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ABSTRACT: A novel multi-permselective mixed matrix mem-
brane (MP-MMM) is developed by incorporating versatile fillers

> o LOU \"7

functionalized with ethylene oxide (EO) groups and an amine carrier C0oala® Ak - \,lH. -
into a polymer matrix. The as-prepared MP-MMMs can separate CO, P o | @ ?7 \'“l"fw ) blr;l;‘”
efficiently because of the simultaneous enhancement of diffusivity ~ N

selectivity, solubility selectivity, and reactivity selectivity. To be -~ R

specific, MP-MMMs were fabricated by incorporating polyethylene > Voo \\\

glycol- and polyethylenimine-functionalized graphene oxide nano-
sheets (PEG—PEI-GO) into a commercial low-cost Pebax matrix.

GO [ | Pebax®* @@ CO;molecule CH, or N; molecule

The PEG—PEI-GO plays multiple roles in enhancing membrane

performance. First, the high-aspect ratio GO nanosheets in a polymer matrix increase the length of the tortuous path of gas diffusion
and generate a rigidified interface between the polymer matrix and fillers, enhancing the diffusivity selectivity. Second, PEG consisting
of EO groups has excellent affinity for CO, to enhance the solubility selectivity. Third, PEI with abundant primary, secondary, and
tertiary amine groups reacts reversibly with CO, to enhance reactivity selectivity. Thus, the as-prepared MP-MMMs exhibit excellent
CO, permeability and CO,/gas selectivity. The MP-MMM doped with 10 wt % PEG—PEI-GO displays optimal gas separation
performance with a CO, permeability of 1330 Barrer, a CO,/CH, selectivity of 45, and a CO,/N, selectivity of 120, surpassing the
upper bound lines of the Robeson study of 2008 (1 Barrer = 107'° cm® (STP) em™ s™! cm™ Hyg).

1. INTRODUCTION

Membrane technology has shown great potential in CO,
capture from economic and environmental perspectives.l_3
Mixed matrix membranes (MMMs) consisting of a polymer as
the continuous phase and an inorganic filler as the dispersed
phase* can potentially overcome Robeson’s upper bound trade-
off limit.>® The fillers embedded in the polymer matrix are
classified into conventional fillers (zeolites, silicas, and metal
oxides) and alternative fillers [carbon nanotubes (CNTs),
metal organic frameworks (MOFs), and graphenes].7_l7 These
fillers provide the possibility of improved development of high-
performance membranes with the aid of the properties and
functionalization of fillers.

Graphene oxide (GO) is a good candidate as a nanofiller in
MMMs because of its high aspect ratio (>1000), easy surface
functionalization, and high thermal and mechanical proper-
ties."®'? The high-aspect ratio fillers increase the length of the
tortuous path of gas diffusion in the polymer matrix and reduce
the mobility of polymer chains. This will restrict the diffusion of
larger molecules but favor the diffusion of small molecules with
less resistance, thus improving gas diffusivity selectivity.”">°
Because ethylene oxide (EO) groups possess excellent affinity
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for polar gases like CO,, the introduction of EO groups into
membranes can achieve high CO,/gas selectivity because of
the increase in solubility selectivity.”*~> In addition, CO, is an
acidic gas, and basic groups such as amine groups are widely
used as CO, carriers. The reactivity selectivity of membranes is
enhanced by increasing the content of amino groups due to the
reversible reactions between CO, and amine groups.**">* The
reactions between CO, and amino groups in the presence of
water were reported as follows:

2CO, + 2RNH, + H,0
< RNHCOOH + RNH," + HCO;~ (1)

2CO, + 2RR'NH + H,0
< RR'NCOOH + RR'NH," + HCO,~ )

CO, + RRR'N + H,0 «& RR'R'NH" + HCO,”  (3)
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where R, R’, and R” may be the same organic group or different
organic groups.

For example, Ismail et al.* found that the incorporation of
layered silicate into the polymer matrix can increase diffusivity
selectivity, because high-aspect ratio fillers in the polymer
matrix increased the length of the tortuous path for the
diffusion of larger molecules. Filiz et al.”” incorporated PEG-
functionalized polyoctahedral oligomeric silsesquioxanes (POSS)
into a poly(ether-block-amide) (Pebax) matrix and found that
the solubility of CO, increased with increasing PEG—POSS
loading because of the excellent affinity between EO and CO,.
Wang et al.*® fabricated composite membranes containing
polyaniline nanorods, and CO, molecules could transfer quickly
because of the reversible reaction with amino groups. In our
previous work,*® we incorporated amine-functionalized meso-
porous silica into the Pebax matrix and found that abundant
amine groups can efliciently facilitate CO, transport by a
reversible reaction.

As mentioned above, the conventional strategies mainly focus
on the improvement of gas separation performance by enhancing
a single permselectivity, such as diffusivity selectivity, solubility
selectivity, or reactivity selectivity;” >  however, the improve-
ment of membrane performance is always limited. To overcome
the limitations, we proposed a novel concept for fabricating
multi-permselective mixed matrix membranes (MP-MMMs) by
combining diffusivity selectivity, solubility selectivity, and
reactivity selectivity. On the basis of the differences between
CO, and other gases (CH, or N,) in size, condensability,
and reactivity, diffusivity selectivity can be enhanced by
incorporating high-aspect ratio fillers, solubility selectivity
can be enhanced by introducing EO groups, which have
excellent affinity for CO,, and reactivity selectivity can be
enhanced by introducing amine carriers that react reversibly
with CO,.

In this study, MP-MMMs were fabricated by incorporating
GO nanosheets functionalized with polyethylene glycol
monomethyl ether (PEG, EO groups) and polyethylenimine
(PEI, amine carrier) into a commercial low-cost Pebax matrix.
The objective of this study was to simultaneously enhance the
diffusivity selectivity, solubility selectivity, and reactivity
selectivity of membranes. The essence of our discovery is
embodied mainly in the following experiments. The physical
properties of the membranes in terms of microstructure,
thermal stability. and crystallization were investigated; more-
over, the effects of functionalized GO on solubility selectivity,
diffusivity selectivity, and reactivity selectivity were systemati-
cally examined.

2. EXPERIMENTAL SECTION

2.1. Materials. Pebax MH 1657 (Scheme 1) was purchased from
Shanghai Rongtian Chemical Co., Ltd. Natural graphite flake (2500
mesh) was purchased from Qingdao Tianhe Graphite Co. Ltd.
Branched polyethylenimine (PEL; M,, = 20 kDa) was purchased from
Cheng du Geleixiya Chemical Technology Co., Ltd. Polyethylene
glycol monomethyl ether (PEG; M, = S kDa), l-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (EDC), N-hy-
droxysuccinimide (NHS), thionyl chloride (SOCL, 99.7%), and
pyridine (Py, 99.9%) were purchased from Aladdin Chemistry Co.
Ltd. 1,1’-Carbonyldiimidazole (CDI) was purchased from Heowns
Biochemical Technologies Co., Ltd. The dialysis bag [molecular
weight cutoffs (MWCOs) of 3.5 and 10 kDa] was purchased from
Beijing Rui Da Heng Hui Science & Technology Development Co.,
Ltd. Concentrated sulfuric acid (H,SO,, 98 wt %), hydrochloric acid
(HCl), and potassium permanganate (KMnO,) were purchased
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Scheme 1. Chemical Structures of (a) Pebax MH 1657, (b)
PEL and (c) PEG
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from Tianjin Kewei Ltd. A hydrogen peroxide aqueous solution
(H,0,, 30 wt %), sodium nitrate (NaNO,), and N,N-dimethylforma-
mide (DMF, 99.5 wt %) were purchased from Tianjin Guangfu
Technology Development Co. Ltd. (Tianjin, China). All the reagents
were of analytical grade and used without further purification.
Deionized water from a Millipore system (Milli-Q) was used in all
experiments.

2.2. Preparation of PEG—PEI-GO Nanofillers. Graphene oxide
was synthesized by a modified Hummers method.** Graphite powder
(5.0 g) and NaNO; (2.5 g) were dissolved in concentrated H,SO,
(115 mL) while the mixture was being stirred in an ice bath. Then
KMnO, (15.0 g) was added slowly to the mixture while the mixture
was being stirred for 2 h while the temperature was kept below S °C.
The temperature was increased to 35 + 2 °C and the mixture
vigorously stirred for 30 min. Next, 230 mL of distilled water was
added to the mixture while the temperature was kept below 100 °C.
Finally, 20 mL of H,0O, was added dropwise. The mixture was filtered
and washed with 250 mL of an aqueous HCl solution (1:10 HCI:H,0)
to remove metal ions. Then the mixture was centrifuged and washed
with large amounts of water until the filtrate was neutral. The final
product was obtained by centrifugation to remove the large and not
fully exfoliated parts.

The schematic illustration of the preparation of PEG—PEI-GO is
shown in Scheme 2. To prepare the PEI-GO, a 0.5 mg/mL GO
solution was sonicated for 1 h; 54.3 mg/mL EDC and 50.6 mg/mL
NHS were then added to the GO solution. PEI was then added to the

Scheme 2. Hlustration of the Preparation of PEG—PEI-GO

GO
g g
gz
£ 3
(\,\'H; (\'\n/\/‘\”Z H
N :

H,N \/\“/\/\/E.\‘\/\ N
' n
RHZOSA R SN,

PEI-GO

H;( :2

3G s T o=

g Aa

0 i~
(0}
\

\)

\
.

. NH

A O (e

HN MV \/EN\/Nl N
T F a2

PEG-PEI-GO

DOI: 10.1021/acsami.5b00106
ACS Appl. Mater. Interfaces 2015, 7, 55285537


http://dx.doi.org/10.1021/acsami.5b00106

ACS Applied Materials & Interfaces

Research Article

PEL-GO

.
PX ] ~8 14
go.s M E 6 g12
: : 5 10
=04 £ 4 - 8
[=2] (=2 £ 6
®0.2 ® 2 j\ /\/\/\ 2,
T oo AL\ T, £ 2
'w'\‘ W w v 0
-0.2 -2 -2
Figure 1. AFM images of GO, PEI-GO, and PEG—PEI-GO.
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Figure 2. XRD patterns of GO, PEI-GO, and PEG—PEI-GO.

mixture, and the weight ratio of PEI to GO was S5:1. After being
sonicated for S min, the solution was stirred for 1 day at room
temperature. The resulting PEI-GO mixture was dialyzed against
deionized water using a MWCO 3500 dialysis bag for 2 days to
remove the unreacted PEL

To prepare the PEG—PEI-GO, 0.5 mg/mL PEI-GO was sonicated
for 1 h, the activated PEG was added to the solution, and the weight
ratio of PEG to GO was 2:1. The mixture was stirred at room
temperature for 12 h; after that, the mixture was dialyzed by a MWCO
10000 dialysis bag. Then the obtained PEG—PEI-GO fillers were
dried at 50 °C in a vacuum oven for 3 days. The activated PEG was
prepared as follows. PEG (1 g/mL) was dissolved in anhydrous DCM,
and then CDI was added to the PEG solution to reach a concentration
of ~0.03 g/mL. The mixture suspension was reacted overnight under a
nitrogen atmosphere at room temperature. The solvent was
evaporated using a rotary evaporator, precipitated by addition of ice-
cold diethyl ether, and dried under vacuum.

To prepare PEG—GO, a 20 mg/mL GO/DMF solution was
sonicated to obtain a stably dispersed GO solution. The stable
suspension of GO/DMF was refluxed in a 5 mg/mL GO/SOCI,
solution at 70 °C for 24 h, and the excess of SOCI, was removed by
distillation. A 0.4 g/mL PEG/Py solution was added to the resulting
mixture. The mixture was reacted at 120 °C for 3 days while being
stirred. The suspension was filtered, and the resulting PEG—GO was
dried at 40 °C under vacuum.
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Figure 3. FT-IR spectra of GO, PEI-GO, and PEI-PEG—GO.
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Figure 4. TGA curves of GO, PEI-GO, and PEI-PEG—GO.

2.3. Membrane Preparation. MP-MMMs and a pristine Pebax
membrane were prepared by a solution-casting method. To prepare a
4 wt % solution of Pebax, 0.8 g Pebax pellets were dissolved in a
solvent mixture of 70 wt % ethanol and 30 wt % water under reflux
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Figure S. Comparison of cross-section SEM images of (a) pristine
Pebax, (b) Pebax—GO-10, (c) Pebax—PEI-GO—10, and (d) Pebax—
PEG—PEI-GO—10 membranes.
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Figure 6. DSC curves of the pristine Pebax membrane, MMMs, and
MP-MMMs: (a) high-temperature zone and (b) low-temperature zone.

(80 °C) for 2 h. PEG—PEI-GO was sonicated for 30 min in the Pebax
solution described above. The mixture was stirred for an additional 2 h
followed by being cast on a flat glass plate. The obtained membrane
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Figure 7. XRD patterns of the pristine Pebax membrane, MMMs, and
MP-MMMs.
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Figure 8. Effect of PEG—PEI-GO content on gas separation per-
formance.

was air-dried at ambient temperature for 24 h. To remove the solvent
residue, the membrane was dried in a vacuum oven for an additional
24 h. The pristine Pebax membrane was fabricated via the same
method. The as-prepared MMMs containing PEG—PEI-GO (PEI—
GO or GO) were denoted as Pebax—PEG—PEI-GO—X (Pebax—
PEI-GO—X or Pebax—GO—X), where X refers to the weight
percentage of PEG—PEI-GO (PEI-GO or GO) relative to the
weight of the Pebax matrix. All membrane thicknesses were
approximately 40—70 ym.

2.4. Membrane Characterization. 2.4.1. Atomic Force Micro-
scope (AFM). The size and morphology of GO, PEI-GO, and PEG—
PEI-GO were investigated with an Agilent model 5500 AFM.

2.4.2. Fourier Transform Infrared (FT-IR) Spectrometer. FT-IR
spectra of GO, PEI-GO, PEG—PEI-GO, and membranes were
measured using a BRUKER Vertex 70 FT-IR spectrometer in the
range of 4000—400 cm™". Before FT-IR measurement, the membrane
sample was contacted with pure CO, for several hours to reach the
sorption equilibrium. To desorb CO,, the membrane was placed in the
air for several hours to reach the desorption equilibrium.

2.4.3. Elemental Analyzer (EA). Elemental analysis data of GO,
PEI-GO, and PEG—PEI-GO were obtained by an vario EL CUBE EA.

2.4.4. Thermogravimetric Analyses (TGAs). TGA of GO, PEI-GO,
and PEG—PEI-GO was performed using a NETZSCH TG 209 F3
thermal analyzer. The data were recorded at a heating rate of 10 °C/min
from 30 to 800 °C in a nitrogen atmosphere.

2.4.5. Differential Scanning Calorimeter (DSC). The thermal
properties and glass transition temperatures (T,) of membranes were
measured with a DSC using a NETZSCH DSC 200 F3 thermal

DOI: 10.1021/acsami.5b00106
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Figure 9. (a) Diffusivity and (b) solubility of gases in dry membranes.

analyzer at a heating rate of 10 °C/min in the temperature range of
60—250 °C under a nitrogen atmosphere.

2.4.6. X-ray Diffraction (XRD). A Rigaku D/max 2500 v/pc power
X-ray diffractometer was used to obtain the solid state structure of
fillers. The diffraction data of fillers were recorded in the range of
3—90° at a scan rate of 2°/min. The membranes were assessed using
20 angles between 3° and 90° at a scan rate of 10°/min. The average d
spacing of the Pebax matrix was evaluated on the basis of Bragg’s law.*!

2.4.7. Scanning Electron Microscope (SEM). The cross-sectional
morphologies of the pristine Pebax membrane, MMMs, and MP-
MMMs were examined by a Nanosem 430 SEM.

2.5. Gas Permeation Experiments. Both pure- and mixed-gas
(30:70 CO,/CH,, 10:90 CO,/N,, volume percent) permeation
experiments were conducted using the conventional constant-
pressure/variable-volume method as described previously.*” The
membranes was measured under dry or humidified conditions. In
the humidified permeation experiments, the feed gas was saturated
with water vapor by bubbling through a water bottle at 35 °C and then
passing an empty bottle at room temperature (25 °C) to remove the
condensate water. The sweep gas was also humidified by being passed
through water bubblers at room temperature. The detailed
experimental apparatus and procedure were described in our previous
work. > Gas permeability [P, Barrer, and 1 Barrer = 107'° cm® (STP)
cm/(cm®* s cmHg)] under steady state was determined by the
following equation:

' ARA (4)
where Q; signifies the volumetric flow rate of gas i [cm® (STP/s)],
| refers to the membrane thickness (cm), Ap; is the transmembrane
partial pressure difference of gas i (cmHg), and A represents the
effective membrane area (12.56 cm?®). The CO,/CH, (or CO,/N,)
selectivities ((xij) were calculated from the ratio of the permeabilities of
the gases:

©)

where P; and P; denote the permeability of gases i and j, respectively.
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Figure 10. Pure gas permeability and ideal selectivity of the humidified membranes.
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Figure 11. FT-IR spectra of (a) CO, adsorption and desorption within
membranes (4000—500 cm™') and (b) amplification of the low-
wavenumber zone (1400—500 cm™'): (A) pristine Pebax membrane,
(B) CO,-absorbed pristine Pebax membrane, (C) CO,-desorbed
pristine Pebax membrane, (D) Pebax—PEG—PEI-GO membrane, (E)
CO,-absorbed Pebax—PEG—PEI-GO membrane, (F) CO,-desorbed
Pebax—PEG—PEI-GO membrane (20 min), and (G) CO,-desorbed
Pebax—PEG—PEI-GO membrane (6 h).

Because the permeate side is kept at ambient pressure, the mixed-
gas separation factor could also be calculated by eq S.

The diffusion, permeability, and solubility of membranes for pure
gases were measured by the “time-lag” method.** The feed pressure
and temperature were kept at 2 bar and 30 °C, respectively. The
measurement was conducted three times for each membrane.

3. RESULTS AND DISCUSSION

3.1. Nanofiller Characterization. The size and morphol-
ogy of GO, PEI-GO, and PEG—PEI-GO were characterized
by an AFM, as shown in Figure 1. The size and thickness of the
unmodified GO nanosheets are approximately 80—250 and
0.6—0.9 nm, respectively. After the functionalization, the size of
PEI-GO changes slightly and the thickness of PEI-GO
increases to ~5 nm. The size of PEG—PEI-GO increases to
400—800 nm, and the thickness of PEG—PEI—GO increases to
~13 nm. The increase in the thickness of both PEI-GO and
PEG—PEI-GO suggests that PEI and PEG are successfully
conjugated to GO nanosheets.

XRD patterns of GO, PEI-GO, and PEG—PEI-GO are
displayed in Figure 2. The XRD pattern of GO nanosheets has
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a strong peak at a 20 of 11.6°, corresponding to a (001)
reflection and a d spacing of 0.76 nm. Compared to the pattern
of GO nanosheets, the strong diffraction peaks in XRD patterns
of both PEI-GO and PEG—PEI-GO disappear at 11.6° and a
broad diffuse peak is exhibited at ~20°. The broad peak
indicates that the functionalized GO nanosheets are in a
disordered state and poorly ordered along the different stacking
directions. This may arise from the introduction of PEI and
PEG onto GO nanosheets.

As shown in Figure 3, FT-IR spectra of PEI-GO and PEI—
PEG—GO reveal the presence of a new peak at 1640 cm™
corresponding to an amide bond in comparison with the
spectrum of unmodified GO. This infers that PEI is covalently
conjugated to the carboxylic group of GO. The band at 1093
cm™' suggests the presence of C—O stretching in PEG,
confirming the introduction of PEG onto GO nanosheets.

The PEI contents in PEG—PEI-GO and PEI-GO were
measured by elementary analysis to be 33 and 38%, respec-
tively. The PEG content in PEG—PEI-GO was estimated to be
20.9% using TGA as shown in Figure 4.

3.2. Membrane Characterization. As shown in Figure S,
SEM micrographs reveal the internal microstructure of the
membranes. Figure Sb presents a wrinkled cross section
because the unmodified GO nanosheets are poorly distributed
in the polymer matrix and have poor compatibility with the
polymer matrix. The cross-section SEM images (Figure Sc,d)
become smooth, and no voids form in MMMs doped with
functionalized GO. It indicated that PEG and PEI on the
surface of GO improve the interface compatibility between the
Pebax matrix and GO nanosheets.

Figure 6 shows DSC curves of a pristine Pebax membrane,
MMMs, and MP-MMMs. For the pristine Pebax membrane,
two endothermic peaks observed at 17 and 208 °C are attri-
buted to the melting temperature of the polyether block and
polyamide block, respectively. MMMs doped with PEI-GO
and PEG—PEI-GO show the same two endothermic peaks as
the pristine Pebax membrane, but MMMs doped with
unmodified GO show an exothermic peak at 216 °C. The
exothermic peak may result from the crystallinity of the
polymer matrix in the presence of GO laminates. It is observed
that glass transition temperatures (Tg) of MMMs and MP-
MMMs are higher than that of the pristine Pebax membrane,
indicating that the presence of fillers in the polymer matrix
restricts the mobility of Pebax chains and generates a rigidified
interface between the polymer and fillers. This is beneficial for
improving the diffusivity selectivity of membranes.

The crystalline properties of the pristine Pebax membrane,
MMMs, and MP-MMMs are measured by XRD. As shown in
Figure 7, all membranes display a broad peak around a 26 of
23°, and this broad peak results from the crystalline region of
polyamide segments. MMMs doped with unmodified GO
present a peak at a 26 of 6.4°, indicating that a small fraction of
GO nanosheets retain their stack structure while the majority
are homogeneously dispersed into the polymer matrix. The
peak at a 260 of 6.4° becomes weaker and disappears in MP-
MMMs, because the functionalized GO nanosheets are
homogeneously dispersed in the polymer matrix. The average
d spacing increases from 0.402 nm for the pristine Pebax
membrane to 0.431 nm for the Pebax—PEG—PEI-GO-10
membrane. The increase in d spacing will improve the gas
permeability of membranes.

3.3. Membrane Separation Performance. 3.3.1. Pure
Gas Permeation Performance. To investigate the effect of
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Figure 12. Variation of (a) CO, permeability, (b) CH, permeability, and (c) CO,/CH, separation factor with feed pressure for pristine Pebax,
Pebax—GO—10, Pebax—PEG—GO—10, Pebax—PEI-GO—10, and Pebax—PEG—PEI-GO—10 membranes.

PEG—PEI-GO loading on membrane properties, Pebax
membranes were fabricated with different filler loadings. The
permeability and selectivity at different PEG—PEI—-GO loadings
are shown in Figure 8. The CO, permeability, CO,/CH,
selectivity, and CO,/N, selectivity gradually increase from
1 to 10 wt % with the increase in PEG—PEI-GO content.
When the PEG—PEI-GO loading increases to 12 wt %, both
CO, permeability and CO,/gas selectivity decrease. MP-MMMs
doped with 10 wt % PEG—PEI-GO exhibit the best perfor-
mance with a CO, permeability of 145 Barrer, a CO,/CH, selec-
tivity of 24, and a CO,/N, selectivity of 62. Herein, 10 wt % filler
loading was chosen as the optimal loading in membranes for the
further discussion of gas permeation properties.

To further explore the role of the fillers in the gas permeation
process, the diffusivity coefficient (D) and thge solubility
coefficient (S) of membranes were measured by the time-lag
method.” The diffusion and solubility selectivities of CO,/CH,
and CO,/N, are displayed in Figure 9. It can be seen from
Figure 9a that CO,/CH, and CO,/N, diffusion selectivities of
MMMs and MP-MMMs are higher than that of the pristine
Pebax membrane. The order of gas diffusivities is closely related
to kinetic diameters of gas molecules, and the kinetic diameter
increases as follows: CO, (3.3 A) <N, (3.6 A) < CH, (3.8 A).*
The sheet structure of high-aspect ratio GO leads to the highly
tortuous diffusion path in the polymer matrix and generates a
rigidified interface between the polymer matrix and fillers. This
would restrict the diffusion of larger molecules and favor the
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diffusion of small molecules with less resistance, improving gas
diffusivity selectivity. Because the difference in kinetic diameters
between CO, and CH, is larger than that between CO, and N,,
CO,/CH, diftusivity selectivity is higher than CO,/N, dif-
fusivity selectivity.

Figure 9b indicates that CO,/CH, and CO,/N, solubility
selectivities of the Pebax—PEG—GO—10 membrane are higher
than those of the pristine Pebax membrane. The membranes
with solubility selectivity separate gases according to their
relative condensability, which is characterized by critical tem-
perature. The critical temperatures of gases decrease in the
following order: CO, (304.2 K) > CH, (190.7 K) > N, (126.1 K).
The higher condensability has the higher solubility of the gas in
the polymer matrix.**~** Because the critical temperature dif-
ference between CO, and N, is larger than that of CO, and
CH,, the CO,/N, solubility selectivity is remarkably higher
than the CO,/CH, solubility selectivity. The increase in the
solubility selectivity of the Pebax—PEG—PEI-GO—10 mem-
brane is due to the introduction of PEG segments, consisting of
EO groups, because the presence of EO groups increases the
solubility of quadrupolar CO, over those of the other nonpolar
gases (CH, and N,).

Gas separation performance was investigated under a humid-
ified state to verify reactivity selectivity exerted by amine groups
in the membranes. As shown in Figure 10, MP-MMM doped
with 10 wt % PEI-functionalized GO (Pebax—PEI-GO-10)
has CO, permeability and CO,/gas selectivity higher than
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Figure 13. Variation of (a) CO, permeability, (b) N, permeability, and (c) CO,/N, separation factor with feed pressure for pristine Pebax, Pebax—
GO-10, Pebax—PEG—GO—-10, Pebax—PEI-GO—10, and Pebax—PEG—PEI-GO—10 membranes.

those of MMM doped with 10 wt % unmodified GO (Pebax—
GO-10). Because PEI is a branched polymer with abundant
amine carriers, including primary amine, secondary amine, and
tertiary amine groups, the specific and reversible reactions
occur between CO, molecules and amine carriers in mem-
branes, increasing the reactivity selectivity.

Among all membranes tested, the Pebax—PEG—PEI-GO—
10 membrane presents the highest CO, permeability of 1330
Barrer with selectivities of 45 for CO,/CH, and 120 for CO,/
N,. Compared with the pristine Pebax membrane, the notable
increments in both CO, permeability of ~2.7-fold and CO,/gas
selectivity of ~2.4-fold confirm the favorable combination effect
of diffusivity selectivity, solubility selectivity, and reactivity
selectivity on the membrane gas separation performance.

To confirm the possible interaction and reversible reaction
between CO, and the membrane surface, FT-IR spectra were
recorded to investigate the CO, adsorption and desorption
behaviors on membranes.”*”*® The FT-IR spectra of pristine
Pebax and Pebax—PEG—PEI-GO membranes after adsorbing
CO, and desorbing CO, are shown in Figure 11. The pristine
Pebax membrane (spectrum A), CO,-absorbed pristine Pebax
membrane (spectrum B), and CO,-desorbed pristine Pebax
membrane (spectrum C) exhibit quite similar spectra,
indicating that no reactive adsorption of CO, happens on the
pristine Pebax membrane. Compared with the Pebax—PEG—
PEI-GO membrane (spectrum D), the CO,-absorbed Pebax—
PEG—PEI-GO membrane (spectrum E) shows some new
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peaks (indicated by arrows) in Figure 11, indicating that CO,
reacts with the amino groups of PEI and produces carbamate
salt at ~1246 cm™'. The peaks at 921 and 696 cm™' are
assigned to the characteristic absorption peaks of HCO;™. The
intensity of these new peaks (spectrum F) become weaker after
CO, is desorbed for 20 min and then disappeared (spectrum
G) at desorption equilibrium. We can conclude from these
FT-IR results that CO, can react reversibly with the Pebax—
PEG—PEI-GO membrane.

3.3.2. Effect of Feed Gas Pressure. Figures 12 and 13 show
gas separation performance of membranes as a function of feed
pressure. As shown in Figures 12a and 13a, the CO, perme-
abilities of pristine Pebax, Pebax—GO—10, and Pebax—PEG—
GO—-10 membranes change slightly with an increasing feed
pressure, but the permeabilities of Pebax—PEI-GO—10 and
Pebax—PEG—PEI-GO—10 membranes containing amine
carriers decrease significantly when the feed pressure increases
from 1 to 2 bar and then decrease slightly with an increasing
feed pressure. Figures 12b and 13b show an only slight decrease
in CH, or N, permeability with an increasing feed pressure.
This implies that only transport of CO, through the membrane
follows mainly a facilitated transport mechanism.>"** The
facilitated transport is based on the reversible reactions of CO,
with amine carriers in the presence of water. In addition, the
transport of CO, through membranes also follows a solution—
diffusion mechanism, while the permeation of nonpolar CH,
and N, gas molecules through the membrane follows only the
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Figure 14. Robeson plots for (a) CO,/CH, separation and (b) CO,/
N, separation.

classic solution—diffusion mechanism without facilitated trans-
port by any reversible reactions. CO,/CH, and CO,/N,
selectivities exhibit a decreased trend because the CO,
permeability significantly decreases and the CH, or N,
permeability slightly decreases.

3.4. Comparison of Results to Robeson’s Upper
Bound Curve. The permselectivities of the as-prepared
membranes were also compared with Robeson’s upper bound
limit as illustrated in Figure 14. It is observed that MP-MMMs
present the great improvements in CO, permeability and CO,/
gas selectivity, surpassing the 2008 Robeson upper bound limit.
This further confirms that the combination of diffusivity selec-
tivity, solubility selectivity, and reactivity selectivity in MP-MMMs
is an efficient strategy for improving gas separation performance.

4. CONCLUSION

A novel multi-permselective mixed matrix membrane (MP-
MMM) was successfully fabricated by incorporating versatile
GO nanosheets modified by both PEG and PEI into a Pebax
matrix for CO, capture. The permselectivity of MP-MMMs
exhibits a significant increase as a comprehensive result of the
simultaneous enhancement of diffusivity selectivity, solubility
selectivity, and reactivity selectivity. The increase in diffusivity
selectivity and solubility selectivity is confirmed by the
diffusivity coeflicient and solubility coeflicient measured by
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the time-lag method. The reversible reaction between CO, and
the membrane surface is confirmed by FT-IR results. The
increase in reactivity selectivity is confirmed by the presence of
amine carriers. Compared with those of the pristine Pebax
membrane, the CO, permeability and CO,/gas selectivity of the
Pebax—PEG—PEI-GO—10 membrane increase by ~2.7- and
~2.4-fold, respectively. This study offers a facile and genetic
strategy for the design and fabrication of membranes with multi-
permselectivity to enhance the CO, capture property.
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