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Abstract 

In this research, Polyether block amide (PEBA) containing different loadings of α-Al2O3 

particles was deposited on top of the polysulfone (PSf ) supports to form PEBA 1657‒ α-

Al2O3/PSf multilayer composite mixed matrix membranes (MCMMMs). Multilayer 

Composite structure was used to overcome the sedimentation of fillers in the polymer matrix. 

Moreover, alpha phase of the Al2O3 particles was applied to improve the distribution of these 

particles at higher loadings. SEM, XRD, and FTIR tests were applied to study morphology, 

crystalline structure, and chemical structure of the membranes, respectively. Gas permeation 

properties of the membranes were also measured using three different pure gases (CO2, CH4, 

and N2) at the pressure of 7 bar and temperature of 25 C. CO2 permeance and ideal 

selectivity of CO2/CH4, and CO2/N2 for the optimum MCMMM with 20 wt% loading of α-

Al2O3 particles were 25% (117.5 Barrer), 81.5 % (32), and 86.5% (57) higher than that of 

multilayer composite neat membrane (MCNM), respectively. The molecular simulation 

results confirmed the results of the experimental studies and approved that the α-Al2O3 

particles are right candidates for improving the PEBA performance for CO2 separation.  

Keywords: PEBA; Multilayer mixed matrix membranes; α-Al2O3 particles; CO2 separation; 

Molecular simulation.
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1. Introduction 

Over the past few decades, concerns about greenhouse gas emissions increased rapidly. The 

emission of greenhouse gases is the major cause of global warming. Carbon dioxide is known 

as a greenhouse gas that is causing climate change [1-5]. Recently, membrane separation as a 

state-of-the-art technology can assist in separating the carbon dioxide from the flue gases of 

the combustion processes and has many advantages such as low energy consumption, small 

footprint, environmentally friendliness, and ease of scale-up [6, 7]. Among different types of 

CO2 separation membranes, polymeric membranes play an important role because of their 

ease of fabrication, low cost, and superior modularity [8, 9]. 

In recent decades, various polymers such as polysulfone, polyimide, polyphosphazene, 

cellulose acetate, polyurethane, and polyether block amide (PEBA) copolymer have been 

used as membrane materials for CO2 separation [10]. Among these polymers, PEBA is the 

most interesting material and is the right candidate for CO2 separation from flue gas and 

natural gas due to its high selectivity coefficients (e.g., CO2/N2 or CO2/CH4) [11-13].  

However, PEBA polymeric membranes are mainly used for CO2 separation; these 

membranes cannot overcome the trade-off limitation between permeability and selectivity. 

Therefore, several methods have been developed to overcome this limitation in PEBA 

polymeric membranes [14-24] 

Among all different methodologies, incorporating metal oxide particles (such as SiO2, TiO2, 

and Al2O3) into polymeric membranes to produce mixed matrix membranes has been 

extensively studied in recent years [14, 15, 17, 18]. These particles can increase the CO2 

solubility through the membranes because of their intrinsic affinities to CO2 in comparison 

with N2 and CH4, which results in high selectivity of CO2/N2 and CO2/CH4; however the 

kinetic diameter of CO2 (3.3 Å) is smaller than that of N2 (3.64 Å) and CH4 (3.8 Å). 



4 
 

Moreover, the availability and low prices of these particles make them a suitable choice for 

the mixed matrix membranes preparation in the case of CO2/N2 and CO2/CH4 separations 

[19-22]. Some researchers have studied the incorporation of metal oxide particles such as 

TiO2 [11, 24], ZnO [25, 26], SiO2 [27, 28], and γ-Al2O3 [29] into PEBA membranes that 

improved the separation performance of this polymer. Azizi et al. fabricated a mixed matrix 

membrane by dispersing SiO2, TiO2, and γ-Al2O3 into PEBA 1074 and compared the 

permeability performance of these three types of mixed matrix membranes. The results 

indicated that the membrane with embedding γ-Al2O3 nanoparticles showed considerable 

ability to pass CO2 molecules in comparison with the two other membranes because the 

enhanced CO2 permeability and CO2/CH4 selectivity were 48% and 28%, respectively than 

PEBA membrane [23]. However, the mentioned works offered mixed matrix membranes 

with improved separation performances in comparison with neat PEBA; they could not 

increase the particle loadings to high contents due to agglomeration of metal oxide particles 

and migration to the surface or sedimentation of these particles. The migration to the surface 

and, or sedimentation of particles can be efficiently prevented by minimizing the membrane 

layer thickness [30]. So, preparing ultra-thin mixed matrix membrane layers as selective 

layers on top of the thick porous supports in multilayer composite structures can overcome 

this obstacle [7, 31].  

There are some approaches such as “thermal annealing” [32], “functionalization of fillers 

with silane coupling agents” [33], “loading and filler size adjustment” [34], “modification of 

fillers using ionic liquids” [35] and “polymer matrix grafting” [36] to overcome particle 

agglomeration in the polymer matrix. Ghadimi et al. modified the chemical surface of SiO2 

particles using cis-9-octadecenoic acid and added to PEBA 1657 polymeric matrix. 

Fabricated mixed matrix membrane revealed CO2 permeability and selectivity of CO2/N2 

(CH4) 1.36 and 2.28 (2.25) fold higher than neat PEBA membrane, respectively [27]. 
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Shamsabadi et al. modified TiO2 particles by grafting with 3-aminopropyl-diethoxymethylsilane 

(silane agent) and surface modification with carboxymethyl chitosan and fabricated PEBA 

1657‒ modified TiO2 mixed matrix membrane, which discloses the higher CO2 permeability 

and CO2/N2 selectivity of 60% and 33% than neat PEBA, respectively [36]. Mahdavi et al. 

added polyethylene glycol into the PEBA solution to improve the distribution of the γ-Al2O3 

particles in the polymer matrix. Their results revealed that the CO2 permeability and 

CO2/CH4 selectivity increased by 52% and 18%, respectively [29]. Despite the modification 

methods applied in mentioned works to improve particle distribution in the PEBA matrix, 

particle loading could not increase higher than 8wt%. 

According to CO2 adsorption capacity measurements on Al2O3, this metal oxide can be a 

suitable selection for use as a filler in the preparation of mixed matrix membranes for CO2 

separation [19, 20]. So, if Al2O3 particles are selected as embedded particles in the PEBA 

matrix, we propose a new approach to overcome particle agglomeration at higher contents of 

these metal oxides.  

The Al2O3 metal oxides can form in several phases through the phase transformation series of 

precursor → γ → δ → θ → α-Alumina. Among these phases, the alpha phase is 

thermodynamically stable phase and creates particles with a low tendency to agglomerate due 

to its small specific surface area and then low surface energy [37]. In other words, due to low 

energy and high stability, α-alumina particles have little tendency to come together and 

agglomerate, which is a reason for preventing the agglomeration of particles. So, we 

hypothesize that by applying the alpha phase of alumina particles, agglomeration of this 

metal oxide could be prevented. Then the loading contents of these particles could 

considerably increase. Such an issue has never been raised and is new in this field.  
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In this research, we prepared PEBA 1657‒ α-Al2O3/ PSf MCMMMs that PEBA 1657‒ α-

Al2O3 mixed matrix layer offers the main CO2 separation properties. We used alumina 

particles as a dispersed phase in the PEBA 1657 matrix for enhancing the CO2 uptake 

because of their strong affinity to CO2 molecules. Moreover, we selected the 

thermodynamically stable phase (α phase) of this metal oxide to overcome particle 

agglomeration at the high contents of these particles. The loading of α-Al2O3 particles in 

PEBA increased up to 30 wt%, and this loading content for all metal oxides has never been 

reported previously. A molecular simulation was also applied to clear the effect of α-Al2O3 

particles on polymer structure, solubility and diffusivity of gas molecules. 

2. Experimental 

2.1. Materials 

PSf ultrafiltration membrane with MWCO of 10 kDa was purchased from Behta Water Inc., 

to use as a support for the multilayer composite membrane. PEBA 1657 was provided from 

Arkema Inc. PEBA 1657 is a thermoplastic copolymer containing 60 wt% of PEO chain and 

40 wt% of PA groups. Ethanol as a solvent for the preparation of a coating solution was 

supplied from Merck (99 %). The α-Al2O3 particles with an average size of 200 nm were 

purchased from Khuzestan Refractory Co. CO2, N2, and CH4 gases were provided by 

Ehterami Gas services Company. 

2.2. Membrane preparation 

PEBA 1657 / PSf multilayer composite membrane was prepared using the dip-coating 

method. A specific amount of PEBA 1657 was first dissolved in the solvent (ethanol/water = 

70/30 wt%) under reflux condition at 80 C for at least 2h to make 3 wt% polymeric coating 

solution. The prepared solution was then cooled down to room temperature and poured into a 
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coating dish. After that, PSf support was immersed into PEBA 1657 solution in a coating dish 

two times with drying at ambient temperature for 10h after every coating time to achieve the 

final MCNM. 

To prepare MCMMMs, different amounts of α-Al2O3 particles were added into ethanol under 

stirring. The resulting suspensions were bath sonicated for 30 min and agitated for 1h. 

Sonication and agitation steps were repeated two times. Afterward, calculated amounts of 

water and PEBA 1657 were added to the solution while stirring under reflux for 3h at 80 ºC. 

The prepared solutions after sonicating for 15 min cooled down to room temperature and 

poured into a coating dish. Finally, the PSf supports were immersed into prepared PEBA 

1657‒ α-Al2O3 solutions for two times with drying at ambient temperature for 10h after every 

coating time to achieve the final MCMMMs. Table 1 shows the membranes prepared in this 

research. The actual picture of the developed membrane (containing 20 wt% Alumina) was 

shown in Fig. 1. 

2.3. Characterizations 

To characterize the chemical structure of prepared membranes, Fourier transforms infrared 

spectroscopy (FTIR) was measured using an alpha-p spectrometer (type Tensor 27, Bruker, 

Germany) equipped with a diamond attenuated total reflectance (ATR) crystal with scanning 

range of 500 - 4000 cm
-1

. The crystalline structure of the prepared membranes was identified 

by X-ray diffraction patterns (XRD, Siemens D5000, Germany).  Bruker D8 ADVANCE 

X'Pert diffractometer was used to obtain XRD patterns using Cu-Ka radiation at 40 kV and 

40 mA. The morphology and selective layer thickness of prepared membranes were 

examined using a scanning electron microscopy (SEM) apparatus (Cam Scan MV2300, LEO 

440I, UK).  
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2.4. Gas permeation measurements 

Gas permeation properties of the prepared membranes were measured using the flat plane 

module in a constant pressure/variable volume system.  

The gas permeance (J) was calculated by the Equation 1 [9]: 

76

P

T

273.15

ΔP.A

Q
J   (1) 

Where Q (cm
3
/s) is the flow rate of permeated gas, A (cm

2
) is the effective membrane area, P 

(cmHg) is the pressure, T (K) is the absolute temperature, and ΔP (cmHg) is the 

transmembrane pressure. The unit of permeance is denoted in SI units (mol.m
-2

 s
-1

Pa
-1

) 

(mol.m
-2

 s
-1

Pa
-1

= 2.985×10
3
 cm

3 
(STP)/(cm

2
.s.cmHg)). 

The ideal selectivity (α A/B) for a pair of gases is defined as their permeance ratio [9]: 

α A/B=JA/JB                           2)) 

2.5. Molecular simulation 

The molecular simulation was conducted by applying Material Studio 8.0 software. 

Molecular Dynamics (MD) and Grand Canonical Monte Carlo (GCMC) simulations were 

used to explore the effect of α-Al2O3 on the separation performance of PEBA.  

In this simulation, a modified form of condensed-phase optimized molecular potential for 

atomistic simulation studies (COMPASS II) force field was used to simulate gas separation in 

membranes with cut-off distance of 10 Å. As shown in Fig. 2, the PEBA chain with 20 super 

unites were utilized to construct simulation cells of pure PEBA and mixed matrix 

membranes. Simulation cells were built by 20 output frames with an initial density of 0.6 

g/cm
3
. The simulated cells are 6-sided and 10 gas molecules are used in the membrane cells. 

After energy minimization and geometry optimization of prepared cells, 1ns NPT run with 
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the pressure of 1 bar and temperature of 298 K was applied to reach equilibrium density and 

ideal structure of the amorphous cells. Afterward, 2.5 ns NVT simulation was performed to 

investigate the detailed motion of gas molecules in constructed cells. The time step was 

selected 5 ps.  

3. Results and discussion 

3.1. Morphology of membranes 

Fig. 3 shows the surface and cross-sectional morphologies of MCNM and MCMMMs with 5, 

10, 20, and 30 wt% α-Al2O3 loadings. From the top surface schema of MCNM and 

MCMMMs, no apparent holes or defects can be seen at these magnifications and the formed 

selective layers are quite dense. Based on Fig. 4a"-d" surface morphology of MCNM is 

smooth and homogeneous, while Adding α-Al2O3 particles led to an increase in the surface 

roughness of the MCMMMs compared to the MCNM. Besides, as can be seen in Fig. 4d", at 

higher loading (30 wt%) of particles, the α-Al2O3 particles agglomerated in the selective layer 

matrix. 

The cross-sectional morphologies of the MCNM and MCMMMs (Fig. 3a-d) indicate that the 

prepared membranes consist of the PEBA selective layer, the finger-like PSf layer, and non-

woven fabric polyester sub-layer. As can be seen in Fig. 3a'-d', the thickness of PEBA 

selective layers in all prepared membranes are skinny with thickness in the submicron scale 

(less than 1 µm). Moreover, according to the mentioned figures, the excellent adhesion of the 

PEBA selective layer and the PSf support is visible in all prepared membranes. 

3.2. Crystalline structure of membranes 

To study the crystalline structure of the prepared membranes, XRD analysis was used. The 

XRD patterns of the MCNM and MCMMMs are shown in Fig. 4. Considering the diffraction 
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patterns of MCNM, it is clear that PEBA 1657 has a semi-crystalline structure due to weak 

and strong diffraction peaks at different values of 2θ angles. The weak diffraction peaks at 

15  and 18  of 2θ are related to the amorphous section and the sharp peaks at 23 , 26 , and 

29  are attributed to the crystalline section of the PEBA 1657 matrix. Based on Fig. 4, XRD 

patterns of MCMMMs reveal that in the membranes with loadings of 20 and 30 wt% filler, 

not only a new peak appeared around 14  but also the intensity of diffraction peaks at 

crystalline and amorphous sections increased. These indicated the high loadings of α-Al2O3 

particles induced an enhancement in crystalline nature and a reduction in amorphous nature 

of PEBA 1657 which this behavior is more noticeable for the membrane with 20 wt% loading 

of filler due to the proper distribution of α-Al2O3 particles in polymer matrix compared to 

sample with 30 wt% loading of filler. Since the crystalline structure of the membrane has a 

considerable effect on gas diffusivity in polymeric membranes, it is expected to have a 

decrease in gas diffusivity through the MCMMMs due to the enhancement in crystalline 

nature of polymer matrix. In nonporous membranes with solution-diffusion transport 

mechanism, the decreasing in gas diffusivity can approve the selectivity of the membrane due 

to the permeability reduction of insoluble gases which can transport through the membrane 

by diffusion mechanism. This behavior is confirmed by gas permeation measurements.  

3.3. Chemical structure of membranes  

FTIR spectra are also employed to study the chemical structure of polymer chains in MCNM 

and MCMMMs, as shown in Fig. 5. In the MCNM, the observed peak at1020-1180 cm
-1

 is 

attributed to C‒ O‒ C bonds in the soft segment part of PEBA (polyethylene oxide (PEO) 

part) [11]. The peak at 3299 cm
-1

 is assigned to ‒ N‒ H‒  linkages while the observed peaks 

at 1637 and 1733 cm
-1

 indicate the existence of the two types of amide and ester groups, 

C=O, in PEBA. It is noteworthy that the above three functional groups indicate the presence 
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of the hard segment of PEBA (polyamide (PA) part). Moreover, C‒ OH and aliphatic C‒ H 

groups show characteristic peaks in 1544 and 2800-2977 1540 cm
-1

, respectively [25, 38]. 

Fig. 5 also shows that after the addition of α-Al2O3 particles into the PEBA 1657 matrix, it 

was found no new characteristic peak, which indicates that there was no strong chemical 

interaction between α-Al2O3 particles and PEBA chains. There are some differences between 

the FTIR spectra of the MCNM and MCMMMs. The precise exploration reveals that the 

peak intensity at 1020-1059 cm
-1

 increased, which related to the PEO soft segment part of 

PEBA. Moreover, the intensity of peaks at 3299, 1637, and 1733 cm
-1

 increased as the 

characteristic peaks of the PA hard segment of PEBA.  These changes in MCMMMs indicate 

that the hydrogen bond developed between PEO and PA segments of PEBA, which resulting 

in crystalline nature enhancement of the polymer [22, 35].  

3.4. Gas permeation performance of membranes 

In this study, a constant feed pressure system has been applied to gas permeation tests. The 

permeance of three gases (CO2, N2, and CH4) was measured at 25 C and pressure of 7bar. 

Fig. 6 indicates the effect of particles loading on the permeances of gases. As can be seen in 

this figure, in all prepared membranes, the CO2 permeance is higher than that of other gases. 

Regarding solution-diffusion primary mechanism in nonporous membranes, the reasons for 

high permeance of CO2 can be justified based on higher condensation coefficient, higher 

polarizability, and lower kinetic diameter of this gas compared to other ones. The permeance 

results presented in Table 2, reveal that in the MCMMMs with high loadings (20 and 30 

wt%) of α-Al2O3 particles the CO2 permeance is 25% higher than that of MCNM due to this 

fact that the membrane permeance at high loadings is controlled by solubility rather than 

diffusivity. 
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As mentioned earlier, the transport mechanism of gas through the prepared nonporous 

selective layer membranes is described by the solution-diffusion model. The gases solubilize 

into the surface of the membrane selective layer in the feed side, diffuses across the 

membrane matrix, and subsequently desorb at the permeate side [39]. 

The gas permeance coefficient (PA) can be defined by Equation 3 [40, 41]: 

l

DS
 = P AA

A


 

(3) 

Where SA is the gas solubility coefficient, DA is the average effective diffusion coefficient and 

l  is the membrane thickness [40, 41].   

As confirmed in XRD and FTIR results, the high loadings of α-Al2O3 particles induced an 

enhancement in the crystalline nature of PEBA, which leads to decrease molecules diffusivity 

in MCMMMs. However, the CO2 diffusivity decreased, but its solubility significantly 

increased and could overcome the decreasing of diffusivity, which results in increased CO2 

permeance at high loadings of α-Al2O3 particles.  

It is worth noting that the increase of CO2 solubility regards to the enhancement of membrane 

affinity for CO2 molecules that can be attributed to the following two reasons (see Fig. 7): (1) 

Electrostatic interactions between CO2 and α-Al2O3 particles, and (2) The existence 

interaction between Lewis acid sites of α-Al2O3 particles and CO2 molecules.  

Fig. 8 shows the ideal selectivity of CO2/CH4 and CO2/N2 for all prepared membranes. As 

can be seen in this figure, the MCMMM20 exhibits superior ideal selectivity of CO2/CH4 and 

CO2/N2 compared to MCNM. The optimum loading (20 wt%), the ideal selectivity of 

CO2/CH4 and CO2/N2 is 81.5 % and 86.5% higher than that of MCNM, respectively. 
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The ideal selectivity can be expressed as the product of solubility selectivity and diffusivity 

selectivity as follows [42, 43].  

B

A

B

A
B/A

S

S

D

D
  

(4) 

The solubility selectivity is affected by the interactions between the polymer chains and the 

gas molecules and the gas condensability, whereas the diffusivity selectivity depends on the 

rigidity of the polymer chains and the size of the gas molecules [39]. The main contribution 

of α-Al2O3 particles in improving the ideal selectivity of CO2/CH4 and CO2/N2 in MCMMMs 

is by enhancing both the solubility selectivity and the diffusivity selectivity sections of ideal 

selectivity.  

In fact, increasing of the ideal selectivity of CO2/CH4 and CO2/N2 in MCMMMs is mainly 

owing to the following two reasons. On one hand, incorporation of α-Al2O3 particles induced 

enhancement in crystalline nature of PEBA, as confirmed by XRD and FTIR analyses. This 

phenomenon decreases the diffusivity of CH4 and N2 more than that of CO2 due to the higher 

kinetic diameter of these gases in comparison with CO2 and results in high diffusivity 

selectivity of MCMMMs in comparison with MCNM. On the other hand, the high loading of 

α-Al2O3 particles remarkably increases the membrane affinity for CO2 that follows by higher 

uptake of this gas in the membrane matrix. Increasing CO2 solubility leads to significant 

improvement in the solubility selectivity of MCMMMs in comparison with MCNM. 

As shown in Fig. 8, the ideal selectivity of CO2/CH4 and CO2/N2 for the MCMMM30 is 

lower than those for MCMMM20 due to the agglomeration of α-Al2O3 particles in selective 

layer matrix which confirmed by surface SEM morphologies. The agglomeration of particles 

in MCMMM30 inhibits the enhancement of polymer crystalline nature (see Fig. 5) and 

increases the diffusivity of CO2, CH4, and N2 gases simultaneously. So, not only the 
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permeance of CO2 for MCMMM30 increases, but also the permeance of CH4 and N2 for this 

membrane increases (see Fig. 6). Therefore, it leads to lower ideal selectivity of CO2/CH4 and 

CO2/N2 for MCMMM30 in comparison with these ideal selectivities for MCMMM20.  

3.5. Molecular simulation results 

To investigate the effect of Al2O3 particles on polymer structure and solubility and diffusivity 

of gas molecules, the constructed amorphous cells are indicated in Fig. 9.   

The calculated average density values, the radius of gyration (Rg) for simulated MCNM and 

MCMMM20 membranes are presented in Table 3. According to this table, the average 

density of the simulated neat PEBA membrane is very close to experimental data, indicating 

the high accuracy of the simulation procedure. 

The Rg is utilized to characterize the dimensions of the PEBA chains [45]. This value 

decreases with adding Al2O3 to the PEBA matrix that indicates the adding of Al2O3 particles 

influences the structure of the polymer and the interaction between these particles and PEBA 

chains, leading to increasing the crystalline nature of this polymer as confirmed previously in 

experimental results. The calculated cell volume, free volume, occupied volume, and 

fractional free volume (FFV) of the simulated membranes are presented in Table 4. 

According to this table, the FFV of the membrane decreases with introducing of Al2O3 

particles into the PEBA matrix, which is due to the polymer chain packing with increasing 

particle loading. Fig. 10 illustrates the simulation cells of MCNM and MCMMM20, which 

shows their free volumes in blue color.  
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The solubility and diffusivity of CO2 molecules were obtained by the Metropolis method in 

the GCMC ensemble [47, 48]. The calculated solubility and diffusivity are reported in Table 

5. According to this table, the CO2 diffusivity decreased by incorporating Al2O3 particles in 

the PEBA matrix, which is due to the enhancing crystalline nature and reducing free volume 

of the membrane. Also, it can be confirmed that the CO2 solubility significantly increased 

with Al2O3 adding to the PEBA matrix due to the electrostatic interactions between CO2 and 

Al2O3 particles and role of aluminum sites of Al2O3 as a Lewis acid sites and their high 

affinity to CO2 molecules. To explore this behavior and to investigate the importance of 

aluminum and oxygen atoms of Al2O3 in the solubility of CO2 molecules, the radial 

distribution function (RDF) is calculated. As can be seen in Fig. 11, the RDF peak at r = 3.87 

Å for CO2 molecules and aluminum atoms indicates the strong interaction between CO2 

molecules and aluminum atoms in comparison with oxygen atoms. This behavior is attributed 

to this fact that the Al atoms not only have electrostatic interactions with CO2 molecules but 

also play as absorptive Lewis acid sites for CO2 molecules.   

The location of adsorbed CO2 molecules within the neat and filled PEBA membranes is 

shown in Fig. 12. As can be seen in this figure, the number of adsorption sites for CO2 is 

increased by adding Al2O3 particles to PEBA structure. According to Fig. 13, the CO2 

molecules adsorb in the surrounding of the Al2O3 particles more than other areas that 

indicates the high affinity of these particles to adsorb CO2 molecules on their sites. These 

results show that the Al2O3 particles could be exceedingly helpful for enhancing CO2 

solubility in the mixed matrix membrane. 
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3.6. Comparison with other studies   

Table 6 indicates selective layer thicknesses, CO2 permeance, and CO2/CH4 and CO2/N2 ideal 

selectivities for the MCMMM20 in comparison with membranes containing modified 

particles, in other studies. As can be seen in this table, the MCMMM20 has good permeance 

and ideal selectivities for the CO2 gas over CH4 and N2, which is comparable with the 

separation performance of other membranes containing modified particles. It is worth noting 

that the modification of particles is complicated and costly, while this work could 

exceptionally improve PEBA performance with no particle modification. Among other 

studies, this work demonstrates that the MCMMM20 could be a potential candidate for the 

separation of carbon dioxide from flue gas and natural gas and make the membranes 

economically attractive for industrial applications.  
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4. Conclusion 

In this study, PEBA 1657‒ α-Al2O3/ PSf MCMMMs with different loadings of α-Al2O3 

particles were prepared for CO2 separation. The prepared membranes were characterized 

using SEM, XRD, FTIR, and gas permeation analyses. The results displayed that using the 

alpha phase of the Al2O3 particles reduced the agglomeration of fillers and could increase 

particle loading up to 30 wt%. Moreover, the α-Al2O3 particles not only considerably increase 

the CO2/CH4 and CO2/N2 selectivity of PEBA layers (81.5% and 86.5%, respectively) but 

also improve the CO2 permeance (25%) due to the electrostatic interactions between CO2 and 

α-Al2O3 particles and the role of Lewis acid sites of α-Al2O3 as the absorptive sites for CO2 

molecules. It should be noted that the ideal selectivity of CO2/CH4 and CO2/N2 were 

improved due to the enhancing of both solubility selectivity and diffusivity selectivity. The 

XRD and FTIR analyses exhibited that the increasing of diffusivity selectivity is because of 

enhancement in the crystalline nature of PEBA, whereas the solubility selectivity enhanced 

by increasing solubility of CO2 in selective mixed matrix layer.  

The molecular simulation like experimental results proved the enhancement of crystalline 

nature and decreasing of free volume of the polymer by adding Al2O3 particles, which reduce 

the diffusivity of CO2 molecules. Moreover, the GCMC method indicated that the Al2O3 

particles also significantly increase the CO2 uptake of the membrane (241%) by creating a 

strong affinity to CO2 molecules. The experimental and simulation study proved that α-Al2O3 

could be a right candidate for improving the PEBA performance for CO2 separation.   
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Figure captions: 

Fig. 1. The actual picture of the developed membrane. 

Fig. 2. Configuration of PEBA 1657 polymer chain. 

Fig. 3. SEM images of surface and cross-sections of membranes with different magnifications. 

MCNM: (a), (a') cross-section, and (a") surface; MCMMM10: (b), (b') cross-section, and (b") surface; 

MCMMM20: (c), (c') cross-section, and (c") surface; MCMMM30: (d), (d') cross-section, and (d") 

surface. 

Fig. 4. XRD patterns for MCNM and MCMMMs. 

Fig. 5. FTIR spectra for MCNM and MCMMMs. 

Fig. 6. The permeances of CO2, CH4, and N2 for MCNM and MCMMMs at 25 C and 7bar. 

Fig. 7. Schematic illustration of gas permeation through the prepared MCMMMs. 

Fig. 8. CO2/CH4 and CO2/N2 ideal selectivity of MCNM and MCMMMs at 25 C and 7 bar. 

Fig. 9. Configuration of constructed amorphous cells: (a) MCNM and (b) MCMMM20. 

Fig. 10. Schematic illustration of free volume (blue color) for constructed amorphous cells: (a) 

MCNM and (b) MCMMM20. 

Fig. 11. The RDF for the interaction of CO2 with Al and O atoms of Al2O3  

Fig. 12. The location of adsorbed CO2 molecules (red points) within constructed membranes: (a) 

MCNM and (b) MCMMM20. 

Fig. 13. The location of adsorbed CO2 molecules (red points) in the surrounding area of the PEBA 

matrix and α-Al2O3 particles in MCMMM20. 

Table captions: 
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Table 1. Abbreviation of prepared membranes. 

Table 2. The permeance of different gases in the prepared membranes (25 °C and 7 bar). 

Table 3. The average density and radius of gyration for simulated membranes.  

Table 4. The simulation cell volume, the free volume, the occupied volume, and the fractional free 

volume (FFV) of the simulated membranes.  

Table 5. Solubility and diffusivity of CO2 molecules for simulated membranes.   

Table 6. Gas permeation performance of different PEBA based membranes.  

 

Figures: 
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Fig. 7 
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Fig. 9 
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Fig. 10 
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Fig. 12 
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Fig. 13 

Tables 

Table  1 

Prepared membranes Abbreviation 

PEBA 1657(3%wt)/PSf MCNM 

PEBA 1657(3%wt) + α-Al2O3 10%wt) /PSf MCMMM10 

PEBA 1657(3%wt) + α-Al2O3 (20%wt) /PSf MCMMM20 

PEBA 1657(3%wt) + α-Al2O3 (30%wt) /PSf MCMMM30 

 

Table 2 

Membrane PCO2 ( ×10
-10

 mol.m
-2

 s
-1

Pa
-1

) PCH4 ( ×10
-10

 mol.m
-2

 s
-1

Pa
-1

) PN2 ( ×10
-10

 mol.m
-2

 s
-1

Pa
-1

) 

MCNM 93.77 ± 0.60 5.25 ± 0.03 3.07 ± 0.05 

MCMMM10 89.30 ± 0.17 5.05 ± 0.02 2.99 ± 0.01 

MCMMM20 117.50 ± 0.71 3.62 ± 0.02 2.06 ± 0.02 

MCMMM30 117.50 ± 4.95 5.74 ± 0.01 4.00 ± 0.02 

 

Table 3 

Membrane Simulated Average density 

(g/cm
3
) 

Simulated Rg 

(Å) 

MCNM 1.11 (1.14
a
) 27.84 

MCMMM20 1.31 9.49 
a
Experimental result [44] 
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Table 4 

Membrane Cell volume (Å
3
) Free volume (Å

3
) Occupied volume (Å

3
) FFV (Å

3
) 

MCNM 24801.45 2978.57 21822.88 0.12 (0.13
a
) 

MCMMM20 25660.65 2199.20 23461.45 0.09 
a
Experimental result [46] 

Table 5 

Membrane CO2 Solubility
a
 ( ×10

-4
 cm

3
 

(STP) cm
-3

 (polymer) cmHg
-1

)  

CO2 Diffusivity 

(×10
-6

 cm
2
/s) 

MCNM 167  0.97 

MCMMM20 570 0.36 
a
The final solubility is the average of seven sorption isotherms. 

Table 6 

Membrane Selective layer 

thickness (μm) 

CO2 Permeance 

( ×10
-10

 mol.m
-2

 

s
-1

pa
-1

) 

CO2/CH4 CO2/N2 Ref. 

PEI-DA modified TiO2‒ PEBA/PVDF 10 25.11 - 101 [19] 

Imidazolium modified ZIF-8‒ PEBA/PES 11.3 77.04  37 70 [42] 

APTES modified ZIF8‒ PEBA/PES 2.8 679.74 15.9 - [43] 

APTMS modified ZIF8‒ PEBA/PES 3.4 619.47 14.5 - [43] 

NH2 modified UiO-66‒ PEBA/PVDF 11 26.48 - 66.1 [44] 

MCMMM20  1 117.50 32.41 56.9 This 

work 

 

 

 


