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A B S T R A C T  

 

Removal of CO2 in natural gas refining has currently been the only membrane based process 
practiced on a large scale operation. Despite the predominance of polymeric membranes in the 
CO2/CH4 separation, the tradeoff limitation in between membrane selectivity and permeability 
hinders a good separation performance of these membranes. Mixed matrix membranes can offer 
dramatic improvement to overcome this shortcoming. In this study, polyetheresulfone mixed 
matrix membranes incorporated with small pore amine modified SAPO-34 were proposed for CO2 
separation. SAPO-34 zeolite was used as inorganic fillers to enhance gas selectivity. The 
asymmetric membrane structure was prepared using the phase inversion method in order to 
improve permeance. SEM images and FTIR analysis were used to characterize the filler particles 
and the synthesized membranes. SEM images also indicated that, there were appropriate 
distribution particles in the polymer matrix.The effects of filler loading (0-10 wt%), feed 
temperature (303-343 K) and feed pressure (0.5-4 bar) on CO2/CH4 selectivity of the MMMs were 
investigated. The results indicated that addition of amine-functional SAPO-34 in the casting 
solution enhanced the membrane gas permeance and CO2/CH4 ideal selectivity. For the 
membrane with 10 wt% of amine loading, selectivity was 17% higher than the membrane without 
functionalizing with amine Increasing the temperature from 303 to 343 K reduced selectivity 
around 25-30.5 %.  

doi: 10.5829/ijee.2022.13.03.04 
 

 
INTRODUCTION1 
 
Nowadays, energy and greenhouse gas emission have 

become a critical issue and have been chosen by many 

researchers to investigate their advantages and 

disadvantages. All ongoing activities in society relatively 

and directly depend on energy, which makes them 

vulnerable against this vital source and shows the 

importance of energy in the world. Unfortunately, today 

the main source of energy is fossil fuels, such as coal, 

natural gas products, and petroleum, which produce lots 

of hazardous carbon dioxide (CO2) [1, 2]. Besides, 

atmospheric concentrations of greenhouse gases (GHGs) 

have increased considerably, especially over the past five 

decades. The current atmospheric concentration of carbon 
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dioxide, which is an important trace gas available on 

earth's surface and regarded as the major GHG, is 411 

ppm. According to various research findings, the main 

reason for climate change between 1750-2005 came from 

CO2 emitted from different sources [3, 4]. Therefore, it is 

necessary to make some firm decisions to control CO2 

emission and diminish the amount of CO2 emission in the 

world by using new technologies. 

Nowadays, the membranes-based technology has 

been considered in various types of gas and liquid-based 

separation processes, in which low cost, compact 

structures, environmental friendliness, low energy 

consumption, and user convenience are among the most 

important reasons for consideration [3]. Over the last few 

decades, different polymeric membranes such as 

  

http://www.ijee.net/
mailto:Iraj.naser@yahoo.com


Y. Kiamehr et al. / Iranian (Iranica) Journal of Energy and Environment 13(3): 238-247, 2022 

239 

polyimides (PI), polyamides (PA), polysulfone (PSU), 

polyurethane (PU), and polyetherimide (PEI) were 

chosen by many researchers to use in different processes 

such as gas separation, natural gas purification, hydrogen 

recovery in petrochemical industries, biogas separation, 

and food packaging [4]. It should be mentioned for many 

membranes separations; when the membranes are highly 

permeable, there is a lack of sufficient and efficient 

selectivity (trade-off) [5-7]. Substantial research efforts 

have been carried out to enhance the polymeric 

membranes performance for use in gas separation and 

overcome the trade-off limitation. One of the methods 

that can facilitate this issue (trade-off) is using the 

composite membranes (mixed matrix membranes that 

contain an inorganic phase in a polymer matrix), which 

can exhibit higher permeability along with the selectivity 

of organic-inorganic mixed phases [8]. 

Polysulfone (PS) is a polymer with exceptionally 

considerable flexibility in structure and properties. The 

properties of PSs are simply fitted, enabling restrained 

changes in the length of the Polyol chain, and also 

changing the proportions and chemical characteristics of 

the components which create the flexible and rigid 

segments of the polymer chain [9]. Inorganic fillers are 

porous or nonporous. The idea of adding inorganic fillers 

to polymer matrix in order to enhance separation and 

mechanical properties has been explored [10, 11]. It 

should be noted that the effect of interaction between the 

particles and the polymer chain and functional groups on 

the surface of the inorganic phase must be considered [12-

15]. Addition of particles can improve the separation 

properties of MMMs by raising matrix tortuous surfaces 

and declining diffusion of larger gas molecules. To 

improve permeation performance, the notion of 

introducing inorganic filler to the matrix of the polymer 

was proposed. Addition of various particles like zeolites, 

carbon molecular sieves and activated carbons, 

mesoporous materials, non-porous silica, metallic 

organic- frameworks (MOFs), and graphite [16] into the 

matrix of polymer was investigated. The results of cited 

literatures show that the small sizes of particles with high 

specific area disperse appropriately in polymer matrices. 

Small pore zeolites especially SAPO-34 appealed as 

interesting fillers due to its high adsorption affinity to 

CO2. SAPO-34 zeolite is a chabazite (CHA) structure 

zeolite that has a 0.38 nm framework pore size; which is 

nearly similar to molecule sizes of the various gasses in a 

natural gas mixture. 

Gas permeation characteristics of PS-SAPO-34-HMA 

were investigated by Elif et al. [17]. The results showed 

that the permeability of all the gases through PS-SAPO-

34-HMA membranes was significantly more than those 

through PS/HMA membranes. New MMMs based on 

polymerizable room-temperature ionic liquids and 

SAPO-34 as filler were studied [18]. It was shown that by 

increasing the ionic liquids in the MMMs, increases the 

CO2 permeability. The effect of the addition of SAPO-34 

as filler on the gas permeation properties of other 

polymers such as polyetherimide [19], polyether block 

amide (PEBAX) [20], polyethersulfone [21], and 

polysulfone [22] has been researched. So far, few studies 

have been conducted in the field of adding SAPO-34 

particles into the polyurethane matrix. The effect of silica 

particles on the permeation properties of polyurethane 

membranes was investigated [23]. The obtained results 

indicated the reduction in permeability of CO2, CH4, O2 

and N2 gases. But enhancement of CO2/CH4, CO2/N2and 

O2/N2 selectivity by increasing silica content was 

observed. Recently, the defects in poletherysulfone 

(PES)/ zeolite MMA. was prepared by dry–wet spinning 

technique for the separation of CO2/CH4 mixtures [24]. 

Interfacial incompatibility between polymer matrices and 

nanoparticle fillers has largely restricted the 

implementation of MMMs into practical membranes [25-

27]. Improving interfacial compatibility between polymer 

matrix and a polymeric nanoparticle filler would be an 

advantage, particularly if the filler simultaneously 

introduced tailored high-speed CO2 transport channels. 

Some success for this approach in terms of greatly 

improved performance has already been achieved, 

whereby CO2 transport channels in fillers were 

introduced, while improving the interfacial compatibility 

between nanofillers and polymer matrix. 

PES membranes exhibit resistance to high 

temperature with low manufacturing cost and high 

efficiency in the separation process. As membrane types 

are currently becoming in demand for CO2/CH4 

segregation, PES will be an advantageous alternative to 

have in further studies. Dense PES membrane exhibits 

lower gas permeability as well as high selectivity as 

compared to other glassy polymers. Therefore, it is highly 

desirable to produce membrane having high permeate by 

reducing the thickness. The considerations within the 

literature lead to the combination of two strategies in this 

study; incorporation of low molecular weight organic 

additives to the MMM formulation and surface coated 

with (3-aminopropyl)-diethoxymethyl silane (APDEMS) 

to improve the gas permeation properties for carbon 

dioxide separation. To our best knowledge, not much 

research work focuses on the silane modification of 

SAPO zeolites to prepare MMMs for CO2 separation. 

APDEMS was selected as silane coupling agent because 

methoxy silanes are more readily in hydrolysis reaction 

compared to ethoxy groups. Preparation and operation 

parameters including SAPO-34 loading, feed temperature 

and feed pressure were investigated and CO2/CH4 ideal 

selectivity of the prepared membranes were measured. 

 

 

MATERIALS AND METHODS 
 
MMMs were prepared using PS (ULTRASON E6020P; 

BASF, Germany) as polymer matrix due to its excellent 

thermal and mechanical characteristics. CH4 gas 
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(99.995% purity) was acquired from Air Products Co. 

(Tehran, Iran). Other chemicals were taken from Sigma 

Alderich (USA). 

 

Membrane preparation 

SAPO-34 zeolite was prepared via hydrothermal 

synthesis according to previous work [25]. For amine-

functionalization of SAPO-34, one 50 ml volumetric flask 

was charged with 2 g SAPO-34, 2 g sodium hydride and 

20 ml tetra hydro furan. After 5 min 5 ml epichlorohydrin 

was added to the mixture at 0 °C, it was stirred for 30 min 

at this temperature and for 24 h at room temperature. 

Finally, SAPO-34 was separated via centrifugation and 

washed several times with water and dried at room 

temperature. Another 50 ml volumetric flask was charged 

with 2 g of the resulting SAPO-34, 10 ml tetrahydrofuran 

and 5 ml PDMS. The mixture was stirred for 24 h and 

amino SAPO-34 was separated via centrifugation and 

was washed several times with water. Finally, the 

resulting amino SAPO-34 was dried at room temperature. 

MMMs were prepared via phase inversion method. 

Amino SAPO-34 was suspended in prescribed amounts 

of 60ml dimethylacetamide (DMAC), and the mixture 

was stirred at room temperature. To adequately disperse 

the filler particles within the solvent; the solution was 

sonicated for 1 h. Then 10g. polymer was added and 

stirred at room temperature. Following the ultrasonication 

of the final mixture for 60 min, it was blade cast on a glass 

plate at room temperature in air using a stainless steel film 

applicator with a casting knife of 500 μm, and placed in 

an oven preheated to 40 °C. Temperature was then 

increased to 80 °C, and the film was dried at 0.2 bar for 8 

h under nitrogen. After that, the film was peeled off from 

the glass plate and annealed for 24 h at 100 °C in N2 at 1 

bar to remove the residual solvent. To seal the membrane 

defects and improve its selectivity, the top surface of the 

prepared MMMs were coated by a solution of PVA 

5 wt.%. The dip coating method was carried out for the 

coating process, and then the coated MMMs were left in 

the air for 48 h for PVA to dry. 

 
Membrane characterization 

Geometrical characteristics and morphology of AMINE 

SAPO-34 and MMMs were studied using a KYKY-

EM3200 SEM. The membrane samples were prepared by 

fracturing in liquid N2 then coated with Au. The 

measurements of the FT-IR spectra of the samples were 

performed using Bruker spectrometer (TENSOR 27). 

Tensile testing to study tensile strength, tensile modulus 

and elongation at break (mm) were performed using 

SANTAM 20KN (Iran) testing machine at ambient 

temperature. All tests were done according to ASTM 

D638 standard. 

 

Gas separation performance 

The variable-pressure/constant-volume apparatus (Model 

NM1395, Iran) was used to determine the permeabilities 

of membranes. The gas permeation test rig contains four 

sections including; feeding of the gases, heating (oven), 

separation of the gases (permeation cell) and product 

collection. Pressure sensors (2.600 G BD pressure 

sensors, accuracy of 0.25 FSO and DMP 343 BD pressure 

sensor, accuracy of 0.175% FSO, 1 mbar) and a 

temperature sensor (PT-100 sensors, accuracy of 0.1 K) 

were used. After evacuating both sides of the membrane 

inside the module for several hours, the upstream side of 

the membrane was pressurized with a gas and permeation 

rates were measured. The cell exposed an effective 

membrane area of 11.95 cm2 to permeation. 

The membrane module was sealed with gasket in a 

stainless steel cell which was fixed inside an oven. The 

pressure-normalized flux or permeance, (Pi/l) was 

calculated by the following equation: 

𝑃𝑖

𝑙
=

𝑁

∆𝑃
=

𝑄

𝐴×∆𝑃
(
273.15×106

𝑇
)  (1) 

𝛼𝑖𝑗 =

𝑃𝑖
𝑙𝑖
𝑃𝑗

𝑙𝑗

  (2) 

where (Pi/l) is the gas permeance of a membrane in GPU 

(1 GPU = 1 × 10−6 cm3(STP)/cm2 s cmHg), i represents 

the penetrating gas i, Qi is the volumetric flow rate of gas 

permeated through the membrane (cm3/s, STP), A the 

effective membrane area (cm2), ΔP is the trans-membrane 

pressure (cmHg), and T is the temperature at which the 

permeation experiment being performed. Chromatograph 

(Perkin Elmer) was used to investigate the composition of 

gases side. αij represents ideal selectivity of gas i to j. The 

experimental setup as testing rig is shown in Figure 1. 

 
 
RESULTS AND DISCUSSION 
 
Characterization 

The typical FTIR spectra of pure PES membrane, SAPO-

34 crystal and all the PES/SAPO-34 MMMs samples used 

 

 

 
Figure 1. Schematic of the experimental setup 

https://www.sciencedirect.com/topics/engineering/dip-coating
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in this work were shown in Figure 2 a and b. The FTIR 

(Figure 2(a)) spectrum of the PES sample displayed bands 

at 1290 cm−1 and 1325 cm−1, signifying the symmetric 

stretch vibration of O═S═O bonding. The asymmetric 

―CH3 stretching vibration consequenced in the 

occurrence of bands at 2960 cm−1 and 1380 cm−1, while 

C═C conjugation of benzene ring was distinguished at 

1565 cm−1 [28]. Moreover, the demonstrated peak exactly 

at 1080 cm−1 and 1013 cm−1 in neat PES showed the 

vibration of C―C bonding in PES structure [29]. The 

FTIR spectrum for SAPO-34 powder showed great 

vibration in the range 850–1200 cm−1, signified the 

internal tetrahedral asymmetric of Al–O or Si–O group in 

the zeolite [24]. In addition, a weak band was seen at 

range 650–700 cm−1 in SAPO-34 powder spectra, which 

corresponded as CHA structure [24]. The FTIR spectra of 

the Amine-functionalized SAPO-34 shows the presence 

of the NH band in 3439 cm−1 while the characteristic 

bands due to an NH2 group are absent. As shown in Figure 

2(b), the fabricated membrane showed comparable FTIR 

patterns to the pure PES membrane. However, higher 

shoulder band was observed in the range of  

900–1200 cm−1. The strong adsorption shoulder band in 

800 to 1200 cm−1 range corresponds to the frequencies for 

the naturally occurring aluminosilicate-CHA structure 

(tetrahedral asymmetric of Al–O/Si–O group) [24]. 

 

 

 
Figure 2. FTIR of the (a) PES-00 with SAPO-34 and (b) 

produced membrane 

The thermal behavior and thermal decomposition 

were investigated to sketch the influence of adding the 

SAPO-34 on the key properties of the PES membranes. 

The thermal behavior of the pure PES and PES/SAPO-34 

MMMs was evaluated by the thermal gravimetric 

analysis (TGA). The TGA thermograms of 

nanocomposites are displayed in Figure 3 as compared to 

the neat PES membrane. The results show that both the 

neat PES and PES/SAPO-34 MMMs have two weight 

loss stages in the temperature range of 150–292 and  

423–757 °C for the neat PES and range of 148–270 and 

433–770 °C for the nanocomposite. These stages are due 

to the loss of residual solvent and the decomposition of 

the main polymer chain, respectively. These results show 

that weight loss in the neat PES membrane was quite 

rapid but the decomposition of nanocomposite was slow. 

It was also observed that by adding SAPO-34 particles, 

the start point of decomposition shifted from 423 °C to a 

higher temperature of about 433 °C. Therefore, it can be 

concluded that the heat resistance of membranes was 

improved by the addition of SAPO-34. To understand the 

inorganic constituent effect on the polymer membrane 

thermal properties, the DSC thermal analysis also was 

performed for both the PES and PES/ SAPO-34 MMMs. 

Figure 3b displays the differential scanning calorimetry 

(DSC) diagram for the PES and PES/ SAPO-34, in which 

the glass transition temperature (Tg) of the neat PES and 

PES/ SAPO-34 MMMs is indicated. It can be seen that  

 

 

 
Figure 3. a: TGA, b: DSC thermograms of nanocomposite 

membranes as compared to neat PES membrane 

PES 

PES 
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the Tg of the MMMs is about 221.23 °C, and that of the 

neat PES is 216.18 °C. A higher Tg value can be 

engineered by altering the degree of branching or cross 

linking in PES through the addition of SAPO-34  

particles and polymer–filler interaction (Figure 3) and, 

therefore, this provides necessary evidence for the 

improvement in thermal characteristics being rendered by 

the SAPO-34. 

Cross-section and top surface SEM images of the 

prepared MMMs are also presented. Figure 3a shows top 

surface SEM image of the neat PES membrane. As 

observed the surface is relatively smooth. Figure 4b, c, e 

and f shows cross-section SEM images of neat and MMM 

with 5% loading at different magnifications. As observed 

all membranes show typical characteristic of asymmetric 

porous structure with a dense skin top-layer followed by 

a finger-like porous sub-layer. The finger-like pores for 

the MMM are slightly wider than that of the neat PES 

membrane. The natureof SAPO-34 increases the mass 

transfer rate between the solvent and the non-solvent 

during phase inversion and lead to the formation of larger 

pore channels. It is obvious that the relative diffusion rate 

and driving force between non-solvent and solvent are the 

characteristic parameters for structure of the membranes. 

Consequently, it is assumed that the SAPO-34 have a 

better affinity to non-solvent, establishing elongated 

macrovoids and finger-like structures because of the 

superior exchange rate of the solvent/non-solvent. 

The images also indicated that the filler particles were 

distributed appropriately in the membrane. It must be 

mentioned that these results were obtained when surface 

modifying agent was used and the contact between “filler 

particles – polymer chains” was acceptable and it was also 

confirmed by permeation measurements. In Figure 5 the 

upper uniform thin PVA layer can also be observed. The 

thickness of PVA layer that coated by dip coating method 

is homogeneous. As observed the thickness of this 

uniform layer and individual SAPO-34/PES MMM are 

5.61 and 234.76 μm respectively. 

 

Gas permeation 

 

Effect of SAPO-34 loading on separation performance of 

MMMs 

CO2 and CH4 permeabilities and CO2/CH4 ideal 

selectivitiy through the PES/SAPO-34 and PES/aimne 

SAPO-34 MMMs at 5 bar are presented in Figure 6 and 

Table 1. As observed, both permeabilities and 

selectivities increase with increasing the filler content and 

these increments for AMINE SAPO-34 loaded MMMs 

are higher than SAPO-34 loaded MMMs. This 

characteristic can be attributed to the presence of SAPO-

34 domains in PES matrix that significantly alters 

diffusivity by creating more cavities for the diffusing 

molecules. More importantly, facilitated transport of CO2 

is due to the presence of amine groups on SAPO-34. In 

facilitated transport mechanism, CO2 reacts with active 

sites present within the matrix, producing a chemical 

enhancement of the CO2 permeance through the 

membrane. In this work, amine reacts with CO2. The 

reaction can be described by means of the zwitterion 

mechanism. 

 

 

 
Figure 4. SEM images of the (a) neat PES membrane surface, (b) and (c) cross section of neat PES membrane at 

different magnifications, (d) surface of MMM with 5% filler loading, (e) and (f) cross section MMM with 5% filler 

loading at different magnifications 



Y. Kiamehr et al. / Iranian (Iranica) Journal of Energy and Environment 13(3): 238-247, 2022 

243 

 

 
Figure 5. SEM image of PVA layer on the top of membrane 

 

 

 
Figure 6. Effect of AMINE SAPO-34 loading on CO2 and 

CH4 permeabilities and ideal selectivity for the PES/AMINE 

SAPO-34 MMMs at 5 bar 

 

 
Table 1. Experimental CO2/CH4 permeations and selectivity of 

membranes 

Volume fraction of filler 

particles (%) 

Permeance 

(GPU) Ideal selectivity 

(CO2/CH4) 
CO2 CH4 

0(neat polymer) 7.13 0.24 29.7 

0.5(AMINE SAPO-34) 9.61 0.27 35.59 

0.5(SAPO-34) 8.43 0.25 33.72 

1(AMINE SAPO-34) 11.86 0.33 35.93 

1(SAPO-34) 10.15 0.3 33.83 

3(AMINE SAPO-34) 13.26 0.35 37.88 

3(SAPO-34) 11.9 0.33 36.06 

5(AMINE SAPO-34) 17.81 0.52 34.25 

5(SAPO-34) 14.15 0.43 32.9 

10(AMINE SAPO-34) 21.54 0.67 32.14 

10(SAPO-34) 15.59 0.58 26.87 

As noted above, to enhance the performance of the 

membranes, the membranes were covered by 5% PVA 

solution. The hydrophilic Features of PVA causes 

absorption of the water required for the facilitated 

transport of CO2 in the dense skin layer of the membrane. 

Thus as shown in Table 1, selectivity of AMINE SAPO-

34 added MMMs increased. 

Increasing permeabilities can be also due to interfacial 

voids that are much larger than the penetrating molecules. 

It must be mentioned that CO2 is the smaller molecule and 

it is also polar and these can be responsible for the faster 

transport of CO2 through the neat membrane. 

The separation performance for CO2/CH4 mixture is 

shown in Figure 7 for all the MMMs prepared in this work 

including the membranes loaded with SAPO-34 and 

AMINE SAPO-34, on a permeability-selectivity diagram 

showing the CO2/CH4 Robeson upper bound limit. As 

observed with increase in filler loading, the membrane 

separation performance trend approaches the 2008 

CO2/CH4 Robeson upper bound limit. 

 
Effect of feed pressure on separation performance of 

MMMs 

Figures 8 and 9 present CO2 and CH4 permeabilities of 

the PES/AMINE SAPO-34 MMMs as a function of 

upstream pressure. As observed, the both permeabilities 

reduce  with  increasing  pressure.  This  reduction  can  

be  related  to  the  dual-mode  sorption  model  which 

predict the reduced permeability with increasing  

pressure. 

 
Effect of temperature on separation performance of 

MMMs 

Effect of operating temperature from 303 to 343 K on 

permeability and selectivity of the PES/AMINE SAPO-

34 MMMs are presented in Figures 10-12, respectively. 

As operating temperature is increases, permeabilities 

increase, while selectivity decreases. 

 

 

 
Figure 7. Robeson plot of PES MMMs for CO2/CH4 

separation 
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Gas permeation through dense polymeric membranes 

is considered as an activated process which can be 

represented by an Arrhenius equation, expressing 

temperature dependency of permeation. The value Ep for 

the different of membrane showed in Figures 10 and 11, 

R is the universal gas constant [8.314 × 10−3 kJ/mol K], 

and T is the absolute feed temperature [K], and Ed and 

ΔHs are activation energy for diffusion and heat of 

solution, respectively. Gases with larger kinetic diameter 

have higher diffusion activation energy. Therefore, 

increasing operating temperature can more elevate 

diffusivity of larger gas molecules CH4 (3.8 Å) than 

smaller gas molecules, CO2 (3.3 Å). For CO2 molecules, 

two opposing effects exist such that heat of sorption is 

negative and solubility decreases with increasing 

temperature, while diffusivity increases with increasing 

temperature. Due to the fact that diffusivity is stronger 

function of temperature than solubility, permeability 

increases. However, due to the reduced solubility of  

CO2, permeability of CH4 increases more significantly 

than CO2, and therefore selectivity of the MMMS 

decreases. 

 

 

 
Figure 8. Effect of feed pressure on CO2 permeance of the 

MMMs 

 
 

 
Figure 9. Effect of feed pressure on CH4 permeance of the 

MMMs 

 
Figure 10. Effect of temperature on CO2 permeance of the 

MMMs 

 
 

 
Figure 11. Effect of temperature on CH4 permeance of the 

MMMs 

 
 

 
Figure 12. Effect of temperature on ideal Selectivity 

CO2/CH4 through the MMMs 

 
 

Table 2 shows the effect of the modified SAPO-34 

incorporation on the essential mechanical properties of 

the membranes. Generally, SAPO-34 is used in polymeric 

matrices to improve the thermal and mechanical 
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Table 2. Mechanical properties of the PES membranes modified 

with SAPO-34 

Membrane 

Tensile 

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

Elongation 

at break 

(mm) 

PES 2.75 53 0.5 

PES SAPO-34 3.7 69 1.87 

 
 

properties. Whereas it has high values of mechanical 

properties in polymeric matrices, this matter can be an 

increasing agent of matrix stiffness [28]. The uniform 

distribution of SAPO-34 in polymer matrix can be 

prompts the mechanical property of the membrane. As 

can be seen, the tensile modulus and strength sequentially 

enhanced with adding the SAPO-34. The free motion of 

polymeric chains is partly restricted by the intermolecular 

forces between the polymeric chains and the SAPO-34 

dispersed uniformly in a polymer. The membrane 

containing SAPO-34 showed the higher moduli and 

tensile strength that were much higher than that of PES 

itself while showing strengths comparable to that of neat 

PES membrane. Also, the elongation at break was 

reasonably decreased with SAPO-34 addition due to the 

strong interaction between the SAPO-34 and the polymer, 

which restricts the movement of the polymer chains.  

 

Comparison with other membranes 

Fabrication of membranes have been extensively reported 

in the literature due to good mechanical and thermal 

stability, easy processability, and attractive gas 

permeability–selectivity combinations. But only a few 

studies on PES MMMs have been reported. Table 3 has 

 

 
Table 3. A comparison of PES/SAPO-34 hollow fiber mixed 

matrix membranes for CO2/CH4 separation 

Membrane 

Permeance, GPU 

Ref. 

CH4 CO2 

PSF 2.52 18.11 [26] 

PES + 0.1% fumed silica 1.75 10.04 [26] 

PSF + 2% carbon black 0.16 6.25 [27] 

PES + 5% μCX 1.45 25.40 [28] 

PES 1.19 21.09 [29] 

PES + 0.05% Cloisite® 15A 1.41 16.25 [29] 

PES/Amine SAPO-34 0.7 22.34 
Present 

Study 

μCX = microporous carbon xerogel 

gathered the recently published CO2/CH4 separation 

performance of PES-based MMM hollow fiber. Our 

developed SAPO-34 MMM exhibited lower selectivity 

than that of other MMMs in the literature, but with a 

relatively high permeance. This comparison is made to 

emphasize the ability of SAPO-34 to impart strong 

influence in improving the matrix selectivity even when 

the amount of the filler incorporated was extremely low. 

In the near future, it would be definitely interesting to 

investigate the role of SAPO-34 in improving matrix 

selectivity on novel polymers such as PIMs (polymer with 

intrinsic microporosity) which intrinsically have high 

permeability but low selectivity. 

 
 
CONCLUSION 
 

In this study, PES MMM using Amine modified SAPO-

34 was prepared. These membranes were used for 

CO2/CH4 separation. The effects of SAPO-34 zeolite 

loading on the membrane characteristic and gas transport 

properties for asymmetric PSf/SAPO-34 MMMs had 

been successfully studied. All of the membrane was 

prepared using the phase inversion method. The surface 

and cross-section SEM images of the MMMs provided 

evidence for good dispersion of the particles in the 

polymer.  The effects of modified Amine modified 

SAPO-34  loading, feed temperature and feed pressure on 

permeation and CO2/CH4 selectivity of membranes were 

investigated. The MMMs showed better performance 

than the neat PES membrane. 

 

 
REFERENCES 
 

1. Kusworo, T.D., 2014. Surface Modification of Carbon Nanotubes 

Using Acid Treatment to Enhance Gas Separation Performance of 
Hybrid Nanocomposite Mixed Matrix Membrane. Iranian 

(Iranica) Journal of Energy and Environment, 5(2), pp.152-159. 

Doi: 10.5829/idosi.ijee.2014.05.02.06  

2. Khalili, S., A. Asghar Ghoreyshi and M. Jahanshahi, 2012. CO2 

Separation from Syngas by Multiwall Carbon Nanotube. Iranian 
(Iranica) Journal of Energy and Environment, 3(1), pp.52-58. 

Doi: 10.5829/idosi.ijee.2012.03.01.0269 

3. Choe, J., J. Ji, M. Kim, J. Yu, J. Ri, K. Ri and H. Kim, 2022. 

Prepare of Sunlight Response Nh2-Mil-125/Pes Composites 

Ultrafiltration Membrane for Flux Incrementation and Fouling 

Alleviation. Journal of Water Process Engineering, 47, 

pp.102804. Doi: 10.1016/j.jwpe.2022.102804 

4. Junaidi, M.U.M., C.P. Leo, A.L. Ahmad, S.N.M. Kamal and T.L. 
Chew, 2014. Carbon Dioxide Separation Using Asymmetric 

Polysulfone Mixed Matrix Membranes Incorporated with Sapo-34 

Zeolite. Fuel Processing Technology, 118, pp.125-132. Doi: 

10.1016/j.fuproc.2013.08.009 

5. Lin, Z., Y. Liu, Z. Zhang and J. Yao, 2022. Preparation and 

Characterization of Oh/Sio2-Tio2/Pes Composite Hollow Fiber 

Membrane Using Gas-Liquid Membrane Contactor for CO2/CH4 

Separation. Separation and Purification Technology, 288, 

pp.120551. Doi: 10.1016/j.seppur.2022.120551 



Y. Kiamehr et al. / Iranian (Iranica) Journal of Energy and Environment 13(3): 238-247, 2022 

246 

6. Kamble, A.R., C.M. Patel and Z.V.P. Murthy, 2021. A Review on 
the Recent Advances in Mixed Matrix Membranes for Gas 

Separation Processes. Renewable and Sustainable Energy 

Reviews, 145, pp.111062. Doi: 10.1016/j.rser.2021.111062 

7. Wong, K.K. and Z.A. Jawad, 2019. A Review and Future Prospect 

of Polymer Blend Mixed Matrix Membrane for CO2 Separation. 

Journal of Polymer Research, 26(12), pp. 1-18. Doi: 

0.1007/s10965-019-1978-z 

8. Ebrahimi, S., S. Mollaiy-Berneti, H. Asadi, M. Peydayesh, F. 

Akhlaghian and T. Mohammadi, 2016. Pva/Pes-Amine-
Functional Graphene Oxide Mixed Matrix Membranes for 

Co2/Ch4 Separation: Experimental and Modeling. Chemical 
Engineering Research and Design, 109, pp.647-656. Doi: 

10.1016/j.cherd.2016.03.009 

9. Jiang, X., J. Ding and A. Kumar, 2008. Polyurethane-
Poly(Vinylidene Fluoride) (Pu-Pvdf) Thin Film Composite 

Membranes for Gas Separation. Journal of Membrane Science, 

323(2), pp.371-378. Doi: 10.1016/j.memsci.2008.06.048 

10. Rezakazemi, M., A. Dashti, M. Asghari and S. Shirazian, 2017. 

H2-Selective Mixed Matrix Membranes Modeling Using Anfis, 

Pso-Anfis, Ga-Anfis. International Journal of Hydrogen Energy, 

42(22), pp.15211-15225. Doi: 10.1016/j.ijhydene.2017.04.044 

11. Ingole, P.G., M. Sohail, A.M. Abou-Elanwar, M. Irshad Baig, J.D. 

Jeon, W.K. Choi, H. Kim and H.K. Lee, 2018. Water Vapor 
Separation from Flue Gas Using Mof Incorporated Thin Film 

Nanocomposite Hollow Fiber Membranes. Chemical Engineering 

Journal, 334, pp.2450-2458. Doi: 10.1016/j.cej.2017.11.123 

12. Baheri, B., M. Shahverdi, M. Rezakazemi, E. Motaee and T. 

Mohammadi, 2015. Performance of Pva/Naa Mixed Matrix 

Membrane for Removal of Water from Ethylene Glycol Solutions 
by Pervaporation. Chemical Engineering Communications, 

202(3), pp.316-321. Doi: 10.1080/00986445.2013.841149 

13. Shahverdi, M., B. Baheri, M. Rezakazemi, E. Motaee and T. 
Mohammadi, 2013. Pervaporation Study of Ethylene Glycol 

Dehydration through Synthesized (Pva-4a)/Polypropylene Mixed 

Matrix Composite Membranes. Polymer Engineering and Science, 

53(7), pp.1487-1493. Doi: 10.1002/pen.23406 

14. Rezakazemi, M. and T. Mohammadi, 2013. Gas Sorption in H2-

Selective Mixed Matrix Membranes: Experimental and Neural 
Network Modeling. International Journal of Hydrogen Energy, 

38(32), pp.14035-14041. Doi: 10.1016/j.ijhydene.2013.08.062 

15. Rezakazemi, M., K. Shahidi and T. Mohammadi, 2012. Sorption 
Properties of Hydrogen-Selective Pdms/Zeolite 4a Mixed Matrix 

Membrane. International Journal of Hydrogen Energy, 37(22), 

pp.17275-17284. Doi: 10.1016/j.ijhydene.2012.08.109 

16. Rezakazemi, M. and Z. Zhang, 2018. Desulfurization Materials, in 

Comprehensive Energy Systems. Elsevier Inc. pp.944-979. 

17. Karatay, E., H. Kalipçilar and L. Yilmaz, 2010. Preparation and 
Performance Assessment of Binary and Ternary Pes-Sapo 34-Hma 

Based Gas Separation Membranes. Journal of Membrane Science, 

364(1-2), pp.75-81. Doi: 10.1016/j.memsci.2010.08.004 

18. Hudiono, Y.C., T.K. Carlisle, A.L. LaFrate, D.L. Gin and R.D. 

Noble, 2011. Novel Mixed Matrix Membranes Based on 

Polymerizable Room-Temperature Ionic Liquids and Sapo-34 
Particles to Improve CO2 Separation. Journal of Membrane 

Science, 370(1-2), pp.141-148. Doi: 

10.1016/j.memsci.2011.01.012 

19. Sen, M. and N. Das, 2017. In Situ Carbon Deposition in 

Polyetherimide/Sapo-34 Mixed Matrix Membrane for Efficient 
CO2/CH4 Separation. Journal of Applied Polymer Science, 

134(46), p.45508. Doi: 10.1002/app.45508 

20. Zhao, D., J. Ren, H. Li, K. Hua and M. Deng, 2014. Poly(Amide-
6-B-Ethylene Oxide)/Sapo-34 Mixed Matrix Membrane for CO2 

Separation. Journal of Energy Chemistry, 23(2), pp.227-234. Doi: 

DOI: 10.1016/S2095-4956(14)60140-6 

21. Oral, E.E., L. Yilmaz and H. Kalipcilar, 2014. Effect of Gas 

Permeation Temperature and Annealing Procedure on the 
Performance of Binary and Ternary Mixed Matrix Membranes of 

Polyethersulfone, Sapo-34, and 2-Hydroxy 5-Methyl Aniline. 

Journal of Applied Polymer Science, 131(17), pp.8498-8505. 

10.1002/app.40679 

22. Ahmad, N.N.R., H. Mukhtar, D.F. Mohshim, R. Nasir and Z. Man, 

2016. Effect of Different Organic Amino Cations on Sapo-34 for 
Pes/Sapo-34 Mixed Matrix Membranes toward CO2/CH4 

Separation. Journal of Applied Polymer Science, 133(18). Doi: 

10.1002/app.43387   

23. Sadeghi, M., M.A. Semsarzadeh, M. Barikani and B. Ghalei, 2011. 

Study on the Morphology and Gas Permeation Property of 

Polyurethane Membranes. Journal of Membrane Science, 385-

386(1), pp.76-85. Doi: 10.1016/j.memsci.2011.09.024 

24. Omrani, H., I. Naser and M. Rafiezadeh, 2020. Experimental and 

Numerical Study of CO2/CH4 Separation Using Sapo-34/Pes 
Hollow Fiber Membrane. Iranian Journal of Chemistry and 

Chemical Engineering (IJCCE), 40(3), pp. 841-852. Doi: 

10.30492/IJCCE.2020.37945 

25. Gholami, M., T. Mohammadi, S. Mosleh and M. Hemmati, 2017. 

Co2/Ch4 Separation Using Mixed Matrix Membrane-Based 

Polyurethane Incorporated with Zif-8 Nanoparticles. Chemical 
Papers, 71(10), pp.1839-1853. Doi: DOI: 10.1007/s11696-017-

0177-9 

26. Wahab, M.F.A., A.F. Ismail and S.J. Shilton, 2012. Studies on Gas 
Permeation Performance of Asymmetric Polysulfone Hollow 

Fiber Mixed Matrix Membranes Using Nanosized Fumed Silica as 

Fillers. Separation and Purification Technology, 86, pp.41-48. 

Doi: 10.1016/j.seppur.2011.10.018 

27. Bhardwaj, V., A. Macintosh, I.D. Sharpe, S.A. Gordeyev and S.J. 

Shilton, 2003. Polysulfone Hollow Fiber Gas Separation 
Membranes Filled with Submicron Particles. Annals of the New 

York Academy of Sciences, 984(1), pp.318-328. Doi: 

10.1111/j.1749-6632.2003.tb06009.x 

28. Magueijo, V.M., L.G. Anderson, A.J. Fletcher and S.J. Shilton, 

2013. Polysulfone Mixed Matrix Gas Separation Hollow Fibre 

Membranes Filled with Polymer and Carbon Xerogels. Chemical 
Engineering Science, 92, pp.13-20. Doi: 

10.1016/j.ces.2013.01.043 

29. Zulhairun, A.K., B.C. Ng, A.F. Ismail, R. Surya Murali and M.S. 
Abdullah, 2014. Production of Mixed Matrix Hollow Fiber 

Membrane for CO2/CH4 Separation. Separation and Purification 

Technology, 13, pp.71-12. Doi: 10.1016/j.seppur.2014.09.014 

 

 

 
 

COPYRIGHTS 
©2021  The author(s). This is an open access article distributed under the terms of the Creative Commons 

Attribution (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, as 

long as the original authors and source are cited. No permission is required from the authors or the publishers . 
  

 



Y. Kiamehr et al. / Iranian (Iranica) Journal of Energy and Environment 13(3): 238-247, 2022 

247 

Persian Abstract 

 چکیده 

  یغلبه غشاها رغمیبزرگ انجام شده است. عل  اسیدر مق ات یعمل ک یبر غشاء است که در   یمبتن ند یدر حال حاضر تنها فرآ یعیگاز طب ش یدر پال  2COحذف 

  سی ماتر  یشود. غشاهایغشاها م  نیخوب ا   یمانع عملکرد جداساز  یریغشا و نفوذپذ  یریپذ نشیگز   نی مبادله ب   تی، محدود4CH/2CO  یدر جداساز  یمریپل

شده با منافذ  اصلاح  SAPO-34با    اترسولفونیمخلوط پل  سیماتر   یمطالعه، غشاها  نینقص ارائه دهند. در ا   نی غلبه بر ا  یبرا یریتوانند بهبود چشمگیمخلوط م

  یی شد. ساختار غشا  استفاده گاز    یری پذنشیگز  ش یافزا   یبرا  یمعدن   یهابه عنوان پرکننده  SAPO-34  ت ی. زئولدیگرد  شنهادیپ  2CO  ی جداساز  ی کوچک برا

سنتز شده استفاده    یذرات پرکننده و غشاها ف یتوص ی برا FTIR ز یو آنال SEM ری شد. تصاو  هی فاز به منظور بهبود نفوذ ته  ینامتقارن با استفاده از روش وارونگ

 خوراک  ی (، دمایدرصد وزن   10-0پرکننده )  ی گذاروجود دارد. اثرات بار  یمر یپل  س یمناسب ذرات در ماتر   ع ینشان داد که توز   ن یهمچن  SEM  ری شد. تصاو

(K  343-303( و فشار خوراک )bar  4  -  5/0  بر ) 2  ی ریپذ نشیگزCO /4CH    ازMMM  34نشان داد که افزودن    ج ی شد.نتا  ی بررسها-SAPO  در    نیعامل آم

با    یبرا  شود.یم  4CH/2COآل  دهی ا  یری پذنشینفوذ گاز غشا و گز  شیباعث افزا   یگرختهیمحلول ر  درصد    17  یریپذ نشیگز  ن،یبار آم  یدرصد وزن  10غشا 

 درصد شد.  25-5/30در حدود   ی ریپذ نشیباعث کاهش گز  نی کلو  343به   303دما از  شی افزا نیبود. نسبت به غشاء بدون عملکرد با آم شتریب 

 


