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ABSTRACT: In this study, polyzwitterion is introduced into
a CO, separation membrane. Composite particles of
polyzwitterion coated carbon nanotubes (SBMA@CNT) are
prepared via a precipitation polymerization method. Hybrid
membranes are fabricated by incorporating SBMA@CNT in
polyimide matrix and utilized for CO, separation. The
prepared composite particles and hybrid membranes are
characterized by transmission electron microscopy (TEM)
with element mapping, field emission scanning electron
microscopy (FESEM), Fourier transform infrared (FTIR)
spectra, differential scanning calorimetry (DSC) and an
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electronic tensile machine. Water uptake and water state of membranes are measured to probe the relationship among water
uptake, water state and CO, transport behavior. Hybrid membranes show significantly enhanced CO, permeability compared to
an unfilled polyimide membrane at a humidified state. A hybrid membrane with S wt % SBMA@CNT exhibits the maximum
CO, permeability of 103 Barrer with a CO,/CH, selectivity of 36. The increase of CO, permeability is attributed to the
incorporation of the SBMA@CNT composite particles. First, SBMA@CNT form interconnected channels for CO, transport due
to the facilitated transport effect of the quaternary ammonium in repeat unit of pSBMA. Second, SBMA@CNT improve water
uptake and adjust water state of membrane, which further increases CO, permeability. Meanwhile, the variation of CO,/CH,
selectivity is dependent on the bound water portion in the membrane. A gas permeation test at a dry state and a pressure test are
conducted to further probe the membrane separation performance.
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1. INTRODUCTION

CO, capture is a crucial industrial process due to the necessity
of natural gas purification and the urgency of controlling global
warming.' > Polymer-based membrane gas separation is
considered as a promising technology for CO, capture because
of the prominent advantages of high energy efficiency, design
flexibility, scale-up simplicity and environmental friendliness.*~®
Generally, a good gas separation membrane should possess
high permeability, desirable selectivity, robust mechanical
property and good operation stability.”® Nowadays, glassy
polymers constitute the majority of membrane materials,
attributed to their high separation factor.” > The compact
chain packing below glass transition temperature endows glassy
polymers with desirable diffusion selectivity for gas separation
as well as good mechanical and thermal stability.'>'* However,
the gas transport property in a glassy polymer membrane is
quite sensitive to the inherent structure of a polymer,'® i.e.,
interchain spacing and chain mobility. Thus, a glassy polymer
membrane with high selectivity often has relatively low
permeability,”'®'” which should be rationally solved for
practical application.
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Polyimide is a most representative type of glassy polymer and
is widely considered as the preferred membrane material for
CO, capture.'®** A lot of studies focus on increasing the CO,
permeability of polyimide membranes. An effective approach is
the specific tailoring of the polyimide molecular structure by
incorporating bulky bridging groups via chemical synthesis,
which could restrain polymer chain packing, increase fractional
free volume of membrane, thereby increasing CO, perme-
ability.>>~*” Another simple and versatile approach is to prepare
a hybrid polyimide membrane by incorporating selective or
nonselective particles,”® ¢ which are expected to adjust
polymer chain mobility, affect interfacial morphology, construct
gas diffusion routes or facilitate CO, transport, ultimately
increasing CO, permeability. However, in consideration of the
industrial demand of CO, permeance, further efforts are still
needed to fabricate a highly permeable polyimide membrane
with desirable selectivity. It is another noticeable problem that
few polyimide membranes perform well at a humidified state in
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Scheme 1. Preparation Process of the SBMA@CNT Composite Particles
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reported studies because the polymer chain of polyimide is 2. EXPERIMENTAL SECTION
highly hydrophobic and rigid. A highly hydrophobic polymer 2.1. Materials. Matrimid 5218 (PI), 3-(methacryloxy) propyl-
chain could not absorb sufficient water to benefit from water trimethoxysilane (MPS) and ethylene glycol dimethacrylate
swelling, whereas a rigid polymer chain would even suffer from (EGDMA) were purchased from Alfa Aesar China Co., Ltd. Hydroxyl
a blockage effect or the competitive adsorption between water modified multiwalled carbon nanotubes (CNT) were purchased from
and CO, molecules.®”~*° Considering that water is an essential Nanjing XFNANO Materials Tech Co., Ltd. Zwitterionic monomer,
2o P d' ¢ &t a4 .. . N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium
comp one.nt In reed gases o CQZ separation, 1t Is necessary betaine (SBMA) was purchased from Sigma-Aldrich. Methacrylic acid
to exploit novel methods to improve the performance of a (MAA), 2,2'-azoisobutyronitrile (AIBN), N,N-dimethylformamide
hydrophobic polymer membrane at a humidified state. (DMF) and ethanol were purchased from Tianjin Guangfu Fine
Very recenﬂy’ polyzwitterion has attracted much attention in Chemical Engineering Institute. Acetonitrile was purchased from
the research of biomedical and engineering materials because of Tianjin Kewei Co,, Ltd. Deionized water was used in the whole
its super hydrophilic property.**™* Owing to the unique experiment.

P 4 PA ] property. ) 8 ) ! ] 2.2. Preparation of the SBMA@CNT Composite Particles. As
structure, polyzwitterion could bind water via electrostatic shown in Scheme 1, CNT and MPS were first blended in ethanol and
interaction while other hydrophilic materials, e.g., poly(ethylene reacted at 50 °C for 48 h to graft CNT with C=C bonds. Then the
glycol), form the hydration via hydrogen bond interaction.*¢ polymerization of SBMA on the modified Cl\gszwas conducted
Research of poly(sulfobetaine methacrylate) (pSBMA), a through precipitation polymerization method.””” The specific

. e .1 . procedure was as follows: 0.04 g of aforementioned modified CNT
typical polyzwitterion, indicates that eight water molecules . . . iy .

) ) ) was dispersed in a mixture of acetonitrile—water (3:1 vol %) assisted
could be strongly bonded on each sulfobetaine unit while n};ig by ultrasonication for 1 h. Afterward, 0.4 g of SBMA, 0.02 g of AIBN,
water molecules are loosely adsorbed simultaneously.”” 0.1 mL of MAA and 0.4 mL of EGDMA were added in the mixture at
Besides the strong water hydration capacity, pSBMA might 25 °C. Then the mixture was heated to boiling state and reacted for 80
have preferential affinity toward CO, because the quaternary min. After separated and washed with ethanol, the products were dried
ammonium in its repeat unit is considered to be able to at 40 °C in a vacuum oven for 24 h.
facili 49,50 he b ¢ 2.3. Preparation of the Membrane. Unfilled PI membrane was

acilitate CO, transP ort.. ) Howe\.rer, ‘to t € est. ot our prepared by casting a 6 wt % PI solution (DMF as solvent) onto a
knowledge, few studies utilize POIYZWIttenon In preparing CO, glass mold. The solvent evaporation process was conducted at 50 °C
separation membranes. for 12 h. Then the membrane was treated for 12 h at 80 °C and
In this study, we attempt to incorporate polyzwitterion in another 48 h at 120 °C. As for the preparation of hybrid membranes, a
polymeric membrane to enhance CO, separation performance. certain amount of SBMA@CNT composite particles was added in
A hvbrid b is desiened by flli lvzwitteri CNT DME solvent and dispersed for 10 min by an ultrasonic cell disruption
4 rl_ mem r.ane 18. esigned by . 1_ng po yZWI enon@ machine, then further dispersed by an ultrasonic machine for 1 h.
composite particles into a polyimide matrix. Specifically, Afterward, PI was added into the suspension and stirred for S h to
pSBMA is selected as a multifunctional additive to effectively obtain a 6 wt % PI solution with dispersed SBMA@CNT composite
increase CO, permeability. The carbon nanotube (CNT) is particles. The membrane casting procedure and post processing were
selected as the supporter for pSBMA because it is unique in similar to the unfilled PI membrane. Hybrid membranes were denoted
shape and easily modified. Polyimide is selected as the polymer as PI-SBMA@CNT(x), where  is the particle content (wt %) in
) o " . v polymer matrix.

matrix because it is a typical glassy polymer with a rigid and 2.4. Characterization and Water Measurement. Morphology
hydrophobic chain. The interconnected SBMA@CNT compo- and elemental mapping of the composite particles were obtained by a
site particles are prepared and used to fabricate a hybrid transmission electron microscopy (TEM, Tecnai G2 20 S-TWIN).
membrane. The hybrid membranes show significantly Cross section morphology of membrane was observed with field
s . .. emission scanning electron microsco FESEM, Hitachi S-4800).

enhanced CO, permeability and desired selectivity at a 8 Py
humidified W K d ¢ b Fourier transform infrared (FTIR) spectra of the particles and
umidified state. Water uptake a'n wiater state of membranes membranes were obtained with a FTIR spectrometer (Nicolet FTIR
are measured to probe the relationship among water uptake, 6700 equipped with horizontal attenuated total reflectance accessory).
water state and CO, transport behavior. Glass transition temperatures of membranes were measured with a
13052 dx.doi.org/10.1021/am502936x | ACS Appl. Mater. Interfaces 2014, 6, 13051—13060
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Figure 1. TEM images and element mapping of SBMA@CNT composite particles.

Netzsch DSC 200F3 calorimeter in the temperature range of 50—400
°C. Mechanical properties of membranes were measured by an
electronic tensile machine (Yangzhou Zhongke WDW-02).

Water uptake and water state in membranes were measured with
the method described in literature.®> Membranes were weighed (m,)
after gas permeation experiments. Then the membranes were heated at
100 °C for 12 h in an oven to remove free water and reweighed (m,).
Afterward, the membranes were heated again at 150 °C for 12 h to
remove bound water then reweighed (m;). The content of total water
(W, %), free water (W, %) and bound water (W;, %) could be
calculated by egs 1, 2 and 3, respectively.

W, = (m; — my)/my X 100% (1)
W; = (m; — m,)/my X 100% ()
W, = (m, — my)/my X 100% (3)

2.5. Gas Permeation Test. A mixed gas CO,/CH, (30/70 vol %)
permeation test of the humidified membrane was conducted at 30 °C
in a feed pressure range of 2—16 bar using a conventional constant
pressure/variable volume technique. Membranes samples had been
immersed in water for 10 days to get sufficient water absorption before
they were tested. The test apparatus scheme was described in our
previous work.>* Typical measurement was conducted at 2 bar. Feed
gas was saturated with water vapor (relative humidity >98%)>>*° by
passing through a water bottle (35 °C). N, was used as a sweep gas
and humidified at room temperature. The composition of the
permeate gas was measured every 10 min until the data was steady
(at least 6 h) using gas chromatography (Agilent 6820). Gas
permeability (P, Barrer, 1 Barrer = 107° cm® (STP) cm/(cm?® s
cmHg)) was obtained from average value of two tests by eq 4.

_Q
L apA (4)

where Q, is the gas volumetric flow rate (cm®/s)(STP), I is the
membrane thickness (cm), Ap; is partial pressure difference across the
membrane (cmHg) and A is the effective membrane area (cm?). The
mixed gas selectivity (aii) was calculated by eq 5.

©)

Gas permeability of dry membrane was also tested for comparison
and assistant elucidation. Because the gas permeability of a Matrimid
membrane at a dry state was minor compared with a humidified state,
it was tested by “time-lag” method®” to get accurate result. To be
comparable with the aforementioned humidified test, dry membrane
samples had been kept at 40 °C for 10 days after they were prepared
and then used for the gas permeation test. The test was conducted at
30 °C and 2 bar of the high-pressure side after being evacuated for 8 h
to remove the possibly dissolved species in membranes.

3. RESULTS AND DISCUSSION

3.1. Characterization. The morphology and element
mapping of SBMA@CNT composite particles are obtained
by transmission electron microscopy (TEM). As shown in
Figure la—d, the pSBMA layer (about 20 nm) is coated on
CNT through a precipitation polymerization method. The
particles show an interconnected channel morphology without
obvious aggregation. Element mapping of the region in the
right square in Figure le is shown in Figure 1f—j, for C, O, §, N
and Si, respectively. S and N are characteristic elements of
pSBMA whereas Si is a characteristic element of the cross-link
agent in the synthetic process of particles. Elements mapping
confirms that the pSBMA layer is coated on CNT and well-
distributed.

dx.doi.org/10.1021/am502936x | ACS Appl. Mater. Interfaces 2014, 6, 13051—13060
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The morphology of membrane cross section is observed with
field emission scanning electron microscopy (FESEM). As
shown in Figure 2, membrane structures are strongly affected

Figure 2. SEM images of cross section of membranes (a, b) unfilled PI
membrane, (¢, d) PI-SBMA@CNT(2) and (e, f) PI-SBMA@
CNT(10).

by the incorporation of particles. Hybrid membranes show
rougher cross sections than that of unfilled PI membrane.
Meanwhile, the incorporation of particles forms interconnected
network morphology and high particle loading generates
defects in membrane. Besides, SBMA@CNT composite
particles are dispersed in the polymer matrix without severe
aggregation, resulting in a relatively uniform cross section
morphology.

Chemical structures of the particles and membranes are
confirmed by FTIR spectra. As shown in Figure 3a, spectrum of
SBMA@CNT composite particles presents characteristic bands
at 1720 cm™" due to stretching vibration of esterified carbonyl,
1170 cm™" due to organic sulfate, 1030 cm™" due to quaternary
ammonium, corresponding to the chemical structure of
SBMA.>® The spectrum of the unfilled PI membrane shows
characteristic bands at 1780 cm™ and 1720 cm™ due to the
stretching vibration of C=0 bond in imide ring and at 1360
cm™ due to stretching vibration of C—N bond in the imide
ring, corresponding to the chemical structure of PL>” Hybrid
membranes show similar characteristic spectra to the unfilled PI
membrane without distinct variation. However, because both
SBMA@CNT and polyimide show characteristic bands at 1720
cm™’, spectra of hybrid membranes with high particle content
show a split near 1720 cm™', which might be caused by the
influence between similar band positions of groups.

Glass transition temperatures (Tg) of membranes are
measured by differential scanning calorimetry (DSC). As
shown in Figure 4, the T, of unfilled PI membrane is about
328 °C whereas T, of the hybrid membranes slightly decrease
with the increment of the particle content. The PI-SBMA@
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Figure 3. (a) FTIR spectrum of SBMA@CNT composite particles (b)
FTIR spectra of membranes.
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Figure 4. DSC curves of membranes.

CNT(10) membrane shows a glass transition at about 322 °C.
Because T, is commonly related to polymer chain mobility, the

dx.doi.org/10.1021/am502936x | ACS Appl. Mater. Interfaces 2014, 6, 13051—13060
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variation of T, indicates that the incorporation of particle does
not cause severe rigidification of polymer chains whereas
slightly enhances polymer chain mobility. The reason might be
that the polyzwitterion layer weakens the rigidification effect of
uncoated CNT***! in polymer membrane matrix.

Mechanical properties of membranes are tested after the
humidified gas permeation test (Table 1). In general, the

Table 1. Mechanical Properties of Membranes (25 °C)

break Young’s

strength maximum modulus

membrane (MPa) elongation (%) (MPa)
PI 79+ 3 15.90 + 0.90 1382 + 52
PL-SBMA@CNT(1) 77 +3 591 + 041 1492 + 59
PL-SBMA@CNT(2) 74 + 1 5.87 + 0.16 1398 + 33
PI-SBMA@CNT(3) 3412 191 + 0.11 1759 + 77
PI-SBMA@CNT(10) SS+3 4.89 + 0.28 1134 + 42

incorporation of the particle results in a decreased strength and
plasticity but an increased elasticity of the membranes. The
results could be explained as follows: because incorporating
interconnected particles causes defects structure such as cavity
and void in membranes, the strength and plasticity of the
membranes decrease with the increased particle content.
However, when the particle content further increases to 10
wt %, the strength and plasticity of the membranes turn to
increase due to the strong cohesion between the pSBMA layer
on the particles. However, the elasticity of membranes
improves with the incorporation of the particles, which might
be attributed to the extreme high Young’s modulus of CNT.
3.2. Water Uptake and Water State. Because water is a
major concern in this study, water uptake and water state are
measured to probe the relationship between water and CO,
transport. As shown in Table 2, water uptake of hybrid

Table 2. Water Uptake and Water State

free water/
total water

bound water/

total water total water

membrane (g/g membrane) (%) (%)
PI 0.107 £ 0.004 19.5 £ 0.9 80.5 £ 0.9
PL-SBMA@CNT(1) 0109 + 0003 252+ 11 745+ L1
PLSBMA@CNT(2) 0.109 + 0002 229 +06 771+ 06
PLSBMA@CNT(S) 0.116 + 0005 172 +07 828 + 07
PLSBMA@CNT(10)  0.110 + 0005 227 +09  77.3 + 0.9

membrane is generally higher than that of unfilled PI
membrane and reaches a maximum when the particle content
is 5 wt %. Meanwhile, bound water portion of hybrid
membrane is generally higher than that of unfilled PI
membrane but reaches a minimum when the particle content
is S wt %.

These results could be interpreted by combining the effect of
pSBMA and the structure feature of hybrid membranes. When
SBMA@CNT is first incorporated in membranes, water uptake
of membrane increases due to the excellent hydrophilicity of
pSBMA. It could tightly bind water molecules at the positively
charged group (N* (CHj;);) and the negatively charged group
(SO;7) via electrostatic interaction,* forming a bound water
layer at the interface between the particle and polymer matrix.
Then an additional free water layer would form on the bound
water layer,°>®" which further increases the total water uptake
but decreases the bound water portion. When the particle

content is 5 wt %, major free water is absorbed in polymer
matrix resulting in the maximum water uptake but minimum
bound water portion. It is should be noticed that, when the
particle content becomes even higher as 10 wt %, the total
water uptake turns to decrease. It is because strong cohesion
forms between the excessively interconnected structures of
SBMA@CNT, confining the entire membrane structure,
limiting free water further absorbed in membrane.

3.3. Gas Permeation Test. 3.3.1. Dry Gas Permeation.
Pure gas permeability at dry state is tested for comparison and
assistant elucidation. As shown in Table 3, the incorporation of

Table 3. CO, Permeability and CO,/CH, Selectivity of
Membranes at Dry State

membrane CO, permeability (Barrer) CO,/CH, selectivity
PI 62 + 0.3 428 + 2.1
PL-SBMA@CNT(1) 59 + 02 452 + 18
PL-SBMA@CNT(2) 57402 48.8 + 2.4
PLSBMA@CNT(S) 48 + 0.1 733 + 33
PI-SBMA@CNT(10) 41 +02 97.0 = 4.5

SBMA@CNT causes a decline of CO, permeability and an
increase of CO,/CH, selectivity of membranes. The decline of
CO, permeability should be ascribed to the addition of the
impermeable particles. Although the DSC result implies a slight
improvement of polymer chain mobility with the incorporation
of SBMA@CNT, the close-ended particles form an imperme-
able region in the polymer matrix, leading to more tortuous gas
transport routes in the membrane. Besides, at the dry state,
pSBMA does not show a distinct facilitated transport effect on
CO, molecule. Thus, CO, permeability shows a certain decline.
Meanwhile, with larger kinetic diameter, CH, permeability
decreases more severely with the incorporation of particles,
leading to an increased CO,/CH, selectivity of the membrane.

3.3.2. Humidified Gas Permeation. Separation properties of
membranes at a humidified state are completely different from
the previously discussed dry state. As shown in Figure 5, CO,
permeability significantly increases when incorporating
SBMA@CNT in the polymer matrix. It shows a maximum
increment of about 107% compared to the unfilled PI
membrane when the particle content is 5 wt %. Meanwhile,
the selectivity of CO,/CH, first increases when the particle
content is 1 wt %, then shows a decline and reaches a minimum
when the particle content is 5 wt %. Comparing the difference
between membrane performance at dry state and at humidified
state, it could be inferred that water plays a key role in the
separation process.

In the presence of water, the enhanced CO, permeability of
membrane could be interpreted by the structure—property
relationship. First, it should be attributed to the facilitated
transport effect of SBMA@CNT composite particles. As we
know, quaternary ammonium is considered to effectively
facilitate CO, transport due to the specific interaction between
quaternary nitrogen and CO, in the presence of water.* In this
study, the pSBMA layer containing quaternary nitrogen is
coated on CNT through precipitation polymerization, which
provides more dense functional groups compared with other
modification methods of CNT such as surface treatment,
noncovalent functionalization and chemical grafting.*>~%* To
detect the specific interaction between CO, and the hybrid
membrane, we conduct FTIR measurements of CO, adsorption
and desorption within membranes because it is commonly

dx.doi.org/10.1021/am502936x | ACS Appl. Mater. Interfaces 2014, 6, 13051—13060
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Figure S. CO, permeability and CO,/CH, selectivity of membranes at humidified state.

employed as a simple method to examine facilitated trans-
port.>® The unfilled PI membrane and PI-SBMA@CNT(5)
membrane are used for comparison. CO,-absorbed membrane
samples were prepared by putting membranes in humidified
CO,-filled sample bags for 6 h. CO,-desorbed membrane
samples were prepared by exposing the aforementioned CO,-
absorbed membrane samples to humidified air for 6 h. As
shown in Figure 6b, the CO,-absorbed PI membrane
(spectrum B) shows a new peak at 2400—2300 cm™’,
corresponding to the CO, asymmetric stretching vibration
compared with the original PI membrane (spectrum A). This
peak disappears after CO, is desorbed from the PI membrane
(spectrum C), confirming that the peak arises from the
absorption of CO,. The CO,-absorbed hybrid membrane
(spectrum E) shows some new peaks in the regions marked in
Figure 6 (a) compared with the original hybrid membrane
(spectrum D), indicating that new bonds form when hybrid
membrane absorbs CO,.°® Some of the new peaks are hard to
identify whereas the peaks assigned to CO, are distinct,
confirming the reversible interaction. The peak at 2345 cm™
corresponding to CO, asymmetric stretching vibration appears
to be more sharp and strong but less broad than CO,-absorbed
PI membrane (spectrum B), which is a proof of that CO, forms
complex through electron donor—acceptor interactions.’’”
Meanwhile, the new peak at 655 cm™ in spectrum E is
another dlStlnCt evidence of CO, forming complex according to
literature.”” After CO, has been desorbed from the hybrld
membrane for 20 min (spectrum F), the peak at 655 cm™

disappears and the peak at 2400—2300 cm™" turns to be same
shape as that in spectrum B, indicating that the reversible
interaction disappears while only physical adsorption still exists
in the membrane. After CO, has been desorbed from the
hybrid membrane for 6 h (spectrum G), CO, peaks disappear
and the spectrum looks similar to that of hybrid membrane
without absorbing CO, (spectrum D), implying that all CO, is
desorbed from the membrane. Thus, CO, could reversibly
interact with the hybrid membrane but could not interact with
the unfilled PI membrane, indicating that the interaction should
be attributed to the addition of the SBMA@CNT particles. To
be more specific, in these hybrid membranes, pPSBMA layer

with quaternary ammonium could conduct as facilitated
transport channels at the interface between SBMA@CNT
and polymer matrix. In these interconnected channels, CO,
molecules rapidly pass through due to the reversible reaction
with quaternary nitrogen, which results in significantly
enhanced CO, permeability.

Second, CO, permeability is increased due to the improved
water uptake of membrane. Both bound water and free water
could significantly increase the CO, permeability while bound
water could simultaneously maintain a preferable selectiv-
ity.%*%° Before interpreting the hybrid membrane property, the
unfilled PI membrane property at the dry state and humidified
state should be compared first. The humidified PI membrane
(after immersed in water for 10 days) shows a distinctly
increased CO, permeability of 49.8 Barrer compared to 6.2
Barrer at the dry state, which is benefited from water swelling.
On one hand, water could enhance polymer chain mobility,
enlarge the space between polymer chains’® and lead to
increased gas permeability in polymer matrix. On the other
hand, water itself could serve as a highly permeable region
within the membrane because CO, permeability in pure water
is as high as 1923 Barrer,”' quite higher than those of most
polymer matrices. For a hybrid membrane, when the SBMA@
CNT content increases, the highly hydrophilic pSBMA forms a
strongly bonded water layer, leads to an increased water uptake
and further increases CO, permeability. CO, permeability
shows a maximum when the particle content is 5 wt %, then
turns to decease when the particle content becomes even
higher. It might because the strong cohesion between
excessively interconnected SBMA@CNT generates a much
more confined space in the polymer network and limits gas
transport and the water swelling degree, ultimately rendering
lower CO, permeability.

In general, CO,/CH, selectivity is positively correlated with
the bound water portion in these membranes. The result
corresponds to the beneficial effect of bound water on CO,
transport. Quaternary ammonium of pSBMA selectively
facilitates CO, transport with the assistance of the inner
bound water layer. In the outer free water layer, CO, selectivity
is relatively lower than that in the bound water layer, just as in

dx.doi.org/10.1021/am502936x | ACS Appl. Mater. Interfaces 2014, 6, 13051—13060
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Figure 6. FTIR spectra of CO, adsorption and desorption within membranes. A, PI membrane; B, CO,-absorbed PI membrane; C, CO,-desorbed
PI membrane; D, hybrid membrane; E, CO,-absorbed hybrid membrane; F, CO,-desorbed hybrid membrane (20 min); G, CO,-desorbed hybrid

membrane (6 h).

bulk water. In other words, excessive free water in the
membrane would lead to lowered selectivity.”*® When the
particle content is 5 wt %, the hybrid membrane possesses the
highest total water uptake but the lowest bound water portion,
which results in the highest CO, permeability but the lowest
selectivity.

Because few previous studies simultaneously provide gas
permeation test results at both dry and humidified states, the
comparison of membrane performances between these two
states in this study might provide an insight into the key effect
of water.

3.4. Pressure Test. A pressure test is conducted at 2—16
bar to acquire more comprehensive information about
membrane performance. As shown in Figure 7a, CO,
permeability shows a minimum at about 8 bar, the so-called
plasticization pressure. Meanwhile, CO,/CH, selectivity
monotonously decreases with the increased feed pressure. At
pressures lower than 8 bar, CO, permeability decreases with the

13057

increased pressure due to the saturation of Langmuir
absorption sites.”” When the pressure is further raised to 16
bar, high CO, concentration swells the polymer matrix, disrupts
the chain packing and enhances the chain mobility, resulting in
increased CO, permeability. Meanwhile, CO, induced
plasticization accelerates CH, transport because of the
enhanced polymer chain mobility and enlarged free volume
in membrane, resulting in decreased selectivity.”>’* The
plasticization pressure in this study is relatively low and it
might be caused by the presence of water, which is also a
plasticizer in a polymer matrix and leads to an accelerated
plasticization. A lot of studies indicate that the plasticization
phenomenon could be effectively suppressed by thermal
annealing or cross-linking, whereas it is out of our concern in
this study. The membranes in this study are not treated through
thermal or chemical methods for antiplasticization and show
typical CO, induced plasticization effect on polyimide
membranes.
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Figure 7. (a) Effect of feed pressure on CO, permeability of membrane and (b) effect of feed pressure on CO,/CH, selectivity of membrane.

4. CONCLUSION

A novel hybrid membrane is designed and prepared by
incorporating SBMA@CNT composite particles into a
polyimide matrix. The hybrid membrane shows significantly
increased CO, permeability compared to an unfilled PI
membrane due to the existence of multifunctional polyzwitte-
rion. When the particle content is 5 wt %, the hybrid membrane
exhibits the maximum CO, permeability of 103 Barrer with
CO,/CH, selectivity of 36. The enhanced CO, separation
property primarily arises from the facilitated transport effect of
SBMA@CNT composite particles. Meanwhile, the particles
also enhance the water uptake of the membrane, which further
increases the CO, permeability. Selectivity of the membrane is
dependent on the bound water portion in the membrane. The
different separation performance of membranes at the
humidified state and dry state indicates the crucial role of water.
The enhanced separation performance of the hybrid
membrane suggests the potential application of a polyzwitterion
material in modifying CO, capture membranes, especially those
membranes with a rigid and hydrophobic polymer chain.
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