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ABSTRACT
The improvement of the CO2 separation efficiency from flue gases has been identified as a high-priority research 
area, to reduce the total energy cost of sequestration technologies in coal-fired power plant. Among the separation 
techniques, membrane technology, in particular mixed matrix membrane (MMM) appeared as the most attractive 
module due to its high separation capabilities (inorganic fillers) and economical processing materials (polymeric 
membrane). In this study, MMM was synthesized from cellulose acetate polymer with functionalized multi walled 
carbon nanotubes served as the inorganic fillers by wet phase inversion. Both vacuum drying and ethanol-hexane 
exchange drying methods were compared to investigate their influence on the MMM morphologies and properties. 
Experimental findings (FESEM, AFM and ATR-FTIR) showed that the ethanol–hexane exchange drying was an 
appropriate method to minimize morphology change of MMM, whereas the vacuum drying caused the greatest 
shrinkage to MMM structure. The CO2 permeance results supported the proposed solvent exchange mechanism 
where MMM with solvent exchange drying showed to have improved in their mechanical strength and better 
permeance of (733.90-741.67) GPU compared to the vacuum drying (18.72-18.44) GPU within pressure range 
of 1 to 3 bars.
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1.0  Introduction

Cellulose acetate (CA) is a thermoplastic 
polymer having both acetyl and hydroxyl groups 
that allows different types and degree of intra 
and intermolecular interactions with useful 
properties. CA membrane is famous with its 
characteristics of high selectivity, hydrophilic 
and high solubility in common organic solvents, 
where it has a widespread applications for reverse 
osmosis, ultrafiltration and gas separation [1]. 

CA membranes are suitable for gas separation. 
However, water contained within CA membrane 

is difficult to removed due to its asymmetric 
structure [2]. Therefore, a lot of efforts have 
focused on improving the drying methods of CA 
membrane for gas separation [3]. Riley et al. [4] 
reported the replacement of water in a wet CA 
membrane with carbon tetrachloride by liquid 
extraction to obtain dry CA membrane. However, 
this method is time consuming. Quick-freezing 
and vacuum sublimation at about –10°C to dry 
CA membrane was considered by Gantzel and 
Merten [5], where the separation factor of He/
N2 was successfully improved to 34. In addition, 
Lui et al. [6] found the critical pore size on the 
surface of wet CA membrane was became smaller 
by applying different solvent exchange, in turns, 
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resulting in higher CO2/CH4 separation factor. 
In the same solvent exchange method, Jie et al. 
[3] reported higher separation factor for H2/
N2 and H2/CH4 by using cellulose hollow fiber 
membrane. 

In this regards, ethanol-hexane exchange 
drying method appeared to be one of the most 
feasible method due to its relative simplicity and 
satisfied results [3]. Under this method, ethanol 
was first replaced the water within CA membrane. 
Then, a second volatile solvent (hexane) was 
implied and replaced the first solvent. The second 
solvent is subsequently evaporated to obtain the 
dry membrane. The reason of replacing the water 
with ethanol followed by hexane is to minimize 
the capillary force inside the pore [2] and to 
reduce the surface tension during the drying 
process, thus, the structure of CA membrane will 
not collapse [7].

Nowadays scientists are moving their eyes to 
introduce mixed matrix membrane (MMM) in 
order to overcome the narrow scopes of polymeric 
and inorganic membranes [8]. Whereby, the 
separation properties of inorganic components 
such as zeolite, carbon molecular sieves, and 
carbon nanotubes (CNTs) [9-13] have the 
potential to achieve higher selectivity and/
or permeance relative to existing polymeric 
membranes [14].

The challenging of the current work is 
to develop dry MMM synthesized from CA 
polymer and functionalized multi walled CNTs 
(MWCNTs-F) for gas separation. Both vacuum 
drying and ethanol-hexane exchange drying 
methods were compared in terms of the membrane 
morphologies and CO2 permeation performance. 

2.0	 Methods

2.1 	 Materials

Cellulose acetate (CA, acetyl content: (54.6-56)% 
was acquired from Sinopharm Chemical Reagent 
Co. Ltd., China). Acetic acid (CH3COOH), ACS 
reagent > 99.7%, was supplied by Sigma Aldrich 
(Malaysia). MWCNTs-Pristine (MWCNTs-P) 
of 95% purity with average inner and outer 
diameters of approximately 8.85 nm and 26.62 

nm, respectively, were purchased from Shenzhen 
Nanotech Port Co. Ltd, China. Beta-cyclodextrin 
(β-CD), n-hexane and ethanol were supplied by 
Merck (Malaysia).

2.2 	 Mixed matrix membrane preparation 
(MMM)

MMM was fabricated by solution blending 
method [15]. 0.32 wt% functionalized MWCNTs 
[16] was added into 89.68 wt% of solvent mixture 
of (CH3COOH:deionized water, 70:30) and 
sonicated for 20 min to obtain better particle 
distribution. The suspension was further stirred 
for 4 h [12, 17]. 10 wt% of CA was added 
gradually into the suspension and stirred at  
55°C for 3 h until it was completely dissolved. The 
solution was then cooled to room temperature  
(27°C) and further stirred for another 12 h. 
Casting was carried out at room temperature 
with a constant thickness of 250 µm using an 
automatic film applicator (Elcometer 4340, 
European Union), and immersed into coagulation 
bath (deionized water) for a period of 5 min. 
Later, this sample was transferred to another 
water bath and immersed for 24 h to remove 
excess solvent present [18].

2.3 	D rying MMM

Vacuum drying and ethanol-hexane exchange 
drying methods were carried out. The vacuum 
drying was carried based on Zhang et al. [18], 
whereby MMM was dried in vacuum oven for 1 
h at 70°C and the resultant membrane (M1) was 
placed in air conditioned room for 3 h before 
storage. For the ethanol-hexane exchange drying 
method, the as spun MMM was immersed in fresh 
ethanol first for 4 h followed by immersing in 
fresh n-hexane for 1 h. The resultant membrane 
(M2) was then placed between two glass plates 
at room temperature (27°C) for 24 h and stored 
prior to use. 

2.4 	 Characterization 

In order to analyze the membrane morphology, 
field emission scanning electron microscope 
(FESEM, SUPRA TM 35vp Zeiss, Germany) 
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was used. For FESEM micrographs, membrane 
sample was first fractured using liquid nitrogen, 
then subjected to sputter coated with platinum. 
Membrane thickness and dense skin layer of the 
samples was measured using ImageJ software 
(1.32j, USA). An atomic force microscope 
(AFM, ParkScientific, Korea, XE-100) was 
utilized to analyze the surface microstructure 
roughness of the membranes. The membranes 
were cut into pieces of 2 cm by 2 cm and placed 
on specific sample holders. Areas of 5 μm × 
5 μm of each membrane were scanned by non-
contact mode. The attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectra 
of the samples were recorded by a Thermo 
Scientific FTIR model (NICOLET iS10, USA) 
over the wavenumber range of 4000-525 cm–1. 
Each spectrum results from 32 scans at 4 cm–1

resolution at a 45° incident angle equipped with 
Diamond crystal. 

2.5  gas Permeation Measurement 

Single Gas permeation test was performed at 
room temperature using CO2 with kinetic 
diameter of 3.3 Å. A stainless steel circular 
membrane cell with an effective permeation 
area of 7.065 cm2 was used. CO2 was fed at 
different pressure range from 1 to 3 bars. Prior 
to permeation test, the leak detection test was 
performed. The gas permeation rates were 
measured by a soap bubble flow meter, where the 
membrane permeance (P/l) was calculated using 

Eq. (1) and expressed in GPU [1 GPU = 1 × 10−6

(cm3 (STP))/(cm2 s cmHg)].

P
––
l

 = 
Q
––
A∆p

Where l is the thickness of membrane in cm, 
A is the effective membrane area in cm2, Q is 
the measured volumetric flow rate (at standard 
temperature and pressure) in cm3/s, and ∆p is 
the pressure difference across the membrane 
expressed in cm Hg. At least five specimens 
were tested for each sample and the average 
values, together with the standard errors, are 
reported. The standard error is estimated by the 
standard deviation divided by the square root of 
the sample.

3.0  ReSulT And dISCuSSIon

Membrane morphologies for membranes formed 
via vacuum drying as well as solvent exchange 
drying method were compared through FESEM. 
Based on Figure 1, membrane that dried through 
conventional vacuum drying was found to have 
thickness of 23.63 μm and top skin layer of 
thickness of 2.65 μm (Figure 1a). Meanwhile, 
membrane dried via ethanol-hexane exchange 
drying method appeared to have thickness of 
33.8164 μm and top skin layer of thickness 
of 655.41 nm (Figure 1b). Membrane with 
conventional vacuum drying seemed to have the 
collapse of polymer structure and developed more 

Figure 1 FESEM cross section micrograph of membrane with (a) vacuum drying (M1), and (b) solvent 
exchange drying (M2)

a b a b
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compact polymer matrix. As compared the top 
layers in both membranes, M1 showed to have a 
much ticker thickness, which could be explained 
through following two main reasons. First, could 
be attributed to the faster water evaporation 
during vacuum drying as results of its higher 
surface tension and volatility, as shown in Table 
1. Second, the remaining solvent within the pores 
that below the top layer may lead to plasticization 
of the polymer. Hence, a densification for the top 
layer is possible upon drying for M1. Whereby, 
during ethanol-hexane exchange drying, the 
water inside M2 was not evaporated but gradually 
replaced by ethanol first followed by hexane with 
less polarity and lower surface tension (Table 1), 
thus, it was prevented from the plasticization as 
well as densification [19].

Table 1	 Surface tensions of water, ethanol, and 
hexane [19]

Solvent Surface tension (dyne/cm)

Water 72.5
Ethanol 22.7
hexane 17.9

By comparing the roughness using AFM in 
Figure 2a-b, a rough membrane surface was found 
on the membrane that dried with conventional 
vacuum drying (M1), whereas membrane that 
dried under the solvent exchange method shown 
to have a smooth surface (M2). This is due to the 
faster water evaporation during vacuum drying 
compared to the slower evaporation rate in the 
case of solvent exchange.

	
   a Ra= 26.888 nm 
RRMS= 34.6625 nm 
Rz = 109.999 nm	
  

	
   b Ra= 10 nm 
RRMS= 13 nm 
Rz = 49 nm	
  

Figure 2	 AFM roughness measurement for membranes dried with (a) vacuum drying (M1), and (b) 
solvent exchange drying (M2)

                 Wavenumber (cm–1)

Figure 3  ATR-FTIR spectra of (a) M1, and (b) M2
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To further explained the different between 
these two drying method, the physicochemistry 
of both MMMs were considered. As shown in 
Figure 3, the M1 consists of absorption peaks at 
3469.48 cm–1, 2945.05 cm–1, (1734.14-1639.86 ) 
cm–1, 1427.733 cm–1, 1230.33 cm–1, and 1038.83 
cm–1 for O-H, C-H, C=O, C-O-H, CH3CO, and 
C-O-C, respectively (Figure 3a). Meanwhile, 
higher absorption peaks of O-H, C-H, C=O, and 
C-O-H were indicated for M2 (Figure 3b). This 
observation has further verified the replacement 
of water by ethanol and followed by hexane. This 
might be due to the molecular affinity of ethanol 
and hexane that close to CA. The solubility for 
CA, ethanol, hexane, and water based on Hansen 
solubility are equal to 25.1, 26.2, 14.9, and 47.9 
(MPa)1/2, respectively [20, 21]. According to the 
solubility rule, the closer their solubility are, the 
stronger their molecular affinity [3]. Thus, the 
molecular affinity are in the order of CA-ethanol 
> CA-hexane > CA-water. 

4.0 gAS PeRMeATIon PeRFoRMAnCe

The transport of gases through non-porous 
membranes is usually governed by the solution-
diffusion mechanism presence in all polymeric 
membranes [22]. In order to evaluate the 
specificity of the drying results, both M1 and 

M2 were studied under CO2 permeation. Based 
on Figure 4, it is obvious that M2 with solvent 
exchange drying method gave higher CO2 
permeance which is in the range of (733.90-
741.67) GPU compared to M1 with vacuum 
drying which is in the range of (18.72-18.44) 
GPU only. The higher permeation in M2 was due 
to the less drastic contraction of the membrane 
that avoid the collapse of membrane structure 
and disintegration [23, 24]. 

5.0 ConCluSIon 

MMMs were developed from CA polymer and 
functionalized MWCNTs. Different drying 
methods (vacuum drying and solvent exchange 
drying) were used to evaluate its effects on the 
membrane morphologies and gas permeation 
performance. MMM that dried using solvent 
exchange technique appeared to have less 
compact skin layer with smoother surface. In 
term of performance, it was proven that M2 
have a better permeance of (733.90-741.67) 
GPU compared to M1 (18.72-18.44) GPU within 
pressure range of 1 to 3 bars. In this study, 
ethanol-hexane exchange drying method was 
proven that able to maintain little impact on 
the membrane structure and improved the CO2 
permeance. 

	
  

Figure 4 Permeance (GPU) of pure CO2 gas for membranes: M1, and M2 at different stand pressures
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