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Abstract

:

The effectiveness of gas separation membranes and their application is continually growing owing to its simpler separation methods. In addition, their application is increasing for the separation of syngas (CO and H2) which utilizes cryogenic temperature during separation. Polymers are widely used as membrane material for performing the separation of various gaseous mixtures due to their attractive perm-selective properties and high processability. This study, therefore, aims to investigate the process design characteristics of syngas separation utilizing polyamide composite membrane with polyimide support. Moreover, characteristics of CO/H2 separation were investigated by varying inlet gas flow rates, stage cut, inlet gas pressures, and membrane module temperature. Beneficial impact in CO and H2 purity were obtained on increasing the flow rate with no significant effect of increasing membrane module temperature and approximately 97% pure CO was obtained from the third stage of the multi-stage membrane system.
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1. Introduction


In recent years, there have been tremendous advancements in the fields of industry, service, and commerce. Although this growth has brought substantial economic and social benefits, such as improving people’s lives, it has also provoked numerous side effects. Municipal solid waste (MSW) is one of the crucial problems that is of major concern globally. The quantity of MSW is rising significantly in industrialized and developing countries bringing into question its sustainable disposal management [1,2,3]. The desire to protect the environment has resulted in the development of various ideas for the legitimate management of MSW. For instance, technologies, such as incineration, gasification, generation of biogas, and utilization in a combined heat and power (CHP) plants, have been investigated for the production of energy from MSW [4,5]. In spite of the advantages derived from incineration of MSW, such as heat recovery, there are numerous disadvantages associated with the production of large flue gas volumes and hazardous waste streams accompanying the fly ash. However, gasification is an attractive way to treat MSW with fewer pollution emissions in contrast to other treatment methods and offers better competency in terms of energy production [6].



The major components obtained from gasification of waste are CO, H2, CO2, N2, and CH4 although the higher percentage is constituted by CO, CO2, and H2. CO2 from natural gas and post-combustion can be removed through effective and low-cost absorption processes comprising chemical solvents [7]. Among various processes, adsorption technology holds the potential to effectively separate CO2 due to its increased flexibility to adapt to varying feed stream specifications and operating conditions along with its simplicity, lower energy requirement, and low cost [8]. CH4 and N2 are present in an insignificant amount and can be removed through appropriate control of the operating conditions. Moreover, CH4 and N2 can be removed through layered pressure swing adsorption (PSA) as reviewed by Simone et al. [9]. Synthesis gas (syngas) is a mixture of H2 and CO which is used in diverse petrochemical processes and can be obtained after separating CO2. It can be used as a mixture or can be separated into its constituents before use [10]. State-of-the-art shows that the most efficient method for production of syngas is the reforming processes [11]. Thus, one of the aims of this study is to highlight the syngas produced from MSW gasification. In addition, the separation and purification of carbon monoxide are of great significance with respect to its importance as the starting material for the synthesis of a variety of basic chemicals in C1 chemistry processes [12] and capitalize on H2 as a source of fuel. However, the separation of gases by the membrane is one of the most flexible separation processes. Amongst many available techniques, such as distillation, crystallization, absorption, or solvent extraction for chemical separations, membrane technology is economically competitive for administering alternative separation technologies [11,13]. Opportunities thrive to extend membrane markets for gas separations although the existing membrane materials, membrane structures, and formation processes are inadequate for thorough utilization of these opportunities, and the requirements for the viability of membranes vary considerably with each application [14]. PSA and Cryogenic distillation processes are commercially available separation techniques among which cryogenic distillation is energy intensive [9,15,16]. The high operating costs associated with low productivity are the main disadvantages of adsorption separation method, such as PSA [10]. The interest on membrane technology continues to grow as the membrane process equipment, and methods of operation are comparatively easy compared to conventional separation methods. This is especially true for the separation of gaseous mixtures, such as CO and H2, which require cryogenic temperatures when separated by condensation, distillation, or adsorption [17]. Lu et al. [18] utilized inorganic membranes for hydrogen production and purification. References [19,20] portray the benefits of palladium and Pd-alloy membranes as an excellent means of hydrogen purification, especially while merging a catalytic reactor and separation in a single unit. However, the application of dense polymeric membrane dominates the gas separation field where the separation of gases with similar particle size can be obtained through diffusion if a variation in solubility exists [21]. Nevertheless, the polymeric membrane still needs further research due to “upper bound” where the membranes result in lower selectivity due to its open structure [22,23]. Even though selective permeation exhibits great potential for the separation of gases, it was not economically feasible due to the large membrane surface areas required to carry out industrial-scale separation. Considering the trade-off relation between cost and efficiency in selecting the membranes, this study utilizes the rubbery composite membrane with braid to provide mechanical strength to the membrane.



Along with the development of new and efficient membrane materials with enhanced gas separation efficiencies, process design is also indispensable as it directly affects the economics of membrane-based separation processes. The application of a rubbery composite membrane was carried out to separate two main components of syngas (CO and H2) obtained from MSW gasification as the working pressure was low and the cost associated with the membrane is comparatively lower than specific metallic membrane for hydrogen gas permeation. The manufacturing and commercialization of other inorganic materials are still expensive compared to polymeric membranes although inorganic membranes demonstrate higher performance [24]. The composite polyamide membrane with polyimide support was used to enhance the mechanical strength of the membrane. Characteristic analysis of syngas separation using gas membrane through CO/H2 permeability and selectivity was conducted along with a detailed study of multistage membrane design. Characteristic analysis of syngas separation using gas membrane through CO/H2 permeability and selectivity was conducted along with a detailed study of multistage membrane design. Multistage membrane design is of great importance while obtaining syngas of varying composition, and a high purity level is one of the novel achievements of this study. The comprehensive characteristic analysis was determined using various gas flow rate, stage cut, membrane-module temperature, and input pressure. The polyamide composite membrane with polyimide support has not been studied which further highlights the possibility of incorporating polyamide (rubbery polymer) with polyimide (glassy polymer) to obtain better separation efficiency.




2. Experimental


A polyamide composite membrane with polyimide support was used in this experiment. The membrane module was manufactured by SepraTek Co. (Republic of Korea). The schematic diagram of the overall membrane system used in this work and the specific features of the membrane are illustrated in Figure 1. It also demonstrates the SEM image of the outer surface and the active membrane layer where the inner polyamide membrane (active layer) is supported by the polyimide layer (middle layer). The outermost layer is the braid that provides support and strength to the membrane which comprises metallic wires and polymer fibers. The outermost layer is braided providing support and strength to the membrane and is made of a high strength polyester fiber, the porous intermediate substrate is of polyetherimide, and the active inner layer is of rubbery polyamide. The rubbery active layer has a dense structure. The integration of an individual braid-reinforced hollow fiber membrane aided to establish the complete membrane as demonstrated in Figure 2. The outer diameter of the final membrane is 7 cm with an inner surface area of 0.55 m2.



The pseudo syngas mixed from CO with purity of 99.95 vol% and H2 with purity of 99.999 vol% was used in this study. The composition of pseudo syngas was controlled by adjusting inlet flow rates of CO and H2 using mass flow controller (MFC). The CO and H2 gases from cylinders are uniformly mixed in a gas mixer and injected into membrane module. The gas inlet pressure was also controlled by the gas regulator connected to the gas cylinders. The stage cut was controlled by adjusting the flow rate of retentate using MFC, and the permeate pressure was atmospheric. To analyze the composition of gases, each gas flow line was connected to gas chromatography (GC) analyzer (i GC 7200, DS SCIENCE, Republic of Korea). Six foot by an eighth of an inch stainless steel packed column with 80/100 mesh molecular sieve 5A as column material was used in the GC analyzer. Argon (25 mL/min) was used as the carrier gas with a column temperature of 130 °C at a heating rate of 10 °C/min. The detector temperature was set at 130 °C/min. The kinetic diameter of CO and H2 was 3.6 and 2.9 Å, respectively [25] due to which H2 was obtained as permeate and CO as retentate. Furthermore, cumulative data of CO separation characteristics at various CO:H2 concentrations were studied to estimate the multistage membrane number required to obtain varying CO purity.



The permeability is related to the gas permeation rate through the membrane, the surface area of the membrane, and the pressure difference across the membrane and is expressed as:


PH2=QH2AΔP



(1)






PCO=QCOAΔP



(2)




where, PH2 and PCO are the permeability (cm3 cm−2 s−1 cm Hg−1) of H2 and CO, respectively, and QH2 and QCO are the flow rate (cm3 s−1) of H2 and CO, respectively. In addition, in Equation (1), A denotes the surface area (cm2) of the membrane, and ΔP is pressure difference (cm Hg) between retentate and permeate. The selectivity of H2 in permeate is defined as


αCO=PH2PCO



(3)







In this work, the permeability of each gas was calculated by Equations (1) and (2). And the selectivity of H2 in permeate was calculated by Equation (3). Furthermore, the stage cut (%) used in this work was calculated as follows:


Stage cut=QRQF×100



(4)




where, QR and QF are the flow rate (cm3 s−1) of retentate and feed gas, respectively.




3. Results and Discussions


3.1. Effect of Varying Gas Flow Rate for Various Stage Cut


The characteristics of CO/H2 separation for various stage cut (15, 30, and 50%) with an increase in flow rate of the input gas at 6 bars inlet pressure is exhibited in Figure 3a–c. The actual working pressure (the gauge pressure of the membrane) was much lower in comparison to the inlet gas pressure and was maintained by controlling the stage cut. The stage cut is directly related to the recovery percentage and the economic feasibility of the process, thereby, making it one of the most important parameters while selecting membrane technology. From the figure, it can be observed that the working pressure of the membrane, which is the pressure difference, increased with a decrease in the stage cut, thereby, increasing the actual driving pressure of the membrane. A decrease in the stage cut reduced the free flow of gas through the retentate which increases the pressure inside the membrane volume. In addition, the CO purity was elevated while the H2 purity deteriorated with the lowering of the stage cut and vice versa. The decrease in the stage cut relates to the increase in driving pressure which tends to push the gas mixture more towards permeate forcing more CO to pass through the permeate. This increases the purity of CO in the retentate while the passage of CO in permeate decreases the purity of H2. A gradual increase in the input flow rate increases the CO and H2 purity which further is affected by the stage cut.



In addition, the permeability of H2 and CO increased with an increase in flow rate which is directly correlated with the amount of gas. The permeability of H2 was higher while permeability of CO was lower for increased stage cut. An increase in the stage cut permitted the natural flow of CO towards retentate and H2 towards permeate. However, a reduction in the stage cut increased the working pressures, thus, forcing CO towards permeate increasing CO permeability. Initially, on increasing the gas flow rate, the separation efficiency of the membrane increased with an increase in working pressure. On further increasing the flow rate, CO was forced to pass through permeate thereby increasing the CO permeability. However, the increase in CO permeability reduced the CO/H2 separation efficiency. Nevertheless, the purity of CO can be increased although the separation efficiency is reduced. However, reduction in the stage cut reduces the recovery while reducing the economic feasibility. The selectivity of the membrane for H2 as it is the target product of permeate slightly increases with the increase in flow rate and decreases with a decrease in the stage cut.




3.2. Effect of Varying Gas Flow Rate for Various Gas Inlet Pressures


The characteristics of CO/H2 separation at various inlet pressures with an increase in inlet gas flow rate are shown in Figure 4a–c. Although the trend obtained for an increase in flow rate is similar to the discussion in Section 3.1 for gas flow rate, the characteristics were not significantly affected by the variation in gas inlet pressure. CO and H2 purity along with H2 selectivity somewhat reduced with an increase in inlet pressure thereby resulting in the forced passage of CO in permeate and H2 in the retentate. However, the pressure difference, which is the primary driving force of the membrane, was not affected at all by the change in the inlet pressure. Therefore, the characteristics are indifferent to the variation in inlet gas pressure. Furthermore, CO and H2 permeability failed to depict a particular trend with variation in gas inlet pressure. The presence of a mixer for homogeneous mixing of the inlet gases before entering the membrane as shown in Figure 1 significantly reduced the effect of inlet gas pressure.




3.3. Effect of Varying the Stage Cut for Various Gas Flow Rate


The effect of varying the stage cut for various gas flow rates is shown in Figure 5a–c. The increase in the stage cut refers to the increase in the gas flow amount from the retentate as described by Equation (4). CO purity and the pressure difference gradually dropped with an increase in the stage cut. On varying the gas flow rate, a notable difference was obtained for 200 and 400 cm3/min while the difference was insignificant for 400 and 600 cm3/min. An increase in the stage cut reduced the working pressure thereby forcing H2 to pass through the retentate and reducing CO purity. However, the reduction of working pressure significantly increased the H2 purity in the permeate. The permeability of H2 did not vary for 400 and 600 cm3/min which however increased after 25% stage cut. Oana et al. [26] also demonstrated a gradual increase in the permeability of H2 on increasing the gas flow rate to 6 cm3(STP)/min at 30 °C and 4 bar feed pressure. However, on further increasing the flow rate, the H2 permeability remained constant. Very low working pressure at this point resulted in a very low flow of CO in permeate thereby increasing H2 permeability. Contrarily, the CO permeability is not affected by the increase in the stage cut for 200 and 400 cm3/min while the CO permeability increased after 25% stage cut for 600 cm3/min. This is due to the volume of the membrane which after certain point forces the air to pass through the permeate as the driving pressure was highest for 600 cm3/min. H2 selectivity was lowest for 600 cm3/min while highest for 200 cm3/min as this is directly related to the permeability of H2 and CO as shown in Equation (3). Highest permeability of CO at 600 cm3/min resulted in the lowest selectivity of H2 at this point.




3.4. Effect of Varying Membrane Module Temperature


In dense polymeric materials, solution–diffusion is widely accepted to be the main mechanism of transport [27]. This mechanism is generally considered to be a three-step process. In the first step, the gas molecules are absorbed by the membrane surface in the upstream end. This is followed by the diffusion of the gas molecules through the polymer matrix. In the final step, the gas molecules are desorbed to the downstream end [28]. Thus, the permeability of gas in the polymer membrane system is affected by temperature. Furthermore, the small size of the hydrogen molecules gives H2 its high diffusivity [29] while the low temperature suggests that the solubility of hydrogen is very low [30,31]. Therefore, the goal of the process design is to exploit the high diffusivity of the hydrogen molecule and limit the effect of the lower solubility. Usually, with an increase in module temperature, diffusivity, depending on the free volume, increases which in turn decreases the solubility. However, correlations showing the separate effects of diffusion and solubility coefficients on selectivity and permeability are more limited [32].



The effect of varying membrane module temperature on characteristics of CO/H2 separation was determined from the experiment and is demonstrated in Figure 6a–c. A stage cut of 50% for a gas flow rate of 400 cm3/min was considered with a gas inlet pressure of 6 bars. An increase in membrane temperature in this study increased the working pressure which however did not vary the CO and H2 purity. This is because with an increase in membrane module temperature solubility decreases while diffusivity increases thereby developing tradeoff relation for CO and H2 purity. The permeability of H2 and CO gradually decreases with increase in membrane module temperature due to the increase in kinetic diameter of CO and H2 which is increased on increasing the temperature. The kinetic diameter of H2 and CO was 2.9 and 3.6 Å, respectively [25]. The lower flow rate with increased driving force for a constant area, resulted in decreased permeability for CO and H2 as shown in Equations (1) and (2), a similar trend is reported in other studies [26,33,34]. Although the difference is not high, the selectivity of the membrane increased with an increase in membrane module temperature which again fell to its initial level on further increasing the membrane module temperature. Oana et al. [26] also obtained a gradual reduction trend in selectivity of H2 on increasing the membrane module temperature in a similar temperature range of this study. The increase in membrane module temperature demonstrated the negative effect on CO/H2 separation while using polyamide composite membrane. Contrarily, the study by Maryam et al. [35] obtained an increasing H2 permeability and selectivity on increasing the membrane module temperature while using hollow fiber polyimide membrane. The permeabilities of the gases at the temperature studied are similar to the temperature range studied by Markovic et al. [36]. Although for different gases like He, N2, Ar, CO2, and C3H8, reduction in permeabilities of various gases were obtained on increasing the membrane module temperature.




3.5. Estimation of Multistage Membrane Required for CO Purity


Figure 7 shows a graph demonstrating the CO purity for different stages in a multistage membrane system for the input gas flow rate of 200 and 400 cm3/min. It shows that CO purity can be obtained at every stage of the multi-stage membrane system for different stage cut and flow rates. The result obtained in this study reduces the effort to test for multistage gas separation, thus, reducing the preliminary cost. It can be inferred from the graph that at CO:H2 ratio of 50:50%, 97% pure CO can be obtained in the third stage of the multi-stage membrane system for 400 cm3/min. This, when passed through the 4th stage membrane, can generate CO purity percent of 99%. However, practically, along with the purity of CO, the recovery amount is very important for the economic feasibility of the membrane system. So, optimization of the CO purity percent and the recovery amount are indispensable.



It becomes evident that the use of single-stage membrane processes compromises the product purity and recovery as a trade-off that reduces separation performance compared to multistage membrane process [37]. In a multistage membrane system, there is a trade-off between permeate composition and permeate pressure, and, therefore, recompression costs incur. However, they are very useful in obtaining gas recovery above 95% [38]. Drioli et al. [39] suggested the multistage membrane system with highly permeable and less selective membranes in the first stage for enriching the stream of more permeable species and highly selective but less permeable membrane in the successive stages for achieving the high concentration of the desired species in retentate and permeate as a viable solution in the retentate and increase of CO as an impurity in the permeate. CO permeability initially decreased which increases on further increasing the flow rate. Initially, on increasing the gas flow rate, the separation efficiency of the membrane increased with an increase in working pressure. On further increasing the flow rate, CO was forced to pass through permeate thereby increasing the CO permeability. However, the increase in CO permeability reduces the CO/H2 separation efficiency. The selectivity of the membrane for H2 as it is the target product of permeate slightly increases with the increase in flow rate and decreases with a decrease in the stage cut.





4. Conclusions and Future Outlooks


CO and H2 purity, permeability, and its selectivity were studied as the process design characteristics of composite membrane based on various flow rates, stage cut, inlet pressures and membrane module temperatures. The study focused on the development of effective process design in implementing commercial polymeric membrane for syngas separation thereby reducing cost in CO/H2 separation which otherwise needs expensive inorganic membranes. The reduction in the stage cut enhances the CO purity while H2 purity is reduced while the permeability of CO and H2 decreases with an increase in the stage cut. However, the variation of inlet pressure did not demonstrate significant changes in CO/H2 separation. An increase in CO and H2 purity was observed while increasing the gas flow rates. A notable difference in CO/H2 separation characteristics was obtained for 200 and 400 cm3/min flow rate while the difference was minor for 400 and 600 cm3/min flow rate.



Increase in membrane module temperature had no effect on enhancing CO and H2 purity. However, the reduction in CO and H2 permeability was observed while increasing the membrane module temperature. This was due to the increase in kinetic diameter of CO and H2 with an increase in temperature. Multistage membrane process was found to be crucial in obtaining high purity CO. Ninety-seven percent pure CO was obtained for third stage arrangement of the composite membrane. The increase in the number of membranes will result in comparatively high purity of CO.



Although the results obtained show the possibility of its application in CO/H2 separation, further study is required to understand its performance in separating CO and H2 with consideration of recovery of individual components. Moreover, comparative analysis of the membrane should be done with the commercially available inorganic membranes to build a base for utilizing it in large scale gas separation applications. The increase in separation efficiency with lower stage cut will increase the recovery amount, and future research should be focused on enhancing recovery with reduced stage cuts which ultimately will increase its economic feasibility.
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Figure 1. Schematic diagram of the membrane system. 
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Figure 2. Schematic Representation of Braid-reinforced hollow fiber pervaporation membrane. 
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Figure 3. Characteristics of CO/H2 separation with increasing flow rates at 6 bars inlet pressure for various stage cut (a) CO% & ΔP, (b) H2% & PH2, and (c) PCO & α(H2/CO). 
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Figure 4. Characteristics of CO/H2 separation with increasing flow rates at 70% stage cut for various inlet pressures (a) CO% & ΔP, (b) H2% & PH2, and (c) PCO & α(H2/CO). 
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Figure 5. Characteristics of CO/H2 separation with increasing stage cut at 6 bars inlet pressure for various inlet flow rates (a) CO% & ΔP, (b) H2% & PH2, and (c) PCO & α(H2/CO). 
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Figure 6. Characteristics of CO/H2 separation with increasing membrane cut at 6 bars inlet pressure for 400 cm3/min flow rate and a stage cut of 50% (a) CO% & ΔP, (b) H2% & PH2, and (c) PCO & α(H2/CO). 
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Figure 7. Figure showing the cumulative data of CO separation characteristics at various CO: H2 concentrations for input pressure of 6 bars to estimate the multistage number required. 
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