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Abstract
Membrane separation technology is gaining importance nowadays in reducing the emission of carbon dioxide (CO2) as greenhouse gas due to the global climate change. Gas permeation studies play significant role in reflecting the potential of the membranes in separating the gas mixtures. In this study, Ba-SAPO-34 zeolite membrane was formed by membrane synthesis process using microwave (MW) heating and followed by membrane ion-exchange process with Ba2+ cation. The Ba-SAPO-34 zeolite membrane was investigated for its performance in the CO2 and N2 gases permeation studies. The effects of permeation temperature (30 – 180 oC) and pressure difference (100 – 500 kPa) across the membrane on the gas permeation performance of the Ba-SAPO-34 membrane were studied. CO2 single permeance of ~9.4-19.5 x 10-8 mol/m2.s.Pa and N2 single permeance of ~0.635-0.694 x 10-8 mol/m2.s.Pa were obtained for gases permeation through Ba-SAPO-34 membrane performed under the range of permeation temperature and pressure difference across the membrane studied. Maximum CO2/N2 ideal selectivity of 29.6 was obtained for gases permeation through Ba-SAPO-34 membrane at 30 oC and 100 kPa pressure difference.
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Abstrak
Teknologi membran pemisahan adalah semakin penting pada masa kini dalam mengurangkan pelepasan karbon dioksida (CO2) sebagai gas rumah hijau disebabkan oleh perubahan iklim sejagat. Kajian resapan gas memainkan peranan yang penting dalam mencerminkan potensi membran dalam pemisahan campuran gas. Dalam kajian ini, membrane zeolit Ba-SAPO-34 telah dibentuk melalui proses sintesis membran dengan menggunakan pemanasan gelombang mikro dan diikuti oleh proses pertukaran ion membran dengan kation Ba2+. Membran zeolit Ba-SAPO-34 tersebut telah dikaji untuk prestasinya dalam kajian resapan gas CO2 dan N2. Kesan suhu resapan (30 – 180 oC) dan perbezaan tekanan (100 – 500 kPa) merentasi membrane terhadap prestasi resapan gas membrane Ba-SAPO-34 telah dikaji. Ketelapan tunggal CO2 sebanyak ~9.4-19.5 x 10-8 mol/m2.s.Pa dan ketelapan tunggal N2 sebanyak ~0.635-0.694 x 10-8 mol/m2.s.Pa telah diperolehi bagi resapan gas melalui membran Ba-SAPO-34 di bawah julat suhu resapan dan perbezaan tekanan merentasi membran yang dikaji. Kememilihan CO2/N2 sebanyak 29.6 (maksimum) telah diperolehi bagi resapan gas melalui membran Ba-SAPO-34 pada 30 oC dan perbezaaan suhu sebanyak 100 kPa.

Kata kunci:  Ba-SAPO-34, membran, resapan gas


Introduction
Reduction in emissions of greenhouse gases is becoming one of the major environmental issues due to the increase in global temperature, which is likely to bring several drawbacks such as disturbance in ecosystems and rise in sea levels. The increasing concentration of greenhouse gas, in particular carbon dioxide (CO2), in the atmosphere in recent years has drawn attention of many researchers around the globe. The CO2 separation from nitrogen (N2) is among the worldwide concern nowadays in restricting the emission of CO2 from large emission sources, i.e. flue gas from power plants. In the industrial post-combustion capture for fossil fuel combustion process, CO2/N2 separation remains an engineering challenge in removing the CO2 from the flue gas emitted. In view of this issue, there are increasing number of articles published by the researchers with the aim to explore potential processes for separation and recovery of CO2 from different sources [1-5]. Conventional technologies used for CO2 separation from gas mixtures includes absorption using amine based solvents and pressure swing adsorption [6, 7]. However, the drawbacks of these conventional technologies are complexity of the system, high energy consumption for solvent regeneration, equipment corrosion and flow problems caused by viscosity of solvent [8, 9].

Membrane processes appear to be a promising alternative for gas permeation and separation. Polymer membranes, which have been widely investigated for gas permeation and separation, offer advantages such as low cost and ease of preparation. However, the disadvantages of polymer membranes, such as possible occurrence of plasticization due to high CO2 partial pressure, poor chemical, thermal and mechanical strength, limit their performance in the application [10–12]. Zeolite membranes are gaining increasing interest for gas permeation and separation, in view of their uniform pore structure, high chemical, thermal and mechanical stability [13,14].

There have been extensive studies on different zeolite membranes for gas permeation and separation [12,15 – 19]. Silicoaluminophosphate, SAPO-34 membrane has been studied extensively for gas permeation and separation due to its small pore structure [6,17, 20,21]. Conventionally, the SAPO-34 membranes were prepared by hydrothermal synthesis method. Microwave (MW) heating emerged as a potential technology offering number of advantages against conventional hydrothermal heating such as shorter synthesis time, rapid heating rate and production of small zeolite crystals with narrow size distribution [22–24]. To our best knowledge, our group has been the first to report synthesis of SAPO-34 zeolite membrane using MW heating [25].

In the present study, Ba-SAPO-34 membrane was prepared using MW heating followed by ion-exchange process. In our previous work reported [26], the CO2/CH4 gas separation of Ba-SAPO-34 membrane was investigated. In the present study, the Ba-SAPO-34 membrane was tested for single gas permeation of CO2 and N2. The effects of permeation temperature and pressure difference across the membrane on the CO2 and N2 single gas permeation performance of the Ba-SAPO-34 membrane were studied.

Materials and Methods
Ba-SAPO-34 membrane preparation

-alumina disc with thickness of 3 mm and diameter of 25 mm was used as the support where the membrane was deposited on. The Ba-SAPO-34 membrane was prepared according to the procedures described in our previous work [26].

Gas permeation studies
Figure 1 show the setup diagram of the gas permeation studies. The disc-shaped Ba-SAPO-34 membrane was placed in a stainless steel module and the module was sealed using silicone gaskets in order to avoid any gas leakage from the module during gas permeation studies. Total feed flow of 60 ml/min was applied for single gas permeation of CO2 and N2 through Ba-SAPO-34 membrane. Pure CO2 or N2 gas was fed to the membrane using a mass flow controller. By closing the end of the retentate side of the membrane module, the feed pressure was controlled while the permeate pressure was kept at atmospheric pressure in order to vary the pressure difference between 100 and 500 kPa across the membrane. The temperature of the gas permeation was controlled between 30 and 180 oC by using an oven where the stainless steel module was placed.
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Figure 1.  Setup diagram of the gas permeation studies



Flux,  (mol/m2.s) of component gas i was calculated as shown in Equation (1).

           								   			         (1)


where  is the molar flow rate of component i (mol/s),  is the effective permeation area of the membrane (m2), the component i may refer to CO2 or N2.


Permeance,  (mol/m2.s.Pa) of component gas i was calculated as shown in Equation (2). 

            								   			         (2)

where  is the pressure difference of component i across the membrane (Pa).


The ideal selectivity of the membranes,  was calculated from the ratio of single gas permeance as shown in Equation (3).


           								   		         (3)

Results and Discussion
Gas permeation studies
Figure 2 presents the effect of pressure difference on the single gas fluxes through Ba-SAPO-34 membrane. The single gas flux of CO2 and N2 increased linearly with increase in pressure difference across the membrane. In the range of temperature (30 – 180 oC) and pressure difference (100 – 500 kPa) studied in current study, CO2 displayed higher single gas fluxes even though CO2 possess higher molecular weight than N2. The gas flux is the sum of micropore diffusion and surface diffusion [27]. It was relatively easier for CO2 diffusion through the micropore framework of Ba-SAPO-34 due to smaller kinetic diameter of CO2 compared to N2. In addition, Li et al. [28] reported that the strength of adsorption of CO2 gas molecules on SAPO-34 framework was higher than those of N2 gas molecules. Owing to larger quadruple moment of CO2, CO2 was more strongly adsorbed on Ba-SAPO-34 pore framework and followed by stronger surface diffusion through the pore framework compared to N2. The combination effect of micropore diffusion and surface diffusion explains the higher CO2 single gas flux compared to N2 in the present study. 

                                                   

Figure 2.  Single gas fluxes of CO2 and N2 through Ba-SAPO-34 membrane as a function of pressure difference at 30 oC.



Figure 3 shows the effect of pressure difference on the single gas permeances through Ba-SAPO-34 membrane at 30 oC. Gas permeance was calculated by dividing the gas flow with pressure difference of that respective gas. The CO2 single gas permeance decreased from ~19.5 to ~15.710-8 mol/m2.s.Pa and the N2 single gas permeance decreased from ~0.659 to ~0.63510-8 mol/m2.s.Pa when the pressure difference increased from 100 to 500 kPa at 30 oC. The drop in CO2 gas permeance was a result of adsorption-controlled permeation mechanism reported by Bernal et al. [29]. Owing to high adsorption strength of CO2 on Ba-SAPO-34 pore framework, feeding pure CO2 to the membrane at temperature as low as 30 oC brought the surface coverage of CO2 on the retentate side of the membrane close to saturated level. Further increase in the CO2 pressure difference increased the CO2 single gas flux, but the increase was not adequate to compensate for the higher increase of pressure difference, which resulted in decrease in CO2 single gas permeance (flux per pressure difference). 

                                                  
Figure 3. 	Single gas permeances of CO2 and N2 through Ba-SAPO-34 membrane as a function of pressure difference at 30 oC
Figures 4 and 5 shows the effect of temperature on the single gas fluxes and single gas permeances, respectively through Ba-SAPO-34 membrane at 100 kPa pressure difference. Generally, surface diffusion decreases but micropore diffusion increases with increase in temperature. In present study, the CO2 single gas flux and permeance dropped with increase in permeation temperature from 30 to 180 oC due to reduction of surface coverage of CO2 on the Ba-SAPO-34 pore framework with increase in temperature [6]. N2 exhibited trend of rise in single gas flux and permeance with increase in temperature. This indicated that the micropore diffusion dominated the diffusion of N2 through Ba-SAPO-34 pore framework instead of surface diffusion.


Figure 4. 	Single gas fluxes of CO2 and N2 through Ba-SAPO-34 membrane as a function of temperature at 100 kPa pressure difference across the membrane


                                                   

Figure 5. 	Single gas permeances of CO2 and N2 through Ba-SAPO-34 membrane as a function of temperature at 100 kPa pressure difference across the membrane


Figure 6 presents the effect of pressure difference on the CO2/N2 ideal selectivities through Ba-SAPO-34 membrane at different temperatures. The CO2/N2 ideal selectivity decreased from ~29.6 to ~24.8 with increase in pressure difference from 100 to 500 kPa at 30 oC. This phenomenon was due to higher extent of drop in CO2 single gas permeance compared to N2 single gas permeance when the pressure difference was increased from 100 to 500 kPa as shown in Figure 3. 




Figure 6. 	Ideal selectivities of CO2/N2 through Ba-SAPO-34 membrane as a function of pressure difference for different temperatures


As shown in Figure 6, it was found that the extent of drop in CO2/N2 ideal selectivities at higher temperature of 68 oC was lesser than the decline at 30 oC. As temperature was further increased to 180 oC, there was nearly no change in all the ideal selectivities with increase in pressure difference. This was due to the lower surface coverage of CO2 on the membrane at higher temperature [28], which led to lower decrease in CO2 permeances with increase in pressure difference at higher temperature. Therefore, increase in temperature from 30 to 180 oC resulted in the gradually dropped CO2 adsorption strength on the membrane, and hence led to the reduced extent of change in the ideal selectivities with the change of pressure difference from 100 to 500 kPa in present study. Overally, maximum CO2/N2 ideal selectivity of 29.6 was obtained for gases permeation through Ba-SAPO-34 membrane at 30 oC and 100 kPa pressure difference.

Conclusion
[bookmark: _GoBack]Ba-SAPO-34 zeolite membrane was successfully formed by membrane synthesis process using microwave (MW) heating and followed by membrane ion-exchange process with Ba2+ cation.  The Ba-SAPO-34 zeolite membrane was investigated for its gas permeations of CO2 and N2 under varying permeation temperature (30 – 180 oC) and pressure difference (100 – 500 kPa) across the membrane. In all of the range of permeation temperature and pressure difference studied in current study, CO2 displayed higher single gas fluxes than N2 due to (1) smaller kinetic diameter of CO2 compared to N2 and (2) stronger adsorption of CO2 on Ba-SAPO-34 pore framework and subsequently followed by surface diffusion through the pore framework compared to N2. Both CO2 and N2 single gas fluxes were found to increase with increase of pressure difference from 100 to 500 kPa. The N2 single flux increased but the CO2 single flux decreased with increase in permeation temperature from 30 to 180 oC, indicating that micropore diffusion dominated N2 diffusion but surface diffusion dominated CO2 diffusion through the Ba-SAPO-34 membrane in present study. CO2 single permeance of ~9.4-19.5 x 10-8 mol/m2.s.Pa and N2 single permeance of ~0.635-0.694 x 10-8 mol/m2.s.Pa were obtained for gases permeation through Ba-SAPO-34 membrane performed under the range of permeation temperature and pressure difference across the membrane studied. Maximum CO2/N2 ideal selectivity of 29.6 was obtained for gases permeation through Ba-SAPO-34 membrane at 30 oC and 100 kPa pressure difference.
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