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ARTICLE INFO ABSTRACT

Keywords: The Cloisite 15A (C-15A), an organically modified montmorillonite clay, was further modified with iron (Fe)
Pillared cloisite 15A pillars. Mixed matrix membranes (MMMs) were fabricated by incorporating Fe pillared Cloisite 15A (P-C15A) at
Polysulfone

different loading percentage of 0.1-1.5 wt% within the polysulfone (PSf) matrix. Fabricated membranes were
characterized using thermal studies (TGA and DSC) and scanning electron microscopy (SEM). The morphological
studies of fabricated MMMs confirmed that the P-C15A was well embedded through the PSf matrix. To inves-
tigate the effect of P-C15A incorporation, MMMs were tested for their gas permeation behavior using pure COo,
Ng, and Oy gases. The gas permeation of MMMs was increased with the increase in loading percentage of
P-C15A, whereas the gas selectivity was maintained at par to that of neat PSf membrane until it diminished at
1.5 wt% percentage of P-C15A causing mineral agglomeration. PSf/P-C15A (1 wt%) MMMs exhibited 232% and
274% increase in CO3 and O gas permeability respectively, while showing minimal variation in the selectivity of
03/N3 and CO3/N; compared to that of neat PSf membrane. Furthermore, the gas separation performance of neat
and P-C15A incorporated MMMs were compared with the Robeson upper bound. The PSf/P-C15A (1 wt%)
MMM shown to have CO; permeability of 18.01 barrer with the CO2/N2 and O3/N; gas pair selectivities of 4.95
and 18.34 respectively, which depicted closeness towards the Robeson upper bound.
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1. Introduction

Gas separation is a crucial process in numerous chemical industries
that finds its application to produce gasses, gas recovery, and gas
treatment (Usman et al., 2019). Compared to conventional separation
techniques, membrane separation specifically polymeric membranes
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have proven to be an exceptional gas separation device owing to their
simplicity, minimal energy consumption, modularity, and low cost
(Sasikumar et al., 2018) (Dai et al., 2016). Despite these advantages,
pure polymeric membranes are restricted by trade—off between gas
selectivity and permeability, as explained by the Robeson—upper bound
(Robeson, 2008). Researchers are currently developing novel membrane
materials to rectify the challenge faced in membrane gas separation and
venture closer to the upper bound. One such promising development is
the synthesis of MMMs composed of solids embedded into the host
polymer matrix. Gas transport through the membranes is generally
described by the solution—diffusion mechanism. The mechanism dictates
permeant gas dissolve in the membrane and diffuses through the matrix
under pressure and concentration gradient (Ismail et al., 2009).
MMMs were fabricated by incorporating various inorganic nano-
particles, including zeolites (Pechar et al., 2006), carbon nanotubes

Received 28 July 2020; Received in revised form 30 October 2020; Accepted 14 November 2020

Available online 19 November 2020
1875-5100/© 2020 Elsevier B.V. All rights reserved.

Please cite this article as: Phalgun Natarajan, Journal of Natural Gas Science and Engineering, https://doi.org/10.1016/j.jngse.2020.103720



mailto:arthanaree10@yahoo.com
www.sciencedirect.com/science/journal/18755100
https://http://www.elsevier.com/locate/jngse
https://doi.org/10.1016/j.jngse.2020.103720
https://doi.org/10.1016/j.jngse.2020.103720
https://doi.org/10.1016/j.jngse.2020.103720

P. Natarajan et al.

(CNTs) (Kim et al., 2007), silica (Ahn et al., 2008), carbon molecular
sieves (CMS) (Vu et al., 2002), and metal oxides (Hosseini et al., 2007),
etc. These MMMs exhibit improvement in separation performance at
relatively high loadings. Higher loading of inorganic nanoparticles leads
to the formation of voids at the particle-polymer interface (Tanteki-
n-Ersolmaz et al., 2000), diminishing mechanical strength of the mem-
brane (Moore and Koros, 2005), and filler agglomeration (Ahn et al.,
2008). Clay minerals are a novel filler material that has received sig-
nificant attention in the fabrication of polymer nanocomposites mem-
branes that enhance their physical and thermomechanical properties
though has not been extensively studied as an MMM filler (Guo et al.,
2018). A well-used clay mineral is montmorillonite (MMT), a smectite
2:1 clay mineral, with two tetrahedral silica sheets bounding a central
octahedral sheet of alumina. The MMT nanoclays incorporated within
MMMs have shown significant improvement in gas transport properties
at low loading percentage as observed by Herrera-Alonso et al. (2009)
and Razaei et al. (Rezaei et al., 2015). Cloisite 15 A (C=15A) is an MMT
based clay, organically modified with dimethyl, and dehydrogenated
tallow, quaternary ammonium chloride. The organic modification pro-
motes interaction at the polymer-filler interface. Further, the greater
interlayer space ensures enhanced dispersion. Compared to other clays,
C-15A based MMMs have consistently shown better gas transport
properties (Zulhairun and Ismail, 2014) (Hashemifard et al., 2011).
Pillared clays (PILCs) are an exciting modification of smectite clays
exhibiting microporosity (Mnasri-Ghnimi and Frini-Srasra, 2014)
wherein clay layers are separated and held apart by inorganic poly-
oxocations, known as pillars (Johnson et al., 1996). PILCs exhibit pore
sizes in the micropore range, rendering them suitable for gas separation
(Vercauteren et al., 1996). Vercauteren et al. investigated single gas
permeation properties of ceramic membrane with top layer alumina
pillared montmorillonite clay (Vercauteren et al., 1998). The ceramic
membranes were prepared by immersing the support layer in clay sus-
pension and subsequently in alumina pillaring solution. However, the
gas permeation test specified high gas flow resistance owing to incom-
plete pillaring process and the existence of unpillared clay over the
ceramic membrane top layer. The drawback of ceramic membranes can
be conquered by the usage of pillared clay within the polymeric mem-
branes. To the best of our knowledge, no studies were conducted on
P-C15A incorporated polymeric MMMs for gas separation studies.
PILCs are porous nanoparticles mainly used for adsorption and
catalysis studies. Generally, montmorillite (bentonite) was commonly
used as base material for synthesis of pillared clay. C-15A, an organo-
modified montmorillite was not yet used for pillaring process. In this
research work, C—15A was used as novel base material for synthesis of
iron pillared Cloisite 15A (P-C15A) and used for gas separation studies.
The extent of pillaring can be controlled as per micropore volume and
surface area requirements (Johnson et al., 1996). Iron (Fe) pillaring with
bentonite has been successfully conducted by titrating sodium hydrox-
ide (NaOH) with ferric chloride (FeCl3) shown better results with an
OH/Fe ratio of 2 (Valverde et al., 2005). The improvement in micropore

Table 1
Microporous surface area and volume of pillared clay compared to unmodified
clay.

Unmodified S micro V micro PILC S micro V micro References
Clay (m?/ (em®/ (m?/ (em®/
g) g) g) g)

Bentonite 15 0.003 Fe- 285 0.126 Valverde
PILC et al. (2005)
2

Montmorillonite ~ 18.5 0.004 Mt. 202 0.034 Mandalia
Al-Fe etal. (1998)

Montmorillonite 18.5 0.004 Mt. Al 246 0.104 Mandalia

et al. (1998)

Bentonite 19 0.01 Al- 195 0.1 Matteucci

PILC et al. (2006)
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volume and surface areas of various Fe and Al pillared clays are dis-
played in Table 1. PILCs also exhibit excellent thermal stability, which is
a crucial requirement for gas separation membranes (Li et al., 2018).

Glassy polymers have received significant attention for gas separa-
tion owing to their mechanical properties and economical advantages
(Park and Paul, 1997). PSf has been selected for the polymer matrix, as it
is an extensively studied commercially available glassy polymer exhib-
iting favorable permeability—selectivity characteristics (Ismail et al.,
2009), and robust chemical stability (Ismail and Lai, 2003), and high
thermal stability. In addition, the high solubility of PSf with a good film
forming properties, render it advantageous for membrane applications.
In Section 1, the importance and novelty of the work have been dis-
cussed. section 2 deals with the experimental setup, and the procedures
followed to fabricate the novel P-C15A incorporated PSf/P-C15A
MMM, in addition to the methods employed for MMMs characteriza-
tion. Furthermore, section 3 describes the results and discussion
involving membrane characterization, and effect of P-C15A addition on
the PSf MMMs for gas transport studies of CO2, N3 and O gases in terms
of permeance and selectivity. Results of the fabricated MMMs were
further compared with literatures, and the Robeson upper bound. Sec-
tion 4 concludes the results, and defining the future scope of P-C15A
MMMs studies.

2. Experimental
2.1. Materials

MMM were synthesized, wherein the continuous polymer phase was
composed of Polysulfone (PSf, Grade—3500), by Amoco Chemicals, USA,
which is a strong thermoplastic, soluble in dipolar solvents, well suited
for fabricating high strength membranes. The solvents used for the dope
solution preparation were Tetrahydrofuran (THF, 99.5% purity), ob-
tained from QReC, New Zealand. ACROS, Belgium supplied N-Methyl-2-
Pyrrolidone (NMP, 99.5% purity). Ethanol (100% purity) was procured
from Hayman Limited, UK, which was used as a non-solvent additive
and methanol (99% purity) were procured from Sigma-Aldrich, USA.
Cloisite 15A was provided by Southern Clay Products, Inc., USA. Poly-
dimethylsiloxane (PDMS, Sylgard 184) for membrane coating was pro-
cured from Dow Chemicals, USA.

2.2. Preparation of Fe pillared—Cloisite 15A

P-C15A was prepared by using a pillaring solution, as described by
Timofeeva et al. (2009) (Timofeeva et al., 2005). The pillaring solution
was synthesized by initially preparing equal quantities of 0.4 M NaOH
solution, and 0.2 M FeClj3 solution, to ensure a 2:1 OH/Fe ratio (Valverde
et al., 2005). The NaOH solution was added drop by drop at 1 ml/min to
the FeCls solution. The solution was kept stirring and allowed to age for
24 h at room temperature. C—-15A was consequentially added to distilled
water at a ratio of 4g of C—15A per 100 ml distilled water, and stirred for
2 h, ensuring uniform dispersion. The C—15A suspension is then added to
the pillaring solution and continuously stirred to age 48 h. Then the
solution was vacuum filtered until the pillared clay was obtained. The
pillared clay denoted as P-C15A after calcination in an oven at 80 °C for
8h. The schematic of the preparation of Fe pillared—Cloisite 15A is
presented in Fig. 1.

2.3. Preparation of dope solution

An asymmetric flat sheet MMMs were prepared from the dope so-
lution consisting of PSf (30 wt %), NMP (30 wt %), THF (30 wt %),
ethanol (10 wt %) and, P-C15A (0.1-1.5 wt %). THF was used as a
volatile solvent to prevent large unselective macro—voids during the
instantaneous demixing. Ethanol was used as a non—solvent added drop
by drop for post homogenization of dope solution to improve the poly-
mer—polymer interaction, and facilitate rapid polymer solidification
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Fig. 1. Schematic representation of pillared cloisite 15A synthesis.
during casting (Aroon et al., 2010). The P-C15A was added to the sol- homogenization was achieved. Ethanol was added dropwise under
vents NMP and THF stirred for 10 min and ultrasonicated for 20 min at constant stirring (Aroon et al., 2010) (Zulhairun et al., 2014), and the
60 °C. Initially, 10 wt % of total PSf polymer was added and stirred for 4 complete fabrication process was depicted in Fig. 2.

h under constant heating at 60 °C to ensure the wetting of filler particles.
Remaining PSf polymer was gradually added and mixed till
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Fig. 2. Schematic representation of membrane casting procedure.
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2.4. Fabrication of P-C15/Polysulfone MMMs

The dry—wet phase inversion technique was employed to cast MMMs
as per methods followed in (Aroon et al., 2010) (Zulhairun et al., 2014).
The prepared solution was poured on a sterilized glass plate and spread
evenly by a casting knife of thickness about 200 pm. The casted mem-
brane was left in air for 10 s, and immersed in a distilled water coagu-
lation bath to allow for the dissipation of the solvents from the
membrane that facilitated the pore-forming process. The membrane was
left immersed in the coagulation bath for 48 h. Post—treatment was
conducted on the membranes before further drying.

2.5. Post-treatment of MMMs

Methanol treatment aids in the removal of residual solvent and al-
lows relaxation of polymer chains and improves permeability. The post—
treatment of the membranes was commenced immediately after
extracting the membranes from the coagulation bath. The membranes
were kept immersed for 2.5 h in methanol bath and dried at room
temperature for 48 h.

2.6. PDMS coating of MMMs

PDMS is a polymeric organosilicon compound with low selectivity
and high permeability due to their higher flexibility of siloxane chain
linkages (Pandey and Chauhan, 2001). PDMS is chemically inert, flex-
ible, and exhibits good adhesive properties. This silicone rubber polymer
(Dow Corning Sylgard 184) was implemented to coat the membranes.
PDMS coating ensures the membranes to be defect—free, uniform top
surface, free from pinholes and abrasions. These properties improve
membrane selectivity and performance. PDMS coating was executed by
dip—coating, similar to the methods described in (Zulhairun et al.,
2014). The membranes were plunged in an n—hexane solution with 3%
w/w PDMS for 10 min and subsequently removed. The coated mem-
branes were left undisturbed to cure at atmospheric conditions over-
night. The neat PSf membrane was fabricated by following the above
procedure without incorporating P-C15A in the dope solution. The neat
and P-C15A incorporated MMMs were denoted as PSf, PSf/P—-C15A (0.1
wt%), PSf/P—C15A (0.5 wt%), PSf/P—C15A (1 wt%), and PSf/P-C15A
(1.5 wt%).

2.7. Characterization of P-C15A/polysulfone MMMs

The surface morphology and the elemental composition of C15A and
P-C15A were examined using SEM equipped with energy—dispersive X—
ray (SEM-EDX, Oxford Instruments INCA PentaFET-X3, UK) (Ghase-
mipour et al., 2020) (Rezaee et al., 2016). Thermal stability of neat and
MMMs was tested using a thermogravimetric analyzer (TGA, DGT, 2000;
PerkinElmer, USA). The parameters set for the TGA analysis between
temperature ranges of 40-600 °C at a heating rate of 10 °C/min under Ny
atmosphere with an N flow rate of 20 ml/min. A differential scanning
calorimeter (DSC, 6000-Perkin-Elmer instrument, USA) was employed
to identify the fabricated membranes glass transition temperature (Tj).
The membrane samples were made into finely cut pieces and placed into
a pre-weighed aluminum crucible. The samples were then heated from a
temperature range of 30-400 °C. The glass transition region is recorded,
and the transition region’s midpoint was taken as Tg. The top and cross—
sectional morphology of neat and MMMs were analyzed using SEM (TM
3000, Hitachi). Before testing, the samples were cryogenically fractured
under liquid nitrogen. Further, the surfaces of the samples were coated
with platinum by sputtering for facilitating electrical conductivity.

2.8. Gas transport properties

Separation efficiency was evaluated by the quantification of per-
meabilities and selectivities of the neat and MMMs. Gases such as O,
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COo, and Ny with 99.99% purity were utilized to conduct the single gas
permeation test. Circular disc is mounted on the top of a stainless—steel
permeation unit of the constant pressure system. The experimental setup
used is a constant pressure variable volume setup, and the schematic
diagram given in Fig. 3. The dependent driving force factors in the
adsorption, diffusion, and desorption of the gas molecules for its sepa-
ration are pressure (AP) and temperature (AT). The membrane was
calculated at constant pressure and temperature of 4 bar and 25 °C,
respectively. A soap bubble meter was attached near the exit of gas
permeate to measure the gas flux by measuring the volume of permeate
gasses per unit time.

Permeance was calculated using equation 1
P 0
7 = m (1)
where, Pi/l is defined as the permeance for penetrating gas and is
measure in GPU. Q is the flow rate of gas entering, AP is pressure drop
across the membrane, A is exposed surface area of the membrane, and 1
is skin thickness of the membrane. The permeability could be evaluated
in Barrer. (1 Barrer = 1 x 10710 cm® (STP)cm /cm? s cmHg).

Selectivity a,,0f gases is defined as the ratio of the permeabilities of
two gases. It is the metric to determine the potential efficiency of the gas
separation of the gasses. Selectivity is calculated using equation (2).

(Pa/1)

Qa/p = (Ph/l) (2

where, Pa/l refers to the observed permeance of the first gas through the
membrane, and Pb/1 refers to the experimentally observed permeance of
the second gas through the membrane. The selectivity of two gasses is
based on the kinematic diameter of the molecules. The gasses exhibiting
lower kinematic diameters tend to dissipate through the membrane
pores faster than the gas molecules with larger kinematic diameters. Ny
possesses larger kinematic diameter compared to O, and CO3, hence Ny
permeates at a slower rate.

3. Results and discussion
3.1. SEM-EDAX analysis of C15A and P-C15A

Morphology of the C-15A and P-C15A were presented in Fig. 4. The
C-15A exhibits as irregular layered silicate structure and was lumped
together. Whereas, pillared clay (P-C15A) dispersed as porous material
with fluffy appearance. Upon the pillaring process, the close perspective
indicates the silicate layers of P-C15A become swollen and appeared in
segregated manner. EDAX spectroscopy was conducted to obtain the
filler particles elemental composition both prior and post-modification.
Fig. 5 depicts the EDAX spectrum and indicates the composition of the
denoted elements in the filler particles. The corresponding atomic
fractions are displayed in Table 2. In P-C15A, an increase in Fe atomic
percentage of about 76% was observed compared to C—15A. In P-C15A,
there is an interaction between Fe cations and the C-15A layers (Kurian
and Babu, 2013). Further, there is a decrease in the Si/Al ratio of the
pillared clay in comparison to C-15 A, indicating an increase in total
pore volume and surface area, contributing to the pillaring effect (Gil
et al., 2005). The minor decrease in Al and Si elemental composition in
P—C15A is due to the replacement of cations from the gallery interlayer
as an additional consequence of the iron pillaring procedure.

3.2. Surface morphology of neat and PSf/P-C15A MMMs

SEM images of the top surface and cross—section morphology of the
neat and MMMs were illustrated in Fig. 6 and Fig. 7, respectively.
Analysis of top surface images of all membranes reveals smooth surface
structure. From Fig. 6, MMMs loaded with P-C15A (up to 1 wt%) show
homogeneous dispersion of filler on the top surface. Because of the
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Fig. 3. Gas permeation testing setup.
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Fig. 4. SEM images of Cloisite 15A and Pillared Cloisite 15A.

compatibility between filler and polymer, surface defects were not seen
in MMMs that ensure optimal gas transport properties. At higher
P-C15A loading percentage, PSf/P-C15A (1.5 wt%) membranes dis-
played white traces, indicating that the filler particles obviously pro-
trude in the MMMs surface. As anticipated, all membranes exhibit
asymmetrical structure which effectively fabricated by dry—wet phase
inversion technique. In Fig. 7, MMMs morphology reveals a well-defined
and structural defect free thin dense selective skin layer supported with
porous sub sublayer structure containing finger-like macro voids sur-
rounded by trace spongy-like structure (Zulhairun and Ismail, 2014).
The thin surface layer is attributed to volatile solvent’s addition to a
dope solution resulting in quick diffusion during casting. The spongy
appearance of the microporous region was attributed to non—solvent
ethanol to the solution (Moaddeb and Koros, 1997). Membrane
morphological properties slightly vary with the P-C15A nanoparticles at

different loading concentration. Due to the low loading of filler particles
(<1.5 wt%), it was difficult to detect the individual filler particles,
though changes in membranes morphologies were evident. Cross sec-
tions of MMMs fabricated with different P-C15A loadings confirm the
homogeneity, P-C15A dispersion and the intimate assimilation of filler
within the PSf matrix. Absence of significant defects in the top surface
and cross—section morphology of PSf/P-C15A membranes up to 1 wt%
loading was due to excellent adhesion between the P-C15A and PSf
matrix. The filler’s superior adhesion was attributed to the modification
of C15A with Fe pillar via pillaring treatment (Aroon et al., 2010).
Accordingly, the effective pore volume within the polymer membrane
matrix leads to substantially increase gas permeability without note-
worthy loss in membrane selectivity. Hence, the ideal morphology of
PSf/P-C15A (1 wt%) enhances permeance and selectivity. For high
loading of P-C15A (1.5 wt%), the formation of finger-like macro voids
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Fig. 5. Edax of cloisite 15A and pillared cloisite 15A.

Table 2

Atomic percentage of Fe, Al, and Si in C-15A and P-C15A.
Sample name Fe Al Si
C-15A 0.26 2.07 4.74
P-C15A 0.46 1.92 4.14

structure was suppressed and becomes bulbous owing to the delayed
demixing during phase inversion technique. Consequently, there may be
defect in specific membrane structure leads to variation from the
membrane ideal morphology. This variation may affect the membrane
selectivity for gas pairs. It was observed that with the addition of filler
particles, there is a correlating linear increase in the magnitude of macro
void formation in the membrane’s structure. The development of se-
lective voids in the microporous region is anticipated to increase the gas
permeation rate through the membranes.

3.3. Thermal stability of neat and PSf/P-C15A MMMs

TGA results of the neat and PSf/P-C15A MMMs were displayed in
Fig. 8. The weight loss occurred below 100 °C is attributed towards
desorption of water molecule (Fattahi et al., 2015). The TGA thermo-
graphs of all membranes revealed a single significant weight loss. The
onset degradation temperature for the neat membrane was 469 °C, and
the primary significant diminishment in weight observed between 500
and 540 °C was consistent with the literature for neat PSf membranes
(Sasikumar et al., 2019). The weight loss takes place from 500 °C
ascribed towards thermal decomposition of PSf polymer backbone. The
thermal degradation range was very similar for neat and PSf/P-C15A
MMMs owing to low loading (<1.5 wt%). Nonetheless, the analysis of
thermal degradation midpoint follows a slightly increasing trend with
the loading of P-C15A. This was attributed to the intrinsic high thermal
stability of the filler particles. The pillaring of clay has been noted to
enhance the thermal stability of clays (Li et al., 2018). These thermo-
stable clay layers dispersed within the polymer matrix increased the
degradation temperature (Unnikrishnan et al., 2012). The weight loss
occurs in a single phase with a linear fashion, indicating no residual
solvent content entrapped in the membrane samples. Only negligible
thermal degradation of filler was observed, owing to the low volume
fractions incorporated within the MMMs. The residual solvent was
successfully removed through the post—treatment of the membranes.

3.4. DSC analysis of neat and PSf/P-C15A MMM:s

Thermal properties of neat and MMMs were studied using DSC
analysis to evaluate P-C15A loading on the glass transition temperature
(Tg) and it is illustrated in Fig. 9. The Tg of the neat PSf membrane was
179.11 °C, which was consistent with the literature (Sasikumar et al.,
2019). In case of PSf/P-C15A (0.5 wt%), PSf/P-C15A (1 wt%), and
PSf/P-C15A (1.5 wt%) membranes, the Tg was found to be 180.03 °C,
181.54 °C, and 182.76 °C respectively, which shows that MMMs are
more stable than the neat PSf membrane. The Ty was increased slightly
with the increase in P-C15A loading percentage and a similar trend has
been reported earlier (Rezaei et al., 2015). The increase in T of the
membranes indicates that the polymer chains variation of segmental
mobility due to the incorporation of pillared nanoclays (Martin- Luengo
et al., 1989). The fabricated PSf MMMs were glassy polymer in nature.
T, indicates the temperature at which the polymer changes into a
rubbery nature by altering its properties. The matrix expands on tran-
sition, resulting in increased permeation rate of gasses through the
membranes, and a resultant loss in the membrane selectivity, especially
for COy gas pairs (Yang et al., 2010). The P-C15A was observed to
improve the thermal stability of the membranes slightly. The increase in
Ty defines a structurally enhanced polymer region, occurring due to the
stresses applied at membrane formation in the filler polymer interface
(Valverde et al., 2005).

3.5. Gas permeability studies

3.5.1. Effect of P-C15A on gas transport properties

Gas permeation of neat and PSf/P-C15A MMMs were assessed in
terms of gas permeability and selectivity for gas pairs (O2/Ng and COy/
Nj). The permeance and the selectivity data were depicted in Fig. 10 and
Fig. 11, respectively. The permeation of CO,, Ny, and Oy gases was
increased with the increase in the loading percentage of PSf/P-C15A.
Besides, the selectivity of O2/Ny and CO5/N; gas pairs were decreased
with an increase in P-C15A loading percentage. The relative increase in
permeance for CO5 from neat PSf to PSf/P-C15A (1 wt%) MMM, was
about 232% from 21.68 to 72.04 GPU, while the CO5/N> selectivity was
decreased by 18.77% from 22.58 to 18.34. The corresponding increase
in permeance for Oz was 274% from 5.20 to 19.47 GPU with a drop of
9% in O9/Nj selectivity from 5.41 to 4.96. The complete data of per-
meance and selectivity for neat and MMMs is also presented as Table S1
in supplementary material.
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Fig. 6. Top surface morphology of membranes (a) Neat PSf (b) PSf/P-C15A (0.1 wt%) (c) PSf/P-C15A (0.5 wt%) (d) PSf/P-C15A (1 wt%) and (e) PSf/P-C15A (1.5

wt%).

In both neat PSf and PSf/P-C15A MMM, the order of gas perme-
ability was as follows: P (CO,) > P (O3) > P (N3), was in consistent with
most polymeric gas separation membranes (Ahn et al., 2008) (Jomekian
et al.,, 2011a) (Matteucci et al., 2006). Gas permeability was decreased
with the kinetic diameter and increased with condensability of the
penetrant gas was reliable with glassy polymers (Matteucci et al., 2006)
(Freeman et al., 2006). Kinetic diameter and gas condensability data
were presented in Table 3 explains the gas permeability order (Sadeghi
et al.,, 2010). The increase in gas permeation rate is attributed to the
higher permeability via the pillared clay (P-C15A) present within
PSf/P-C15A MMMs. P-C15A contributes increased in gas permeability
due to the rise in micropore and total pore volume reported by

Timofeeva et al. (2009). As depicted in Fig. 10, the permeation rate
improvement for gases was similar up to P-C15A of 1 wt% loading,
whereas the permeation increased significantly for PSf/P-C15A (1.5 wt
%) MMM, especially for slow permeable N gas. This can be ascribed
with the development of unselective voids at the PSf and P-C15A
interface when the P-C15A loading increased to 1.5 wt% (Zulhairun
et al., 2014). It was confirmed by the cross—sectional morphology of the
PSf/P-C15A MMMs. The CO2/N; and Og/N; gas pair selectivities for
PSf/P-C15A (0.1 wt %), PSf/P-C15A (0.5 wt %) and PSf/P-C15A (1 wt
%) MMMs were similar to the neat membrane. (Fig. 11). Besides, the
selectivity of O2/N2 and CO2/N; gas pairs were decreased with an in-
crease in P-C15A loading percentage to 1.5 wt% owing to better
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enhancement in permeance of slow (N3) gas than fast (Oy) gas perme-
ation rate.

The PSf/P-C15A (1.5 wt%) MMM shown higher permeability with
the lower selectivities for CO2/N3 and O3/N; gas pairs compare to other
fabricated membranes. The ability of PSf/P-C15A (1.5 wt%) MMM for
discerning the permeance gas based on the kinematic diameter of gas
molecule was diminished as the P-C15A loading increased within the
membrane matrix. Thus, the PSf/P-C15A (1.5 wt%) MMM might permit
the slow permeable (N3) gas despite of gas kinematic diameter. This
leads to higher permeance of Ny gas via the PSf/P-C15A (1.5 wt%)
MMM which results in decreased selectivites for CO2/Ng and O2/N; gas
pair. PSf/P-C15A (1 wt%) MMM exhibit better selectivity for gas pairs
with reasonable permeability. Thus, the optimal loading of P-C15A
within the fabricated PSf/P-C15A MMMs was found to be at 1 wt%
loading. PSf/P-C15A (1 wt%) MMMs exhibit a significant increase in
permeability, fractional decrease in selectivity, and driving the perfor-
mance nearer to the Robeson upper bound. From the literature, it was
understood that to show a similar improvement in permeability, inor-
ganic fillers such as silica and MCM silicates need to be loaded at a high
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percentage (Jomekian et al., 2011b) (Jomekian et al., 2011a). At same
conditions, 20 vol % silica added PSf membranes exhibit O5/N, selec-
tivity of 4.5 and O, permeability of 5, which was highly related to this
study (Ahn et al., 2008). High filler loading leads to compromise of the
structural integrity and possible filler agglomerations in the membrane
microporous region (Moore and Koros, 2005). Hence P-C15A competes
against other fillers even at a lower loading percentage and exhibits
comparable results to the other fillers. Furthermore, to ensure repro-
ducibility of fabrication method, the neat and PSf/P-C15A (1 wt%)
MMMs were prepared again and their corresponding gas permeance and
selectivity dataset were presented in Table S2 and S3, respectively.

3.5.2. Comparison of fabricated MMMs with literature

The fabricated MMMs were compared with literature to ascertain
credibility and conformity. The properties of the fabricated MMMs are in
concordance with published pre—existing data denoted in Table 4. The
permeability of the asymmetric membranes was estimated by assuming
an active skin layer thickness of 250 nm as commonly reported active
layer thickness for asymmetric membranes (Zulhairun et al., 2014). The
permeance and selectivity were compared with MCM-41/PSf mem-
branes studied by Jomekian et al. (2011b), and Cloisite 15 A/PSf
membranes investigated by Zulhairun et al. (2014) in Table 4.
PSf/P-C15A MMMs were compared with other PSf membranes incor-
porated with other filler particles such as silica, and carbon nano—fibers
reported by Ahn et al. (2008), and Jomekian et al. (2011a) in Table 5.
The fabricated MMMs tend to show improved selectivity and perme-
ability. The beneficial aspect was the enhanced properties exhibited
with a mere 1% loading of P-C15A as compared to 20% silica loading.
The requirement of low loading P-C15A can be attributed to the
excellent compatibility between the pillared clay and PSf when
compared to the higher loading fractions of inorganic silica (Ahn et al.,
2008), and MCM fillers (Jomekian et al., 2011a) (Jomekian et al.,
2011b).

3.6. Robeson upper limit

Polymeric membranes possessing maximum permeability and
selectivity are more efficient and preferred for gas separations. How-
ever, experimentally membranes possessing higher permeability often
show diminished selectivity, and the inverse also significant as
mentioned by Robeson upper bound. The aforementioned upper bounds
regarding the size—based segregation of gas molecules of various gas
pairs have been found through experimental and further rationalized
theoretically by utilizing pure gas data (Dehghani Kiadehi et al., 2015).
The performance of neat and MMMs have been evaluated by plotting the
permeability and selectivity of CO2/N2 and Oy/N> gas pairs against the
Robeson upper bound (Rafizah and Ismail, 2008). This upper bound
defines a trade—off between gas permeability and selectivity for various
gas pairs. Since the establishment of the upper bound concept, numerous
studies have aimed at solely achieving and exceeding the theoretical
upper bound for various gases. The permeability of O, was plotted
against Oy/Ny selectivity with respect to Robeson upper bound is pre-
sented in Fig. 12(a), and similarly for CO/Nj gas pairs in Fig. 12(b). In
both cases, it was observed that with the addition of P-C15A filler, the
MMMs advanced closer towards the Robeson upper bound and there was
minimal loss of selectivity, while permeability increases significantly.
From Fig. 12 (a) and 12 (b), it was found that the PSf/P-C15A (1 wt%)
MMM performance with respect to Robeson upper bound was nearer to
the PSf/P-C15A (0.5 wt%) MMM. Compared to 0.5 wt% P-C15A loaded
PSf membrane, PSf/P-C15A (1 wt%) MMM exhibit reasonable selec-
tivity with significant improvement in permeability for all gases.
PSf/P-C15A (1 wt %) MMMs exhibit the greatest gas separation quali-
ties, approaching closest to the Robeson upper bound for CO5/Ny and
0O,/Nj gas pairs. Hence, PSf/P-C15A (1 wt%) MMM was considered as
efficient membrane for gas separation. Although the upper bound was
not crossed in this experiment, significant information has been gained
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Table 3
Kinetic diameter and gas condensability of studied gases from literature (Sade-
ghi et al., 2010).

Gas Kinetic Diameter (A) Condensability (K)
CO, 3.30 195
0, 3.46 107
Ny 3.64 71
Table 4

Comparison of Oz and N, permeability and O,/N; selectivity of fabricated
MMMs with the reported values in literature with the reported values in
literature.

Membrane Po2 Pn2 Oo2/N2 Pressure Reference
(GPU) (GPU) (GPU) (bar)

U MCM-41 10.46 2.6 4.02 4 Jomekian
(40 wt et al. (2011b)
%)/PSF

U MCM—41 5.35 1.0 5.35 4 Jomekian
(20 wt et al. (2011b)
%)/PSF

PSF —C15A 16.37 3.19 + 5.13 + 5 Zulhairun
(1.0 wt %) + 0.54 0.21 0.23 et al. (2014)

PSf/P-C15A 19.47 3.92 + 4.96 4 This Study
(1.0 wt %) +0.16 0.08

Table 5
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on the applications of pillared Cloisite 15A (P-C15A) for membrane gas
separation.

4. Conclusion

Inspired by the organic nature of C-15A, and the desired modifica-
tions offered by pillaring of clay filler, asymmetric P-C15A incorporated
MMMs have been fabricated. The SEM images are in concordance with
the findings and displayed an increase in fractional free volume with
P-C15A. The experimental observations indicate a significant increase
in membrane permeability at a low loading of P-C15A with an insig-
nificant drop in permselectivity. The most efficient membrane was
found to be at 1 wt % loading of P-C15A. A 274% increase was observed
in the permeance of Oy through the PSf/P-C15A (1 wt%) MMMs, with a
decrease in Oy/Nj selectivity of 9%. Also, a 240% increase in COq
permeability was found with a reduction in CO2/Nj selectivity of 18.5%.
Hence, the overall efficiency of the membrane was found to be signifi-
cantly increased. Further, the performance of neat and P-C15A incor-
porated MMMs were compared with the Robeson upper bound in terms
of permeability and selectivity. The CO5 permeability and the CO2/Ny
and Oy/Nj, gas pairs selectivities of PSf/P-C15A (1 wt%) MMM:s found to
be approaching closer towards the Robeson upper bound. The increased
permeability of the membranes with the P-C15A loading percentage
could be attributed to the phase—separated dispersion state of the filler.
Pillared clays are a relatively novel filler medium to be used in MMM,
and exhibit favorable compatible properties for gas separation. The
study shows that there is a scope and potential application for the
implementation of montmorillonite silicates with pillaring modification
in gas separation.

Comparison of CO, and N, permeability and CO,/Nj selectivity of fabricated MMMSs with the reported values in literature.

Membrane samples Po> (Barrers) Pno (Barrers) Pcoo (Barrers) 0o2/N2 Ocoz/N2 Pressure (par) References
PSf/Silica (30.6 wt %) 5.0 1.12 19.7 4.46" 17.59% 4.45 Ahn et al. (2008)
CNF/PSF(1) 2.24 0.58 4.87 3.86 8.39 4 Dehghani Kiadehi et al. (2015)
PSF—CMS30 (30 wt %) 6.77 £ 0.01 1.82 £+ 0.06 - 3.69 - 1.5 Rafizah and Ismail (2008)
MCM48/PSF (20 wt %) 1.90 0.38 - 5 - 4 Jomekian et al. (2011a)
PSf/P-C15A (1 wt %) 4.86 + 0.04 0.98 £+ 0.02 18.01 £+ 0.10 4.96 18.34 4 This Study
@ Calculated from permeability values of CO5, O, and N.
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Fig. 12. Selectivity vs permeability graph plotted in comparison to the Robeson upper bound for (a) O5/N; separation and (b) CO5/N, separation.
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Nomenclature

C-15A  Cloisite 15A

Fe Iron

P-C15A Pillared Cloisite 15 A

CNTs Carbon nanotubes

CMS Carbon molecular sieves

MMT Montmorillonite

PILCs Pillared clays

PSf Polysulfone

MMMs Mixed matrix membranes

NaOH  Sodium hydroxide

FeCl3 Ferric chloride

CO5 Carbon dioxide

O Oxygen

Ny Nitrogen

THF Tetrahydrafuran

NMP N-methyl-2-pyrrolidone

PDMS  Polydimethylsiloxane

SEM Scanning Electron Microscope

EDAX Energy Dispersive X-ray Spectroscopy

TGA Thermogravimetric Analysis

DSC Differential Scanning Calorimeter

T, Glass transition temperature (°C)

AP Pressure (cmHg)

AT Temperature (°C)

P; Permeability of gas through cross section of membrane (Barrer)
1 Skin thickness of the membrane (cm)

Pi/1 Permeance of gas through unit length of membrane cross section (GPU)
Q Flow rate of gas entering (cm>,STP/s)

A Surface area of the membrane (cm?)

Qa/p Selectivity of gas pairs

Pa/l Permeance of the first gas through the membrane
Pb/l Permeance of the second gas through the membrane

Appendix A. .Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jngse.2020.103720.
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