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ABSTRACT: In recent years, carbon dioxide (CO,) emission has increased
significantly. To overcome this issue, carbon capture and storage was implemented to
remove CO, due to its low energy consumption and economic advantages. As a result,
membrane technology was introduced as one of the technologies for CO, separation
to capture CO, from industrial processes. Cellulose acetate butyrate (CAB) was
selected as the material for polymeric membrane due to its high CO, solubility. The
CAB membrane was fabricated by blending two CAB polymers at different molecular
weights of 70000 and 65000 using the wet-phase inversion method. A study of the
parameter was carried out as it affected the structure and separation performance of the
membrane in particular, polymer concentration. The results showed the satisfactory
performance of CAB membrane blended with molecular weights of 70000 and 65000 at
a ratio of 40:60 (M3) where, the CO, permeance, nitrogen (N,) permeance and CO,/N,
selectivity were 26.39 GPU, 7.73 GPU and 3.41 GPU, respectively. Hence, it is expected
that this research may apply to membrane gas separation in industries such as power
plants to separate CO, from exhaust gas and reduce CO, emissions.

Keywords: Cellulose acetate butyrate, gas separation, polymer concentration, polymer
blending, membrane separation
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1. INTRODUCTION

In the 21st century, the carbon dioxide (CO,) concentration in the atmosphere
has increased considerably. CO, has been classified as the primary anthropogenic
greenhouse gas. Further, the sources of CO, emission have been found from
combustion of fossil fuels and industrial processes.'

Amongst all the CO, separation technologies, membrane separation is a feasible
carbon capture and storage technology for removal of CO,. Therefore, membrane
technology has become attractive to industries as it is environmentally friendly,
easy to scale up and energy efficient.? Hence, there are many types of polymers
such as cellulose ester, cellulose nitrate, cellulose propionate, methylcellulose,
ethyl cellulose, hydroxypropyl methyl cellulose, fluorinated cellulose acetate and
cellulose acetate butyrate (CAB).> Among these polymers, CAB was selected as
the polymer material for membrane due to its outstanding characteristics of great
film forming properties, and better thermal and chemical stability compared with
cellulose acetate materials, which have a bulky functional group.* In addition,
the butyryl and acetyl groups within the CAB polymer enlarges the capacity of
the cellulose chain membrane causing high CO, solubility in CAB.” However,
there is a limitation of the polymeric membrane, which affects the separation
performance of the membrane. This limitation is the trade-off relationship between
gas permeability and selectivity, whereby a polymer with high selectivity has low
permeability and vice versa.®

To overcome this issue, one of the methods to enhance the separation performance
of the polymeric membrane is polymeric blending. According to Mukhtar
et al., the polysulfone/polyetherimide (PSF/PEI) blend membrane improved
the CO,/methane (CH,) selectivity over pure PSF membrane.” The higher PEI
concentration led to decrease in CO, and CH, permeability and increase in
CO,/CH, selectivity due to rigidity of PEI chains. Additionally, polymer
concentration plays a critical role for membrane fabrication. According to Alavi et
al., a lower polydimethylsiloxane (PDMS) concentration formed a thin selective
skin layer of the PDMS membrane.® It resulted in higher CO,, N, and CH, permeance
as the CO, (3457.0 GPU), N, (145.2 GPU) and CH, (3457.2 GPU) gases were
allowed to pass through the PDMS membrane. The higher CO,/N, (23.8) and CO,/
CH, (8.2) selectivity was due to more CO, gases permeating through the PDMS
membrane as compared to the N, and CH,.2

The aim of the present work was to develop a CAB membrane by blending
two different molecular weights of 70000 and 65000 in order to improve the
CO,/N, selectivity. Therefore, two molecular weights of CAB polymer were
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chosen. Up to date, there has been no report on synthesising this CAB blend
membrane by blending different ratios of the polar acetyl group of 28-31 wt% and
12—15 wt% for CAB molecular weights of 65000 and 70000, respectively. Besides,
the effect of polymer concentration and solvent exchange drying time on the CAB
membrane structure was evaluated in this study. Polymer concentration has a
large impact on membrane morphology and membrane separation performance.
It causes the formation of thicker membrane that decreases gas selectivity and gas
permeance when the polymer concentration increases significantly. The separation
performance of the CAB polymer blending membrane and the pure CAB membrane
were compared by calculating the CO,, and N, permeances and CO,/N, selectivity.

2. EXPERIMENTAL

2.1 Materials

The CAB polymer of molecular weight 70000 with an acetyl group of 12—15 wt%
and the CAB polymer of molecular weight 65000 with acetyl group of 28-31 wt%
were purchased from Sigma-Aldrich (Malaysia). The chemical solutions used for
membrane fabrication were chloroform, isopropyl alcohol (99.6%) and n-hexane
(99.8%). These which were purchased from Merck (Malaysia).

2.2 Fabrication of CAB Membrane

The CAB membrane was fabricated using the wet-phase inversion method.
The casting solution contained 4 wt% CAB (70000 and 65000) and 96 wt%
chloroform. The solution was stirred for 24 h to ensure that the CAB polymer
dissolved completely. Then, the dope solution was sonicated by ultrasonic
degasser to remove the air bubbles in the solution. The dope solution was cast
with membrane film of uniform thickness of 250 um by using an automatic film
applicator. The membrane film was then allowed 5 min solvent evaporation time
to evaporate the remaining solvent. The membrane was then immersed into
distilled water for 24 h to remove the excess solvent from the membrane. In
order to maintain the membrane structure, the membrane film was immersed in
isopropyl alcohol for 1 h to replace the water within the membrane. Subsequently,
the membrane film was immersed in n-hexane for another 1 h as this solvent is
less volatile and minimises the capillary force within the membrane. Thus, the
membrane structure was maintained. The fabricated CAB membrane was placed
between two glass plates filled with filter papers for 24 h to remove the remaining
volatile liquid on the membrane film. The fabricated CAB membrane was stored
before use.’
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2.2.1 Effect of CAB polymer concentration of different molecular weights

The other CAB membrane was fabricated based on the membrane fabrication
method. Different molecular weight contents of CAB polymer were used on CAB
membrane as tabulated in Table 1.

Table 1: Preparation of CAB membrane at different content of molecular weight.

CAB CAB Casting Hexane Isopropyl alcohol
Sample CAB  (molecular (molecular . exchange .
description  (Wt%) weight weight thickness drying time exchange erlng
70000)  65000) (um) (min) time (min)
M1 4 0.75 0.25 250 60 60
M2 4 0.6 0.4 250 60 60
M3 4 0.4 0.6 250 60 60
M4 4 0.3 0.7 250 60 60

2.3 Membrane Characterisation

2.3.1 SEM

The scanning electron microscope (SEM) was used to acquire visual information
of membrane surface morphology and cross-sectional structure of the membrane.
The membrane sample was cooled in the freezer at about —80°C for 24 h so that
the membrane was easy to cut. The membrane sample was coated with a thin
film of gold and platinum to improve the contrast and prevent the deterioration
of image information.!® The membrane thickness was determined by using the
ImagelJ software. Fewer results were collected for consistency.

2.3.2 ATR-FTIR spectroscopy

The attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy was used to analyse the functional group and bond of membrane.
The range of ATR-FTIR was from 400 cm™ to 4000 cm™. The radiation beam
was absorbed by the sample and the reflected radiation beam was collected by
the detector. The information for room condition was collected first to obtain
the spectra wave number of samples.!" Fewer results were again collected for
consistency.
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2.4  Membrane Separation Performance Test

The gas permeation test was performed to evaluate the separation performance of
the CAB membrane. The gas permeation test was conducted based on previous
published works.

P_ Q

Y ()
3

ac02/N2 — 0 CO2 (2)

where,

% = gas permeance (GPU)

¢ = membrane thickness (cm)

Q = volumetric flow rate (cm® s')

A = effective membrane area (cm?)

Ap = pressure difference across membrane (cmHg)

o = gas selectivity
2.5 Calculation of Average Acetyl Content of CAB Membranes

According to Sigma-Aldrich, the composition of CAB with molecular weight of
65000 is 29.5 wt% acetyl, 17.75 wt% butyryl and 1.1 wt% hydroxyl, while the
composition of CAB with molecular weight of 70000 is 13.5 wt% acetyl, 37 wt%
butyryl and 1.7 wt% hydroxyl. The average acetyl content of blend membrane,
which was synthesised from two different ratios of molecular weights was
calculated by using the following Equation 3:'2

AAC = BR70000 X A(j7OOOO + BR65000 X AC65OOO (3)

where AAC = average acetyl content (%), BR = blending ratio, and AC = acetyl
content (%).
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3. RESULTS AND DISCUSSION

3.1 Effect of CAB Polymer Concentration at Different Molecular Weights

The polymer blending at different molecular weights was one of the crucial factors
that affected the morphology and gas separation performance of the membrane.'
Therefore, CAB membrane was fabricated using different blend compositions
to investigate the effect of polymer blending, which correlated with membrane
structure. To have a better understanding on the behaviour of membrane gas
transport, SEM analysis was conducted to observe the membrane surface and
cross-sectional morphologies of the CAB membrane, which also controls the gas
transport mechanism through the membrane. Figure 1 demonstrates the membrane
surface and cross-sectional morphologies for the CAB membranes with molecular
weights of 70000 and 65000 blended at different ratios of M1 (0.75:0.25), M2
(0.6:0.4), M3 (0.4:0.6) and M4 (0.3:0.7). Figure 1(a, c, e, g) shows the smooth and
defect free surfaces for M1, M2, M3 and M4. This was due to bonding between
the hydroxyl groups of the CAB polymer. The hydrogen bonding between the
hydroxyl groups caused the polymer chains to become rigid, which restricted the
formation of voids in the neighbouring C-OH rings, thus resulting in homogeneity
on the surface of the membrane. This is shown in Figure 2.

Additionally, ATR-FTIR was used to investigate the intermolecular forces between
the functional groups within the CAB membrane. The ATR-FTIR showed that the
functional groups within CAB membrane improved the CO, solubility. The ATR-
FTIR spectra for M1, M2, M3 and M4 are demonstrated in Figure 2. Based on the
figure, the absorption band at around 2950 cm™ was attributed to the stretching of
the methyl (C-H) group.'* Moreover, the band at around 1800 cm™' was assigned to
the carbonyl group vibration of carboxylic (C=0) group.'* Furthermore, the band
at 1395 cm™! represented the hydroxyl (-OH) group and the band at around 1200
cm! was referred to as the stretching of the acrylate (C-O) group.'® In addition,
the band at 1030 cm™! was assigned as the stretching of the ether (C-O-C) group.!’

As seen in Figure 2, the polar functional groups in the CAB polymer that affected
the gas separation performance were C=0 group and O-H group.!® The C=0 and
O-H groups had hydrogen bond interaction with CO, molecules.'” Thus, the C=0
and O-H groups interacted with the CO, gas and increased the CO, permeance and
CO,/N, selectivity. Based on Figure 2, M3 had higher absorption band of O-H,
C=0, C-0 and C-O-C groups. This was due to the increase in the content to 60%
of the CAB with molecular weight of 65000 in the blend. Therefore, M3 contained
more O-H, C=0, C-O and C-O-C groups, which when bonded with each other
strengthened the intermolecular hydrogen bonding.?
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Figure 1: SEM micrographs of surface (a, c, e, g) and cross section (b, d, f, h) for M1, M2,
M3 and M4, 4 wt% CAB polymer concentration, 250 pm casting thickness,

5 min solvent evaporation time, 1 h isopropyl alcohol and 1 h hexane solvent
exchange drying time.
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Figure 2: ATR-FTIR for M1, M2, M3 and M4, 4 wt% CAB polymer concentration,
250 um casting thickness, 5 min solvent evaporation time, 1 h isopropyl alcohol
and 1 h hexane solvent exchange drying time.

Based on Figure 1(b, d, f, g), the membrane thickness reduced from 15.13 + 0.81
um for M1 to 6.96 £ 0.10 um for M3. This was due to the increase in the CAB
polymer concentration with molecular weight of 65000 from 0.25 to 0.6, which
strengthened the thermodynamic instability of the dope solution. Moreover, the
increment in the polymer concentration increased the solvent diffusivity, which
caused more solvent to evaporate from the cast polymer solution resulting in
reduced membrane thickness.?’ Besides that, the membrane thickness of M3
increased from 6.96 = 0.10 um to 7.57 = 0.07 um, as demonstrated in Figure
I(f and h). This was due to the strong interaction between solvent and polymer,
which accelerated the aggregation of polymer molecules and formed a thicker
membrane.*

Based on Figure 3, the CO, permeance decreased from 129.55 + 0.58 GPU for
M1 to 6.25 + 0.08 GPU for M4. This observation was due to the increased acetyl
content within the CAB membrane, as shown in Table 2. Therefore, the increase
in the composition of CAB with molecular weight of 65000 increased the acetyl
content within the CAB membrane, resulting in more acetyl groups bonding with
each other. This caused the polymer chain to become more rigid, resulting in the
reduction of the chain segment mobility of CAB.? Moreover, the low polymer
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chain segment mobility of CAB membrane restricts the diffusion of CO, gas
molecules.?* Thus, the CO, gas molecules took a tortuous path to get through the
CAB membrane.”

Table 2: Summary of calculated average acetyl content of CAB membrane at different
ratios for molecular weights of 70000 and 65000.

Membrane Ratig of molecular Ratip of molecular Calculated average acetyl
weight of 70000 weight of 65000 content (wt%)
M1 0.75 0.25 17.5
M2 0.6 0.4 19.9
M3 0.4 0.6 23.1
M4 0.3 0.7 24.7

The increase in the CO, permeance of M1 was due to the membrane structure
becoming less dense. This is demonstrated in Figure 1(b). In addition, the formation
of the thicker and less dense membrane was due to the weak intermolecular force
within the CAB membrane. As previously described in Figure 2, a possible
explanation was that the absorbance band of O-H group for M1, which was
prepared by blending the CAB polymer with molecular weights of 70000 and
65000 at ratio of 0.75:0.25, respectively, was at its lowest. Thus, having fewer
O-H groups resulted in the formation of a weak intermolecular force, which
caused the polymer chain apart from each other.?® Hence, it was proven that the
flow resistance to the membrane decreased causing more CO, molecules to pass
through the membrane.”’

With reference to Figure 4, the nitrogen (N,) permeance reduced significantly
from 49.04 + 0.61 GPU for M1 to 4.07 + 0.02 GPU for M4. The reduction in N,
permeance was due to the strong intermolecular hydrogen bonding within the CAB
polymer matrix (Figure 2). Moreover, the strong intermolecular hydrogen bonding
was formed by the increased interaction between O-H and C=O groups. Besides
that, N, is a non-polar molecule and interacts less with hydrogen bonding in the
CAB.? Thus, the N, gas has lower solubility than CO, in the polymer structure of
CAB and shows lower gas permeances than CO,.” The dramatic increment in the
N, permeance of M1 was due to the weak intermolecular hydrogen bonding within
the CAB membrane, as demonstrated in Figure 2. This result occurred because
less O-H and C=0 groups interacted with each other to form hydrogen bonding.*
Therefore, the weak intermolecular hydrogen bonding reduced density, which led
to an increase in chain flexibility and mobility in the CAB membrane. Thus, low
packing chain density of the CAB membrane caused more N, gases to pass through
the membrane, which increased the N, permeance.’!
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Figure 3: CO, permeance for M1, M2, M3 and M4, 4 wt% CAB polymer concentration,
250 pum casting thickness, 5 min solvent evaporation time, 1 h isopropyl alcohol
and 1 h hexane solvent exchange drying time.
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Figure 4: N, permeance for M1, M2, M3 and M4, 4 wt% CAB polymer concentration,
250 pum casting thickness, 5 min solvent evaporation time, 1 h isopropyl alcohol
and 1 h hexane solvent exchange drying time.
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Based on Figure 5, the CO,/N, selectivity increased significantly from 2.64 + 0.03
for M1 to 3.41 + 0.08 for M3. The significant increase in CO,/N, selectivity was
due to the increase in the polar functional groups (C=0 and O-H), which improved
the polarity of the CAB membrane, resulting in favourable conditions for the CO,
solubility.*? Besides that, the absorbance bands of O-H and C=0 groups for M3
were the highest, as demonstrated in Figure 2. M3 was prepared by blending the
CAB polymer with molecular weights of 70000 and 65000 in the ratio of 0.4:0.6,
respectively. Thus, with the help of strong intermolecular hydrogen bonding, the
CO, solubility of M3 was enhanced. In addition, the CO, solubility was promoted
because the CO, served as an electron acceptor and interacted with the polar
functional groups in the CAB polymer.** This increased the interaction between
the polar functional groups and CO,, which caused high CO, affinity in the CAB
polymer than for N,.** Hence, both the O-H and C=O groups have strong attraction
for CO,, which increased the CO, permeance and improved the CO,/N, selectivity.
In addition, when the pressure increased from 2 bars to 3 bars, the CO,/N, selectivity
of M3 decreased slightly. This might be due to more N, gases passing through the
membrane resulting in a slight increase in the N, permeance (Figure 4) and decrease
in the CO,/N, selectivity. However, the CO,/N, selectivity decreased from 3.42 +
0.08 (M3) to 1.54 £0.01 (M4). This result most likely occurred due to the structure
of the dense membrane (7.57 + 0.07 um), as demonstrated in Figure 1(h). The
formation of dense membrane was due to the strong interaction between solvent
and polymer that decreased the dissolving capability of solvent for polymer. In
addition, it caused the polymer molecules aggregation through chain entanglement
and increased the membrane thickness.?® Therefore, the dense membrane structure
could have contributed to the reduced CO, and N, permeances and decreased CO,/
N, selectivity. Hence, the thicker dense CAB membrane restricted the diffusion of
the CO, and N, gases.*

The effect of CAB polymer concentration at different molecular weights for
separation of CO,/N, is summarised in Figure 6. Based on the figure, the M3
membrane proved to have the highest CO,/N, selectivity (3.41 £ 0.08) result
amongst the others (M1, M2 and M4). Therefore, an increase in the content of
CAB with molecular weight of 65000 caused the formation of a much thinner and
denser membrane, which improved the separation performance. On the other hand,
the M1 membrane had the highest CO, (129.55 + 0.58 GPU) and N, permeances
(49.04 £ 0.61 GPU). Hence, a low content of CAB with molecular weight of 65000
caused the membrane to become less dense, which led to more gas permeating
through it. The effect of polymer concentration and blend composition affected the
membrane morphology and membrane separation performance.
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Figure 5: Ideal selectivity of CO,/N, for M1, M2, M3 and M4, 4 wt% CAB polymer
concentration, 250 um casting thickness, 5 min solvent evaporation time,
1 h isopropyl alcohol and 1 h hexane solvent exchange drying time.
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In conclusion, the present work was compared to other research works, which
synthesised the CAB membrane with molecular weight of 70000, as summarised
in Table 3. Based on gas separation performance, the M3 membrane obtained the
highest CO,/N, selectivity (3.42) in the present work as compared to Lee et al.’
However, in comparison, M3 obtained lower CO, and N, permeances in this work.
This was due to lower gas diffusivity of the denser membrane and therefore less CO,
and N, gases diffused through the membrane.’” These findings confirmed that the
blending of CAB polymer at different molecular weights improved the membrane
morphology and enhanced the CO,/N, selectivity of the CAB membrane. In the
future, it is expected that the permeance of CO, and N, performance of this newly
CAB membrane will be further enhanced by embedding inorganic fillers within
the membrane structure.

Table 3: Summary of CO,/N, permeation properties achieved from present work
compared to other research study.

Molecular  Molecular

References Polymer weight weight Peo, Py, Ocon,
70000 65000

Present work CAB 0.4 0.6 26.39 GPU 7.730 GPU 342

Lee et al’ CAB 1 0 120.19 GPU 37.91 GPU 3.17

4. CONCLUSION

The CAB membrane was developed by blending two different molecular weights,
i.e., 70000 and 65000. In this study, polymer concentration was investigated.
Therefore, the membrane with molecular weights of 70000 and 65000 blended
in the ratio of 0.4:0.6 resulted in the formation of a thinner dense membrane.
Moreover, the thinner membrane showed the highest gas selectivity (3.42) due
to the denser membrane structure and strong intermolecular hydrogen bonding,
which improved the CO, solubility. The high gas permeance and high CO,/N,
selectivity was due to lower collapse of membrane structure. The results from
this study showed that the CAB membrane with molecular weights of 70000 and
65000 blended in the ratio of 0.4:0.6, with 4 wt% of CAB polymer concentration
had the best CO,/N, separation performance.
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