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ABSTRACT: Carbon dioxide (CO,) has been widely known to be the main contributor
to global warming and temperature fluctuations. The CO, gas is primarily found in the
combustion of fossil fuels and natural gases. Several approaches were considered in the
industry to minimise CO, emissions such as ammonia scrubbing and membrane technology.
In recent years, membrane technology has exhibited excellent CO, separation performance
especially the mixed matrix membrane (MMM) due to its combined properties of organic
and inorganic materials. The small footprint and high efficiency of the membrane
technology compared with the traditional gas separation processes has given it a distinct
advantage. In this work, the MMMSs are synthesised from the cellulose acetate butyrate
(CAB) polymer and the functionalised multi-walled carbon nanotubes (MWCNTs) through
Chen’s soft-cutting method. This study aims to synthesise an excellent MMM with high
separation performance by studying the effects of incorporating different amounts of
MWCNTs fillers into the CAB blended membrane. The fabricated MMM was developed
using 4 wt% of CAB with molecular weights of 12000, 65000 and 70000 mixed in a ratio of
1:1:1. The functionalised MWCNTs were incorporated into the CAB matrix with different
filler loadings ranging from 0.0125 wt% to 0.2 wt%. The separation performance of the
fabricated MMM was successfully conducted towards CO./N, separation. The highest
CO, and N, gas permeance were exhibited from the MMM-0.025 with average values of
36.0 £ 0.4 GPU and 28.0 = 0.2 GPU, respectively. Further, the highest CO,/N, selectivity
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exhibited from the MMM-0.025 was 1.3 + 0.1. The outcome of this research confirmed
the positive effects of different Mn and MWCNTSs filler amounts on the performance
of the MMM.

Keywords: Cellulose acetate butyrate, multi-walled carbon nanotubes, MWCNTs,
mixed matrix membrane, gas permeation test

1. INTRODUCTION

One of the major issues concerning the international community in recent years is
the increase of greenhouse gas emissions into the atmosphere, particularly carbon
dioxide (CO,). The combustion process of natural gases and fossil fuels is the
primary source for CO, emissions.' The global temperature is expected to increase
by 3°C by the year 2050.2 The increase in CO, will cause negative consequences
such as changes in the ecosystems and rising sea levels. Numerous technologies
have been listed as potential candidates for CO, gas separation process such as
amine-based absorption, cryogenic fractionation and membrane technology.’
However, besides the small footprint of the membrane technology, its high
efficiency and low cost makes it a preferable choice over the other technologies for
the CO, separation process.'

Several materials were used to manufacture and fabricate the membrane, such as
organic, inorganic and biological materials. However, 90% of the total membranes
installed today are made of nine polymer organic materials such as polysulfone,
polyaramide, poly(vinylidene chloride) (PVDC), poly(furfuryl alcohol) (PEA),
polyacrylonitrite (PAN), phenolic resins, poly (phenylene oxide), cellulose acetate
(CA) and cellulose acetate butyrate (CAB). These materials have a tendency of
producing membranes with high permeability and selectivity.> With reference to
the CAB membrane, it was first communalised in 1938. The excellent film-building
properties of the CAB polymer makes it a suitable choice for membrane-forming.
In addition, the existence of the butyl groups in the CAB polymer has the ability to
resist impact, weather conditions and chemicals exposure.* However, it has been
proven that the polymer-based membrane suffers a trade-off relationship between
permeability and selectivity in terms of its separation performance.> On the other
hand, the inorganic membranes have high thermal and chemical stability of the
inorganic materials in addition to greater selectivity as compared to the polymeric
membranes, thus, making them desired materials to investigate.® Inorganic
membranes such as zeolites, carbon molecular sieve, graphene and carbon
nanotubes (CNTs) exhibit high selectivity and ability to resist harsh industrial
conditions.” However, the inorganic membranes are expensive to produce, and
consist of brittle structures. Therefore, to eliminate the limitations of the inorganic
and polymeric materials, the approach of combining both the properties of the
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materials was accomplished by the mixed matrix membrane (MMM).® The MMM
was designed to inherit the superior properties of the inorganic materials, and cost
effectiveness and high efficiency of the polymeric materials.” The gas separation
performance of the MMMs was improved by integrating the CNTs filler in the
polymer membrane. The single-walled CNTs (SWCNTs) and multi-walled CNTs
(MWCNTs) provided high efficiency and high stability membranes with low cost
and rigid structures. Several studies have been conducted to investigate the gas
separation performance of the MWCNTs within the MMM structure.® Murali et al.
studied the effect of adding MWCNTs to the gas permeation properties of hydrogen
(H,), nitrogen (N,), oxygen (O,) and CO, gases in the Pebax-1657 membranes by
controlling the loadings of the MWCNTs. Based on their study, the incorporation
of MWCNTs led to a noticeable increase in the membrane free volume.’

Thus, the aim of this work is to prepare a new MMM from the CAB polymer
and MWCNTs fillers with high permeance of CO, and CO,/N, selectivity. Up
to date, no studies have been conducted to investigate the influence of blending
equal ratios of the polar acetyl group of 16—-19 wt%, 28-31 wt% and 12—15 wt%
for CAB molecular weights of 12000, 65000 and 70000, respectively, on the
non-polar CO,/N, separation. Furthermore, different MWCNTs filler amounts of
0.0125 wt%, 0.025 wt%, 0.1 wt% and 0.2 wt% were integrated within the CAB
polymeric membrane in order to improve and further increase the efficiency of the
MMM towards CO,/N, separation.

2. EXPERIMENTAL

2.1 Materials

CAB with polymer molecular weights of 12000, 65000 and 70000 was purchased
from Sigma-Aldrich (Malaysia) for membrane fabrication. MWCNTSs with average
outer and inner diameters of 27.00 mm and 8.85 mm respectively, were purchased
from Shenzhen Nanotech Port Co. Ltd., China. The solvent chloroform (99.7%)
was purchased from Merck (Malaysia). The hexane (99.8%) and isopropyl alcohol
(99.6%) were supplied by Merck (Malaysia) for membrane drying. The beta-
cyclodextrin (B-CD) and ethanol solutions acquired from Merck (Malaysia) were
used to functionalise the MWCNTs.

2.2 Fabrication of CAB Membrane

The phase inversion method was used to form the neat CAB membrane. The
experiment was set up by preparing a solution consisting of 4 wt% of CAB and
96 wt% of chloroform.!® The 4 wt% was taken from the CAB with molecular
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weights of 12000, 65000 and 70000 in ratios of 1:1:1. The prepared solution was
then stirred for 24 h before sonicated for 20 min. The sonication process is important
to even out the surface of the membrane layer by removing the air bubbles on
the membrane surface.'” A casting machine known as the automatic applicator
was then utilised to cast the membrane layer in a glass plate to a thickness of
250 um. The solvent was then exposed to evaporation under a temperature of 25°C
for a period of 5 min.* To eliminate the residual solvent, the membrane was then
immersed in distilled water of 22°C for a period of 24 h. The membrane formed
was subsequently dried by using isopropyl alcohol and hexane. The membrane
was first immersed in isopropyl alcohol for 1 h followed by hexane for another 1 h.

The formed membrane was consequently left to dry in an oven at 70°C between
two glass panels for 24 h in order to eliminate all the excess solvents. The dried
membrane was then stored in a desiccator.''

2.3 Functionalisation of MWCNTSs

The functionalisation process was started by drying the MWCNTSs in an oven
at 120°C for a period of approximately 8 h.'”> The dried MWCNTs were then
functionalised by using Chen’s soft-cutting method. In this method, the MWCNTs
along with the B-CD with a concentration ratio of 1.30 wt% were then grounded
by using an agate mortar and pestle. In order to obtain a sticky and greyish texture
of the mixture, ethanol was added gradually for a period of 10 min."* The mixture
was then left to settle for an additional 2.5 h to obtain a fine grey powder, which
was then left in the oven for 24 h. The temperature of the oven was set at 80°C."

2.4 Fabrication of MMM

The MMM was prepared by mixing the MWCNTs with a specific amount of
chloroform. The solvent mixer was then sonicated for 20 min to remove the air
bubbles from the membrane surface.' In order to obtain better particle distribution
of the MWCNTs, the mixer was stirred for a period of 4 h.!> A certain amount of
the CAB was then added to the mixer and stirred for 24 h."* The composition of the
fabricated MMM is represented in Table 1.

2.5 Membrane Permeation Test

Before conducting the gas permeation test, the membrane layer formed was
experimented in order to ensure the reliability and accuracy of the experiment
results. Initially, the membrane film was cut into a circular shape, placed on top of
the membrane cell, and covered tightly.
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Table 1: The composition of the fabricated MMM.

MWCNTs-F (wt%) CAB Casting
Total £l MWCNT polymer Chloroform thickness Sample
otal filler s o ‘ot
_ wt% description
(W%) () B-CD - (wion) (wt%) (um) P
0.0 0.00 0.00 4.0 64.00 250 CAB-M
0.1 0.1280 0.00 4.0 64.34 250 MMM-P
0.0125 0.0156 0.468 4.0 64.42 250 MMM-0.0125F
0.025 0.0322 0.966 4.0 64.38 250 MMM-0.025F
0.1 0.1280 3.84 4.0 64.34 250 MMM-0.1F
0.2 0.2644 7.932 4.0 64.25 250 MMM-0.2F

A leak detection test was then conducted on the membrane layer to avoid any leaks
during the gas permeation experiment. The volume displacement in conjunction
with the soap bubble flow meter was used to measure the flow rate of permeate
and retentate independently. The gas permeation test was conducted at room
temperature by using purified CO, and N, gases. The test was started by adjusting
the inlet gas (CO, or N,) flow rate released from the gas cylinder at 100 ml min™!
by using a mass flow controller, which was connected to a two-channel digital set
point unit. The fabricated membrane was cut in a round shape with an effective
area of 7.025 cm? to fit the porous stainless-steel cell. After that, the gas (CO,
or N,) was introduced to the stainless-steel membrane cell at a pressure of 0.5 bars
to 3 bars. The gas permeation experiment set-up is presented in Figure 1.

Pressure regulator Pressure gauge
Mass flow controller

Oven —
Needle valve Rubber O-ring

Porous stainless-steel disc

Needle valve
Membrane

Membrane

] )
I ermeation cell
Permeate stream ! p

N,

—p B T

Bubble glass flow meter

Figure 1: The gas permeation experimental set-up.
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The performance of the gas permeation and separation was obtained by the
following calculations.

The flux of gas is obtained by the equation:

mol of component gas A permeate through the membrane
Ni = t Am (1 )

where N; = flux of gas ( I:lngl : s) , t=time (s), A,, = area (m?) and i = the type of gas

tested (CO, or N,).

The permeability of the gas equation is represented by the following:

Ni
P = A[;z (2)

where P, = permeability of the membrane gas (rlnnozl 'S‘Pa>, Ap,; = the pressure

difference across the membrane (Pa), and A,, = area (m?).

Meanwhile, the permeance of the membrane is which is noted by (P//) can be
obtained by the following equation:'®

P_ Q

T = AAP ©)

where % = the permeance of the membrane (GPU, in which 1| GPU=1 x 10°°

(cm® (STP)/(cm?.s.cmHg)), Q = the flowrate indicated by flowmeter (cm® s'),
/=The membrane thickness (um), and AP =the pressure difference in the membrane
permeation cell (cmHg).

The ratio of permeability of CO,/N, (selectivity of the membrane) is represented
by the following equation using the ideal separation factor (a; ):!"7

_ b _ P
% =P T Py 4)

2.6  Transport Phenomena in Asymmetric Membranes

2.6.1 Solution diffusion mechanism

Solution diffusion mechanism is the most commonly used model for permeation
in the asymmetric membrane. It can be described as the diffusion of absorbed
gas molecules through the gas separation membrane. The absorbed gas
molecules are driven by the concentration gradient between the upstream and
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downstream in the polymer matrix.'® The solution diffusion model for the gas
transport through an asymmetric membrane occurs in three stages. Firstly, the
transported gas is dissolved in the high-pressure face of the polymer, then it is
diffused through the polymer, and finally the gas desorbs form the low-pressure
side of the polymer.'"” Figure 2 represents the solution diffusion stages.'

MEMBRANE
DIFFUSION PERMEATE VAPOUR
O
o o |0,
FEED LIQUID ©) %0
d}
O &
O
O (O | EVAPORATION
e
O 8

Figure 2: Solution diffusion stages.

The relationship between permeability and solubility can be represented by the
following equation:*

P.=SxD %)
where S is the solubility and D is the diffusivity.
2.7  Membrane Characterisation

2.7.1 SEM

Scanning electron microscopy (SEM, Hitachi TM3000, Tokyo) was utilised in the
research study to determine the membrane cross-sectional structure and surface
morphology. The procedures to perform the SEM were started by immersing the
membrane sample into liquid nitrogen in order to prevent the deformation of the
membrane structure when the membrane was being separated into small pieces.
Then, the membrane-separated samples were coated with platinum to protect them
from producing inconsistent images prior to the microscopic observation.
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2.7.2 ATR-FTIR

The attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR) was used to investigate the incorporating of the MWCNTs-F into the MMM.
The Nicolet IS10 (United States) spectrometer ranging from 4000 to 400 cm™' was
used for the analysis. Each sample was collected with 32 scans at a resolution of
4 cm™ setting through the diamond crystal. Prior to collecting the samples spectra
wave number, the background information of the room condition was obtained
first and was repeated three times for each sample.

3. RESULTS AND DISCUSSION
3.1  The Integration of MWCNTSs within the CAB Polymer Structure

3.1.1 Surface morphology and cross-sectional structure analysis of CAB-M,
MMM-P and MMM-F

Figure 3 illustrates the surface morphology and cross-sectional thickness for
cellulose acetate butyrate (CAB-M) and for pristine and functionalised mixed
matrix membranes (MMM-P and MMM-0.1F) synthesised from CAB polymer
and MWCNTs-P or MWCNTs-F. Based on Figure 3(a), a smooth surface was
observed for CAB-M. When the MWCNTs-P were integrated within the CAB
polymeric matrix, some clusters were formed on the surface of the membrane,
as shown in Figure 3(c). The formed clusters on the membrane surface were due
to the changes in the membrane’s phase separation kinetics and long-term dope
stability caused by the incorporation of the MWCNTSs-P into the CAB.!” The long-
term stability of the dope refers to the ability of the MWCNTs-P particles to remain
in a homogeneous dispersion in the solution. This ability depends on the rate of
settling of the MWCNTs-P particles and the compatibility of the MWCNTs-P
surface with the remaining components of the solution.?! In addition, the formation
of clusters occurred due to the high amount of MWCNTs-P added to the polymeric
matrix as well as the van der Waals forces.?? It was further observed that, when
the MWCNTSs-F were integrated into the polymeric membrane (CAB-M), the
surface of the MMM-0.1F became smooth with less clusters formation compared
to the MMM-P, as presented in Figure 3(e). This was due to the macromolecular
densification of the MWCNTs-F which gives the ability to overcome the build-
up of agglomerated structures and clusters on the surface of the membrane.'
Moreover, the B-Cyclodextrin used to functionalise the MWCNTSs reduced
the effect of van der Waals forces, thus minimising the formation of clusters
on the MMM-0.1F surface.”® Furthermore, the cross-sectional morphology in
Figure 3(b and d) shows that the membrane thickness of the neat CAB-M reduced
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Figure 3: SEM surface and cross-sectional morphologies of the membrane for (a and b)
CAB-M, (c and d) MMM-P, and (e and f) MMM-0.1F.

from 33.6 £ 1.4 um to 10.8 £ 1.3 um when the MWCNTs-P were integrated
into the CAB polymer to form the MMM-P. This reduction in the membrane
thickness was due to the change in the polymer chain packing caused by the
incorporation of the MWCNTs-P.?* The thickness of the MMM became slightly
thinner than the MMM-P when the MWCNTs-F were added to the CAB polymer
matrix with a thickness of 9.7 + 0.4 um. This is shown in Figure 3(f) where the
thickness of the membrane has a direct impact on the gas separation performance.
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Therefore, a thinner membrane thickness is most preferred for gas separation
application as less flow resistance is exerted on the membrane, resulting in a higher
permeance rate.'

The increase in membrane permeance performance can clearly be seen in Figure 4,
where the CO, permeance for the MMM-P is slightly higher than the permeance of
the neat CAB-M, due to the compact thinner layer of MMM-P. However, the closed
performance between MMM-P and CAB-M might be due to the agglomerated
surface of the MMM-P, which affected its performance.”> Meanwhile, the CO,
permeance of MMM-0.1F was significantly higher (19.4 £ 0.1 GPU) as compared
to MMM-P (3.3 = 0.1 GPU). This was due to the thin structure of MMM-0.1F
in addition to its ability to form channels within the membrane surface which
facilitate the transportation of gas molecules through the membrane.?® Further to
that, the B-CD used in the functionalised MWCNTs was the main reason for this
superior CO, permeance performance of MMM-0.1F when compared to MMM-P
as it improves the solubility and homogeneous dispersion of CNTs in the MMM. "

25.0
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_ 20.0 1
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~
<)
g 15.0 1
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1 1.5 2 2.5 3
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Figure 4: Permeance of CO, for CAB-M, MMM-P and MMM-0.1F.

These results were further confirmed by the ATR-FTIR, as shown in Figure 5. The
transmitting bands at 2900 cm™!, 1800 cm ™' and 1460 cm™! were attributed to the
C-H stretching, carbonyl group of carboxylic acid (C=0), and the hydroxyl group
(-OH), respectively.?” Meanwhile, the bands at 1300 cm™' and 1030 cm™' were
represented by the acrylate group stretching (C-O) and the (C-O-C) stretching
group.?® Thus, it is clearly observed that the functional groups of MMM-P and
MMM-0.1F are higher than CAB-M. This is because of the aromatic-carbon
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rings found in the MWCNTs and the hydroxyl group (-OH) existing in the beta-
cyclodextrin that was added to functionalise the MWCNTs.**
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Figure 5: The ATR-FTIR spectroscopy for CAB-M, MMM-P and MMM-0.1F membranes
(full-coloured illustration is available in the digital version).

The N, gas permeance of CAB-M, MMM-P and MMM-0.1F is demonstrated in
Figure 6. As displayed in Figure 6, the N, gas permeance of CAB-M, MMM-P and
MMM-0.1F were 2.8 + 0.1 GPU, 5.9 £ 0.1 GPU and 16.5 + 0.3 GPU, respectively.
The high N, permeance of MMM-0.1F was due to its thin compact structure.'®
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Figure 6: Permeance of N, for CAB-M, MMM-P and MMM-0.1F.
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The CO,/N, selectivity performance of CAB-M, MMM-P and MMM-O0.1F is
shown in Figure 7. As demonstrated in Figure 7, the CAB-M tends to have a higher
CO,/N, selectivity (1.1 £ 0.1) when compared to MMM-P (0.6 + 0.1) and MMM-
0.1F (0.8 = 0.1). This might be due to the agglomerated MWCNTSs-P and the
uncontrolled loadings of MWCNTSs-F.* Thus, the loadings of MWCNTSs within
the CAB polymer structure will be investigated.

1.4

CAB-M

121
Z 1.0 MMM-0.1F
)
S 08
)
2 06 MMM-P
3
2 04

0.2 -

0.0 : . . ‘

1 15 2 2.5 3

Pressure (bar)

Figure 7: Selectivity of CO,/N, gas performance for CAB-M, MMM-P and MMM-0.1F.

3.2  Effect of Loadings on the CAB/MWCNTs MMM

3.2.1 MMM cross-sectional structure and surface morphology analysis

The effect of different loadings of the MWCNTs-F on the CAB membrane structure
was studied, as illustrated in Figure 8. Based on Figure 8(a and c), a smooth
surface was formed for MMM-0.0125F and MMM-0.025F. This was due to the
strong adhesion between the CAB and MWCNTs which resulted in an excellent
dispersion between the CAB polymer and MWCNTSs added."

The formation of white clusters on the surface of the membrane tends to become
clearer and more distributed when the content of the MWCNTs increased from
0.1 wt% to 0.2 wt%, as illustrated in Figure 9(a and c), respectively. The possible
explanation for this phenomenon might be due to the increase in the distributed
amounts of MWCNTSs within the MMM. It can also be observed that the colour
of the membrane layer gradually changed from light grey to dark grey, due to the
increase in the filler amounts.?
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Figure 8: SEM surface and cross-sectional morphologies for (a and b) MMM-0.0125F,
and (c and d) for MMM-0.025F.

The formation of dark spots on the surface of the MMM-0.2F in Figure 9(c) was
due to the excessive amount of MWCNTs integrating on the CAB polymer which
is poorly distributed.”

As shown in Figure 8(b and d), the average thickness of the MMM-0.0125F and
MMM-0.025F were 7.3 £ 0.7 um and 12.9 + 0.8 pm, respectively. Meanwhile,
the average thickness of the MMM-0.1F and MMM-0.2F were 9.7 + 0.4 pm and
10.0 £ 0.1 pm, as shown in Figure 9(b and d), respectively. Based on Figure 10,
it can be seen that when the amount of MWCNTs incorporated into the MMM
increases from 0.0125 wt% to 0.025 wt% the thickness of the MMM increased to
12.9£0.8 pm.

When the content of the MWCNTs increased from 0.1 wt% to 0.2 wt%, the MMM
thickness reduced to 10.0 + 0.1 pm. The possible explanation for that is due to the
agglomeration caused by the increase in the MWCNTs content, which weakened
the van der Waals forces."
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Figure 9: SEM surface and cross-sectional morphologies for (a and b) MMM-0.1F, and
(c and d) for MMM-0.2F.
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Figure 10: The effect of MWCNTSs-F loading on MMM thickness.
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3.3  Gas Separation Performance

3.3.1 Gas separation performance towards CO, and N, gases against
MWCNTs loadings

The performance of MMM synthesised at 0.0125 wt%, 0.025 wt%, 0.1 wt% and
0.2 wt% was evaluated towards CO, gas. Based on Figure 11, it was observed that
the highest CO, permeance (36.0 = 0.4 GPU) was obtained at MWCNTs loading
of 0.025 wt%. As the content of MWCNTS increased from 0.1 wt% to 0.2 wt%,
the CO, permeance of the MMM tends to reduce from 19.4 + 0.1 GPU to 16.5 +
0.3 GPU, respectively. This reduction in the CO, permeance was due to the high
content of MWCNTSs embedded into the MMM, which increased the density of the
membrane, thus reducing the pores sizes making it more difficult for the CO, gas
to diffuse through.'

However, the lowest CO, permeance performance was obtained at MWCNTSs
content of 0.0125 wt% at a value of 5.7 £ 0.1 GPU. Despite the low MWCNTs
content in the MMM-0.0125F, the membrane tends to give very low permeance
results. This could be due to the poor distribution of the MWCNTSs embedded in
the CAB as the content of the MWCNTSs was low.!”

45.0
40.0 1 MMM-0.025F
350 - m__—’—a/"’a/_—a\ﬂ
2 300 -
O
o 25.0 MMM-0.1F
Q
g 200 -
£
5 150 1 MMM-0.2F
3 10.0 -
O _ s — =
5.0 1 e MMM-0.0125F
0.0 . . : :
| 1.5 2 2.5 3

Pressure (bar)

Figure 11: Permeance of CO, of MMM s prepared at different loadings of MWCNTs-F.

The gas separation performance test was conducted towards the N, gas for the
MMMs, as shown in Figure 12. Based on Figure 12, the highest N, permeance
was exhibited for MMM-0.025F at a value of 28.0 + 0.2 GPU. Meanwhile, the
permeance results for MMM-0.1F and MMM-0.2F was slightly lower than
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MMM-0.025F at values of 23.1 + 0.3 GPU and 19.2 + 0.1 GPU, respectively.
The reduction in the N, permeance of MMM-0.1F and MMM-0.2F is due to the
increment in the amount of MWCNTs embedded in the MMM. Thus, the N,
molecules did not diffuse effectively within the membrane matrix. However, the
lowest N, permeance result was obtained for MMM-0.0125F at a value of 7.7 £
0.1 GPU. This was due to the poor distribution of the MWCNTs across the MMM
polymer matrix.*
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Figure 12: Permeance of N, of MMMs prepared at different loading of MWCNTSs-F.

3.3.2 Gas separation performance towards selectivity of CO,/N, gas against
MWCNTs loadings

The selectivity of the CO,/N, gases for the MMMs was investigated and the
results are shown in Figure 13. The highest CO,/N, selectivity was obtained from
MMM-0.025F with an average value of 1.3 £ 0.1. By increasing the content of
the MWCNTs-F within the CAB polymer matrix from 0.1 wt% to 0.2 wt%, the
selectivity of CO,/N, reduced to 0.8 £ 0.1. However, MMM-0.0125F proved to
have lower CO,/N, selectivity at 0.6 + 0.3. This performance could be explained
by the ATR-FTIR, as illustrated in Figure 14. It can be observed that as the content
of the MWCNTs increases the stretching vibration tends to decrease.

There is high interaction between the polar groups (-OH and C=0) in the membrane
and non-polar CO,, where the transmittance bands of the polar functional group
(-OH) and (C=0) are the highest for MMM-0.025F.
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Figure 13: CO,/N, selectivity of MMMs prepared at different loadings of MWCNTs-F.
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Figure 14: The ATR-FTIR spectroscopy for MMM-0.0125F, MMM-0.025F, MMM-0.1F
and MMM-0.2F (full-coloured illustration is available in the digital version).

Furthermore, the effect of MWCNTs loadings on the gas separation performance
obtained from the present study were compared to other researches using the
polymer/MWCNTSs matrix membrane for gas separation as presented in Table 2.
Based on Table 2, it can be clearly observed that the incorporation of different
loadings of MWCNTs into three different types of polymer membranes have a
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direct influence on the gas separation performance of the MMM. The incorporation
of MWCNTs with filler amount of 0.025 wt% into the CAB polymer presented
in this work has shown a high CO, permeance in comparison to the literatures.
This might be due to the good interaction between the polar functional groups
(C=0 and O-H) existing in the CAB polymer with the non-polar CO, gas which
enhanced the CO, permeance performance of the MMM.?

Table 2: A comparison between current study gas separation performance results and
other literature works.

Filler Permeability (Barrer)  Selectivity pressure
Reference Polymer Filler amount (Bar)
(Wt%) co, N, COyN,
Present CAB MWCNTs 0.0% 134.4 112.2 1.2
work 0.0125%  49.6 46.0 11
(-63.1%)  (-59.0%)  (-8.3%)
0.025%  464.4 361.2 14 3
(245.5%)  (227.3%)  (16.6%)
0.1% 207.1 239.6 0.8
(54.1%)  (113.5%)  (-33.3%)
Moghadassi CA MWCNTs  0.00% 1.1 0.4 2.4
etal” 0.25% 34 04 7.7 5
0.65% 0.6 6.4 9.3
0.1% 0.7 7.7 9.9
Rao et al.* Polyetherimide =~ MWCNTSs 0.0% 52.6 3.0 17.5 )
15.0% 1463.0 30.0 48.8
Tseng Polyimide MWCNTs 0.0% 222.9 84.1 2.7 2
etal 15.0%  886.6 2132 41
Sun et al.** Polyimide MWCNTs 0.0% 2.3 0.15 15.4
1.0% 4.8 0.2 26.6
2.0% 6.7 0.2 322 1
3.0% 9.7 0.2 37.7
Cong Poly MWCNTs 0.0% 78.0 2.6 30.0
etal® (2 6-diphenyl- 50% 1340 40 340 0.7

1,4-phenylene
oxide)

Notes: The percentage increase or decrease is relative to the CAB with 0.0% MWCNTs filler amount
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4. CONCLUSION

In this study, a new MMM was prepared by incorporating CAB at different
molecular weights of 12000, 65000 and 70000 with MWCNTs. The separation
performance of the MMM was evaluated towards CO, and N,. As far as the
development of MMMs is concern, it was proven that the MMM has a higher
CO,/N, permeance rate and selectivity as compared to the neat CAB-M. Thus,
different loadings of the functionalised MWCNTs were embedded into the CAB
polymer matrix and the optimal loading was found to be at 0.025 wt% (MMM-
0.025F). The CO, permeance and CO,/N, selectivity of MMM-0.025F were
36.0 £ 0.4 GPU and 1.3 £ 0.1 GPU, respectively. Based on these results, the
MMM-0.025F was able to demonstrate an increment of 245.5% for CO, permeance
and 16.6% for CO,/N, selectivity as compared to the pure CAB-M. In summary,
the different loadings of MWCNTs can affect and influence the membrane surface
and gas permeation characteristics of the membrane.
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