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Metal-organic frameworks (MOFs) are found to be promising porous crystalline materials for application in

gas separation. Considering that mixed matrix membranes usually increase the gas separation performance

of a polymer by increasing selectivity, permeability, or both (i.e., perm-selectivity), the zeolitic imidazole
framework-95 (ZIF-95) MOF was dispersed for the first time in polysulfone (PSF) polymer to form mixed
matrix membranes (MMMs), namely, ZIF-95/PSF. The fabricated ZIF-95/PSF membranes were examined

for the separation of various gases. The characterization of solvothermally synthesized ZIF-95 was

carried out using different analyses such as powder X-ray diffraction (PXRD), scanning electron

microscopy (SEM), thermogravimetric analysis (TGA), porosity measurements, etc. ZIF-95 was mixed with
PSF at 8%, 16%, 24%, and 32% weight percent to form different loading MMMs. SEM analysis of
membranes revealed good compatibility/adhesion between the MOF and polymer. The permeability of
He, Hy O, CO,, N, and CH,; were measured for the pure and composite membranes. The ideal

selectivity of different gas pairs were calculated and compared with reported mixed matrix membranes.

The maximum increases in permeabilities were observed in 32% loaded membrane; nevertheless, these

performance/permeability increases were at the expense of a slight decrease of selectivity. In the
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optimally loaded membrane (ie., 24 wt% loaded membrane), the permeability of H, O, and CO,

increased by 80.2%, 78.0%, and 67.2%, respectively, as compared to the pure membrane. Moreover, the

DOI: 10.1039/d1ra06271a

rsc.li/rsc-advances loaded membrane, respectively.

1 Introduction

Membrane technology is considered a promising gas separation
technique due to its continuous, simple, and environmental-
friendly operation."* Conventionally, the separation and puri-
fication of gases are done by absorption, adsorption, or cryo-
genic processes.” Adsorption/absorption based separation
requires continuous regeneration of adsorbent/absorbent,
which resultantly increases the operational and capital cost of
separation. Similarly, the cryogenic separation of gases is also
energy-intensive because it requires extremely high pressure
and cryogenic temperature. The challenges faced by prevailing
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selectivity of Hy/CH4, O,/N,, and H,/CO, gas pairs also increased by 16%, 15%, and 8% in the 24%

technologies can easily be overcome by membrane-based gas
separation technology. The main industrial applications of
membrane gas separation are natural gas sweetening (CO,/CH,),
carbon capture (CO,/N,), hydrogen recovery (H,/CH,), syngas ratio
adjustment (H,/CO,), nitrogen removal (N,/CH,), oxygen enrich-
ment (O,/N,), helium separation (He/CH,), etc.6-12

Membranes are classified into three main categories based
on the type of material used, i.e., organic, inorganic, and mixed
matrix membranes. Organic polymeric membranes are widely
used for gas separation applications due to their least cost and
good ductility. But the relatively poor separation performance of
polymeric membranes put the stopper on their extensive
industrial use. Inorganic membranes, which are made up of
metals, metal oxides, zeolites, silicates, and metal-organic
frameworks (MOFs), exhibit exceptional chemical and thermal
stability. However, with inorganic materials, it is very difficult to
form defect-free membranes of different shapes such as cylin-
drical, hollow fiber, spiral, etc. The performance and fabrication
limitations of different types of membranes can be smartly
solved by incorporating organic or inorganic porous filler in
a polymer matrix to form a MMM. Inorganic filler-based MMMs
inherit the salient properties of organic and inorganic
membranes. Good MMMs synergistically increase the
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permeability and/or selectivity of the polymer. The commonly
used fillers in membranes are zeolites, silicates, metal oxides,
carbon-based nanomaterials, and MOFs. MOFs are advanced
porous materials that have been widely used in gas storage, gas
separation, sensing, and catalysis applications.'**> MOF-fillers
are considered the best choice*® for MMM fabrication due to
the following characteristics: (1) MOFs are the best crystalline
porous materials that typically show very high surface area.**¢
This high surface area helps in increasing the surface diffusion
of gases in a MOF-based MMM. (2) MOFs can be designed from
awide range of metals and organic linkers to get unprecedented
topologies.””*° There are enormous number of unique topology
MOFs that can be synthesized by slightly changing the synthesis
conditions or metal salt. This provides us with huge MOF filler
alternatives for the fabrication of MMMs. (3) The pore aperture and
surface properties (e.g., gas affinity, hydrophobicity, surface polarity,
etc.) of a MOF can be altered by introducing various functionalities
using post-synthetic modification techniques.***" Thus, the gas
separation performance of MOF-based MMM can be further
augmented by altering the properties of MOF filler. (4) A MOF's
compatibility with the polymer matrix can be further enhanced by
introducing desirable functionality on the MOF surface.**** The
partial organic nature of MOF provides the opportunity to bind
functionalized-MOF to the surface of the polymer.

Historically, Paul and Kemp®® first time formed the MMM,
for the gas separation, by dispersing zeolite 5 A in a rubbery
polymer. Until now, many MMMs have been reported using
different fillers with glassy and rubbery polymers. For example,
Reid et al.®*® used an MCM-41 molecular sieve to fabricate PSF
MMM for gas separation application. The resulting membrane
showed an increase in the permeability of gasses without
compromising the selectivity of O,/N, and CO,/CH, pairs. The
homogenous MMM of PSF and zeolite-A nanoparticle was re-
ported by Wang et al.*” for the air separation. Uniform nano-
particles created defect-free membranes with increased
permeability and selectivity. Kim and Marand® used meso-
porous MCM-48 silica in the PSF matrix and tested the loaded
membranes to find the permeability of five gases (i.e., He, O,,
CO,, N,, and CH,). The 10% MCM-48 loaded membrane pro-
claimed around an 85% increase in permeabilities of all the
gases. Ahn et al.** embedded nonporous fumed silica in PSF
mixed matrix membrane. They found that the permeabilities of
six gases increased in all the loaded MMM s of nonporous silica
and were in contrast with the Maxwell model predictions. The
primary issue with the use of inorganic fillers (i.e., zeolites,
silicates, oxide, etc.) was their poor compatibility with the
polymer. This resulted in the formation of low loadings
MMMs.*”*® Moreover, one of the above-mentioned MMM only
showed a trade-off between permeability and selectivity.*

Jomekian et al. and Pakizeh et al.**** modified the surfaces of
MCM-41 and fumed SiO, using dimethyldichlorosilane
(DMDCS) to form polysulfone MMMs, respectively. These sila-
nol functionalized fillers provided better dispersion in the
matrix and increased the gas separation performance (ie.,
selectivity). Khan et al.*> modified the PSF into PSF acrylate to
form MMM. Moreover, they used aminopropyl-trimethoxysilane
(APTMS) as a coupling agent to covalently bind zeolite-3A to
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polysufone acrylate. Zeolite-3A showed an excellent molecular
sieving effect for H,/CO, pair because its pore size (i.e., 3 A) is
between the kinetic diameter of separating gases. The kinetic
diameters and 3-D space-filling models of 6 gases are shown in
Fig. 1. Dorosti et al.** used ZSM-5 as filler in the polymeric blend
of polysulfone and polyimide (PSF:PI = 50:50 wt%). The
blended membrane had a slight increase in thermal stability
and separation performance as compared to the pure PSF
membrane. To a certain extent, the use of surface-modified
inorganic fillers increased the compatibilities of the fillers
with the polymers. However, this strategy added un-necessary
complications in the fabrication of slightly better membranes.

In a couple of decades, many new stable MOFs have been
reported and thus used in forming MMMs. Zornoza et al.** used
ZIF-8, HKUST-1, and silicate-1 to form PSF MMMs. They also
used combinations of MOFs and silicate-1 (i.e., ZIF-8/SC-1 and
HKUST-1/SC-1) in membranes.

PSF/ZIF-8 MMM showed the best performance for the
mixtures which involved the separation of permeating gases
based on diffusion difference between the molecules. Whereas
the HKUST-1 MMM showed good separation performance for
CO,-containing mixtures due to high CO, adsorption of filler.
Jeazet et al.*® used water-stable MIL-101(Cr)/PSF MMM for O,/N,
separation. At 24% loading of MIL-101, the membrane
increased oxygen permeability by 4 folds without changing the
selectivity. Many researchers used amine-modified MOFs (i.e.,
NH,-MIL-101, NH,-MIL-53, NH,-UiO-66, etc.) for MMM fabri-
cation due to their ability to reduce interfacial defects between
the phases.***® NH,-UiO-66 helped in forming 50% loaded
MMM which had 8 times higher CO, permeability than pure
PSF membrane. Sarfraz and Ba-Shammakh** reported
different PSF MMMs for post-combustion carbon capture in wet
conditions. Among all combinations (i.e., ZIF-301, ZIF-301/GO,
ZIF-302/GO, and ZIF-302/CNT), ZIF-301/GO MMM unveiled 4
times increase in CO, permeability and 2.4 times increase in
CO,/N, ideal selectivity.”® Sorribas et al.>* used mesoporous
silica, coated with microporous ZIF-8, in the PSF membrane to
increase the compatibility between polymer and particle phase.
The porous composite (meso + micro pores) filled membranes
showed an increase in permeabilities without selectivity loss.

He=260A

Hp = 2.89 A 0,=3.46A

-
N o

W

CH;s=3.80A

f—

CO,=330A

N2 =3.64 A

Fig. 1 3-D space-filling models and kinetic diameters of different
gases.
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Jeazet et al>* simultaneously used two MOFs (i.e., ZIF-8 and
MIL-101) to form PSF MMMs. ZIF-8 and MIL-101(Cr) have
different pore aperture (i.e., 3.4 A and 16 A, respectively) and
textural properties. The 16% loaded (ZIF-8 : MIL-101 =1 : 1 wt)
membrane showed increased perm-selectivity for CO,/CH, pair.
Anastasiou et al.** reported ZIF-8/graphene oxide (ZIF-8/GO)
hybrid-filler MMM for separation of CO,/CH, pair. The
enhancement in permeability and selectivity of the membrane
was attributed to the high CO, affinity of ZIF-8 and hindrance to
diffusion of large gas molecules through GO. Cheng et al.>®
synthesized covalent organic framework coated (COF-coated)
MOF hybrid filler for PSF MMM fabrication. They used TpPa-1
(COF) to coat the size-selective UiO-66-NH, (MOF) to increase
the compatibility of filler particles. The 5% COF@MOF filler-
loaded membrane increased the permeability and selectivity
of CO, and CO,/CH, by 48% and 79%, respectively. The first
Bio-MOF-based PSF mixed matrix membrane was reported by
Ishaq et al.*” for the separation of CO,. The membrane with
30 wt% loadings depicted a 168% increase in CO, permeability
and a 58% increase in CO,/N, selectivity. Recently, some
researchers reported PSF-based membrane using carbonyl iron
powder (CIP), TiO,, and ZIF-11.°** The CIP-containing PSF
membranes were used for the separation of O, (paramagnetic)
from N, (diamagnetic). The inclusion of magnetic powder
resulted in a slight drop in separation performance, but the
same membrane showed excellent performance in the presence
of the unidirectionally aligned magnetic field. Under the
magnetic field of 570 mT (milli Tesla), 10 wt% CIP loaded MMM
revealed a 436% increase in O, permeability compared to a zero
magnetic field environment. The researchers hypothesized that
preferential magnetic channels, created by the application of
magnetic field, increased the flux of paramagnetic O,. The PSF/
ZIF-11 membrane was tested for CO,/CH, mixture separation.*
The 24% PSF/ZIF-11 loaded membrane showed a 40% and
160% increase in ideal and diffusional selectivity, respectively.
This increase in diffusional selectivity was achieved due to
molecular sieving of gases through the narrow pore aperture of
ZIF-11 (ie., 3 A). Recently, Ilicak et al.** reported polyimide (PI)
based ZIF-95 MMM for the separation of H, and CO, from natural
gas. The ZIF-95 molecular sieve helped PI in improving H,/CH,
and CO,/CH, pair selectivity by 75% and 48%, respectively. Essen
et al.”* reported matrimid-PBI blended (3 : 1) MMMs containing
non-porous ZIF-95X and porous ZIF-301. They found that imper-
meable ZIF-95X/MMM does not improve the separation perfor-
mance of CO, separation from a binary mixture of N, and O,.
However, the porous ZIF-301/MMM showed significant improve-
ment in performance because its micropore volume was selectively
accessible by CO, gas molecules.

In this work, ZIF-95 is used for the first time in PSF MMM.
PSF polymer is used in membranes as a matrix due to its high
tensile strength, high critical CO, plasticization pressure, and
good chemical stability.** The ZIF-95 has high thermal (about
500 °C) and chemical stability.*® The crystals of ZIF-95 exhibit
POZ topology with colossal cages that have the largest pore
windows of 3.65 A (see Fig. 2). It is expected that these con-
stricted pore windows will discriminate between the gases with
different kinetic diameters. Moreover, an increase in separation
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factor is anticipated for different gas pairs of H, and CO, due to
the peculiar adsorption behavior of ZIF-95. The isosteric heat of
adsorption of CO, for ZIF-95 was calculated about 24.4 k] mol
using the Clausius-Clapeyron equation (see eqn (S1)}). POZ
topology ZIF-95 have four types of cages with largest cage having
30.1 x 20.1 A pore size. Such large size cages are categorized as
“super cages” in zeolite-like materials. The reported BET
(Langmuir) surface area (using N, adsorption isotherm) of ZIF-
95 is 1050 m’g " (1240 m?g ").®® The polar functional groups
(i.e., Cl) on the surface of the ZIF-95 are expected to change (i.e.,
increase) the thermodynamic affinity (i.e., solubility) of highly
polarizable gases. In literature, ZIF-95 has been used in making
alumina-supported membranes for the separation of H, and CO,
from different gases (i.e., CH; and N,). Among all the reported
membranes, the best selectivity was achieved in a highly oriented-
ZIF-95 nano-sheet membrane.** Oriented-ZIF-95 seeding layer of
600 nm was supported on Al,O; using vapor assisted in-plane
epitaxial growth method. In this membrane, the permeability of
hydrogen (at 1 bar and 200 °C) was around 1434.63 Barrer and the
corresponding ideal selectivity of H,/CH,4, H,/CO,. and CO,/CH,,
were 64.3, 38.5, and 1.7, respectively.

2 Experimental
2.1 Materials

Zinc nitrate hexahydrate (Zn (NO;),.6H,0), acetone (C3HgO,
99%), and chloroform (CHCI;, stabilized with 0.5% ethanol)
were purchased from Loba Chemie Pvt. Ltd. 5-Chlor-
obenzimidazole (C;H;CIN,, 96%) linker, for the synthesis of
ZIF-95, was purchased from Sigma-Aldrich Co. (China). For the
solvothermal synthesis of ZIF-95, dimethylformamide (DMF,
99.5%) solvent was purchased from Fisher Scientific Co. All the
chemicals were used without further purification or treatment.
The commercial-grade polysulfone (PSF) with average molec-
ular weight ~35 000 and density of 1.25 g cm > (at 25 °C) was
purchased from Sigma-Aldrich Co. (USA).

(A)

(B)
+ w/A\\ +
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®

Fig. 2 (A) Structure of ZIF-95 showing largest pore window (blue
circle), metal nodes (yellow pyramid), carbon atoms (black balls),
nitrogen atoms (green balls), and chloride atoms (red balls). (B)
Structure of 5-Cholorbenzimidaziole linker showing chlorine func-
tional group (red) and the bonds between nitrogen atoms (green) and
zinc atoms (yellow). (C) Ball and stick model of 5-Chlorobenzimidazole
linker with same color scheme.
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2.2 Synthesis of ZIF-95

ZIF-95 was synthesized by slight modification in the previously
reported solvothermal synthesis method.* Zinc nitrate hexa-
hydrate (69.5 mg, 0.234 mmol) metal salt and 5-chlor-
obenzimidazole (355 mg, 2.34 mmol) linker were added in
Teflon lined autoclave container. Subsequently, DMF solvent
(17.2 ml) was added to the same container. It is noteworthy that
DMF used for the synthesis contained 0.02 percent water by
weight. The container was closed tightly and placed in a gravity
convection oven at 120 °C for 72 hours. The autoclave was
removed from the oven on completion of 72 hours and allowed
to cool down at room temperature. The ZIF-95 crystals were
then washed thoroughly with DMF to remove the un-reacted
materials. The yield was around 80% with respect to zinc
nitrate hexahydrate. The sample was then activated (see Section
S27) for further characterizations and membrane fabrication.

2.3 Membranes fabrication

PSF beads were degassed at 100 °C for 24 hours in an oven
before using them in membrane fabrication. 500 mg of PSF was
dissolved in 2 ml of chloroform in a vial using a stirrer. The
resulted solution of polymer was placed on stirring for 24 hours
to get the homogenous solution. Afterward, degassing of the
homogenous solution was done for 1 hour using sonication,
and the solution was again placed under stirring for 1 more
hour. The homogenous solution of polymer was cast on a clean
glass plate using a casting knife. The MMMs were prepared by
using two vials of 5 ml and 2 ml. The weighted quantity of PSF
was dissolved in 1.4 ml of chloroform using a stirrer in a 5 ml
vial. At the same time, weighted quantity ZIF-95 was added in
a 2 ml vial and placed inside the vacuum oven for degassing at
110 °C for 24 hours. After 24 hours, a 2 ml vial was removed
from the vacuum oven and 0.6 ml of chloroform was added to it.
Sonication was used to completely disperse the ZIF-95 particle
in chloroform. Subsequently, suspension of ZIF-95 was added
in a 5 ml vial using a priming method to minimize the interface
stress between polymer and particles.”” Accordingly, around
20% of the suspension was added to the solution of polymer,
and the resulted mixture was placed on the stirring. After 10
minutes, a further 20% of the suspension was added to the
polymer solution vial. This procedure was repeated until all the
suspension was added in a 5 ml vial. The remaining 0.4 ml
chloroform was used to rinse a 2 ml vial and subsequently
added in a 5 ml vial. Homogenous suspension of ZIF-95, PSF,
and chloroform was placed under stirring for 24 hours. From
then onwards, the fabrication procedure of MMM was the same
as for pure polymeric membrane. The weight percent of poly-
mer and MOF in solution was fixed to 14.37% in each
membrane. All the membranes were cast on a glass plate using
a doctors' knife with a gate height of 300 to 380 pum.

2.4 Characterization techniques

The crystal structure of synthesized ZIF-95 was characterized by
comparing powder X-ray diffraction peaks with the simulated X-
ray diffraction pattern. The PXRD data were collected by using
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Rigaku Miniflex-IT equipment, operated at 450 watts (30 kV, 15
mA; 450 W) using Cu Ko radiation (A = 0.154 nm). The
measurement was obtained from 2-30° (26) with a scan rate of
1° min~" to get good results.

The surface area of the synthesized ZIF-95 sample was
calculated by using an N, adsorption isotherm at 77 K. Autosorb
IQ equipment was used to get adsorption and desorption
isotherms for ZIF-95. The CO, adsorption isotherm was also
obtained for a sample at 273, 298, and 308 K (see Fig. S17). The
FE-SEM images of ZIF-95 crystals and membranes were ob-
tained by using a Tescan Lyra-3 scanning electron microscope.
All the samples of ZIF-95 and membranes were gold (Au) coated
to increase the sample's conductivity and reduce the charging
effect. Membrane samples were cryo-fractured using liquid
nitrogen to see the cross-section. FE-SEM scans showed beau-
tiful crystals of random morphology with particle sizes less than
5 um. For a cross-section of membranes, EDS mapping was also
used to see the dispersion of particles inside the cross-section of
the membrane. The thicknesses of all the membranes were
calculated by using SEM images.

Thermogravimetric analyses of ZIF-95 and membranes were
performed using TA Q500 equipment. The dynamic high-
resolution setting was selected in software to perform analysis
from 30 to 770 °C. The sample was placed on a platinum pan
under a dry air environment. The flow rate of dry air was
maintained at 40 ml min~" during analysis.

Differential scanning calorimetry was also used to find the glass
transition temperature (T,) of pure and loaded membranes. A
slight increase in T, was observed for MMM as loading increased.

2.5 Permeation measurement

The membranes permeation performance was measured for 6
gasses, i.e. He, H,, O,, CO,, N,, and CH,. Constant volume/
variable pressure (CV/VP) permeation setup (see Fig. S2) was
used to calculate the permeability of each gas. The feed side and
permeate side of the permeation setup were evacuated to 35
mTorr pressure before each measurement. The temperature of
setup was maintained at 35 °C and feed side pressure was raised
to 1550 torr to start each run. The change in pressure with
respect to time was used to calculate the flux of the gas through
the membrane using eqn (S3).7 This flux was then used to
calculate the permeability coefficient or permeability of the
gases. Permeability coefficient (P;) is defined as follow:

_ Flux;L
=%

1 Barrer = 107 c¢cm® (STP) cm em™ s cmHg™

P;

where “P;” is the permeability of gas “i”, “L” is the thickness of
the membrane, and “Ap” is the pressure difference between
upstream and downstream of membrane.

The ideal selectivity (Sy) is expressed as follow:

P
J

unit less quantity

where “P;” and “Py” is the permeability of gas “i” and “j”,
respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Powder X-ray diffraction pattern of simulated (blue), synthe-
sized (orange), and activated (purple) ZIF-95.

Since the results of mostly reported MMMs are at different
temperature and pressure conditions so we cannot depict
performance increase by just permeability and selectivity.
Moreover, the literature also reports symmetric and asymmetric
membranes that show completely different permeability and
selectivity. So, we have calculated a percentage performance
increase for MMMs as compared to the pure membranes.

3 Results and discussion
3.1 Characterizations

The powder X-ray diffraction pattern (see Fig. 3) of the synthe-
sized ZIF-95 exhibits characteristic diffraction peaks at 2.83,
3.22, and 5.30. These peaks match exactly with the simulated
diffraction pattern obtained from the crystallographic infor-
mation file (CIF) using Mercury software. The slight increase in
intensities of the first diffraction peak appeared immediately
after the activation of the ZIF-95 sample. A similar trend was
seen in the earlier study.®® Overall, there was no change in the
crystallinity after activation of the sample.

In Fig. 4, the SEM images of ZIF-95 and pure PSF membrane
are presented. As shown in Fig. 4(A, a), the average particle size

207

S

Fig. 4 SEM images of ZIF-95 (A, a) and cross-section of a pure
membrane (B, b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images of a cross-section of 8% loaded membrane (A, a)
and 16% loaded membrane (B, b).

of synthesized ZIF-95 was less than 5 um. The SEM images of
the pure membrane (ie., Fig. 4(B, b)) show symmetric dense
structure. The thickness of each membrane was measured
using SEM images of the cross-section. The SEM images of
loaded MMM s (see Fig. 5 and 6) showed good adhesion between
particles and the polymer. The non-uniform-sized particles
were distributed evenly in the polymer matrix. Fig. 5(A, a) and
(B, b) show that the particles of ZIF-95 were distributed
uniformly in 8% and 16% loaded membranes, respectively, but
there was a huge distance in the position of adjacent particles.
However, in 24% and 32% loaded membranes (see Fig. 6(A, a)
and (B, b), respectively) the particles were present closer to each
other. This closeness in position particles might have formed
porous channels of ZIF-95 inside the polymer matrix.

The distribution of ZIF-95 particles inside loaded
membranes was also seen through electron dispersion spec-
troscopy (EDS) mapping using a constant scanning rate. The
zinc was selected as a mapping element in EDS scans (Fig. S37).
EDS scans also revealed that the particles were distributed
uniformly inside all the membranes.

The N, adsorption isotherm (at 77 K) was used to calculate
the porosities and surface area of synthesized ZIF-95 samples

Fig. 6 SEM images of the cross-section of 24% loaded membrane (A,
a) and 32% loaded membrane (B, b).
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Fig.7 Nitrogen adsorption (blue) and desorption (red) isotherm at 77 K
for ZIF-95.

(see Fig. 7). Brunauer-Emmett-Teller (BET) and Langmuir
surface areas were calculated using adsorption points from
0.03-0.08 and 0.1-0.35, respectively. Accordingly, the BET
(Langmuir) surface area synthesized MOF was found to be 850
+ 50 (1100 4 50) m> g~ *. Moreover, the total micropore pore
volume was around 0.41 cm® g'. The CO, adsorption
isotherms were obtained at 273 K, 298 K, and 308 K (see Section
S1, Fig. S17). The isosteric heat of CO, adsorption (Qs) for ZIF-
95 was calculated using the Clausius-Clapeyron equation. The
Q. value of ZIF-95 was around 24.4 k] mol™*, which confirms
that the adsorption of CO, is physisorption in nature.

The thermogravimetric analysis (TGA) of activated ZIF-95
and membranes were done in a dry air environment (Fig. 8).
The thermal stability of ZIF-95 was around 400 °C in air, slightly
less than stability reported in only N, (~500 °C) environment.*
The residual weight of ZIF-95 was about 19.08 grams per 100
grams of ZIF-95. This is in complete agreement with the theo-
retical calculations of a completely oxidized metal framework.
The theoretical residual weight of the oxidized framework (ZnO)
was calculated to be 20 g per 100 g of ZIF-95. The slight differ-
ence in theoretical and actual residual weight may arise due to
adsorbed solvent/gases and/or instrument calibration.

100 —

90
80
70 F
L 60 ZIF-95 Synthesized
=50 | PSF-ZIF-32%
~§’ a0 | PSF-ZIF-24%
30 | ———— PSF-ZIF-16%
——— PSF-ZIF-8%
20
PSF Pure
10 f -
0 1 1 1 1 1 e e —
0 100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 8 Thermogravimetric analysis of ZIF-95 (black), pure membrane
(blue), and 8% loaded membrane (green), 16% loaded membrane (red),
24% loaded membrane (orange), and 32% loaded membrane (purple).
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Table 1 Glass transition temperature (Ty) of pure and loaded
membranes

Glass transition

Membranes temperature (7y) (°C)
Pure PSF 185.02
PSF-ZIF-95-8% 185.09
PSF-ZIF-95-16% 185.28
PSF-ZIF-95-24% 185.40
PSF-ZIF-95-32% 185.96

The weight of residue was also used to verify the loadings of
MMM. For pure membrane, the residue's weight was close to
zero (i.e. 0.29%) due to the complete burning of PSF into oxide
gases (i.e., CO,, H,0, SO,, etc.). The residual weight of each
loaded membrane was in accordance with the loading of the
corresponding MMM. The residual weights for 8%, 16%, 24%,
and 32% loaded membranes were about 1.92%, 3.12%, 4.65%,
and 6.27%, respectively.

Differential scanning calorimetry of all the membrane samples
was done to check the glass transition temperature (7). The glass
transition temperature of membranes increased slightly as the
loading of filler increased (see Table 1). Since the increase in T, is not
very pronounced, so it cannot be used to indicate interfacial inter-
action between particles and polymer chains. An increase in T, is
often related to the rigidification of polymer chains. Usually, Chain
rigidification limits the movement of chains and consequently
increases the selectivity of the membrane. The DSC thermograms of
pure and loaded membranes are provided in Section S5.7

3.2 Gas permeation and selectivity of MMM

The pure PSF membrane and MMMs were tested for the
permeability of six gases. Among these gases, CO, and CH,
usually have greater interaction with the PSF matrix than He,
H,, O,, and N,. The more interacting gases (i.e., CO, and CH,)
have greater condensability and polarizability.*® Primarily all
the considered gases are non-polar, but they have different
polarizability. The polarizabilities of He, H,, O,, N,, CH,4, and
CO,are 2 x 107%° em?, 8.2 x 107 2° cm?, 15.8 x 10~ 2° cm?, 17.6
x 1072 ecm?®, 26.0 x 107*° ecm?®, and 26.3 x 10~ cm?®,
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Fig.9 Permeability of six gases through pure and loaded mixed matrix
membranes.
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respectively.”>”* Fig. 9 shows the permeability of all the gases
through membranes in the scatter plot. In general, each
membrane followed decreasing trend of permeability such that
Py, > Pye > Pco, > Po, > P, = Pcy,. All the membranes showed
Py, more than Py, even though the size of helium is less than
hydrogen. This divergence in permeability is because helium is
an inert gas and has very low polarizability and condensability.
Briefly, polysulfone polymer doesn't interact much with helium
due to its low condensability and low polarizability. The ideal
selectivity of 13 gas pairs are calculated in ESI, Section S6 (Table
S2+t). Since all the synthesized membranes were dense, that is
why they showed very high selectivity for different gases sepa-
ration. The permeabilities and selectivity of already reported
MMMs are tabulated in Section S8 of ESI (Tables S5-S81).

Compared to the pure membrane, an increase in perme-
abilities was observed as the loading of ZIF-95 was increased in
the MMMs. The permeation increases in the 8%, 16%, and 24%
loaded membranes were achieved without any loss in the
selectivity of nearly all the separation pairs. The maximum
increase in permeability of gases was observed in the 32%
loaded membrane. However, this increase in permeability did
not improve the overall gas separation performance extraordi-
narily, because the selectivity of this membrane slightly
decreased at this high loading. The high loading might have
formed nonselective voids in the 32% loaded membrane, which
usually result in the decrease of selectivity. In an 8% loaded
membrane, the permeability of He, H,, O,, and CO, increased
by 9.2%, 17.5%, 13.2%, and 12.7%, respectively.

The permeability of methane and nitrogen did not increase
at all in the least loaded membrane. Consequently, this least
loaded membrane showed a maximum increase in selectivity of
almost all the separation pairs involving large kinetic diameter
gases (i.e., N, and CH,). The selectivity of Hy/CH, or H,/N,, CO,/
CH, or CO,/N,, He/CH, or He/N,, O,/N,, H,/CO,, and H,/O,
pairs increased by about 17.5%, 12.7%, 9.2%, 13.2%, 4.3%, and
3.8%, respectively, when compared to the pure PSF membrane.
The 16% loaded membrane showed a permeability increase for
all the gases, ie., 28.9%, 36.9%, 35.2%, 32.6%, 21.9%, and
16.3% in He, H,, O,, N,, CH,, and CO,, respectively. The
selectivity of this membrane was almost similar to that of
previous membrane. The 24% loaded membrane produced the
maximum permeability increase without compromising selec-
tivity. Hence, 24% loaded membrane is considered as optimal
performance membrane with optimal loading. Optimal loading
of MOF in a polymer depends on many factors such as particle
size, the interaction of MOF with polymer, fabrication proce-
dure, partials distribution in a membrane, filler density, etc. In
24% loaded membrane, the permeability of He, H,, O,, CO,, N,,
and CH, increased by 62.8%, 80.2%, 78.0%, 67.2%, 60%, and
56.3%, respectively. Fig. 9 shows a sharp increase in perme-
ability of gases in 24% percent loaded membranes, as compared
to other membranes. This sharp increase could be due to the
formation of porous channels of the ZIF-95 sieve in the polymer
matrix. At low loading, these channels are usually not present
due to the huge difference between positions of particles in the
polymer matrix. The porous channels are sometimes formed at
very high weight percent loading in MMM due to the high
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difference in density of the filler and polymer matrix. In 24%
loaded membrane, the selectivity of H,/CH,, H,/N,, H,/CO,, O,/
N,, CO,/CH,, CO,/N,, He/CH,4, and N,/CH, pairs increased by
about 15.6%, 12.6%, 7.8%, 10.8%, 6.9%, 4.6%, 4.2%, and 2.4%,
respectively, as compared to the pure PSF membrane.

3.3 Gas transport mechanism

The transport properties of gases through the pure and loaded
MMMs were also studied by using the solution diffusion
model.”* This model is commonly used to understand the
kinetic transport behavior and interaction of gas molecules
within the polymer. MMM containing porous fillers are the best
membranes for applying the solution diffusion model (i.e., P =
D x S). The model defines permeability (P) as a product of
solubility coefficient (S) and diffusivity coefficient (D). Whereas
diffusivity coefficient can be calculated using time lag (6)
correlation (given below). Time lag (f) is defined as the x-
intersect of the steady-state line in the time vs. flux graph of
permeation measurement. The simple division of calculated
permeability with diffusivity coefficient gives us the value of
solubility coefficient.

D = P60

where, “I” is the thickness of membrane in cm and “6” is the
time lag in seconds.

The calculated values of solubility coefficients and diffusivity
coefficients of mixed matrix membranes are given in ESI
(Section S77t). For further elaboration, the diffusivity coefficient
and solubility coefficient are correlated to the kinetic diameter
and normal boiling point of gases, respectively (see Fig. 10 and
11). The diffusivity coefficient reflects the kinetic transport
behavior of gases through the membrane pores and the solu-
bility coefficient reflects the thermodynamic interaction of
gases with the membrane.*

The inclusion of ZIF-95 in the PSF increased the diffusivity of
almost all the gases as the loading increased. The increase in
diffusivity was not uniform for all the gases, rather there was
more increase in diffusivities of small kinetic diameter gases.
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Fig. 10 Diffusivity coefficient (cm? s™%) vs. kinetic diameter (A) plot of
pure and loaded mixed matrix membranes.
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Fig. 11 Solubility coefficient [cm® (gas) cm™ (ZIF) cmHg ] vs. boiling
point (K) plot of pure and loaded mixed matrix membranes.

The most significant increase was observed in the diffusivity
coefficient of hydrogen gas in the loaded membranes. The
increased hydrogen gas separation performance of loaded
membranes is due to the fast diffusion of hydrogen gas mole-
cules through ZIF-95 pores. In optimal loaded membrane (i.e.,
24%), the hydrogen gas diffusivity increased by almost 6.6 times
(i.e., 560% increase) of the pure membrane. The least increase
was observed in the diffusivity of methane gas (i.e., 1.5 times)
due to its largest kinetic diameter. The other gases, such as, He,
0,, CO,, and N, showed 194.1%, 91.6%, 114.0%, and 161.7%
increase in diffusivity as compared to the pure membrane,
respectively.

The incorporation of ZIF-95 in PSF decreased the solubility
of all gases (except methane), as the loading increased. For low
boiling point gases (i.e., He and H,), a sharp decrease in solu-
bility was observed as the loading increased. In 24% loaded
membrane, the minimum decrease was observed in the solu-
bility of O, and CO, (i.e., 5.8% and 40.2%, respectively). The
slight decrease in solubilities did not decrease the overall
permeability of both gases in the optimal loaded membrane. So,
the increase in separation performance of some O, and CO, gas
pairs can be attributed to the sharp decrease in solubilities of
other gases. The solubility of hydrogen decreased 3.7 times (i.e.,
—72.3% decrease) and the solubility of methane increased 1.3
times (i.e., 28.3% increase) of the pure membrane in the
optimal loaded membrane. The only gas which showed an
increase in solubility with an increase in loading of ZIF-95 was
methane. But the effect of increased solubility on methane
permeability was minimized due to its very low diffusivity. The
solubility of He and N, decreased by —44.7% and —37.9%,
respectively, when compared to the pure membrane. The upper
bound plots for 13 gas pairs are given in ESI (see Fig. S5 to 517),
Section S9,t to visualize the performance increase in all the
synthesized membranes.

The diffusivity and solubility selectivity of different gas pairs
are reported in Tables S3 and S4,7 respectively. The diffusivity
selectivity of helium gas pairs (i.e., He/O,, He/CO,, He/N,, and
He/CH,) increased as the loading of ZIF-95 was increased until
the optimal loading was reached (except for He/H,). The
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optimal loaded membrane showed the selectivity increase of
141.8%, 53.5%, 37.4%, and 12.3% for He/CH,, He/O,, He/CO,,
and He/N, pairs, respectively. In 32% loading membrane, the
diffusivity selectivity of the He gas pairs were slightly less than
the optimal loading membrane. The diffusion selectivity of all
the hydrogen gas pairs (i.e., Hy/O,, H,/CO,, H,/N,, and H,/CH,)
increased as the loading of ZIF-95 increased in each successive
membrane. The optimal loaded membrane showed the diffu-
sion selectivity increase of 443.2%, 244.9%, 208.7%, and
152.5% for H,/CH,, H,/0,, H,/CO,, and H,/N, pairs, respec-
tively. The CO,/CH, and N,/CH, pairs displayed an increase in
selectivity as the loading of filler was increased in the
membranes. Conversely, the CO,/N, and O,/N, pairs showed
selectivity decrease as the loading was increased in the PSF
membranes. Compared to a pure membrane, the optimal
loaded membrane depicted an increase/decrease of 115.2%,
76.0%, —18.2%, and —26.8% for N,/CH,, CO,/CH,, CO,/N,, and
0,/N, pairs, respectively.

The solubility selectivity of helium gas pairs (i.e., He/O,, He/
CO,, He/N,, and He/CH,) decreased as the loading of ZIF-95 was
increased in the PSF. This trend in solubility selectivity is
obvious due to the low polarizability and condensability of He
when compared to CO,, CH,, N,, and O,. Interestingly the He/
H, pair showed an increase in the solubility selectivity as
loading was increased in the polymer. This could be explained
by considering the inverse relation in the solubility and diffu-
sivity (i.e., P= D x S). The fast-diffusing H, gas molecules don't
interact much with the membrane and decrease the solubility
which causes the increase in He/H, solubility selectivity. The
solubility selectivity of hydrogen gas pairs (i.e., H,/O,, Hy/COs,,
H,/N,, and H,/CH,) decreased as the loading of filler was
increased in the membranes. This solubility selectivity decrease
in the above-mentioned gas pairs is due to the fact that all other
gases have more polarizability and condensability than
hydrogen gas. The CO,/N, and O,/N, pairs showed an increase
in solubility selectivity as the loading of ZIF-95 was increased in
the membranes. In fact, the CO, gas has more polarizability
than N, gas and O, gas has more condensability than N, gas.
This analogy in polarizability and compatibility may have
played its role in increasing the solubility selectivity of CO,/N,
and O,/N, pairs. The remaining 2 pairs of methane gas (ie.,
CO,/CH, and N,/CH,) showed a decrease in solubility selectivity
as we moved towards high loading membranes. In optimal
loaded membrane the solubility selectivity decreased/increased
by —79.1%, —72.5%, —65.7%, —56.9%, —56.8%, —51.6%,
—43.4%, —39.0%, —29.3%, —11.0%, 25.9%, 57.3%, and 105.9%
for H,/CH,, H,/O,, H,/CO,, He/CH,, H,/N,, N,/CH,, He/O,,
CO,/CH,, He/CO,, He/N,, CO,/N,, O,/N,, and He/H, pairs,
respectively.

4 Conclusions

The novel ZIF-95/PSF mixed matrix membranes showed an
increase in permeabilities of all the considered gasses as the
loading of ZIF-95 was increased in PSF. The increase in
permeability was not uniform for each gas because the diffu-
sivities and solubilities of the gases were changed differently in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the MMMs. However, the small kinetic diameter gases passed
through the molecular sieve (i.e., ZIF-95) quite easily. And the
large kinetic diameter gases faced the hindrance in diffusional
flow. Overall, the compatibility between ZIF-95 and PSF was very
good. Among all the gases, the best separation performance was
observed for the hydrogen gas separation. In an optimal loaded
membrane, the permeability of hydrogen increased by 80.2% as
compared to the pure membrane. Moreover, the selectivity of
H,/CH, and H,/N, increased by 15.3% and 12.6% when
compared with pure polysulfone membrane, respectively. The
DSC analysis confirms that the increase in selectivity is not due
to polymer chain rigidification. Instead, it is due to the molec-
ular sieving of large kinetic diameter gas (i.e., CH,). Membranes
of ZIF-95/PSF have considerably increased the separation of H,/
N, and H,/CH, gas pairs. The slight decrease in the selectivity of
32% loaded membrane could be due to the agglomeration of
micro-sized particles.
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