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Abstract

Gas separation membranes are a key development in eradication of harmful greenhouse gases such
as carbon dioxide (CO»). Different strategies have been utilized to enhance membrane performance
and to overcome their drawbacks. In this study a unique approach has been utilized to enhance
membrane performance. Initially mixed matrix membranes (MMM) were fabricated with a novel
metal organic framework (MOFs), namely BIT-72 incorporated in Pebax®1657 matrix. At 30%
loading of BIT-72, CO2/CH4 and CO»/N: selectivities of 30.96 and 56.28 were achieved
respectively with CO> permeability of 139 Barrer. To further enhance the performance of the
MMM, BIT-72 was treated with plasma of N; or O, gases to prepare MMMs with same polymer
(N2-BIT-72 MMM and O2-BIT-72 MMM, respectively). As a result, CO2/CHs and CO2/N>
selectivity was enhanced to 43.07 and 72.64 respectively for N treated BIT-72 MMM (CO»
permeability 146 Barrer) and for O treated BIT-72 MMM (CO; permeability 145 Barrer)
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CO»/CH4 and CO2/N; selectivity was increased to 37.28 and 66.21 respectively. Plasma modified
BIT-72 MMM showcased promising results for further applications.

Keywords: CO; capture; Metal-Organic Framework; Mixed Matrix Membranes; BIT-72, Plasma

Treatment
1. Introduction

Global industrialization and accelerated demand of energy produced from fossil fuels are leading
to enormous emissions of carbon dioxide (CO2) [1]. CO: constitutes about 80% of greenhouse
gases (GHGs) which is the prime reason of global warming and its adverse aftermaths [2]. This
pervasive situation must be overcome by developing energy efficient CO> capture technologies
[3]. Conventional techniques, including dual-alkali absorption, molecular sieve adsorbents,
cryogenic separation and amine scrubbing, are efficient but all of these processes are extremely
energy intensive [4, 5]. For instance, amine scrubbing consumes 4-6 GJ/ton of CO; recovered
solely for its solvent regeneration step [6]. Post-combustion CO; separation is one of the most
convenient mechanisms for all industrial plants as it is easy to retrofit to pre-existing systems, and

this separation process has been subjected to many developments over the years [7, §].

Membrane technology is a promising alternative to energy intensive conventional technologies.
Polymeric membranes provide the advantageous traits for various applications particularly gas
separation [9-11]. The use of modified membranes is highly desirable on account of their striking
traits such as modularity, easy integration, environmentally friendly process and most significantly
low costs [12, 13]. The potential advantages associated with membranes make them attractive for
post-combustion CO; capture and sweetening of natural gas. However, membrane-based processes
face certain limitations such as high moisture content, robust temperature-pressure conditions,
corrosive impurities and extremely low concentration of CO; i.e., 10-15% [14]. Different routes
have been tried to overcome these problems but still fall short [15, 16]. To enhance membrane
performance and overcome these problems, a distinct form of membranes called mixed matrix
membranes (MMMs) are prepared by impregnating polymer membranes with certain inorganic
particles i.e., carbon molecular sieves, zeolites, etc. [8, 17]. These multifunctional MMMs combine

higher selectivity and robust stabilities of the inorganic particles with the intrinsically permeable
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and mechanical strength of the polymer. These MMMs are, therefore, more resilient, processable

and economical [18].

A rapidly emerging technology in the preparation of MMMs is the use of metal-organic
frameworks (MOFs) that are basically organic-inorganic hybrids. MOFs are composed of complex
assembly of subunits that can be arranged in multiple configurations depending upon the
functionality of the organic ligands and how they are linked to central metal-based nodes [19, 20].
The unique structural attributes of MOFs make them engineer-able materials and endow them with
controllable porosity, optimized pore dimensions, tunable chemical functionality, incredibly
higher surface areas, systematic framework and adjustable affinity towards distinct gases.
Different approaches can be adopted to customize the structures of MOFs providing wide margins
for innovation that has provoked scientists to penetrate deep into this field and find economical

and efficient solutions for atmospheric pollution.

Numerous research groups have conducted studies that incorporate different MOFs and polymers
to prepare MMMs for CO; capture. MOFs alone are responsible for enhancing gas separation
performance by these materials. Deng et al. used ZIF-C to prepare MMMs with Pebax®1657 and
reported that these MOFs enhanced permeability [21]. Habib et al. used NOTT-300 and
Pebax®1657 for the preparation of MMM s used to separate CO» from CHs and N, [22]. The authors
reported a simultaneous increase in permeability and selectivity with increasing MOF loading for
both CH4 and N> gas mixtures. Enhancing MOF properties by physical and chemical means is also
an interesting approach. Yasmeen et al. combined ZIF-67 and polysulfone and compared its ability
to capture CO; with that of ionic liquid modified ZIF-67 [23]. They achieved better results for the
ionic liquid modified ZIF67 membranes compared to the pure ZIF-67/polysulfone membranes.
Chuah et al. modified UiO-66 by chemically functionalizing it with NH> groups and used
polyimide to make MMMs [24].

Modification of a MOF surface through plasma treatment is an efficient, green, upgradeable and
quickly applied method [25]. Plasma is defined as an ionized gas at quasi-neutral state, wherein
electron density is balanced by the concentration of positive ions [26]. It is a multicomponent
system that contains free radicals, electrons, photons, energetic ions, excited states and neutral
atoms or molecules which collectively make plasma electrically conductive and extremely reactive

[26]. In plasma treatment, ionized gases i.e. Oz, N2, NH3, Ar, He, H» are used to modify the surface
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properties of the substrate through oxidation, reduction, crosslinking or ablation reactions which
either functionalize the surface, remove contaminants or customize the substrate porosity [27, 28].
For example, Dectose et al. used perfluorohexane plasma to improve the stability of HKUST-1,
while Park et al. reported improved acid-base surface energetics of carbon black after N> plasma

treatment [29, 30].

Aluminum-based and hydroxyl-functionalized MOF with the chemical formula
[Al4(OH)2(OCH3)4(OH-BDC)3]-xH20 was recently designed by Li et al. [31]. This innovative
MOF, called BIT-72, is tailored to be applied exclusively in post-combustion applications with
balanced CO; and H>O selectivities. The BIT-72 crystals are comprised of two types of cages,
distorted octahedral and distorted tetrahedral, with corresponding larger and smaller pore sizes
[31]. Most MOFs are liable to collapse in the presence of moisture [32] but BIT-72 exhibits high
stability, even in acidic and humid conditions, which can be ascribed to high valent Al*3. It has
high surface areas, permanent porosity, robust thermal and chemical stability and great CO»
affinity, thus it is a pertinent choice for post-combustion CO> separation and natural gas

sweetening [31].

Pebax®1657 is a high-performance polymer comprising 60% of rubbery PEO phase and 40%
glassy PA phase and hence is expected to be more compatible with organic ligands of MOF [33].
Pebax®1657 copolymer has been reported to have sublime characteristics such as high durability
and flexibility [34], excessive mechanical and thermal stability [35], favorable selectivity for

nonpolar gases like N> and CH4 and higher attractions for polar CO> [36].

In this work, we incorporated BIT-72 in Pebax®1657 polymer matrix to fabricate MMMs with
different MOF loading and evaluated the performances for CO» capture. The aim of this study is
to introduce a new class of MMMs by combining the extraordinary attributes of both the BIT-72
and Pebax®1657, expecting a promising contribution to post combustion CO> separation and
natural gas sweetening. The role of BIT-72 has been thoroughly investigated in this study with gas
separation of pure and mixed gas. In an effort to further enhance BIT-72 properties for CO> capture
we further treated the surface of BIT-72 with Oz and N2 plasma and tested the plasma-modified
BIT-72 embedded MMMs for separation of COx.
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2. Experimental
2.1. Materials

Aluminum chloride hexahydrate (AICl3-6H>0O) was purchased from Carlo Erba Reagents (France),
organic linker 2-hydrox-1,4-benzendicarboxylicacid was purchased from Tokyo Chemical
Industry Co. LTD (Japan), and methanol was obtained from Fisher Scientific Limited (U.K). N,N,
dimethylformamide (DMF) and ethanol were supplied by Sigma-Aldrich Co. (USA) and Merck
KGaA (Germany) respectively. For membrane fabrication, Pebax®1657 was kindly provided by

Arkema (France).
2.2. Synthesis of BIT-72

BIT-72 was synthesized by following the procedure reported by Li and coworkers [31].
AlCI3-6H20 (3.94g, 16.34 mmol) and 2-hydrox-1,4-benzendicarboxylic acid (1.0g, 5.49 mmol)
were dissolved in 60 ml of methanol. The resultant mixture was transferred to Teflon lined
autoclave and heated at 125 °C for 5 h. The reaction mixture was then cooled to room temperature
and white colored crystals were separated through centrifugation at 7000 rpm for 10 min. The
product was washed three times with various solvents i.e., deionized water, DMF and methanol,
to remove impurities and unreacted species. Finally, the collected product was dried in oven at 70

°C overnight.
2.3.  Plasma modification of BIT-72

A coaxial dielectric barrier discharge (DBD) reactor comprised of a quartz tube (300 mm length,
25 mm outer diameter and 2.5 mm thickness), an aluminum foil ground electrode (50 mm length
= length of discharge zone) and a stainless steel rod high voltage electrode (17 mm diameter) was
used for plasma treatment of BIT-72. Firstly, the crystals of BIT-72 were pelletized, crushed and
sieved to 60-40 mesh particle size. 0.15 g of the sieved BIT-72 was then partially packed into the
discharge area of the DBD reactor and was held in place using quartz wool plugs positioned at
either end of the discharge zone. The plasma was generated using either Oz or N at a discharge
power of 6 W and a gas flow rate of 50 ml/min. The applied voltage and current were measured
using a TESTEC HVP-1HF high voltage probe and Bergoz CT-E0.5 current monitor, respectively.
The amount of charge accumulated in the DBD was determined by measuring the voltage on the

external capacitor (0.47 uF). All electrical signals were monitored and sampled using a Tektronix
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MDO 3024 four-channel digital oscilloscope. The discharge power was calculated using the Q-U
Lissajous method and controlled using a real-time power monitoring system [37]. The sample was
treated with the plasma for 20 min and then allowed to cool for 5 min under the continued flow of
the gas. Afterwards, the plasma-treated sample was quickly transferred to a dried vial that was then
sealed with a septum cap. The vial was then flushed with Ar for 5 min to store the plasma-treated
BIT-72 under an inert atmosphere. After treatment with Na-plasma, the white color of BIT-72 was
retained, however, the O2-plasma-treated BIT-72 turned yellow.

2.4. Fabrication of MMMs

Solution casting followed by evaporation techniques were used for the synthesis of all the
membranes. Before fabrication, polymer pellets and BIT-72 were dried at 80 °C overnight to
remove any moisture content. The pristine membrane was prepared by dissolving 5 wt%
Pebax®1657 in ethanol/DI water solvent (mass ratio 70:30) through continuous stirring under
reflux at 90 °C for 4 h. The polymer solution was then casted on a Teflon petri dish and covered
with an inverted funnel for controlled evaporation at ambient conditions for 48 h. Afterwards, it
was dried at 60 °C for 12 h to remove any residual solvent. The resultant membrane was transparent

and without any visible defects.

MMMs with different BIT-72 loadings (10%, 20%, 30%) were prepared by dispersing
corresponding amount of BIT-72 in ethanol/water solvent under reflux at 90 °C for 2 h. The
solution was then sonicated for 30 min to avoid agglomeration of BIT-72 particles. Afterwards,
half of the calculated amount of Pebax®1657 was added and allowed to dissolve under reflux for
4 h. The remaining polymer was then added before sonication of the resultant mixture for another
30 min to ensure fine dispersion of BIT-72 in the polymer. After 24 h of mixing under reflux and
subsequent sonication, the resultant solution was immediately poured onto a Teflon petri dish and
allowed to dry in the same way as of the pristine membrane. The prepared membranes were
carefully peeled off and stored in a desiccator. Pebax®1657/30% O,-BIT-72 and Pebax®1657/30%
N»2-BIT-72 were fabricated following the same procedure using O»-plasma modified BIT-72 (O»-
BIT-72) and N»-plasma modified BIT-72 (N»-BIT-72).
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2.5. Characterization techniques

The crystallinity of BIT-72 and MMMs were studied by X-ray diffraction (XRD) (PANalytical
X’Pert Powder DY-3805 that used CuKa (A=1.54 A) radiation (20) in range between 5° and 50°.
The functional group identification was done by fourier transform infrared (FTIR) spectroscopy
using Thermo-Nicolet 6700P Spectrometer. Scanning electron microscopy (SEM) for
morphological analysis of BIT-72 was performed by TESCAN Vega3 LMU. The SEM of the
cross-sectional area of membranes was obtained on FE-SEM: JEOS JSM 6700F. The densities of
MMMs were determined via gas pycnometer (G-DenPyc 2900, Gold App Instruments). The
fractional free volume (FFV) of the pure Pebax®1657 membrane was calculated using the group
contribution method (GCM) as shown in Eq. 1:

V- 1.3V,

FFV = (1)

where, V (cm?) is the experimentally calculated specific volume of Pebax®1657, and V,, is the van
der Waals volume determined by GCM. The FFV of the Pebax®1657/BIT-72 membranes were
obtained from the Eq. 2:

—(3Vw) 1 PBIT72
|4 [( v )(1 ‘PBIT72)+(pBIT72)]

FFV =

2

%4

where, V (cm?) is the specific volume of the Pebax®1657/BIT-72 membranes determined
experimentally, M (g/mol) is the molecular weight of Pebax®1657 and @g;r7, is the volume

fraction of the MOF in the membranes. The volume fraction of the MOF is calculated using Eq. 3:

0= (wBrT72/PBIT72) 3)

(1- wBrr72/PBIT72)+ (WBIT72/ PBIT72)

where wgir72 is the weight fraction of BIT-72 in the membranes, ppebax and peir72 (g/cm?) are the
densities of Pebax®1657 and BIT-72 respectively. The theoretical densities are calculated by Eq.
4:

1

Pr = “4)

(1- wBrT72/PBIT72)+ (WBIT72/PBIT72)

The temperature dependency of CO: on permeability can be determined through the use of the
Arrhenius Equation [38]:
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where P is permeability, P, is pre-exponential factor, E; is activation energy, R is the universal gas

constant and T represents temperature.
2.6. Gas Permeation Measurements

Membrane performances were tested for both pure gas and mixed gas (CO2, CHs, and N») feed
streams using a custom-built setup under isochoric conditions. The schematic diagram of the
permeation cell is illustrated in Figure 1, while the detailed procedure and mechanism have been
explained in an earlier study [39]. Before starting the analysis, the cell was kept under vacuum for
8 h to remove any trapped gas or air. Membranes were mounted on porous metallic plates and
tightly packed with Viton O-rings. The flow rate and feed composition were controlled by mass
flow controllers while the upstream pressure was maintained with a back pressure regulator on the
purge line. The maximum upstream pressure and feed flow rate were set as 10 bar and 1 L/min
respectively. The constant feed composition was ensured by purging a fraction of the feed flow as
retentate. The membrane module was equipped with a heating system that adjusted the temperature
from 298 K-338 K accordingly. The permeate lines left the membrane and passed through compact
gas chromatograph (CGC, YL Instruments, South Korea) for composition analysis. The flux was
determined by connecting the permeate lines to auxiliary cylinder by changing the position of
relevant valve. The pressure inside the auxiliary cylinder was allowed to rise until it reached the
maximum limit. The rate of increase of pressure (dP/dt) was measured. The gas permeability P;
(where i could be CO,, CH4 and N») was calculated when permeation reached a steady-state using
Eq. 6 [40]:

273 x 10® yiv ap

P, =
t 760 AT(76/14.7)x;P; dt

(6)

where P; is gas permeability in Barrer, x; and y; are the upstream and downstream mole fractions
of component ‘i’, respectively, V is the downstream volume (cm?), T is the operating temperature
(K), A refers to the membrane permeation area (cm?), and P» is the feed gas pressure (bar). The
transport properties were measured using the time-lag method. A constant volume (50 cm?)
auxiliary cylinder equipped with a pressure transducer was connected to a vacuum pump at one

side that kept the pressure negligible, while test gas was introduced from the other side until steady-
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state conditions were achieved. The rise in the rate of pressure to the maximum limit was plotted
and the intercept was used to determine the time lag, 0, that is related to diffusion coefficient D;

and membrane thickness as Eq. 7 [41]:

12
Dy = — (7

After calculation of D; and P; from respective equations, the solubility coefficient, S; is calculated
using Eq. 8 using. The transport of gases through these membranes follows the solution-diffusion

mechanism, represented by the Eq. (8):
Pi == Si X Di (8)

The mixed gas selectivity ajj (CO2/N2 and CO2/CHy) is defined as the ratio of downstream (y)
mole fractions of two gases (yi, yj) to upstream (x) mole fractions of the same gases (xi, X;), given
by Eq. 9:

_Yilyj 9)

ij - xl/x]
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Figure 1: Gas permeation Setup

3. Results and Discussions

3.1. Characterization of filler

The XRD pattern of BIT-72 crystals is shown in Figure 2(a). The high intensity of the peaks (i.e.
>2000 a.u.) signifies the highly crystalline nature of MOF particles. Sharp peaks also confirm the
regular structure of the BIT-72 without any impurities. The characteristic peaks at 8 = 6.9, 9.7,
11.8, 15.2, 17 and 18.2 are in exact agreement with the reported literature [42], and confirm the

synthesis of pure BIT-72 crystals.

The FTIR spectrum of BIT-72 is exhibited in Figure 2(b). The broad peak from 3600 to 3100 cm"
! is attributed to a phenolic O-H stretch, while peaks of variable intensity around 2900 c¢m™!
correspond with carboxylic O-H and C-H stretches. The characteristic peaks of C-O stretch at 1246

cm’!, C=0 stretch at 1675 cm™ and O-H bends at 1434.9 cm™' further confirm the existence of

10
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carboxylic acids. Peaks at 1589-740"! (corresponding to a C=C stretch) and weak peaks at 2000-
1650 cm™! (C-H bending) are characteristic of an aromatic compound. These peaks confirm the

presence of intact 2-hydroxy-1,4-benzenedicarboxylic acid linkers in BIT-72.

SEM images of formed BIT-72 nanoparticles at two different resolutions are presented in Figure
2(c). The images show regularly structured particles. Defined pebble-shaped MOF particles can
be seen in the images. This also confirms the high crystallinity of the BIT-72 particles as reported

in the XRD analysis. Most of the crystals are observed to be in size range of ~ 200 nm.
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Figure 2: (a) XRD of BIT-72 (b) FTIR of BIT-72 (c) SEM images of BIT-72
3.2. Characterization of membrane

Cross-sectional SEM images of the membranes is illustrated in Figure 3. Compared to pure
Pebax®1657 (Figure 3a), the addition of BIT-72 at different loading makes definite structural
changes. On increasing the loading from 10% to 30 % (Figure 3b-d) the polymer becomes ‘ragged’

as a foreign entity is embedded into it and the membranes become rougher. The structure of BIT-

11
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72 could be the reason for this phenomenon as it is uniformly dispersed across the membrane and
its morphology could be unfavorably interacting with Pebax®1657. N, modified BIT-72 (Figure
6e) and O, modified BIT-72 (Figure 6f) have less effect of the MOF addition and the present
smoother structures, similar to pure Pebax®1657 membranes but they are still different as seen in
the images. This indicates that plasma modification yields groups on the BIT-72 surface that are

more compatible with the polymer than those on the surface of the untreated parent structure.

Vo e——,

Figure 3: Cross-sectional SEM images of a) pure Pebax®1657, b) Pebax®1657/10 % BIT-72, c)
Pebax®1657/20 % BIT-72, d) Pebax®1657/30 % BIT-72, e) Pebax®1657/30 % N,-BIT-72 and f)
Pebax®1657/30 % O,-BIT-72

Fractional free volume (FFV) of a membrane is an important structural parameter that determines
molecule transport channels and thus the gas diffusivity through the membrane. FFV depends upon
the difference between experimental and theoretical values of membrane density, and is calculated
by the buoyancy method that follows binary interaction principle [43]. Table 1 presents an increase
in the values of density and FFV with increase in MOF loading. A rise in FFV leads to increase in
diffusivity coefficient [44] and so in permeability. Pure Pebax®1657 membrane shows 1.21 g/cm?
density which is gradually boosted to 1.32 g/cm? for 30% Pebax®1657 BIT-72 MMM with

corresponding rise in FFV from 0.1 to 0.24. The free volume in pure Pebax®1657 membrane is the

12
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gap between the polymer chains [45]. However, the inclusion of MOF creates more voids by its
microcrystals and thus adds in the porosity of membrane. The slight increase in density may imply
the formation of rigid structures around the MOF which favorably ensures good compatibility
between the polymer and MOF [46]. It is interesting to note that plasma modification of 30% BIT-
72 results in a decrease in density and FFV compared to the unmodified BIT-72. Density is reduced
from 1.32 g/cm?® to 1.26 g/cm? and 1.28 g/cm?® for N, modified and O> modified 30% BIT-72
respectively. FFV also decreased from 0.24 to 0.15 and 0.18 for N> modified and O modified 30%
BIT-72 respectively. This indicates that the gas pathways are reduced in the plasma-modified BIT-

72 prepared membranes.

Differential scanning calorimetry (DSC) analysis (Table 1) was used to reveal the chain packing
and flexibility of the polymeric membranes on the basis of glass transition temperature (Tg) [47].
The T, of pure Pebax®1657 was recorded at -53°C which agrees well with previous literature [48].
the Ty of the prepared MMMs gradually rises to -47.55 °C for 30% loading of BIT-72. The rise in
Tg with the introduction of MOF indicates the enhanced rigidity and reduced flexibility of MMM
which favors controlled permeability. Indeed, this variation in the thermal behavior of the MMMs
presumes the formation of a dense structure around the MOF which is in accordance with the
density and FTIR analysis (see above), and indicates that there are strong interactions between the

polymer and MOF, even at higher loading [49].

Table 1: Density, Fractional Free Volume and Glass Transition Temperature (T,) of prepared membranes

Membrane Density FFV Ty
g/cm’ (%) O
Pure Pebax®1657 1.21 0.1 -53
Pebax®1657/10% BIT-72 1.24 0.13 -51
Pebax®165720% BIT-72 1.28 0.18 -48.4
Pebax®1657/30% BIT-72 1.32 0.24 -47.55
Pebax®1657/30% N»-BIT-72 1.26 0.15 -49.54
Pebax®1657/30% O,-BIT-72 1.28 0.18 -50.34

3.3. Membrane separation performance

The separation performances of the prepared MMMs were studied for both the single and mixed
gas streams and the results were compared with those of the pure Pebax®1657 membrane. The

permeability of pure gas was investigated for CO2, CH4 and N». The transport of gases through
13
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dense MMM s is mainly governed by the solution-diffusion mechanism since the continuous phase
is composed of polymer [42]. The incorporation of BIT-72 in Pebax®1657 enhances the
permeability of each gas and improves the ideal selectivity of CO2 over CH4 and No, as is evident
from Table 2. Compared with the pristine membrane, the MMM with 30% BIT-72 loading (30%
Pebax®1657/BIT-72) increased the permeability of pure CO2 by 70% and increased the ideal
selectivities for CO2/CH4 and CO2/N2 to 43.5% and 16.7%, respectively. The permeability of a gas
is determined by certain intrinsic properties, such as kinetic diameter, condensability, quadrupole
moment, polarizability and its affinity towards a specific filler and polymer [50]. The kinetic
diameter of a gas molecule is the principal factor for diffusivity such that there exists an inverse
relationship between the two (i.e. diffusivity increases with decreasing kinetic diameter); therefore,
the order of ease of diffusivity for the aforementioned gases with respect to their kinetic diameters
is: CO2 (0.33 nm) > N2 (0.36 nm) > CH4 (0.38 nm). Porous MOF allows the transference of
molecules smaller than its pore size; however, if MOF pore opening is larger than incoming gas
molecules then the microporosity of MOF assists the separation of smaller molecules from the
bulkier ones [51]. The condensability of a gas is a function of its critical temperature and positively
affects its solubility. The solubility order of the gases used in this work with respect to their
condensability is: CO2 (304.2 K) > CH4 (191.5 K) > N; (126.2 K) [52]. The magnitude of the
quadrupole moment of a molecule defines its capability of developing an attraction. The
quadrupole moment of CO; (-13.4 x 10*° C m?) is significant, making it more likely to interact
than N (-4.72 x 10%° C m?). However, CH4 is more polarizable than N> [53]. Hence, the intrinsic
properties of gases imply that, of those used in this work, CO2 molecules are supposed to be the
most permeable which is in line with the results obtained. Other factors that influence the
permeability of gases through MMM s involve the attributes of BIT-72, for example its high surface
area, microporosity, affinity of is functional group (-OH) towards a gas as well as the structural
and chemical characteristics of Pebax®1657 [54]. Since Pebax®1657 consists of 60% rubbery
polyethyleneoxide (PEO) phase and 40% glassy polyamide (PA), the dipolar EO units dissolve
polar gases and enhance the solubility of polarizable gases [48]. For pure Pebax®1657 membrane,
the permeability of polar CO; is highest while that of CH4 is greater than N», in line with their
polarizabilities. The incorporation of BIT-72 into Pebax®1657 enhances the permeability of all
gases because of its substantial surface area of 1413 m?/g (as determined by BET analysis),

inclusion of fractional free volume and increased porosity. The highest upswing in permeability of
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COgz is also attributable to the pronounced affinity of hydroxyl groups (-OH) associated with BIT-
72. When an electron-acceptor CO2 molecule interacts with electron-donor —OH groups, an
electron acceptor-donor complex is formed through hydrogen bonding [55]. The hydroxyl
functional group induces a polar inner surface environment and increases the MOF’s capacity for
CO> uptake [31]. Despite being of a larger kinetic diameter, CH4 showed a greater permeability
than N> on account of its higher polarizability, better condensability and higher affinity towards
the polymer and MOF. This demonstrate that MOFs do contribute in separation performance but

ultimately polymer plays a governing role in overall results.

Table 2: Permeability and ideal selectivity of BIT-72 MMM

Permeability (Barrer) Selectivity
Membrane
CO2 CH4 N> COy/CHs CO2/N2
Pure Pebax®1657 82 3.80 1.70 21.58 48.24

Pebax®1657/10% BIT-72 93 4.12 1.91 22.57 48.69
Pebax®165720% BIT-72 111 4.10 2.18 27.07 50.92
Pebax®1657/30% BIT-72 139 4.49 247 30.96 56.28

According to the results in Table 2, the increase in BIT-72 content in MMM improves the ideal
selectivity of CO> over CHs and N, with the highest values achieved at a 30% loading. As
mentioned before, CO» is more permeable than the other gases involved, thus further enhancement
in permeability supports greater CO> permeation. The introduction of porosity, tortuosity and free
volume are the main contributions of MOF to improving the separation performance of MMM.
The CO2/N> ideal selectivity results are superior to those of CO2/CH4 owing to lower sorption of
N> than CH4 through the membranes. The coefficients of diffusivity (Di) and solubility (S;) can
provide more insight to the gas transport through membranes. Both coefficients exhibit a consistent
and considerable rise upon increasing the loading of BIT-72, as shown in Figure 4. Diffusivity is
led by three prime factors i.e. size of molecule, shape of molecule and FFV, thus, CO, molecules,
being smaller in size (0.33 nm) and rod like in shape, can easily diffuse through MMMs with
higher FFV. On the other hand, the CO»-phillic nature of BIT-72 and Pebax®1657 justify the

subsequent rise in its solubility.
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Figure 4: Effect of MOF loading on S; and D; of CO; in BIT-72 MMM

Mixed gas permeation analysis is essential as it provides a more accurate indication of the
performance of the membranes in real industrial applications [56]. Experimental results illustrate
same trends for the performance of the MMMs in mixed gas streams (50:50 binary mixtures) as
the single gas stream (Table S1), although, there are consistent reductions in the corresponding
permeability and selectivity results compared to those achieved with single gas streams for each
wt% of MOF loading. The variation in the results for single and mixed gas tests can be ascribed to
competitive sorption of penetrating gases, blocking effects of other types of molecules and gas

phase non-ideality [3, 57].

The CO: permeability was studied as function of temperature by varying the temperature in range
of 298K -338K while keeping the pressure constant at 10 bars (Figure S5). The results reveal that
there exists a direct relationship between temperature and permeability which is attributed to an
increase in fraction free volume following the “softening” of the polymer structure with an increase
in temperature [58]. Since, BIT-72 is a rigid MOF, better permeation cannot be associated with
the effect of temperature on MOF porosity. Thus, the only contribution temperature has in
increasing the permeability lies in enhancing the diffusivity of gas molecules through the polymer

matrix.
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Activation energy (Ep) is defined as the minimum energy required by a penetrant molecule to
surpass the “permeation barrier”, hence the gases with lower E, values more easily permeate.
Increasing the temperature reduces the activation energy making CO> more permeable, the same
result is achieved by incorporation of BIT-72 which minimizes the permeation barrier and

facilitates the transport of gas molecules as given in Table 2.

Table 2: Activation energy of CO; in BIT-72 MMM

Activation Energy of CO>

Membrane
E, (kJ/mol)
Pure Pebax®1657 8.67
Pebax®1657/10% BIT-72 8.23
Pebax®165720% BIT-72 7.71
Pebax®1657/30% BIT-72 6.91

Since 30% loaded Pebax®1657/BIT-72 MMM showed the best results in terms of separation
performance, these loadings were selected to carry out Oz and N2 plasma modification followed
by fabrication of Pebax®1657/30% O,-BIT-72 MMM and Pebax®1657/30% N,-BIT-72 MMM to
further investigate the separation efficiency. Plasma modified BIT-72 MMMs were tested for CO:
recovery and performances were compared with unmodified MMM as presented in Table 3. N»-
Pebax®1657/BIT-72 and Pebax®1657/0,-BIT-72MMMs showed enhanced CO; permeability and
improved CO; selectivity over CHs and N2, and No-modified BIT-72 produced the most promising
results. It is believed that treatment of BIT-72 with O;-plasma has produced more oxygen
containing funtional groups (—OH, —COOH) on the surface of MOF which contribute high electron
density and hence resulted in increased affinity for the CO> quadrapole [59, 60]. Since the N»-
plasma treatment of BIT-72 might have introduced nitrogen containing funtional groups i.e -NHs,
—NHa;, which possess even higher affinities for CO> due to their capability of producing electron
donor-acceptor complexes with CO» and, therefore, showed improved CO; permeability [61].
There exists the possibility of N-H-O hydrogen bonding and interactions between the N lone pair
and the carbon of CO: [62]. Moreover, -NHz may also boosts the intrinsic acidity of bridging —
OH groups, thereby increasing CO2-OH interactivity [50]. COz selectivity over CH4 and N> is
improved by 20.41% and 17.6%, respectively, for Pebax®1657/0,-BIT-72 MMM and 39% and
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29%, respectively, for Pebax®1657/N»-BIT-72. Conclusively, Plasma treatment induces polarity
on MOF surface, though, excessive exposure to plasma may alter the MOF structure. The
comparison of the D; and S; of modified and unmodified MMMs can provide a better perception

of transport phenomena.

Table 3: Permeability and ideal selectivity of plasma treated BIT-72 MMM

Permeability (Barrer) Selectivity
CO2 CH4 N> CO2/CHs CO2/N;

Membrane

Pebax®1657/30% BIT-72 139 4.49 2.47 30.96 56.28
Pebax®1657/30% N»-BIT-72 146 3.39 2.01 43.07 72.64
Pebax®1657/30% O,-BIT-72 145 3.89 2.19 37.28 66.21

It is evident from Figure 5, S; has increased for modified MMMs owing to the higher CO; affinities
of introduced —OH and -NH3 groups in plasma treated MOF. The trend of D; is, however, the
opposite. The decreasing trend for modified MMMs is the consequence of increased tortuosity
caused by the inclusion of bulky —OH and —NH3 groups [50]. The lowest diffusivity coefficient
for Na-plasma modified MMM might also be ascribable possible interactions of CO2 with
modified BIT-72 [61]. Moreover, amine groups are bulkier and obstruct the pore channels making
them narrow. The overall increase in CO; permeability in modified MMM is, therefore, assigned
to increased sorption. These results are also supported by FFV values which indicated decrease in

gas pathways by having low FFV values.
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Figure 5: S; and D; of plasma treated BIT-72 MMM

Mixed gas results of plasma modified BIT-72 MMMs compared with 30% BIT-72 MMM are
presented in Table S2. The results demonstrate classic lowering of permeability and selectivity of
gasses for mixed gasses for plasma modified BIT-72 membranes. Overall, the permeation trend is
similar to pure gas permeabilities. The mixed gas selectivity is decreased by 5% for CO2/CH4 and
by for 3% CO2/Nz in 30% N2-BIT-72 membrane. In membrane of O2-BIT-72 selectivity decreased
for CO2/CHy is 2% and for CO2/N; is 1%. Noticeably, the decrease in mixed gas selectivity for
30% BIT-72 (6% for CO2/CH4 and by for 5% CO2/N) is greater than plasma modified BIT-72
MMMs. This demonstrates the effectiveness of plasma modification of 30% BIT-72.

The temperature dependency of permeability was also investigated for plasma modified BIT-72
MMMs and is illustrated in Figure S6. The temperature range used was same as that used for
unmodified BIT-72 MMMs. Here again, permeability was increased with the rise in temperature
demonstrating a direct correlation. 30% N»>-BIT-72 MMM and 30% O»-BIT-72 MMM had similar
increases in permeability with similar values. The permeabilities values were greater for plasma

modified BIT-72 MMMs as compared to 30% BIT-72 MMM.

E, of the 30% N»2-BIT-72 and 30% O>-BIT-72 MMMs along with 30% BIT-72 is presented in
Table 4. 30% BIT-72 demonstrated the lowest E,, of all the membranes and increased permeability
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of plasma modified BIT-72 MMMs is supported by E, values of plasma modified BIT-72 MMMs.
The results demonstrate ease of permeability in plasma modified BIT-72 MMMs. These results

are consistent with all of the results stated above.

Table 4: Activation energy of CO, in plasma treated BIT-72 MMM

Activation Energy of CO>

Membrane
E, (kJ/mol)
Pebax®1657/30% BIT-72 6.9
Pebax®1657/30% N»-BIT-72 6.5
Pebax®1657/30% O,-BIT-72 6.3

4. Comparison with state-of-the-art membranes

Before comparing the prepared membranes with other membranes in literature, it is essential to
compare the prepared membranes with each other. BIT-72 MMMs showed increasing trend of
CO; permeability and CO2/CH4 / CO2/N; selectivity with increased loading (Table S3). All the
BIT-72 MMM had greater CO> permeability and CO»/CHs / CO2/N; selectivity as compared to
pure Pebax®1657 membranes. Plasma modified BIT-72 MMMs had even greater increase in CO;
permeability and CO2/CH4 / CO2/N; selectivity. CO» permeability was increased by 5% and 4%
for 30% N2-BIT-72 and 30% O»-BIT-72 respectively. In 30% N»-BIT-72 MMM CO,/CH4
selectivity had a staggering increase of 39% followed by 29% increase in CO»/N; selectivity. In
30% O2-BIT-72 MMM the increase in CO2/CHs selectivity was 20% and for CO2/Nz selectivity
was 18%. The accretion in CO, permeability was not substantial because plasma modification
reduced the FFV and densities values. The overall increase in CO; permeability was attributed to
Si because of the addition of CO:-philic groups to plasma modified BIT-72. Mixed gas
permeability of plasma modified BIT-72 MMMs (137 Barrer for 30% N»-BIT-72 and 141 Barrer
for 30% O:-BIT-72) was in the range of ideal gas CO: permeability (139 Barrer). This
demonstrates that plasma modified BIT-72 MMM are indeed a promising route for membrane
fabrication as the mixed gas permeability is the range of ideal gas permeability and consequently

ideal gas permeability would be far greater.
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The results of recent studies wherein different fillers have been incorporated in Pebax®1657 are
reported in Table S3. There exists a vast variety of work that has been done with Pebax®1657
based MMMs. Fan et.al incorporated two MOFs (Ni2(L-asp)2bipy and Ni2(L-asp)2pz) with
tunable pore sizes into a copolymer (poly-ether-block-amide (Pebax®1657)) and achieved an
increased CO; permeability (Pco2) of 120.2 Barrers; however, the CO2/CHy selectivity (S coz/crs)
was below 30 [3]. Meshkat et.al studied CO, separation by embedding Pebax®1657 with amine
modified- MIL-53(Al) to analyze the impact of functionalization of MOF and the results attained
were very positive with a 174% increase in CO; permeability compared to the neat Pebax®1657
membrane [50]. Sutrisna et a/ and ahmed et a/ overcame challenges like interfacial compatibility
and plasticization through surface modification and functionalization of UiO-66 and achieved
extraordinary separation performances [63]. Different membrane configurations of MMMs with
the same filler and polymer i.e ZIF-8 and Pebax®1657 respectively, had different impacts on the
membrane performances for CO; separation [64]. Dorosti et.al fabricated FeBTC based MMMs
using the same polymer and obtained an optimal CO» permeability of 329.7 Barrer with Scoz/crs
of 20.9 for 30% loading [65]. The effect of MOF functionalization upon its interaction with a
polymer matrix is studied by Khosravi et.a/, who reported an increase in membrane selectivity
because of the hydrogen bonding which developed between NH>-CuBTC and Pebax®1657 [66].
Pebax®1657 has been incorporated with numerous fillers including ZIF-7, Zeolite 4A, PEG-POSS,
MWCNTs, SAPO-34 etc, and exhibited satisfactory performances with respect to CO; removal.
However, the membranes fabricated in this work with BIT-72 impregnated in Pebax®1657 have
excelled in separation performance with 139 Barrer CO, permeability with appreciable

selectivities of 30.96 and 56.28 for CO2/CH4 and CO2/Ny, respectively.

Figure 6 illustrates the results of this study plotted on a Robeson upper bound plot for better
comparison of parameter performances with other well-known works. Pure Pebax®1657 itself lies
very close to the upper bound, showcasing its superior properties, showing high permeability but
relatively low selectivity. BIT-72 MMMs not only enhance the permeability but there is a
significant increase in selectivity. For CO2/CHas, 30% BIT-72 loading membrane lies exactly on
the upper bound. For CO2/N> 30% BIT-72 loading membrane it is just below the upper bound.
This demonstrates that the membranes prepared in this work showcased superior performances. In
case of Oz and N> plasma-modified BIT-72 membranes, the Robeson’s upper bound is crossed for

CO/CH4 gas mixtures. For CO2/N» gas mixtures, the O, modified BIT-72 is almost touching the
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upper bound and the N> modified BIT-72 falls on the upper bound. Overall, plasma modification

of BIT-72 produced impressive results.
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Figure 6: Robeson upper bound plot for a) CO,/CH4 and b) CO»/N»
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5. Conclusion

In summary, MMMs containing BIT-72 filler and Pebax®1657 polymer were successfully
fabricated. The comparison of MMMs with different loadings of BIT-72 and pure Pebax®1657
membrane was studied. The high crystallinity of MOF was confirmed by SEM and XRD analysis
while greater surface area was assured by BET test. Increasing the BIT-72 loading in membranes
enhanced CO» permeability and selectivity over CH4 and N;. The CO2/CH4 selectivity was
increased by 43.5% and CO2/N; selectivity was increased by 16.7% with enhanced CO>
permeability of 139 Barrer at 30% filler loading. Diffusion solubility played an integral role in the
increase of permeability of CO2 which resulted in a higher selectivity. Plasma modification of BIT-
72 yielded encouraging results as both permeability and selectivity was increased for CO,/CHy
and CO2/N, gas mixtures. There was an increase of 20.7% and 17.6% for CO»/CH4and CO»/CHa,
respectively, for O modified BIT-72. For N> modified BIT-72 these results were even better,
showing an increase of 39.5% and 28.9% for CO2/CH4 and CO»/CHya, respectively. Surprisingly,
the solubility coefficient played a leading role in the elevation of permeability and selectivity. This
study presented exceptional gas separation performance. Understanding the chemistry and
morphological changes of plasma modified MOF can lead to preparation of improved and

sophisticated membranes with superior performance.
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