um). Although some
F127 molecules may release into the coagulation bath during
and after the coagulation process, the coagulation process is so
fast that it “freezes” the framework of the membrane.**
Consequently, the release of F127 leads to an increase of the
membrane porosity rather than a collapse of the “frozen”
membrane framework. From these facts, it can be inferred that
the contrast (or physical aging) of the membrane during drying
and storage is not obvious, which should mainly be attributed
to the solvent-exchange treatment.

The chemical structures of support membranes are
qualitatively depicted in FT-IR spectra (see Figure S4 in the
SI) and quantitatively revealed by XPS analysis (Table 2). The
surface coverage of the PEO segment is calculated by a method
described in the SI. It is shown in Table 2 that the experimental
values are apparently higher than the theoretical values for the
same membrane, indicating surface segregation of the PEO
segment.** That is, because of the difference in the hydro-
philicity between PEO and PES, the hydrophilic PEO chain of
F127 is prone to spontaneously migrating toward water

dx.doi.org/10.1021/am5003569 | ACS Appl. Mater. Interfaces 2014, 6, 6654—6663
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coagulation during the phase separation process rather than
remaining within the hydrophobic matrix of PES. On the other
hand, the relatively hydrophobic poly(propylene oxide) (PPO)
chain of F127 serves as an “anchor” to prevent excessive release
of F127 into coagulation. In this way, F127 is enriched at the
membrane surface, and the surface coverage of PEO (the
experimental value) is higher than that in the bulk (the
calculated value). As the content of F127 increases from 0 to
30%, the surface coverage of the PEO segment increases from 0
to 30.66%, and simultaneously the contact angle of the
membrane surface decreases from 62.5° to 41.9° (Table 2).
The improvement of the hydrophilicity of the membrane
surface is attributed to surface enrichment of the PEO segment.

Table 2 also shows the average pore size of support
membranes, which helps one to understand the process of
surface segregation in this study. The pore size can also be
estimated by FESEM images (Figure S3 in the SI). In our
previous study, the dual role of F127 as both surface modifier
and pore-forming agent was investigated.>® Some F127
molecules are prone to segregate to the membrane/water
interface because of the presence of hydrophilic PEO blocks,
while the hydrophobic PPO blocks of F127 are bound to and/
or tangled with PES chains, preventing the release of F127; the
excessive amount of F127 can self-assemble into core/shell-
structured spherical micelles, which act as “templates” for
mesopore generation when extracted into the coagulation bath.
In the present study, the role of a pore-forming agent can be
directly verified by the increment of the pore size with an
increase of the F127 content. At higher concentration, F127 is
more prone to assemble into micelles. In particular, the mean
pore size of the membranes for PES—F127(20) and PES—
F127(30) is apparently larger than that of other membranes,
indicating that F127 mainly exists in the form of micelles rather
than stretched chains during and after the coagulation process.

Pure-gas-permeation tests were conducted to provide more
information about the membrane structures and properties.
Because of the absence of a pore-forming agent, the PES
support membrane displays rather low CO, permeance (1542
GPU) at the dry state. When the membrane is tested at a
humidified state, CO, permeance is recovered up to 4850 GPU,
which may be attributed to the partial recovery of a collapsed
membrane pore and the water-induced plasticization effect.
With the content of F127 increasing, CO, permeance of a dry-
state membrane gradually increases, and a notable “jump” of
CO, permeance is observed when the F127 content increases
from 15% to 20% (Figure 1), which supports the hypothesis
that a large amount of F127 micelles forms during the
formation of PES—F127(20) and PES—F127(30). More
interestingly, the improvement of CO, permeance caused by
humidification becomes more and more significant with the
increment of the F127 content, which is desired for a low-
resistance support membrane. It is inferred that F127
containing hydrophilic PEO chains more easily adsorbs water
and becomes swollen than hydrophobic PES.

When the selectivity data shown in Figure 1 are combined,
the transport mechanisms of the membranes can be clearly
depicted, which is important to better understand the structures
of the support membranes. At a dry state, the ideal CO,/N,
selectivity of PES lies above 1, suggesting that the skin district
of the membrane becomes partially densified. In this case, both
the solution—diffusion and Knudsen diffusion mechanisms
occur. When the F127 content increases from 0 to 15%, the
CO,/N, selectivity rapidly falls below 0.9, indicating that
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Figure 1. Pure-gas CO, permeance (solid symbol) and CO,/N,
selectivity (open symbol) of support membranes at dry (black line)
and humidified (red line) conditions (temperature, 25 °C; feed
pressure, 3 bar).

Knudsen diffusion becomes the dominant transport mechanism
(the Knudsen selectivity for CO,/N, is about 0.8). When the
F127 content increases from 15% to 30%, the CO,/N,
selectivity gradually increases up to 0.93. When the “jumps”
of CO, permeance in Figure 1 are combined, herein the
dominate transport mechanism changes from Knudsen
diffusion to viscous flow (the viscous-flow selectivity for
CO,/N, is 1). At a humidified state, all membranes except
PES and PES—F127(5) exhibit CO,/N, selectivity between 0.9
and 1, and it monotonically increases with the F127 content.
These facts demonstrate that viscous flow dominates the gas
transport behaviors within humidified membranes.

3.2. Structures and Properties of Composite Mem-
branes. The high-resolution images of composite membranes
are shown in Figure S5 in the SI. For each sample, a
homogeneous selective layer with uniform thickness is
deposited on the support membrane, and no visible interfacial
defect is observed. The thickness of the selective layer is 268 +
3 nm for Pebax/PES, Pebax/PES—F127(15), and Pebax/PES—
F127(30), indicative of the weak dependence of the thin-film
thickness on the surface modification.

The effect of the surface modification of the support
membrane on the interlayer adhesion strength is evaluated by
the T-peel test. Figure 2a shows the load versus displacement
curve of dry-state composite membranes. When the F127
content increases from 0 to 15%, the peeling strength increases
from 1.0 to 1.4 N, and the corresponding peeling-off
displacement decreases from 10 to 4 mm. Consequently,
enrichment of the PEO segment enhances the adhesion
strength between the adjacent layers. In order to investigate
the effect of moisture within the membrane on the interlayer
adhesion strength, the membranes that have been previously
humidified in 100% RH for 48 h are tested for a further
comparison (Figure 2b). Surprisingly, the selective layer of
Pebax/PES is suddenly peeled off when the displacement
increases up to 4.3 mm. As a consequence, the test has to be
interrupted at this point. This fact indicates that the presence of
water significantly decreases the interlayer adhesion strength,
and at some place, the adjacent layers are separated from each
other. By comparison, the highest peeling strength for Pebax/
PES—F127(15) is 0.8 N, and the curve appears to be quite
smooth. As such, Pebax/PES—F127(15) shows greater
advantages over Pebax/PES at a humidified state than a dry

dx.doi.org/10.1021/am500356g | ACS Appl. Mater. Interfaces 2014, 6, 6654—6663
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Figure 2. T-peel load versus displacement curves for composite
membranes: (a) at a dry state; (b) at a humidified state.

state, although the interlayer adhesion strength of a humidified-
state membrane is weaker than that of a dry-state membrane.

For Pebax/PES—F127(20) and Pebax/PES—F127(30), the
T-peel curve shows a rapid ascent first (as shown in Figure S6
in the SI), followed by a sudden break because of rupture of the
active layer. The rapid increase of the load further illustrates
that the PEO segments at the interface can lead to enhanced
adhesion strength. The sudden fracture of the active layer
demonstrates that the cohesive force of the active layer cannot
afford the peeling force. Although more PEO segments are
enriched at the interface, serious pore intrusion may prevent
perfect coverage of the active layer onto the support layer,
which may be detrimental to the cohesive strength of the active
layer. Notably, at a humidified state, the breaking load of
Pebax/PES—F127(30) has already approached the peeling
strength of Pebax/PES—F127(15), which indicates the effect of
water-induced plasticization and reduced inner stress.

To probe the interfacial structure at the angstrom level,
variable-energy PAS (VEPAS) is used by implanting positrons
to the specimens with moderate energy, and the depth profile
of free volume can be evaluated by the S parameter. The mean
implantation depth (nm) of the energetic positrons is expressed

by eq 3:
P

Z —
(©)
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where E is the positron incident energy (keV) and p is the
density (g/cm®) of the materials. The S—E curves of support
membranes are provided in Figure S7 in the SI, which verifies
the role of F127 as a pore-forming agent during the phase-
inversion process. For composite membranes, the position of
the interface is determined according to the thickness of the
selective layer (about 270 nm). As shown in Figure 3, when the
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Figure 3. S parameter as a function of the incident positron for
composite membranes.

F127 content increases from 0 to 15%, the S parameter at the
interface decreases, supporting the role of interfacially enriched
PEO segments in improving the interlayer adhesion. When the
F127 content increases from 15% to 30%, the S parameter at
the interface increases again. This can be interpreted by the
relatively larger pores for PES—F127(20) and PES—F127(30),
where serious pore intrusion may occur and hinder formation
of the perfect active layer, as revealed by the T-peel test. More
importantly, a sharp variation of the S parameter near the
interfacial zone is observed for Pebax/PES—F127(15), while
similar results are not observed for other membranes. These
facts indicate that the interface of Pebax/PES—F127(15) is
quite different from that of other membranes: because PAS
measurements have to be conducted free of moisture, the
necessary vacuum drying may further result in dewetting of the
active layer and produce new defects. From the shape of the
curves of all samples, we can infer that it is only Pebax/PES—
F127(1S) that does not suffer from the dewetting process
during pretreatment of the PAS samples. The unique interfacial
adhesion of Pebax/PES—F127(15) can be interpreted from two
aspects: (1) abundant PEO segments guarantee the interfacial
compatibility; (2) a proper degree of pore intrusion can prevent
the dewetting process. Because of the confined nanospace
within the surface pores of support membranes, the Pebax
chains within the pores display lower mobility, which is known
as “chain rigidification”. As a matter of fact, chain rigidification
caused by pore intrusion has been observed in the literature,
which usually causes a decrease of flux and an increase of
selectivity.®*' Considering that the interactions between
Pebax and the PEO segment are actually not strong,*”~** the
contribution of chain rigidification resulting from pore intrusion
becomes very important to ensure adequate interfacial
adhesion. For Pebax/PES—F127(20) and Pebax/PES—
F127(30), the F127 micelles cause too large pore sizes of
support membranes to create the desired confined space but
produce undesired pinholes near the pores.

dx.doi.org/10.1021/am5003569 | ACS Appl. Mater. Interfaces 2014, 6, 6654—6663
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The gas-permeation properties of dry-state composite
membranes are plotted in Figure 4a. The minimum CO,
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Figure 4. Pure-gas (solid symbol) and mixed-gas (open symbol)
permeation properties of composite membranes: (a) dry membranes;
(b) humidified membranes (25 °C and 3 bar).

permeance and maximum selectivity are observed for Pebax/
PES—F127(15), which can be predicted by the PAS results.
The rapid increase of CO, permeance and decrease of the
selectivity at higher F127 content confirms the existence of
defects. Once the dry-state membrane is pressed, the selective
layer is prone to being partially damaged, and new defects are
expected to appear. Interestingly and surprisingly, in the
presence of F127, the mixed-gas selectivity becomes higher
than the pure-gas selectivity. A similar phenomenon has been
found when the overwhelming adsorption of CO, extruded the
adsorption of N,.* The largest difference between the mixed-
gas and pure-gas selectivities was also found at the F127
content of 15%, which implies that the interfacial adhesion may
affect the adsorption of gases: good interfacial adhesion can
lower the mobility of the PEO chains at the interface, which
further extrudes N, permeation. When the F127 content
increases above 20%, the large pore of support membranes
cannot guarantee a defect-free active layer, and the benefit of
preferential CO, adsorption is not obvious. Consequently, it is
reasonable to assume that enrichment of the CO,-philic groups
at the interface increases the solubility selectivity of the
membrane.

By comparison, composite membranes exhibit much better
performance at a humidified state. CO,/N, selectivity increases
when the F127 content increases from 0 to 15%, and the
highest value (109.6) is achieved for Pebax/PES—F127(15).
This value is obviously higher than the intrinsic ideal CO,/N,
selectivity of Pebax (about 50—55), and similar results were

6659

also reported elsewhere.** The unusually high CO,/N,
selectivity can be attributed to interfacially enriched PEO and
water-facilitated CO, transport. The role of interfacially
enriched PEO in enhancing the solubility selectivity has been
discussed previously. By testing the membranes at 50 °C, a
large decrease of the selectivity is observed (Figure S8 in the
SI), demonstrating that the membrane selectivity is mainly
determined by the solubility selectivity. Water-facilitated CO,
transport can be seen by comparing parts a and b of Figure 4
because Figure 4b shows a larger difference between the mixed-
gas and pure-gas selectivities than Figure 4a. Figure 4b shows
much higher CO,/N, selectivity than Figure 4b at high F127
content, indicating that water can plasticize Pebax chains, fill in
the defects, and promote self-healing of the active layer.

Another interesting finding is about the trend of CO,
permeance for humidified composite membranes. Although
the maximum CO,/N, selectivity is observed for Pebax/PES—
F127(15), CO, permeance monotonically increases with the
increment of the F127 content. Again, a comparison between
parts a and b of Figure 4 implies the important role of water.
To better illustrate this phenomenon, the performance of a
dense Pebax membrane and a Pebax-F127(15) blend
membrane is measured. It is observed in our experiment that
the addition of 15 wt % F127 into Pebax leads to a ~20%
decrease of the CO, permeability at the dry state, which should
be ascribed to the crystalline tendency of the long PEO
segment (4.41 kg/mol) in F127. However, the CO,
permeability of a Pebax-F127(15) blend membrane is
comparable to that of a Pebax membrane at a humidified
state, indicating that water has disrupted the crystallinity of
PEO and that the higher content of PEO in a Pebax-F127(15)
blend membrane leads to higher CO, solubility.***” For Pebax/
PES—F127 membranes, the selective layer is very thin, and
hence the interfacial zone rich in PEO segments can also
significantly affect the overall separation performance. Consid-
ering surface segregation of the PEO segment at the interface,
the positive role of F127 in enhancing the CO, solubility
becomes predominant, and therefore CO, permeance increased
with the F127 content. On the other hand, the lowered mass-
transfer resistance of the support layer contributes to the
decrease of the overall resistance, especially for composite
membranes with low-permeance support layers. In this way,
CO, permeance and CO,/N, selectivity simultaneously
increase when the F127 content is not higher than 15%. For
Pebax/PES—F127(20) and Pebax/PES—F127(30), the ex-
pected defects resulting from insufficient mechanical strength
of the selective layer further increase CO, permeance at the
cost of CO,/N, selectivity.

Membrane stability against liquid water is also useful to
illustrate the interfaical adhesion strength of a composite
membrane. For any composite membrane, a hydrophilic
selective layer is prone to swelling by water. When water is
adsorbed into the selective layer from wet gas, a gradual
increase of water uptake and a homogeneous distribution of the
adsorbed water can be expected. In this case, excessive swelling
will not occur locally. However, when the selective layer
directly contacts liquid water, the locally concentrated water
molecules cannot be evenly distributed rapidly, which will lead
to excessive swelling. Actually, the fact that liquid water is
detrimental to the interfacial stability of a composite membrane
has been widely recognized in the field of pervaporation.*** In
this study, with the purpose of evaluating the stability of a
membrane against liquid water, 2 mL of deionized water is
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sprayed onto the surface of composite membranes. The surface-
wetted membranes are then sealed in the membrane cell for gas
separation measurement. As shown in Figure S, Pebax/PES
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Figure S. Effect of surface wetting on the selectivities of composite
membranes (25 °C and 3 bar).

loses its separation capacity after surface wetting, implying the
damage of the selective layer by liquid water. In sharp contrast,
Pebax/PES—F127(15) shows almost the same selectivity as the
value obtained before surface wetting. These results can be
interpreted by the improved interfacial adhesion: because the
F127-modified support membrane can reduce the hydro-
philicity difference of adjacent layers and therefore enhance the
interfacial adhesion strength, the stress at the interface due to
the high degree of swelling can be reduced. For Peba/PES—
F127(15), moderate pore intrusion restricts the chain mobility
of Pebax and therefore further enhances the interfacial stability.
The contribution of pore intrusion to the interfacial adhesion of
a composite membrane has been reported elsewhere.*® It is also
notable that the performance of Pebax/PES—F127(15) under a
100 h long-term gas separation experiment remains almost
unchanged (Figure S9 in the SI). Obviously, a thin-film Pebax
membrane is not stable in the presence of liquid water because
of excessive swelling, while it is the improved interlayer
adhesion that prevents the selective layer of Pebax from
deterioration.

When the experimental results in this study and our 5prev1ous
studies about interfacial stability are summarized,*>*">"*
concluded that the desired interface structure of a WSP-based
composite membrane for CO, capture should satisfy three
requirements: (1) the surface of the support layer should be
hydrophilic enough to ensure compatibility between two layers;
(2) a proper pore size of the support layer is required for
appropriate pore intrusion, which is crucial to guaranteeing a
highly stable interface; (3) the functional groups at the surface
of the support layer are more capable of enabling preferential
CO, adsorption.

The effect of the Pebax concentration in the coating solution
is shown in Figure 6. Because the Pebax concentration mainly
determines the active layer thickness, this figure is replotted
versus the thickness of the active layer. CO, permeance
decreases with the increment of the active layer thickness, while
CO,/N, selectivity increases. Such a tendency can be
interpreted by the increase of the membrane compactness.
Figure 6 also allows us to select the appropriate concentration
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and 5%, respectively, from the left to right sides (25 °C and 3 bar).

of the coating solution, according to application requirements.
For example, the membrane prepared using a 1% Pebax
solution exhibits high CO, permeance (3323 GPU) and
moderate CO,/N, selectivity (28.9), while the membrane
prepared using a 4% Pebax solution exhibits moderate CO,
permeance (784 GPU) and high CO,/N, selectivity (130).
Although the former membrane is favored according to the
viewpoint of Merkel et al,° the latter membrane may also be
useful when high CO, purity is required.”

The effect of the feed pressure is shown in Figure 7. Unlike
facilitated transport membranes, the membranes fabricated in
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Figure 7. Effect of the operating pressure on the CO, capture
properties of Pebax/PES—F127(15) (25 °C).

this study do not show remarkable decrement of CO,
permeance and CO,/N, selectivity with the increment of the
feed pressure, indicating that the separation performance of
Pebax does not rely much on the facilitated transport
mechanism. Although a slight decrease of CO, permeance
and CO,/N, selectivity along with the feed pressure is
observed, CO, permeance higher than 1000 GPU with CO,/
N, selectivity higher than 90 is maintained in the whole range
of feed pressure.

3.3. Comparison with Other Composite Membranes
and Asymmetric Membranes. The CO, capture perform-
ances of some representative composite membranes and
asymmetric membranes are summarized in Table 3. Obviously,
the membranes with WSP-selective layers exhibit superior CO,
capture performance under humidified conditions. With no

doubt, this type of CO, capture membrane should be paid
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Table 3. Comparison of the Membrane Separation Properties of Other Composite Membranes and Asymmetric Membranes

with the Current Work

CO, permeance CO,/N,
membrane GPU) selectivity®
PIM-1—Matrimid (asymmetric) 2124 24.5
Utem—ZIF-8 (asymmetric) 26 36
PSf—carbon xerogel (asymmetric) 95.4 43.6
Pebax—PEG/PAN 93" 70°
PDMAEMA—-PEGMEMA/PSf 30 31
PVAm/PPO 440 183
Polaris 1000 50
polyactive/PDMS/PAN 2330° 30
5000° 30
925" ss?
DAmBS—DGBAmME—TMC/PDMS/PSf 5830 86
2000° 30°
DNMDAm—DGBAmME—TMC/PDMS/ 1600 138
PSf
650" 6s”
PVAm—PIP/PSf 6500 277
3690" 8s®
Pebax/PES—F127(15) 1275 109.6
1228 106.4
Pebax/PES—F127(20) 1670 854

testing conditions ref

pure gas, RT, 2 bar, dry membrane 12
mixed gas (20 vol % CO,), 35 °C, 100 psia, dry membrane S3
pure gas, RT, S bar, dry membrane S4
mixed gas (25 vol % CO,), 20 °C, 8 bar, dry membrane 45
25 °C, 1 bar, humidified membrane 55
mixed gas (10 vol % CO,), 25 °C, S bar, humidified membrane 14
not provided 6
pure gas, 60 °C, 1 bar, dry membrane 16
pure gas, 60 °C, 1 bar, humidified membrane 17
mixed gas (15 vol % CO,), 20 °C, S bar, dry membrane 16
mixed gas (15 vol % CO,), 25 °C, 1.1 bar, humidified 25

membrane
mixed gas (15 vol % CO,), 25 °C, S bar, humidified membrane
mixed gas (15 vol % CO,), 25 °C, 1.1 bar, humidified S

membrane
mixed gas (15 vol % CO,), 25 °C, S bar, humidified membrane
mixed gas (15 vol % CO,), 25 °C, 1.1 bar, humidified 24

membrane

mixed gas (15 vol % CO,), 25 °C, 6 bar, humidified membrane

mixed gas (10 vol % CO,), 25 °C, 3 bar, humidified membrane  this work
mixed gas (10 vol % CO,), 25 °C, S bar, humidified membrane  this work
mixed gas (10 vol % CO,), 25 °C, 3 bar, humidified membrane  this work

“The values were mostly calculated as the ratio of CO, permeance to N, permeance. "Values are approximated from plots. “Values are estimated
from permeability data of a homogeneous membrane by assuming a thickness of 50 nm.

more attention from both scientific and engineering viewpoints.
The membranes fabricated in this study show rather high CO,
permeance and CO,/N, selectivity, especially when the feed
pressure increases up to S bar or higher. As suggested by Yave
et al,* the addition of low-molecular poly(ethylene glycol)
(PEG) into the selective layer is expected to further enhance
CO, permeance.

4. CONCLUSIONS

In this study, high-performance composite membranes were
designed and fabricated following a novel strategy of enriching
CO,-philic PEO groups at the interface, which could be readily
realized by surface segregation of PEO-containing block
copolymers during the fabrication of a porous support layer.
With a thin film of WSP as the selective layer, the composite
membranes display high CO, permeance, high CO,/N,
selectivity, and high structural stability at a humidified state.
PEO-enriched interfacial zone not only served to increase the
preferential sorption of CO, but also enhanced the interfacial
adhesion (confirmed by T-peel and PAS data) and stability. On
the basis of the experimental results and previous literature, a
picture of the desired interfacial structure of a WSP-based
composite membrane for CO, capture was tentatively depicted.
In the future, other polar groups are expected to be enriched at
the interface of composite membranes by surface modification
of the support layer, so as to further enhance the separation
performance and interfacial stability. Also, different WSPs can
be used as selective materials to investigate how the adjacent
layers can be well matched.
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© Supporting Information
Gas-permeation apparatus scheme, FESEM images, FT-IR
spectra, and some other supporting data for structure
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characterization, including the calculating method of the
surface coverage of PEO, the effect of the temperature on the
membrane performance, and long-term stability. This material
is available free of charge via the Internet at http://pubs.acs.org.
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