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I Highlights

TGA showed membranes are thermally stable up to 460°C.
BET analysis of PIM-1 showed surface area of 656 m’g’
and 346 m’g’! for MZ.

Incorporation of MZ significantly enhances the CO,
permeability as compared to PIM-1 alone. Modified zeolite
The methanol treated membranes exhibit considerable
increase in permeability.

Membrane’s performance with regards to CO,/N, selectivity
is improved up to 10 wt% MMM.

I Abstract

Mixed matrix membranes (MMMs) of polymer of intrinsic microporosity (PIM-1) is synthesized by incorporating modified zeolite (MZ) as the filler. Zeolite was treated with
(3-Aminopropyl)-triethoxysilane (APTES). This treatment provided terminal amino groups to the zeolite by interaction between zeolite and ethoxy group of silane. MZ was
systematically incorporated from 5 wt% to 15 wt% for evaluation of the improvement in gas separation behaviour. Physical characteristics and elemental analysis of MMMs were
evaluated by X-ray photoelectron spectroscopy (XPS), X-ray diffraction analysis (XRD) and Fourier transform infrared (FTIR) spectroscopy. FTIR spectrum indicated physical
interaction between PIM-1 and MZ. Scanning electron microscopy analysis (SEM) revealed the smooth surface morphology for PIM-1 membrane. Aggregates of MZ were observed
from SEM analysis of PIM-1/MZ MMMs which indicated the formation of additional void volume. The Brunauer, Emmett, Teller (BET) analysis exhibited type I isotherm for PIM-1.
The PIM-1 surface area was calculated to be 656 m?g"'. Thermogravimetric analysis (TGA) revealed that membranes are thermally stable up to 460°C. Gas separation behaviour of
MMMs was also evaluated with particular focus on CO,/N, separation. Permeability was observed to increase with increasing filler concentration. CO, permeability was evaluated
to increase from 2610 barrer for PIM-1 membrane to 5540 barrer for PIM-1/MZ MMM (15 wt%). Tremendous increase in permeability was observed for alcohol treated PIM-1/MZ
MMMs. Aging analysis was performed by calculating the permeability for each membrane after 30, 60 and 90 days.

© 2021 MPRL. All rights reserved.

1. Introduction

Global warming is the world’s critical environmental issue. Recent data  reached 394 ppm which exceeds the safety limit of 350 ppm. Experts
reported that carbon dioxide (CO,) concentration in the environment has  predicted that the current energy demands could increase the CO,
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concentration to 570 ppm by the year 2100 [1]. Huge volume of flue gas
should be treated for reduction of direct release of CO, to atmosphere.

CO; can be separated from flue gases through polymer gas separation
membranes [2]. The pressure and concentration conditions strongly influence
the performance of polymer membrane [3]. For gas separation membranes,
bouquet of advantages are offered by polymers; great selectivity can be
achieved by tailoring their chemistry, membranes can be thin, light and
flexible due to ease of handling capability. Polysulfones, polycarbonates and
polyimides are highly selective polymers but their permeability is low
because they do not have adequate free volume.

PIMs have been extensively analysed for gas separation. Chain rigidity
and high free volume of PIMs improves the membrane separation properties
[4]. The contorted structure of PIMs distinguishes them from conventional
polymers. However, decrease in permeability is exhibited by such polymers
due to structural collapse over time [5]. The addition of porous material, a
secondary phase, can reduce the aging process [6]. Addition of zeolite in
PIMs is auspicious approach to surpass the upper bound by virtue of their
enhanced separation capabilities. These MMMs can surpass the performance
of unfilled polymer. Mason et al., prepared silicalite-1 reinforced PIM-1
MMMs [7]. Reinforcement of silicalite-1 crystals in PIM-1 matrix
significantly improved gas permeation results. Improved selectivity of these
membranes with reduced permeability located them above 2008 Robeson’s
upper bound. Khdhayyer et al, synthesized MMM s by incorporating MIL-101
metal organic framework in PIM-1 matrix [8]. The membranes exhibited
excellent combination of selectivity and permeability. The permeability (Pcoy)
of 35,600 Barrer was achieved. Alentiev et al., reported gas permeation
properties of MIL-101 reinforced PIM-1 MMMs [9]. The diffusion co-
efficient and permeability of MMMSs was enhanced for (N,, He, CO,, O,)
gases. Pco, was increased from 3250 Barrer to 8440 Barrer with increasing
filler concentration. Khdhayyer et al. synthesized PIM-1/UiO-66 MOF
MMM s for CO,/CH, separation [10]. With increasing concentration of filler,
permeability was increased. Selectivity was observed to maintain for amine
modified UiO-66. Ye et al., reported the effect of ZIF-67 loading on
selectivity of PIM-1 [11]. About 69.40% enhancement was observed for
CO,/CH, selectivity. Enhanced selectivity was ascribed to improved
interfacial interactions of filler-polymer.

Zeolite is well-known inorganic material constituting microporous
structure having SiO, and AlO, (aluminosilicate) tetrahedral [12]. While
fabricating MMM s for separation applications, molecular sieving phase must
give definite shape and size distinction [13]. Porous zeolites attract increased
attention over non-porous fillers due to their characteristic capacity to act as a
secondary transport pathway when added to polymer matrix. Junaidi et al.,
synthesized polysulfone/SAPO-34 zeolite MMM by phase inversion method
to investigate CO./N, separation properties [14]. The 10 wt%
polysulfone/zeolite MMM showed enhanced CO,/N, separation performance
as compared to neat polysulfone membrane. On higher zeolite loading, the
permeation properties were observed to disrupt because particle
agglomeration results in formation of large interfacial voids. Chaidou et al.,
synthesized polyimide/zeolite MMMs for gas separation analysis [15]. He
observed an increase in permeability with increase in zeolite loading. Kausar
et al., fabricated polycarbonate/poly(styrene-co-allyl alcohol)/nano-zeolite
MMMs for CO,/N, separation [16]. CO, permeability of 114.5 Barrer was
observed. Optimal results were exhibited by 10 wt % MMM which showed
improved selectivity of 38.2.

Selectivity (aA/B) and permeability co-efficient (PA) are the fundamental
parameters which characterize the separation performance of membrane [17].
To make the polymer desirable for separation performance, it should have
high selectivity and permeability. Higher purity is resulted from higher
selectivity. High permeable membrane requires less area to treat the gas, thus,
decreases the membrane’s capital cost. However, more permeable polymers
are less selective. This trade off relationship is quantified by Robeson et al.
[18]. He used double logarithmic plot of selectivity vs, permeability. The
most implicit membranes are described by the line “‘upper bound’ on plot.

Althumayri et al., fabricated PIM-1/graphene MMM s for investigation of
gas separation properties [19]. Significant enhancement was observed in
permeability of MMMs at low graphene concentration. The permeability for
CO, was substantial even after eight months as compared to unfilled polymer.
Mitra et al., prepared PIM-1/hyper crosslinked polystyrene MMMs for
CO,/N, separation [20]. The CO, permeability was observed to increase from
2,660 barrer for PIM-1 membrane to 10,040 barrer for PIM-1/hyper
crosslinked polystyrene MMM (17 wt%). Bushell et al. prepared PIM-1/ZIF-8
MMMs for investigation of permeation properties [21]. Permeability was
observed to be enhanced by ethanol treatment. Free volume is increased by
combination effect of loosely packed polymer chains and the contribution
cavities at interface between ZIF-8 and PIM-1.

In this work we report fabrication of PIM-1/MZ MMMs with synergic
separation performance. The fundamental understanding of science and

engineering for PIM-1/MZ MMMs fabrication are provided. The zeolite
particles were modified through silane treatment to reduce the polymer-
particle interfacial defects. The modified zeolite particles were reinforced to
PIM-1 matrix at varying concentrations (5 wt%, 10 wt%, 15 wt%). Single gas
permeation data was calculated for as cast and methanol treated MMMs.
Aging analysis was performed on methanol treated MMM s after 30 days, 60
days and 90 days. Permeability coefficients (P) and selectivity for the gas pair
CO,/N, were calculated at ambient temperature (298K). The trade-off
between selectivity and permeability as well as physical aging of polymers
requires a search for new synthesis routes to control and improve polymer
architecture.

2. Experimental
2.1. Materials

5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1’-spirobisindane  (TTSBI,
98%) was procured by Alfa Aesar. Dicyanotetrafluorobenzene (98%) was
purchased from Aldrich. Dicyanotetrafluorobenzene was dissolved in acetone
and washed with distilled water before use. Potassium carbonate (K,COs,
99%) was supplied by Fisher. K,CO; was dried for 24 hours in vacuum oven
at 110 °C before use. Zeolite A-3 granular with average size of 7um were
supplied by Daejung. (3-aminopropyl)-trimethoxysilan (APTMS, 99%),
dimethyl acetamide (DMAc, 99.8%), chloroform (99.9%) and toluene
(99.7%) were purchased from Aldrich and were used as such. Carbondioxide
(CO,) and nitrogen (N,) of purity 99.995% and 99.999% were supplied by
BOC Gases and were used as received.

2.2. Instrumentation

Gel permeation chromatography, GPC, (Viscotek 2001) was used for
investigation of molecular weight (Mw) by using 2 mixed B 500 A’ polymer
laboratories PL gel columns. Thermo Scientific™ Nicolet iS5 FT-IR
Spectrometer with an attenuated total reflectance (ATR) accessory was used
to record infra-red spectra (IR) of samples. X-ray photoelectron spectroscopy
(XPS) was determined by using a Kratos Axis Ultra DLD spectrometer with a
monochromated Al K-alpha X-ray source (E = 1486.6 eV, 10 mA emission).
Elemental analysis was performed by using a Thermo Scientific Flash 2000
organic elemental analyser (CHNS analyser). Thermogravimetric analysis
(TGA) was performed using a Mettler Toledo star system. The samples were
heated to 1000 °C at the rate of 10 °C/min under inert atmosphere.
Micromeritics ASAP 2020 porosity and surface area analyser was used to
calculate Brunauer-Emmet-Teller (BET) surface area from N, adsorption
isotherms. Membrane morphology was studied by Scanning electron
microscopy (SEM) by using a Hitachi S-4800 field-emission scanning
electron microscope. Samples were coated with gold by sputtering through
Emitech coater before analysis. X-ray diffraction patterns (XRD) were
recorded using a Philips high X’pert pro diffraction system model
PW3040/60 and X’Pert data collector version 2.0d software, with Cu Ka X-
ray radiation. Standard variable volume method was carried out for
permeability measurement using pure gases (CO, and N) at 2 atm upstream
gas pressure and ambient temperature of 298K.

2.3. Synthesis of PIM-1

Budd et al. [22] method was followed for synthesis of PIM-1. The
chemical reaction for synthesis of PIM-1 is shown in Scheme 1. TTSBI (0.05
mol), dicyanotetrafluorobenzene (0.05 mol) and K,CO; (0.15 mol) were
added to dry round bottom flask (500 mL) equipped with condenser and
mechanical stirrer. Toluene (50 mL) and DMAc (100 mL) were poured to
above mixture under nitrogen environment. Mixture was set to reflux for 40
min at 160 °C. The reaction product was precipitated to methanol (500 mL)
and then dissolved in chloroform (500 mL). The product was refluxed in
deionised water for 15 hours. The final product was washed with acetone and
dried. The yield of PIM-1 was 19.89gm (81% yield). The gel permeation
chromatogram of PIM-1 is shown in Figure 1. The absolute weight average
molar mass (Mw) for PIM-1 is determined as 131,968 g/mol, number average
molar mass (Mn) is determined as 37,721 g/mol, polydispersity index (PDI) is
calculated as 3.49. The synthesized polymers are characterised by high
molecular weight. Satilmis et al., reported PIM-1 of Mw 100,000 [23]. Anal.
Calc. for CxHoN,04 (Wt%) : C, 75.64: N, 6.08: H, 4.37 Found: C, 74.36: N,
6.01: H, 4.38.

2.4. Zeolite modification

Modification of zeolite has been discussed in detail in our previous
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publication [24]. Mixture of zeolite in 1,1,1-trichloroethane was prepared.
APTMS was dropwise added and mixture was set to reflux at 60 °C. This
treatment provided terminal amino groups to zeolite.

2.5. Synthesis of PIM-1 membrane

PIM-1 (0.3 g) was dissolved in anhydrous chloroform (CHCI;, 10mL)
and mixture was set to overnight stirring to ensure the homogeneity of casting
solution. Glass wool was used to filter casting solution. It was placed in a
closed environment for 48 hours. Membrane was formed by slow solvent
evaporation process.

2.6. Synthesis of PIM-1/MZ mixed matrix membranes

MMMs of PIM-1 with MZ were prepared in CHCIs in three different
proportions (5 wt%, 10 wt%, 15 wt% of MZ particles). The interaction
between PIM-1 and MZ is represented in Scheme 2. Weight % of filler in
mixed matrix membranes was calculated by following formula [20]:

Wt%of fillerinMMMs=100x—"tOr filer

wtof filler +wtof PIM -1

For preparation of PIM-1/MZ MMM, a suspension of MZ was prepared
in CHCl;. At ambient temperature, it was stirred for 12 hours. This was
followed by sonication. A chloroform solution of PIM-1 was poured to the
suspension. Mixture was set to stir for 20 hours. This was followed by
sonication in an ultrasonic bath type sonicator for 20 minutes. Resulting
solution was placed in a closed nitrogen environment for 48 hours where
membrane was formed by slow solvent evaporation process. The fabricated
membranes were kept under vacuum in a desiccator until used for
characterization.

2.7. Methanol treatment of mixed matrix membranes

The casting conditions (e.g., selection of solvent) may affect the gas
permeation performance of PIM-1 membrane. However, alcohol can be used
as a useful source for comparing different membranes due to its properties of
washing away the leftover casting solvent and hence opens up the structure of
PIM-1. Thus permeability can be increased on high scale by using alcohol.
[25]. For this purpose, membranes were soaked overnight in methanol. The
methanol treated membranes were kept under vacuum in desiccator for 1 h
before gas permeation studies.

14

1.2+

1.0

0.8 4

0.6

dw/d(logM)

0.4+

0.2 1

0.01

30 35 40 45 50 55 60 65
log Molecular Weight
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2.8. Single gas permeation measurements

Gas permeation analysis of single gases was performed at 298K using the
standard variable volume method [20,26]. Membranes were evacuated
carefully for removal of any dissolved specie. The N, was tested first and then
CO; was tested. 2.4 cm? membrane’s area was used. In permeate volume,
pressure increase was monitored by pressure transducer. Gas permeability
was calculated by following formula [20].

p_ N.1 @
Pl_PZ

P is permeability co-efficient (Barrer), | is thickness of the membrane
(cm), P, is the feed side pressure and P, is the permeate side pressure, N is

the steady state penetrant flux (cm®cmsec™). For a pair of gases, A and B,

ideal selectivity is the ratio of permeabilities [27],
PA
“%" P

B

(©)

For each membrane, ten thickness measurements were made using a digital
micrometre (Mitutoyo).

3. Results and discussion
3.1. Spectroscopic analysis

ATR-IR spectroscopy is performed to identify the functional groups. The
spectrum of MZ is depicted in Figure 2a. Al-O symmetric stretching vibration
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gives signal intensity at 1024 cm™. The absorption at 1526 cm™ is ascribed to
N-H bending. Si-H bond gives sharp peak at 2346 cm™. Absorption at 3597
cm? is attributed to residual OH groups. From the ATR-IR spectra of PIM-1
membrane (Figure 2b), the characteristic peak at 2236 cm™ is associated to
—C=N symmetric stretching. Physical interaction is predicted between PIM-1
and modified zeolite as the peak intensities are observed to decrease for
—C=N and C-O group in PIM-1/MZ MMM (Figure 2c) which indicates the
presence of hydrogen bonding. Distinct peak at 2952 cm* is ascribed to C-H
symmetric stretching vibration. The characteristic absorptions at 1450 cm™
and 1015 cm™ corresponds to C=C and C-O symmetric stretching vibration.
Weak IR reflections generated weak IR signals due to dark colour of PIM-1
membrane [28].

3.2. XPS analysis

To investigate the elemental composition of fabricated samples, XPS
analysis is performed. In Figure 3a, XPS survey scan of fabricated PIM-1
membrane is reported. The peak at 281.6eV is associated to C 1s while the
peak at 529.41eV is attributed to O 1s. The prominent peak at 397.26eV is
ascribed to nitrile group in the PIM-1 structure. The Figure 3b depicts the
XPS survey scan of MZ particles. The peaks for elements O, N, Si and Al can
be identified. The binding energy 396.2eV is assigned to N 1s. The signal at
531eV confirms the presence of O 1s. The peak at 99 eV corresponds to Si
2p. Minor Al 2p is also detected in the XPS spectra of MZ. The XPS survey
scan of PIM-1/MZ MMM is represented in Figure 3c. The spectrum confirms
the presence of C, O, Si and Al. The presence of C=N is confirmed with a
binding energy of 395.4 eV.

CN  —
L~

(@)
[~
CN T n

(b)

Zeolite Surface

Scheme 2. Interactions between (a) PIM-1 and (b) MZ.
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3.3. Morphological investigation

Details about surface and morphology of synthesized mixed matrix
membranes are examined through SEM analysis. SEM analysis of surface of
PIM-1 membrane, PIM-1/MZ MMM and MZ particles are depicted in Figure
4. For PIM-1 membrane, smooth morphology and homogenous phase is
observed (Figure 4a). SEM micrograph of MZ exhibit brittle fractured surface
(Figure 4b). The MZ particles tend to agglomerate showing low dispersibility.
Tubular morphology which is an indication of clinoptilolite is observed [24].
The SEM image of PIM-1/MZ MMM at 15wt% MZ loading is shown in
Figure 4c. The MZ patrticles are not distributed well all through PIM-1 matrix
and tends to agglomerate. Also the interface voids and defects are detected
around the surface of MMM. Inter-aggregate spacing can be seen between
aggregates which results in generation of additional void volume. Usually
preparation of zeolite filled PIM-1 membrane results in interface voids due to
adherence issues between inorganic and organic phases. In specific the
interface morphology of polymer/inorganic filler is crucial of overall transport
properties.

3.4. BET surface area analysis

Free volume of PIM-1 is analysed through low pressure gas sorption (N,)
at -196 °C. The low pressure N, sorption isotherm of PIM-1 is shown in
Figure 5a. PIM-1 shows type | isotherm which is an indication of significant
microporosity. Hysteresis is observed on desorption. It can be attributed to
pores network effect. The microporosity of PIM-1 is attributed to its high
rigidity in combination with contorted shape. It arises wholly from molecular
structure. Therefore, it is termed as intrinsic. The nitrogen adsorption-
desorption isotherm of MZ was calculated at -196 °C. The low pressure N,
sorption isotherm for MZ is generally of type IV as depicted in Figure 5b.
Zeolites are crystalline alumina-silicates. The BET analysis revealed capillary
condensation and microporosity as adsorption hysteresis loop is observed at

higher P/P [29]. The surface area calculations of synthesized PIM-1 and MZ
are reported in Table 1.

Table 1
Pore volume and BET surface area.

sample Surface Area Pore Volume Pore Size
P (Mg (cmg?) (nm)

PIM-1 656 0.24 2.1

Mz 346 0.207 2.6

3.5. Thermal analysis

The thermal stabilities of PIM-1 mixed matrix membranes are examined
by TGA. Figure 6 depicts the degradation curves of PIM-1/MZ mixed matrix
membranes. The membranes are thermally stable up to 460 °C. The stability
can be attributed to the dipolar interactions of nitrile groups. Nitrile group has
strong dipole moment and high molecular association. Strong polarity arise
from charge distribution between carbon and nitrogen atoms. The nitrogen
atom of nitrile group has lone pair orbital along molecular axis. These factors
impart strong polarity to nitrile group. Mixed matrix membranes display little
weight loss due to mutual interaction of zeolite-amine of modified zeolite.
Chatti et al., reported 22.56% weight loss for amine modified zeolite which
was higher 4% as compared to unmodified zeolite [30]. Adsorbed moisture
and volatile organics may be associated for weight loss below 150 °C. The
degradation temperatures of fabricated membranes are depicted in Table 2.

Fig. 4. SEM micrograph of membrane surface (magnification 20 kV) (a) PIM-1 membrane (100 pm); (b) MZ particles (2 pm); (¢) PIM-1/MZ MMM (15 wt%)(50 pum).
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3.6. XRD analysis

PIM-1 is an amorphous glassy polymer. The XRD diffractogram of PIM-
1 membrane is shown in Figure 7a which exhibit peaks with maxima at 26 =
25.8° and 28.2°. Tian et al., reported characteristic peak at 22.6° for PIM-1
with d-spacing of 3.9 A [31]. The diffraction peaks of MZ are observed at 20
=22.4°, 25.8° and 27.8° with the d-spacing of 3.9, 3.4 and 3.2 A (Figure 7b).
Scherrer formula is used to calculate the average crystallite size of MZ
particles which is 12 nm.

de KA
B Cosé

4

In equation (4), d is the average crystallite size, K is Scherrer constant, B
is the FWHM of peak, 4 is x-ray wavelength, @ is Bragg angle [32]. The
analysed nanocomposites do not have crystals of uniform size. The crystal
size attained using this formula is 20% - 40% correct. Figure 7c shows the X-
ray diffraction pattern of PIM-1/MZ MMM. Intensity of peaks is observed to
increase due to presence of MZ particles in PIM-1 matrix. It is also an
indication of interaction between PIM-1 and MZ particles. Bragg’s equation
is used to calculate the d-spacing of membranes.

ni=2d Sin6 (5)

where, wavelength of incident beam is A , refractive index ‘ n’ takes integer
value in most cases, 26 is the angle of diffraction between scattered and

incident x-rays, d is the interlayer spacing of lattice planes. The calculations
of d-spacing and degree of crystallinity (Xc) are summarised in Table 3. Xc is

calculated by dividing the area under crystalline region into the sum of area
under amorphous and crystalline region [33].

Table 2
Thermal analysis of PIM-1/MZ MMM.

Membrane Tdse (°C) Tdmax (°C) Residual Mass (%)
PIM-1/MZ (0 wt%) 451 510 75.86
PIM-1/MZ (5 wt%) 456 516 76.54
PIM-1/MZ (10 wt%) 447 508 73.92
PIM-1/MZ (15 wt%) 458 518 77.12
Table 3

d-spacing and crystallinity analysis of PIM-1 membrane, PIM-1/MZ MMM (15 wt%).

Membrane 20 position d-spacing (A") Xc
PIM-1 25.8 3.45 41.39
PIM-1/MZ (15
Wi%) 28.1 3.18 47.26
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Fig. 7. XRD patterns of (a) PIM-1 membrane; (b) MZ; (c) PIM-1/MZ MMM  (15wt)%.
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3.7. Gas separation analysis

The single gas permeation data of PIM-1/MZ MMMs are obtained and
shown in Figure 8A. Permeability coefficients, P, are calculated for CO, and
N, at ambient temperature (298K). The permeability of PIM-1 membrane is
observed to increase with increasing filler content from 5 to 15 wt%. Similar
result is observed by Bushell et al., for loading of ZIF-8 in PIM-1 [34].
Internal porosity of filler allow gas molecule to perforate more easily.
Moreover, the nature of interface between filler-polymer, filler’s effect on
chain packing, thus the distribution of free volume in polymer are the
parameters on which transport behaviour depends. Gas transport is directed
through free volume regions in PIM-1. Over the time, relaxation in polymer
chain reduces the free volume. However, reinforcement of inorganic filler
improves the gas solubility and sieving properties of membrane. Polymer
chain mobility is controlled by polymer-filler interfacial regions. For
comparison, the membranes are treated with methanol. Considerable increase
is observed in permeability of methanol treated MMM. This is because the
residual solvent can be washed away by alcohol. Moreover, methanol
treatment swells the membrane thus opens up the free volume [35]. However,
an abrupt increase is observed in permeability of 15 wt% methanol treated
MMM. The formation of undesirable channels and nonselective voids seems
inevitable resulting in gas molecules bypassing the defects [36]. Selectivities
of PIM-1/MZ MMM are determined for CO./N, gas pair at ambient
temperature (298K) and shown in Figure 8B. Significant drop is observed in
selectivity of as cast PIM-1/MZ MMM on filler addition from 5 to 15 wt%.
This is in accordance with Robeson observation that permeability is generally
increased at cost of selectivity. In the selective layer, microvoids are present
which arise from poor adherence with polymer matrix. High permeability
pathways may be provided by microvoids but at cost of selectivity [28]. For
methanol treated MMM, selectivity is observed to decrease with 5 wt% filler
addition. However, from 5 to 10wt%, a little drop is observed in selectivity

24000

(A)

—t—
ety [}

21000 4
18000
15000 4

12000 4

FBarrer

9000 4
6000 4

3000 4

0% 5% 10% 15%
Wit% of filler

regardless of increase in permeability over this range of filler. An abrupt
decrease is observed in selectivity at higher filler concentration (15 wt%) for
methanol treated membrane. This abrupt decrease may arise due to generation
of nonselective voids and interfacial defects. A comparison of perm-
selectivity values of as-cast and methanol treated MMM s are represented in
Table 4.

For self-standing membranes, permeability may reduce over timescale.
However, physical aging is accompanied often by increase in selectivity.
Aged membranes impart positive changes for gas separation if the permeance
of initial membrane is high enough. The gas transport properties for aging
membranes are reported in Table 5. Upon aging of methanol treated PIM-
1/MZ MMM s, faster loss of permeability is observed. Faster aging is shown
by methanol treated membranes, losing up to 53% CO, permeability after 90
days. The aging property of each membrane is summarized in Figure 9.
Separation performance of aged PIM-1/MZ MMMs for CO,/N, is comparable
to the reported values in literature. Mitra et al., reported the loss of CO,
permeability up to 50% after physical aging for PIM-1/HCP MMMs [17].
Alberto et al., reported the loss of CO, permeability up to 62% after 155 days
for PIM-1/graphene oxide MMMs [37]. In most cases, performance of
fabricated MMMs is in accordance with the Robeson 2008 upper bound
represented in Figure 10. Optimum performance is shown by methanol treated
PIM-1/MZ MMM (10 wt%). Hence, the membrane’s performance with
regards to CO,/N; selectivity is improved up to 10 wt% MMM. Additionally,
incorporation of MZ significantly enhances the permeability of CO, as
compared to PIM-1 alone. Comesafia-Gandara et al., redefined 2008 Robeson
upper-bound for CO./N, separation [38]. They reported gas permeability data
of benzotriptycene based PIMs. All of the data was above 2008 upper-bound.
Data points for CO, permeability were distributed over large range of 4400 to
52,000 Barrer. The impressive performance resulted from high DCO,/DN, of
2.
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Fig. 8. (A) Dependence of permeability coefficient of CO2. (a) As cast PIM-1/MZ MMM (b) Methanol treated PIM-1/MZ MMM; (B) Dependence of ideal
selectivity relative to N». (a) As cast PIM-1/MZ MMM (b) Methanol treated PIM-1/MZ MMM. All data are shown for non-aged membranes.

Table 4

Permeability coefficient in Barrer of as cast and methanol treated PIM-1/MZ MMMs

As cast Methanol Treated
Wt. % of filler in PIM-1 P(CO2) P(N2) I P(CO2) P(N2) S
(Barrer) (Barrer) (Barrer) (Barrer)
0 2610 114 23 3690 185 20.3
5 2810 169 16.8 5200 311 16.7
10 4420 252 16.6 6570 390 16.8
15 5540 437 12.7 21100 6070 34
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Table 5
Ageing analysis of gas transport properties of PIM-1/MZ MMMs
P(CO2) on P(CO2) on P(CO2) on P(CO;) on
Wt. % of filler in PIM-1 1% day 30t day 60" day 90" day
(Barrer) (Barrer) (Barrer) (Barrer)
0 3810 2340 2230 2210
5 5370 3290 2600 2580
10 6970 3300 2940 3000
15 21800 10400 10200 10100

Il CO,, permeability on 1st day

Il CO, permeability on 30th day
Il CO, permeability on 60th day
Il CO,, permeability on 90th day

20000 -

15000 =

10000 -

PCO»/Barrer

5000 =

as cast S5wt% 10 wt% 15wt%

Fig. 9. Permeability and aging characteristics of PIM-1/MZ MMM.

—— Robeson
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1 A5 wt% as cast

7 10 wt% as cas:

7 x 15 wt% as cast

1 > PIM-1 MeCOH trea.
—-5wt% MeOH Treat

1 =% 10 wt% MeOH Treat
—OF 15 wt% MeOH Treat

CO,/N, selectivity

1000 10000
CO» permeability (Barrer)

Fig. 10. The single gas CO2 permeability and ideal CO2/N; selectivity of PIM-1 based MMMs plotted against Robeson 2008 upper bound. The
filled shapes represent as-cast membranes while unfilled symbols represent analogous films after methanol treatment.
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4. Conclusions

Synthesis of MMMs by using PIM-1 and modified zeolite has been
described. The reinforcement of modified zeolite in PIM-1 results in
increasing permeability. The morphological investigations of MMMs
revealed aggregation of MZ particles in PIM-1. This aggregation results in
formation of inter-aggregate spacing which creates additional void volume.
The surface area of 656 m?g* and 346 m?g™* was calculated for PIM-1 and
MZ. Therefore, the permeability is averaged over both polymer phase and
filler phase. The thermal analysis of MMMs revealed good stability which
can be attributed to the dipolar interactions of the nitrile group of PIM-1. The
XRD analysis of PIM-1 revealed its amorphous nature. Interaction between
PIM-1 and MZ is indicated from the XRD spectrum of PIM-1/MZ MMM (15
wt%), as the peak intensity is observe to increase due to presence of MZ
particles. The methanol treated membranes exhibit considerable increase in
permeability as the alcohol wash swells the membrane and opens up the free
volume. Optimum performance is shown by methanol treated PIM-1/MZ
MMM (10 wt%). We speculate that the permeation properties are adequately
enhanced by MZ loading to PIM-1 matrix however at higher MZ loading, gas
permeation properties are not further enhanced. This can be attributed to the
poor filler-polymer adhesion and introduction of defects at higher filler
concentration. Most favourable performance is exhibited by 10 wt% loading
of MZ.
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