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CO,-philic moderate selective layer mixed matrix
membranes containing surface functionalized NaX
towards highly-efficient CO, capturet

Mohammad Salehi Maleh and Ahmadreza Raisi 2 *

A functional moderate selective layer mixed matrix membrane (F-MSL-MMM) is a promising candidate to
obtain superior separation of industrial gases, compared to commonly mixed matrix membranes. In this
work, highly permeable and selective F-MSL-MMMs consisting of a moderate Pebax layer filled with
functionalized NaX nano-zeolite over a microstructure PES support layer with the desired operating
stability were prepared to investigate the effect of —-COOH surface functionalization on the NaX nano-
zeolites and to achieve the efficient separation of CO,/N,, CO,/CH,4 and CH4/N, gas mixtures. It was
found that modification of the nano-zeolite had significant effects on the morphology and gas
separation performance of the F-MSL-MMMs. The incorporation of NaX—-COOH nano-zeolites into the
polymeric matrix showed superior dispersion, capabilities and interactions over unmodified zeolite
without any defects. In addition, based on gas permeation results at various filler loadings and feed
pressures, different trends were observed for the permeability and selectivity of the F-MSL-MMMs.
Combination of NaX up to 1.5% into the moderate selective layer enhanced the CO, permeability (187.76
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Introduction

During the past few decades, the use of polymeric membranes
has expanded in gas separation applications, such as CO,
separation from natural gas and flue gas." Later, a lot of
research was performed to improve the properties of polymeric
membranes, and as a result, in order to use the advantages of
polymeric and inorganic materials, mixed matrix membranes
(MMMs) containing a dispersed inorganic phase in a contin-
uous polymer phase were introduced.>? Zeolites are a promising
inorganic phase for use in MMMs for gas separation due to their
high porosity, superior chemical and thermal stability, uniform
pores with molecular sieving property and adsorption selec-
tivity. Likewise, zeolites are particularly effective in CO, capture
with an absorption-based separation property.*

In addition, conventional MMMs have a number of defects
that challenge the performance of these membranes. Incom-
patibility, weak adhesion or repulsion between the polymer and
inorganic filler, the hardening of a layer of polymer around the
filler, partial pore blockage of porous fillers and particle accu-
mulation result in the creation of various interfacial defects and
a non-ideal morphology in the MMMs. In order to fabricate
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barrer) and CO,/N, (288.86), CO,/CH,4 (57.41) and N,/CH, (5.03) selectivities at 6 bar.

defect-free MMMs, various methods have been widely used by
researchers, among which the use of copolymers such as poly-
ether-block-amide is one effective solution.>” Polyether-block-
amide is a rubbery copolymer with the commercial name of
Pebax, which includes a rigid polyamide (PA6 or PA12) segment
and a soft polyethylene oxide (PEO) segment, the hard-soft
structure improving adhesion between the polymer phase and
the particles. In addition, the hard polyamide parts provide the
mechanical strength of the membranes and the soft poly-
ethylene oxide parts due to their CO,-philic structure, cause an
increase in permeability and selectivity for CO, separation from
natural gas and flue gas.>®

The surface chemical modification of the filler particles is
another effective solution to prevent undesirable spaces near
the polymer-particle interface and to avoid the accumulation of
fillers, which improves the gas separation performance of
MMMs. The filler particles are usually modified by amine,
hydroxylic, alkylic, sulfonic acid, carboxylic acid or imidazole
groups.® Up to now, various filler particles, such as SiO,, CNTs,
MCM-41, ZIF-8, MOFs or GO,>**'*'8 have been modified and
used as a dispersant phase in a polymeric matrix to improve the
membrane separation properties.

Among the various functional groups, the effect of modifi-
cation of nano-zeolites with carboxylic functional groups in
a moderate selective layer has not been studied, while this
functional group can have very favorable effects on the perfor-
mance of functional moderate selective layer mixed matrix
membranes (F-MSL-MMMs). The existence of carboxylic

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra01654f&domain=pdf&date_stamp=2019-05-17
http://orcid.org/0000-0002-0878-9195
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01654f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009027

Open Access Article. Published on 17 May 2019. Downloaded on 3/3/2026 1:02:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

functional groups in F-MSL-MMMs materials has also been
confirmed to enhance their gas separation performance due to
a reversible reaction with CO,.* The surface chemical modifi-
cation of the fillers enables them to react reversibly with CO,,
and, therefore, they are expected to act as carriers for CO,. The
surface modification of fillers with carboxylic groups develops
not only a filler-polymer interface compatibility but also
improves the selectivity and permeability of CO,. The F-MSL-
MMMs including modified fillers are expected to overcome
Robeson's upper limit and have greater stability and mechan-
ical strength. Consequently, the main aim of this study is to
investigate the effect of chemical modification on improving the
morphology of the Pebax-NaX nano-zeolite interface, avoiding
the accumulation of nanoparticles, as well as improving
permeability and selectivity. In addition, a further goal is
a comparison of the performance of MSL-MMMs containing
NaX and NaX-COOH nanoparticles.

In this work, MSL-MMMs containing pure and modified NaX
nanoparticles were fabricated separately in four loadings in
a Pebax-1657 polymeric matrix on polyethersulfone (PES) sub-
layer membranes. The MSL-MMMs were characterized by SEM,
FTIR, DSC and contact angle (CA) analyses. The NaX nano-
zeolites were synthesized by a hydrothermal method, and
then functionalized with carboxylic groups by the reflux
method. The crystallinity structure, crystal size, particle size,
particle shape and chemical properties of the nanoparticles
were characterized by XRD, FESEM, FTIR, BET and DLS anal-
yses. The effect of filler surface modification, loading of filler
and operating conditions, such as feed pressure and long-term
stability, on the permeability of pure CO,, CH,, and N, gases, as
well as the CO,/N,, CO,/CH, and CH4/N, gas selectivities of
MSL-MMMs, were studied.

Experimental

Materials

Ethanol (EtOH), methanol (MeOH), N,N-dimethyl-formamide
(DMF), sodium hydroxide (NaOH) and chloroacetic acid (ACS,
reagent) were purchased from Merck (Germany). Sodium
aluminate (NaAlO,) and fumed silica (SiO,, 7 nm) were
purchased from Sigma-Aldrich (USA). Pebax® MH 1657 (a
copolymer with a combination of PA6 and PEO oxide with
a weight ratio of 40/60) and PES (MW = 58 000 g mol ™", Ultra-
son E6020P) were purchased from Arkema Inc. (France) and
BASF (Germany), respectively. In all experiments, deionized
water (DI) was used. All chemicals with a purity higher than 99%
were used without further purification. Furthermore, CO,, CH,
and N, gases with a purity > 99.999% were used in the perme-
ation experiments.

Synthesis and functionalization of NaX nano-zeolite

The synthesis of NaX nano-zeolites was performed by the
hydrothermal heating method using a microwave oven,
according to the procedure previously presented by Ansari
et al.®® In this process, first, 5.34 g of NaOH was added to
a polypropylene bottle containing 50 g of DI water, and when it
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was completely dissolved, the solution temperature increased.
After cooling the solution to the ambient temperature and
adding 2.42 g of NaAlO,, the solution became milky and then
became colorless again after a few moments of continuous
stirring. Then, 3.43 g of fumed silica was slowly added to the
solution. Finally, to obtain a homogeneous alumina silicate gel,
the solution was continuously stirred at 25 °C for 24 h. Then, for
the hydrothermal heating, the prepared gel was placed in
a microwave oven (CE1110C, Samsung, Korea, 900 W output
power, wavelength of 2.45 GHz) at 90 °C for 3 h until crystals of
NaX zeolite were formed. Then, for the separation and purifi-
cation of the synthesized NaX nano-zeolite, the resulting solu-
tion was initially washed several times using a centrifuge with
DI water to remove the unreacted agents and for the pH to be
normalized (usually below 8) and then dried in an oven at 80 °C
for 24 h.

The NaX nano-zeolites were functionalized by carboxylic
groups based on the method provided by Ingole et al.** First,
1.5 g of NaX was added to 225 mL of DI water and stirred at
25 °C and sonicated for 2 h and 1 h, respectively. Then, 1.925 g
of chloroacetic acid was slowly added to the NaX suspension
under stirring on a magnetic stirrer. After reflux at around
100 °C for 8 h, the suspension mixture was first cooled to the
ambient temperature and then washed using a centrifuge for
10 min with DI water until it reached normal pH. After washing
4 times, it was placed in an oven to dry at 80 °C for 24 h. A
schematic of the steps for the synthesis and functionalization of
NaX is shown in Fig. S1 in the ESL}

Fabrication of MSL-MMMs

The PES support sublayer of MSL-MMM was fabricated by the
non-solvent phase inversion method.?* First, in order to prepare
a clear homogeneous PES solution, 16 g of the dried PES
granules were dissolved in 84 g of DMF solvent and then stirred
for 24 h. Finally, the solution was placed under vacuum for 2 h
to remove all the air bubbles. Then, using a casting knife with
a certain gap (200 um), a layer of PES polymeric solution was
cast on a flat glass plate and immediately placed in a non-
solvent bath (DI water at 25 °C) and allowed to exchange the
solvent/non-solvent. After enough time, the phase inversion
process was complete and the formed PES membrane was
immersed in another DI water bath for 24 h, during which the
remaining solvent in the membrane was absolutely removed.
Then, the PES membrane was dried at ambient temperature for
24 h. Finally, a PES support membrane with a thickness of ~60
uwm was obtained.

The MSL-MMMs were prepared by casting of an MSL-MMMs
doped solution on the PES sublayer membrane by the solution
casting-solvent evaporation method. The casting doping solu-
tion included Pebax-1657 polymer, water/ethanol solvent and
nano-zeolite particles. Initially, in order to remove humidity,
the nanoparticles and copolymer granules were dried in an oven
at 60 °C for 5 h. The Pebax-1657 was dissolved in water/ethanol
(30/70% by weight) solvent under reflux and stirring at 70 °C for
24 h to obtain a homogeneous Pebax solution. Then, a certain
amount of homogenous suspension of nanoparticles in the

RSC Adv., 2019, 9, 15542-15553 | 15543
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water/ethanol (30/70% by weight) solvent was prepared and
sonicated for 30 min. In order to prepare the doping solution
containing nanoparticles, 1/4 of the prepared homogeneous
polymer solution was added in 4 steps, each time, to the
homogenous suspension, stirred for 30 min and sonicated for
15 min. The final solution was stirred vigorously for 60 min and
placed in an ultrasonic bath for 30 min. The weight percentage
of each component of the doping solution for the preparation of
different membranes is listed in Table 1. To fabricate an MSL-
MMM, the PES sublayer was first fixed on a piece of flat glass
via removable tape and then using a casting-knife with a certain
gap (350 um), a layer of doping solution was cast onto the PES
substrate layer. For the solvent evaporation, the prepared films
were placed in an oven at 35 °C for 24 h, and to eliminate the
remaining solvent, they were placed in an oven at 60 °C for 12 h.
Finally, the thickness of the selective layer was ~15 um on the
PES support layer. A schematic of the procedure for preparing
the PES substrate membrane, the doping solution containing
nano-zeolite particles and MSL-MMMs is illustrated in Fig. S2.1

Characterization analyses

The crystalline structures of the NaX nano-zeolites were investi-
gated using an X-ray diffraction (XRD) instrument (Equinox 3000,
Inel, France). Likewise, the crystallinity degree of the membranes
was calculated using the XRD analysis. The XRD tests were carried
out using CuKo, radiation of 2 = 1.5419 A at 45 kV, 40 mA, 25 °C
and angle diffraction (26) from 5 to 40° with 0.03° min~' scanning
speed. The average crystal size of the nano-zeolites was calculated
using Scherrer's equation (eqn (1)) at major peaks with 26 of 6
(111), 16 (331) and 27° (642).

K2
d= 8 cos

1)

In this equation, d is the average crystal size, K is the shape
factor, A is the X-ray wavelength, @ is the line broadening from full
width at half maximum (FWHM) and 6 is the Bragg angle.

The BET analysis areas of the NaX and NaX-COOH nano-fillers
were obtained using nitrogen adsorption-desorption isotherms at
77 K on a Quantachrome Autosorb-1 analyzer (USA). Before testing,
the nano-zeolite particles were degassed under vacuum at 120 °C
and 10~ * Pa for 12 h.
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Dynamic light scattering (DLS) analysis was applied to measure
the particle size distribution of NaX and NaX-COOH nano-fillers
using a Malvern Zetasizer Nano (Malvern Instruments, Worces-
tershire, England) at 632.8 nm wavelength and 173° scattering
angle. The samples were dispersed in a water/ethanol mixture by
sonication at 20 °C for 1 h before carrying out the DLS analysis.

The presence of functional groups on the surface of NaX and
NaX-COOH zeolite nanoparticles, neat Pebax-1657 and the inter-
action between polymer and particles of MSL-MMMSs were char-
acterized using Fourier transform infrared (FTIR) analysis. The
FTIR tests were accomplished with a Nicolet Nexus 670 spec-
trometer (Nicolet Instrument Co., Madison, WI, USA) in the wave
number range 400 cm™ ' to 4000 cm ™' under ambient conditions
and with a spectral resolution of 4 cm™". A mean of 20 scans from
each membrane (each sample: 2 x 4 cm) and each nanoparticle
(each sample: about 0.5-1 g) was taken.

The morphology and particle size range of the synthesized
zeolite nanoparticles and also the surface and cross-sectional
morphologies of the fabricated neat and MSL-MMMs were
studied using FESEM (Hitachi S-4700, NJ, USA) and SEM devices
(A1S2300C, Seron Technology's, South Korea), respectively. To
prepare the cross-section of the membranes, the samples were
broken down in liquid nitrogen. Finally, before taking images
with the SEM device, all of the samples (nanoparticles, cross-
section and surface of the membranes) were coated with
a layer of gold using sputtering.

Investigations of the glass transition temperature (7,) and
crystallinity degree of the membranes were performed with
differential scanning calorimeter (DSC) analysis. The DSC
analysis was conducted with a Mettler-Toledo instrument
(Mettler-Toledo Inc., Switzerland). The DSC measurements were
operated in the temperature range from —100 to 220 °C using
a standard heating-cooling-heating method at a rate of
10 °C min~ " under a pure argon atmosphere. The crystallinity
degree of the fabricated membranes was calculated using eqn

@)
AH,,
AHO (2)

XCryslallinily =

In this equation AH,, is the melting enthalpy of each
segment of polymer (the area of the melting peak in the DSC
curves) and AHY, is the melting enthalpy of fully crystalline

Table 1 The composition of casting solution used for the fabrication of MSL-MMMs

Sample name Solvent (% wt) Polymer (% wt) Nanoparticles (% wt) Membrane

PP 90.0 10 0.0 PES/Pebax

PPNO.5 89.5 10 0.5 PES/Pebax-NaX

PPN1 89.0 10 1.0 PES/Pebax-NaX
PPN1.5 88.5 10 1.5 PES/Pebax-NaX

PPN2 88.0 10 2.0 PES/Pebax-NaX
PPNCO0.5 89.5 10 0.5 PES/Pebax-NaX-COOH
PPNC1 89.0 10 1.0 PES/Pebax-NaX-COOH
PPNC1.5 88.5 10 1.5 PES/Pebax-NaX-COOH
PPNC2 88.0 10 2.0 PES/Pebax-NaX-COOH
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sections of the polymer (AHg, pro = 166.4 ] g ' and AHy, ps =
230 J g ')."* The total crystallinity of the fabricated
membranes was estimated by considering 60% PEO crystallinity
and 40% PA crystallinity.”*

Gas permeability

An examination of the gas permeability of the fabricated
membranes was conducted with a gas permeability apparatus
that controlled the temperature and pressure. The gas
permeability experiments were operated using a constant
volume and variable pressure method. In all single gas
permeability measurements, pure gases, including N,, CH,
and CO,, were investigated at temperatures of 25 °C and
various pressures of 2, 4 and 6 bar. A cross-flow flat plate
membrane module with an effective surface area of 12.5 cm®
was utilized in the gas permeability apparatus and the
permeate pressure downstream of the membrane was
measured every 0.3 s by a pressure transmitter. After trans-
mitting data to the computer and plotting the variation in
measured pressure over time, the pressure-time gradient (dp/
d¢) was calculated and by inserting it in eqn (3), the perme-
ability of the gas was obtained. Before each test, the
membrane and downstream volume of the membrane were
vacuumed by a vacuum pump.

273.15 x 100V (dp
- 760AT(—76p°) dr ©)
147

In this equation, P, V, [, A, T, p, and dp/dt represent the gas
permeability (barrer, 1 barrer = 107'° em® (STP) cm cm™>
s~' cm Hg '), the downstream volume (cm?), the thickness of
the membrane selective layer (um), the active surface area of the
membrane (cm®), the operating temperature (K), the feed
pressure (psia) and the steady-state rate of increasing down-
stream pressure, respectively.

As shown in eqn (4), the ideal selectivity of a pair of gases (A
relative to B) was calculated by dividing the pure gas perme-
ability of A by the pure gas permeability of B.

Pa

— A 4
m= 5 (4)

A schematic of the gas permeability set-up is presented in
Fig. S3.t

Results and discussion

Characterization of NaX nano-zeolites

The XRD patterns of the synthesized NaX and NaX-COOH nano-
zeolites are demonstrated in Fig. 1a and evaluated with the
standard XRD pattern. As shown in Fig. 1a, the obtained XRD
patterns are consistent with the standard XRD pattern and
obviously indicate that the synthesized crystals of the zeolites
are pure.”* A mean crystal size of 16 nm was obtained using
Scherrer’s equation (eqn (1)).

This journal is © The Royal Society of Chemistry 2019
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An FESEM image of the synthesized zeolites is presented in
Fig. 1b. The FESEM images clearly reveal that the zeolite parti-
cles are morphologically alike and the particle size of the
synthesized samples is about 40 to 90 nm.

Fig. 1c shows the DLS analysis to determine the particle size
distribution of the NaX and NaX-COOH nano-zeolites. As
indicated in this figure, the particle size distribution of NaX and
NaX-COOH nano-zeolites is in the range of 40 to 90 nm, and the
means are 55 and 57 nm, respectively. In addition, the results of
the DLS test are in good agreement with the FESEM and XRD
results. The crystalline structures of unmodified and modified
particles have a uniform distribution.

The FTIR spectra of the NaX and NaX-COOH nano-zeolites
are displayed in Fig. 1d. The band at 462 cm ™" is attributed to
the internal vibrations of TO, (T = Si or Al) tetrahedral (S4R
symmetric bending), whereas the band at 563 cm ™" is related to
the double-ring vibration (D6R T-O-T symmetric stretching).
The peak at 671 cm™' detects the internal vibration of T-O
symmetric stretching, while the peak at 755 cm™' demonstrates
vibrations corresponding to external linkages between tetra-
hedra (S4R T-O-T symmetric stretching). The 986 cm™" band is
assigned to the Si-O-Al asymmetric stretching vibration mode
of the T-O bonds. The peaks in the wave number range 2500-
3800 cm ™" and 1647 cm ™' indicate O-H stretching of absorbed
water in the cavities and channels of NaX zeolite and the O-H
bending vibration of water molecules, respectively.>*” As can
be seen, in the spectrum of the modified zeolite, in addition to
the major peaks of the crystal structure, the carboxylic group
peaks appear. The peak appearing at 1716 cm™ ' corresponds to
the free carboxylic acid C=0O0 stretch. The wide peak of the O-H
band is also shifted to lower wave numbers, which indicates the
O-H bond in the carboxylic acid group.

Moreover, the physical properties of nano-zeolites obtained
from BET analysis are presented in Table 2. The BET surface
area, total pore volume and mean pore size of the NaX nano-
zeolite were higher than those of the functionalized zeolite.
This reduction is due to the imposition of functional groups
into the vacuity of the NaX zeolite micropores, which results in
partial blocking of the micropores.?®

Characterization of membranes

Morphology of membranes. The surface SEM images of the
membranes are displayed in Fig. 2 and S4.7 It can be seen that
the surface of the pure membrane is clean and homogeneous
without any pores. The distribution of zeolites on the
membrane surface increases with an increase in zeolites up to
2% wt. A suitable dispersion of nano-zeolites and desirable
interfacial interaction between the polymer and fillers are
observed at each zeolite loading. In addition, the cross-sectional
SEM images demonstrate that a moderately dense Pebax-1657
layer was formed on the porous PES support layer without any
cracks or defects, as indicated in Fig. 3.

Also, MSL-MMMs containing 0.5 to 1.5% wt NaX and NaX-
COOH zeolites reveal that zeolite nanoparticles in the polymeric
matrix are uniformly dispersed without any accumulation or
interfacial voids, while the modified zeolites had much better

RSC Adv., 2019, 9, 1554215553 | 15545
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Fig.1 The XRD patterns (a), FESEM image (b), DLS results (c) and FTIR spectra (d) of the synthesized NaX and NaX-COOH nano-zeolites.

distribution and very suitable interfacial interactions in the
matrix. The suitable dispersion is due to the rubbery nature of
the polymer phase and the presence of soft segments of PEO in
Pebax-1657, while the zeolite particles stick well to the polymer.
At a zeolite loading of 2% wt, the NaX nano-zeolites are
approximately agglomerated, while the NaX-COOH nano-
zeolites are free of any defects such as non-selective voids at
the interface, an agglomeration or sedimentation of particles
due to the presence of the carboxylic functional groups and also
due to the strong interaction and increase in the stress
concentration at the interfaces of the polymer and filler.*®
Thermal behaviour of membranes. The glass transition
temperature (T,) and crystallinity degree of the membranes are
presented in Table 3. It can be seen that the T, values of MSL-
MMMs containing nano-zeolites were higher than that of the
neat Pebax-1657 membrane and also an increase in the NaX and
NaX-COOH zeolite loading led to an increase in the T, and total
crystallinity. This thermal behavior for the MSL-MMMs is due to
an increase in the interfacial interactions and the rigidification
of the polymer chains around the nanoparticles.”® In other
words, by incorporating NaX and NaX-COOH fillers into Pebax-

Table 2 The results of BET analysis of the NaX and NaX—-COOH

BET surface area Total pore volume Mean pore

Sample name (m”>g ") (em® g™ diameter (nm)
NaX 573 0.350 0.81
NaX-COOH 520 0.322 0.77

15546 | RSC Adv., 2019, 9, 15542-15553

1657, the nanoparticles were placed into the free volume
between the polymer chains, which restricted the thermal
motions of the polymer chains by reducing the frequency and
amplitude of the polymer jumping chains. The increases in T,
and crystallinity degree for the membranes filled with the NaX-
COOH nano-zeolite were much greater than for the membranes
filled with the NaX nano-zeolite due to the presence of carbox-
ylic groups and a stronger interaction with the polymer chains,
resulting in greater rigidification of the polymer chains.'” Also,
according to other researchers, the surface modification of
nanoparticles with different functional groups increases the T,
and crystallinity degree of the membranes containing modified
nanoparticles in  comparison to the unmodified
nanoparticles.>*'%7

Chemical properties of membranes. The FTIR spectra of the
neat and MSL-MMMs are presented in Fig. 4. As can be seen, for
the neat and MSL-MMMs, the characteristic peak at a wave
number of 1094 cm ™' is related to the stretching vibration of the
C-0O-C group in the soft PEO segment and the peaks at 1636,
1730, and 3297 cm " are ascribed to the stretching vibration of
H-N-C=0, O-C=0 and N-H bonds in the hard PA6 segment of
Pebax-1657.%°

As indicated in the spectra of the zeolite-filled MSL-MMMs,
the intensity of the characteristic peaks at 800-1200, 1500-
1800 and 2800-3500 cm ™' changed with an increase in the NaX
and NaX-COOH zeolite loading of the membranes. The peak at
800-1200 cm ' is associated with an improvement in the
interaction of zeolites and the C-O-C group of the soft PEO
segment®>*' and the peaks at 1500-1800 and 2800-3500 cm "

This journal is © The Royal Society of Chemistry 2019
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(b)

Fig. 2 The SEM surface images of the active layer of PP (a), PPNO.5 (b), PPN1 (c), PPNL.5 (d), PPN2 (e), PPNCO.5 (f), PPNC1 (g), PPNCL.5 (h) and
PPNC2 (i).
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Fig.3 The SEM cross sectional images of the active layer of PP (a), PPNO.5 (b), PPN1 (c), PPN1.5 (d), PPN2 (e), PPNCO0.5 (f), PPNC1 (g), PPNCL1.5 (h)
and PPNC2 (i).
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Table 3 The glass transition temperature and degree of crystallinity of
the membranes
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Table 4 The water contact angle of the neat membrane and MSL-
MMMs

AI_Im (J gil) Xcrystallinity (OA))

Sample name T, (°C)  PEO PA PEO PA Total
ppP —55.35 14.43 23.07 14.45 25.08 18.7

PPNO.5 —52.99 16.32 23.35 16.35 25.38 19.96
PPN1 —51.45 18.25 23.87 18.28 25.95 21.35
PPN1.5 —49.38 19.54 24.68 19.57 26.83 22.47
PPN2 —48.52 20.93 25.71 20.96 27.95 23.76
PPNCO0.5 —52.66 17.11 23.41 17.14 25.45 20.46
PPNC1 —49.41 19.34 25.13 19.37 27.32 22.55
PPNC1.5 —47.04 20.87 26.91 20.9 29.25 24.24
PPNC2 —46.13 22.41 27.73 22.44 30.14 25.52

are attributed to the interaction of zeolites and N-H, H-N-C=0
and O-C=O0 groups of the hard PA6 segment. The broad band
appearing at a wave number of 3500 cm ' is due to the
formation of hydrogen bonding between the zeolites and the
polymer matrix.**** These results are in good agreement with
the observations reported in other investigations***> and the
results of the DSC analysis.

Hydrophilic properties of membranes. The contact angle test
was used to investigate the changes in the membrane hydro-
philicity. Table 4 shows the results of water contact angle
analysis for the neat membrane and MSL-MMMSs. As can be
seen, the contact angle for the neat membrane was 64°, which
decreased with an increase in the loading of NaX and NaX-
COOH nano-zeolites into the polymeric matrix. The reason is
that the NaX zeolite is known to be a highly hydrophilic filler, so
loading it into the membranes increases the hydrophilicity of
the mixed matrix membranes.**

On the other hand, the presence of carboxylate groups in the
membrane leads to an increase in membrane hydrophilicity.*

PPNCI.5

PPNCO0.5
PPN1.5
PPNO.5

: \

Transmittance (%)

T T T T
4000 3500 3000 1500 1000

Wavenumber (cm™)

Fig. 4 The FTIR spectra of the fabricated neat membrane and MSL-
MMMs.
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Membrane sample Contact angle (°)

PP 64
PPNO.5 63
PPN1 61
PPN1.5 59
PPN2 55
PPNCO0.5 62
PPNC1 59
PPNC1.5 57
PPNC2 54

Therefore, at a lower loading, the carboxylic group increases the
hydrophilicity of the MSL-MMMSs containing modified zeolite
compared to membranes containing the unmodified zeolite.
The contact angle results were in good agreement with the
contact angle data in previous studies.*>*!

Gas permeation of membranes

Effect of nanoparticles loading. In order to investigate the
role of surface modification of the NaX nano-zeolite with
a carboxylic functional group, a gas permeation analysis of the
MSL-MMMs comprising NaX and NaX-COOH was performed at
25 °C and 6 bar. The pure permeability behaviour of N, (critical
temperature (T.) = 126.2 K, kinetic diameter (D\) = 3.64 A), CH,
(T. = 190.8 K, Dy, = 3.8 A) and CO, (T. = 304.2 K, Dy = 3.3 A)
gases and the ideal selectivity of CO,/CH,4, CH,/N, and CO,/N,
for the fabricated membranes are shown in Fig. 5. The gas
permeability behaviors can be justified by the solution-diffusion
model for the dense polymeric membranes. In this model, the
solubility and diffusivity of gases both play an important role in
the transport of gases through the membranes.

In MSL-MMMs, the solubility of gases can be affected by the
condensability of the gases (the critical temperature of gases),
the interactions between the gases and polymer chains, and
interactions between the gases and the functional groups of the
nanoparticles. Likewise, the diffusivity of the gases can be
affected by the kinetic diameter of the gases, the partial frac-
tional free volume of the polymer, interactions between polymer
and gases, polymer chain flexibility, nanoparticle pore size, pore
blocking of nanoparticles, compatibility of the nanoparticles
and the polymer, and agglomeration of nanoparticles. The
presence of nanoparticles in the polymeric matrix has a variety
of effects on the morphology and performance of MSL-MMMs.
The solubility of the polar gases and the molecular sieving of the
small kinetic diameter gases increase. The tortuousness of the
permeation pathway increases for non-polar penetrant mole-
cules and for gases larger than the filler pores. The strong
compatibility and interaction between the polymer and filler
lead to a hardening of the polymer chains around the polymer/
filler interface and, occasionally, to partial pore blocking of the
particles. The placement of the fillers between the chains leads
to a reduction in movement and flexibility of the chains and
fractional free volume.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The effect of nano-zeolite loading on the gas permeability and
selectivity of the CO, and N, mixture (a), CO, and CH4 mixture (b) and
CH,4 and N, mixture (c) at 6 bar and 25 °C.

As shown in Fig. 5, for all the fabricated membranes, the CO,
permeability was significantly higher than for CH, or N, gases.
The much higher critical temperature and the smaller kinetic
diameter of CO, than for the other gases caused greater solu-
bility and diffusivity. In addition, CO, polar gas has the highest
solubility due to the strong tendency towards the polar segment
of Pebax-1657 compared to the non-polar gases (CH, and Nj).
Zeolites with a low tendency to absorb CH, and N, gases also
lead to prolongation of the total path of their penetration into
the membrane. It should be noted that the pore size of the
zeolites is larger than the molecular size of all the tested gases,

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

—0— CO, (PPNC) —®— CO, (PPN)
1909 5 c, ppNne) —e—CH, PN)
1804~V N(BPNO)  —¥—N, (PPN)
g 170 1
A 90 /f’/{
)
£ 80 —
=
<
5] N °
g 3
o & L g L ]
=9
1 v v ¥
v v v
0 T T T
2 4 6
Feed pressure (bar)
(b)
—0—CO/N, (PPNC)  —m— CO,N, (PPN)
300 |—0— CO,/CH, (°PPNC)  —@— CO,/CH, (PPN)
250 —v—CH/N,(PPNC)  —w— CH/N, (PPN)
260
2100 i/i_/—i
2z
31
3 904
o 60 o———o__/_,do
[75]
40 1
51 v v v
v v v
0 T T T
4 6

Feed pressure (bar)

Fig. 6 The effect of operating pressure on the gas permeability (a) and
selectivity (b) of the PPN1.5 and PPNCL1.5 at 25 °C.

but the zeolites actually separate gases by selective sorption,
and the pore flow through the zeolite cavities has a smaller
effect on separation. Therefore, the higher solubility and higher
diffusion of the CO, gas resulted in a higher permeability of this
gas compared to other gases through the neat membrane and
MSL-MMMs.

As shown in Fig. 5, the combination of NaX and NaX-COOH
porous nano-fillers significantly affected the permeability and
selectivity. By increasing the amount of nanoparticle loading up
to 1.5% wt, the permeability of CO, gas increased, but the
permeability of other gases was reduced. Likewise, the selec-
tivity of all pairs of gases increased. The SEM surface images of
the MSL-MMMs in Fig. 2 showed that by increasing the loading
amount of nano-zeolites, the number of these fillers increases
on the membrane surface. Therefore, due to the high sorption
capacity of the zeolite filler for polar gases and the high
chemical tendency of CO, with the NaX nano-zeolites, the
interaction between the gas and membrane surface increased
and led to an increase in CO, permeability. On the other hand,
the gradual decrease in the permeability of the other gases
could be due to the formation of a hard layer around the nano-
fillers, a decrease in the fractional free volume, partial pore
blocking of the nanoparticles and, most importantly, the weak
tendency of zeolites towards non-polar gases.*®

RSC Adv., 2019, 9, 1554215553 | 15549
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Table 5 Comparison of the gas separation performance of the MMMs based on Pebax containing different modified fillers

Permeability (barrer) Selectivity
Filler type Filler loading® (% wt) P (bar) T (°C) CO, CH, N, CO,/N, CO,/CH, CH,4/N, References
NaX-COOH 15 6 25 187.76 3.27 0.65 288.86 57.41 5.03 This work
Si0,~COOH 8 2 25 133.01 2.96 1.08 123.16 45 2.74 10
MWNTSs-NH, 9 7 35 200 12.5 3.84 52 16 3.26 14
GO-DA-Zn** 1 2 30 137.9 4.79 — — 28.8 — 38
UiO-66-NH, 10 3 25 87 — 1.32 66 — — 12
ImGO 0.8 8 25 76.20 2.5 0.72 105.50 30.5 3.47 2
UiO-66-NH, 15 7 25 393.4 9.9 — — 39.8 — 16
TiO,-CMC 3 20 25 194.6 — 2.36 82.4 — — 39
TiO,-AS 3 20 25 188.6 — 2.22 84.9 — — 39
GO-IL-NH, 10 4 25 143 6.25 1.8 79.44 22.88 3.47 40
MIL-53-NH, 10 10 35 149.1 7.3 2.7 55.22 20.42 2.7 41
GO-APTS 0.7 2 35 172 10.1 3.8 45.26 17.03 2.65 42
ZIF-8-ZN/Ni 10 5 25 408 7.87 — 51.8 — — 43

“ Based on the polymer weight.

In the MSL-MMMs comprising NaX-COOH compared to the
MSL-MMMs containing NaX, the permeability of CO, was much
higher and the permeability of CH, and N, gases was lower. The
—-COOH functional group of the modified zeolites can effectively
enhance the surface affinity toward CO, molecules,* and as
a result, the CO, gas permeability and subsequently the CO,/
CH, and CO,/N, selectivities increase. In addition, the results of
the BET analysis indicated that the smaller pore size of the NaX-
COOH compared to the NaX nano-zeolites hinders the perme-
ation of molecules with a high kinetic diameter that would have
an effect of improving the CO, permeability compared to N, and
CH,."**® The merging of nano-zeolite into the Pebax-1657 matrix
limits the movement of the polymer chains through the
formation of hydrogen bonds between the hydroxyl groups of
the filler and the Pebax-1657 polymer chains, as illustrated by
the FTIR analysis in Fig. 4. This limitation is greater for the
modified zeolites due to the formation of stronger bonds, but
the solubility of polar gases is also significantly increased.
Based on the results of the DSC test in Table 3, the addition of
nano-zeolites made the polymeric chains harder. Thus MSL-
MMMs containing NaX-COOH and NaX have a significantly
higher T, than the neat membranes.

With a loading of 2% wt of unmodified NaX zeolite, the
nanoparticle aggregation tendency increased, as shown in
Fig. 5. The weak interactions and the lack of appropriate
adhesion between the filler and the polymer caused the accu-
mulation of nanoparticles. However, the CO, permeability
decreased dramatically for the MSL-MMM with the maximum
modified zeolite loading (2% wt). Reducing the CO, perme-
ability at the highest loading amount of NaX-COOH can be
attributed to the increased interaction between the polymer and
the functionalized filler. Thus, the filler affects the crystallinity
of polyamide and polyethylene oxide segments. The presence of
NaX-COOH in the PEO soft section leads to a hardening of the
chains and thus reduces the CO, gas permeability; although in
the polyamide sector, it leads to the breakdown of the amide

15550 | RSC Adv., 2019, 9, 15542-15553

chain and a slight increase in the free volume, as proven by the
FTIR and DSC analyses.

Fig. 5 shows the ideal selectivity of the pairs of gases for the
neat membrane and MSL-MMMs. For the neat membrane, the
CO,/N,, CO,/CH, and CH,/N, ideal selectivities are 63.85, 28.21
and 2.26, respectively. While the addition of NaX and NaX-
COOH nano-zeolites resulted in a significant improvement in
the ideal selectivity of all pairs of gases. By increasing the
loading amount of nano-zeolites to 1.5% wt, the selectivities of
CO,/N,, CO,/CH, and CH,/N, for the MSL-MMM containing
NaX nano-zeolite increased to 101.03, 33.31 and 3.03, respec-
tively, and for the MSL-MMM containing NaX-COOH nano-
zeolite they increased to 288.86, 57.42 and 5.03. This trend for
gas-pair selectivity can be attributed to their permeability ratio,
and the reasons for the permeability behaviour are expressed
above.

Effect of operating pressure. The effect of operating pressure
on the gas permeability and ideal selectivity of the MSL-MMMs
containing 1.5% wt of NaX and NaX-COOH nano-fillers were
investigated and are shown in Fig. 6. It can be observed that the
permeability of all tested gases for the prepared membranes
increased as the pressure changed from 2 to 6 bar, while the
CO, permeability increase was significantly higher compared to
CH, and N,. The observed behavior for CO, permeability with
increasing operating pressure is consistent with the results re-
ported in the literature for rubbery membranes.**3¢ In general,
the operating pressure has a significant effect on the sorption of
condensable gases like CO, into the rubbery membranes, so
that the gas sorption increases with an increase in the operating
pressure. The sorption of condensable CO, molecules into the
membranes leads to an increase in the mobility of the polymeric
chains, and a greater fractional free volume was produced in the
MSL-MMM,* consequently enhancing the CO, diffusivity in the
MSL-MMMs. Additionally, by applying a higher pressure, the
CO, sorption by zeolite fillers in the MSL-MMMs is intensified,
which results in enhancement of CO, permeability. Ultimately,
the enhancement in the CO, sorption and diffusion in the MSL-

This journal is © The Royal Society of Chemistry 2019
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bound.

MMMs with higher operating pressure leads to higher CO,
permeability.

As shown in Fig. 6a, the permeability of CH, and N, gases
appears to be constant with the application of higher pressure.
This behavior implies that the fabricated membranes are not
compacted with increasing operating pressure. The prepared
membranes based on Pebax-1657 have a semi-crystalline
structure, in which the crystalline parts, such as rigid
segments and physical crosslinking in the membrane structure,
can provide the mechanical strength. Thus, resistance versus
compaction and reducing the movement of the polymer chains
are observed with an increase in feed pressure. Additionally,
incorporation of nanoparticles increases the mechanical
strength of MSL-MMMSs. The effect of modified nanoparticles
was greater than that of the unmodified nanoparticles in
increasing the mechanical strength. Ultimately, with an
increase in the operating pressure, the mass transfer driving
force increases and causes an increase in the gas diffusivity.
Therefore, the permeability of gases increases very slightly, with

This journal is © The Royal Society of Chemistry 2019

no compaction occurring in the membranes and an increase in
gas diffusivity. The gas permeability increase in interacting and
polar gases like CO, in the MSL-MMMs including modified
nano-zeolites was more significant due to the presence of
carboxylic functional groups. Furthermore, the CO,/N, and
CO,/CH, selectivities were slightly enhanced as the operating
pressure increased, while the CH,/N, selectivity was almost
constant, as shown in Fig. 6b. These trends can be attributed to
the effect of operating pressure on the gas permeabilities of the
prepared MSL-MMMs. Similar observations have been reported
in previous research.>*®*°

Stability of MSL-MMMs in long-term operation. In order to
verify the stability of the MSL-MMMs, a long-term permeation
test for the pure gases CO,, CH, and N, was performed for two
PPN1.5 and PPNCC1.5 membrane samples. The stability anal-
ysis was carried out for 50 h. Fig. S5t shows the CO, perme-
ability and the selectivity of CO,/N, and CO,/CH, as a function
of operating time at 6 bar and 25 °C. As can be seen in this
figure, for both MSL-MMMSs, the permeabilities and selectivities

RSC Adv., 2019, 9, 1554215553 | 15551
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were somewhat stable and no declining tendency was observed.
These behaviors show that there is no competitive effect
between the tested gases, and plasticization and compaction of
the prepared MMMS did not occur. Consequently, by applying
higher pressure or long-term permeation, the non-polar gases
remain unchanged. The stability of the MSL-MMMs means that
these membranes are promising for CO, capture in industrial
applications.

Comparison with other studies. The gas separation perfor-
mance of the MMMs is different because of different membrane
fabrication conditions, as well as different operating conditions
for the gas permeability measurement. Many factors affect the
permeability and selectivity of MMMs based on the Pebax
polymer, but the most important of these factors are operating
temperature, feed pressure, gas permeation module, effective
membrane surface, selective membrane layer thickness, type
and concentration of Pebax, Pebax solvent, and type and
morphology of the filler. In order to compare the permeability
and selectivity of MMMs, one of the most important factors is
the type of nanoparticle used as the filler in a polymeric matrix.
A variety of pure and functionalized nanoparticles have been
widely used by researchers and different results have been re-
ported, some of which are presented in Table 5. By comparing
the performances of various MMMs based on Pebax-1657, it is
found that the CO,/N, and CO,/CH, selectivities of the MSL-
MMM containing 1.5% wt of NaX zeolite are higher than the
selectivity of MMMs provided by other researchers. In addition,
the CO, permeability and CO,/N, selectivity of the MSL-MMM
containing 1.5% wt of NaX-COOH nano-zeolite are surprising.
It can be seen in Table 5 that the modification of nanoparticles
with various functional groups, such as amine and carboxyl, has
a significant effect on the permeability and selectivity of the
membranes.

Finally, the permselectivities of the MSL-MMMs were
compared with Robeson's upper limit and the results are shown
in Fig. 7. As can be seen, the PPN1.5 and PPNC1.5 membranes
overcome Robeson's upper bound, which proves that the effi-
ciency of separation is much higher than that of conventional
MMMs in other research.

Conclusions

A highly permeable and highly selective membrane including
the zeolites combined with a Pebax-1657 moderate selective
layer on a highly permeable PES support layer was developed for
gas separation applications. Functionalized NaX nano-zeolites
were employed to comprehend the effect of chemical surface
modification on the gas separation performance compared to
conventional MMMs. Loading the NaX and NaX-COOH nano-
zeolites into a Pebax polymeric matrix effectively promoted
the CO, permeability and CO,/N,, CO,/CH, and N,/CH, selec-
tivities due to the better CO, sorption, good compatibility and
strong interfacial interaction of the filler/polymer chains. In
addition, the permeability and selectivity of MSL-MMMs were
amplified by changing the operating pressure from 2 to 6 bar.
The results confirmed that MSL-MMMSs containing carboxyl
modified NaX zeolite had superior separation performance
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compared to MSL-MMMs containing neat NaX zeolite. More-
over, SEM images indicated that the modification of NaX nano-
zeolite led to good filler/polymer interaction and filler disper-
sion. The MSL-MMMs were also explored by performing DSC,
FTIR and long-term permeability tests. The results revealed that
the addition of nano-zeolites rigidified the polymer matrix
chains by forming strong hydrogen bonds, ultimately prevent-
ing the occurrence of compaction and plasticization of MSL-
MMMs. MSL-MMMSs containing 1.5% wt of carboxyl function-
alized NaX nanoparticles passed the Robeson's upper bound
limit for the separation of CO,/N,, CO,/CH, and CH,/N,.
Finally, it can be deduced that loading functionalized NaX into
the Pebax-1657 moderate selective layer is feasible for devel-
oping MSL-MMMs with high separation performance in the
cases of CO, in flue and natural gas.
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