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The fabrication of membranes for gas separation presents challenges that hinder their deployment as a truly sustainable technology. This review systematically explores the evolution and advancements in materials and manufacturing methods of polymer-based membranes, with a keen emphasis on sustainability and efficiency. The review delineates a broad spectrum of manufacturing techniques, ranging from traditional methods to cutting-edge approaches such as layer-by-layer assembly, and green synthesis, highlighting their implications for environmental sustainability, performance enhancement, scalability, and economic viability. Key findings indicate a significant shift towards greener solvents, bio-based polymers and processes that reduce waste and costs. Critical analysis uncovers a growing focus on understanding the life cycle of membranes and developing strategies for end-of-life such as recycling and the use of biodegradable materials, underscoring the commitment of the community to minimizing environmental footprints.
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1 INTRODUCTION
Over the past few decades, growing public awareness and concern for climate change and health issues have spurred significant advancements in environmental engineering technologies (Figueroa et al., 2008; Pipitone and Bolland, 2009). A notable area of progress is in membrane technology for gas separation, particularly the separation of natural gas from impurities, such as carbon dioxide (Hosseini and Chung, 2009; Scholes et al., 2012; Sholl and Lively, 2016; Žák et al., 2018; Wojnarova et al., 2023). This development is rooted in the fact that carbon dioxide not only corrodes pipelines but also diminishes the heating value of natural gas. Similarly, the flue gases emitted by industries and power plants, which are a mixture of CO2, SO2, and NOx present an environmental challenge that necessitate the capture and utilization of CO2 for compliance purposes (Du et al., 2011; Dolejš et al., 2014; Pasichnyk et al., 2023). Globally, carbon dioxide emissions from fossil fuels and industry totalled 37.15 billion metric tons (GtCO2) in 2022 and projected to have risen 1.1 percent in 2023 to reach a record high of 37.55 GtCO2. In fact, since 1990, global CO2 emissions have increased by more than 60 percent (Tiseo, 2023). Echoing these concerns, in September 2021, the New England Journal of Medicine and other global health journals jointly published an article, urging immediate action to reduce GHG emissions to protect human health (Atwoli et al., 2021). All of this reports significantly amplifies the demand for and efficient and cost-effective gas separation technologies.
Traditional separation methods, such as distillation and absorption, are effective for separating gas and vapor mixtures. However, they are characterized by high energy demands, accounting for 10%–15% of global energy consumption, significant economic costs, and the production of pollutants (Sholl and Lively, 2016). In the United States, separations account for a significant energy expenditure, consuming about 4500 trillion Btu annually. This represents roughly 22% of all energy used within industrial plants (USDOE, 2005). A substantial portion of this energy is used in distillation processes. With over 40,000 distillation columns operating across the U.S. for more than 200 distinct separations, distillation represents nearly half (49%) of the energy used in industrial separations (USDOE, 2005). These backdrops set the stage for the advent of membrane technology. Membranes stand out due to their high efficiency, cost-effectiveness, environmental sustainability, minimal footprint, and capability for continuous operation, making them a promising alternative to conventional methods. Compared to conventional distillation methods, membrane-based processes have the potential to reduce energy consumption by approximately 90% (Baker, 2002; Sholl and Lively, 2016).
The evolution of membrane technology has been remarkable since the first commercial membrane for gas separation was introduced, for the separation of H2 from N2, argon and CH4 in 1980 (Henis and Tripodi, 1980). In fact, the market response to the gas separation membrane techniques has been overwhelmingly positive, with significant growth observed over the past few decades. A recent market analyst report published by Market Research Future®, reveals that the gas separation membrane industry is projected to grow from USD 2.45 billion in 2023 to USD 4.68 billion by 2030, exhibiting a compound annual growth rate of 10.2% during the forecast period (2023–2030) (Chitranshi Jaiswal, 2024). The growth of the gas separation membrane market is primarily driven by two key factors: firstly, the increasing number of governmental regulations and laws regarding GHG emissions, with specific restrictions on carbon dioxide emissions across various industrial sectors; and secondly, the expansion of industrial processes such as natural gas treatment, hydrogen purification, and hydrocarbon separation, all of which require gas separation membranes (Chitranshi Jaiswal, 2024).
Although market projections for gas separation membranes are impressive, selecting the right materials for gas membrane fabrication is crucial to fully maximizing the economics and efficiency of the technology. Conventionally, membranes are classified based on the material used for its fabrication, the structure, and intended application of the membrane as well as on the mechanism of membrane action (Asad et al., 2020). Depending on the nature of material used, gas separation membranes are classified as organic (polymeric), inorganic/metallic and composite/hybrid membranes. Inorganic/metallic membranes made of metals, ceramic, zeolites, carbon nanotubes, carbon molecular sieves, and mesoporous are very suitable where harsh thermal and chemical conditions are expected, and some of them indicates a high gas flux and selectivity, but they are difficult to process and usually expensive and difficult to fabricate and use at industrial scale because of its brittleness (Chung et al., 2007; Mantzalis et al., 2011; Kosinov et al., 2016; Garcia-Fayos et al., 2020). Hence, polymeric membranes are widely preferred and utilized in gas separation, due to their advantageous mechanical strength, consistent performance, ease of shaping into various modules, and cost-efficiency in processing (Xu et al., 2006; Wang et al., 2007). The versatility and tailorability of polymeric materials further enhance their appeal, allowing for customization to meet diverse industrial needs, including acid gas treatment, nitrogen enrichment, ammonia purge gas recovery, refinery gas purification, syngas ratio adjustment, dehydration, air purification and carbon capture (Sanders et al., 2013; Castel et al., 2021). In addition, the ease of installation and scalability of polymeric membranes significantly benefits their integration into various systems and their adaptation from laboratory research to industrial-scale applications.
Nevertheless, recently, there has been growing concern, particularly regarding the manufacturing techniques and material sustainability of currently used commercial polymeric gas separation membranes, many of which are derived from non-renewable sources. Although widely used synthetic polymers such as polyamides, polysulfones, polyethersulfone, polyacrylonitrile, polyvinylidene fluoride, polypropylene, polysiloxanes or silicone rubber, and polyethylene oxide have demonstrated desirable properties like permeability, selectivity, mechanical strength, and chemical stability (Purkait et al., 2018), the ecological impact of their fabrication and non-recyclability poses significant challenges. This is particularly concerning if membranes dominate the gas separation market, as membrane modules in industrial applications are typically replaced every three to 5 years. This leads to considerable plastic waste, with these non-biodegradable materials often ending up in landfills or natural ecosystems. Likewise, some of the common solvents used in these polymeric membrane fabrication includes N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP), dichloromethane (DCM), chloroform, and tetrahydrofuran (THF), many of which are organic and pose environmental and health hazards. The percentage of solvent in the polymer solution can vary widely, depending on the desired thickness and porosity of the membrane, as well as the specific polymer-solvent interaction. Typically, the polymer concentration in the dope solution, which includes the solvent, ranges from 1% to 20% by weight (Figoli et al., 2014).
Consequently, research interest in polymer-based gas membranes is steering towards improving the membrane properties and to go Net-zero by applying advanced and sustainable manufacturing techniques (Jiang and Ladewig, 2020; Bridge et al., 2022). The imperative to shift towards the development of advanced and sustainable polymeric gas separation membranes is underscored by a confluence of factors, including separation efficiency, durability, environmental impact, and economic considerations. This review focuses on reviewing advanced and sustainable manufacturing techniques currently employed for polymeric gas separation membranes. It will highlight study-based evidence of the latest technological advancements, sustainable practices, and potential improvements in gas membrane separation efficiency.
2 COMMERCIAL POLYMER MEMBRANE MANUFACTURING
The manufacturing of commercial polymer membranes for gas separation is a crucial process in the field of industrial separation and purification, playing a key role across various sectors, including the petrochemical, environmental, and energy industries. This process typically involves the use of a range of synthetic polymers, semi-synthetic polymers, organic solvents, and established techniques. Over the years, these methods have formed the backbone of membrane manufacturing, driving numerous industrial applications by creating membranes specifically designed for separating different gas mixtures.
2.1 Commercial materials
Since the discovery of membrane technology, several polymers have been used for the development of gas separation membranes, including polyacetylenes, polyaniline, poly (arylene ether)s, polyarylates, polycarbonates, polyetherimides, poly (ethylene oxide), polyimides, poly (phenylene oxide)s, poly (pyrrolone)s, polysulfones and others (Amooghin et al., 2016). Cellulose acetate (Hu et al., 2022), polysulfone (Mohamed et al., 2023), and polyimide (Ma and Yang, 2018; Ohya et al., 2022) stand out in industrial gas separation for their excellent selectivity and permeability. Specifically, cellulose acetate’s critical role is exemplified by its use in Pakistan’s largest gas separation plant, which utilizes CA membranes for CO2 extraction from natural gas, highlighting its stability and scalability (Hu et al., 2022). Polysulfone gained prominence with the establishment of the first plant using Polysulfone’s hollow fiber membranes for H2/N2 separation in 1980 by Permea, demonstrating Polysulfone’s notable mechanical strength, resistance to compaction, and thermal stability (Mohamad et al., 2016). Similarly, the inaugural deployment of polyimide membranes by Du Pont Co. (United States) and Ube Industries (Japan) marked a significant advancement in H2 separation (Ma and Yang, 2018; Ohya et al., 2022), with polyimides acclaimed for their chemical resistance, thermal endurance, and mechanical durability (Xiao et al., 2009; Bryant, 2014). Their wide use in the membrane industry is also attributed to their ease of processing and ability to be tailored to specific separation needs through modifications and treatments. Most of these polymers are synthetic or semi-synthetic, and their applicability poses several challenges, including the effects of thermal and pressure conditioning, physical and chemical aging, plasticization, and permeation hysteresis. Likewise, the effectiveness of polymeric gas separation membrane is often gauged against the Robeson upper bound, a benchmark that delineates the trade-off between permeability and selectivity (Robeson, 2008). Therefore, to overcome the limitations of both polymeric membranes, mixed matrix membranes (MMMs) have been identified to provide a solution to go beyond the upper-bound trade-off limit of the polymeric membranes, by incorporating innovative material into the polymer matrix (Khorshidi et al., 2019; Xu et al., 2021b; Hu et al., 2022).
Furthermore, factors such as the choice of casting solvent and the impact of impurities or trace contaminants add further complexities in conventional polymeric membrane fabrication and have garnered considerable research interest (Amooghin et al., 2016; Tekin and Çulfaz-Emecen, 2023). The solvents used in fabricating polymeric gas separation membranes play a pivotal role in determining the characteristics and performance of the final product. Often, these solvents are selected based on the type of polymer being used and the desired properties of the membrane. However, the challenge lies in the influence of solvent properties, such as viscosity, dielectric constant, polarity, and boiling point, on the membrane final features and the essential requirement of dissolving the selected polymer (at room or high temperature, depending on the technique) (Anbukarasu et al., 2021). Thus, one of the most challenging yet intriguing tasks for membrane scientists is replacing these conventional solvents. Table 1 shows a list of solvents and polymers traditionally used in membrane preparation and their respective Hansen solubility parameters. Solubility parameters are fundamental in predicting solvent-polymer compatibility, which directly influences membrane structure, performance, and sustainable manufacturability. Most membrane fabrication techniques require dissolving the polymer in a solvent to enable shaping the material in 2-dimensional films. Hansen solubility parameters (HSPs) serve as an indicator of whether a solvent will dissolve a specific polymer. This can be accomplished by calculating the distance (Ra) of the polymer-solvent system (Eq 1); and its ratio with respect to the interaction radius (R0), known as the relative energy distance (RED) (Eq 2). When RED [image: image] 1, then the polymer will dissolve in the given solvent (Hansen, 2007; Jirsáková et al., 2021). This theory considers three components: δh, which accounts for the energy arising from hydrogen bonding between molecules; δp, which corresponds to the energy contribution from dipolar intermolecular forces; and δd, representing the energy associated with dispersion forces; [image: image].
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TABLE 1 | Conventional membrane fabrication solvents and polymers and their Hansen solubility parameters.
[image: Table 1]2.2 Commercial manufacturing techniques
The manufacturing technique used to fabricate polymeric or composite membranes plays a fundamental role and depends on the nature of the material and the desired morphology of the membrane. Over the years, various techniques have been used to synthesize polymeric membranes for gas separation. These include solution casting, phase inversion (Loeb and Sourirajan, 1963), interfacial polymerization (Jimenez-Solomon et al., 2016; Zhang et al., 2022), roll to roll coating (Chen et al., 2020), kiss coating (Dibrov et al., 2014), and track etching (Nailwal et al., 2023). Table 2 shows a concise summary of the various techniques. Among them, solution casting, phase inversion, interfacial polymerization, dip coating, roll to roll coating and kiss coating are the most notable, hence is concisely discussed.
TABLE 2 | Summarized conventional gas membrane fabrication techniques.
[image: Table 2]2.2.1 Solution casting
The solution casting technique is a fundamental and widely utilized method in the fabrication of polymeric membranes for gas separation. This process begins with dissolving a polymer in a suitable solvent to form a homogeneous solution. Once the polymer solution is prepared, it is spread uniformly on a flat surface or a casting substrate and allowed to evaporate under controlled conditions, leading to the formation of a thin polymeric film (Zou and Zhu, 2020; Alkandari and Castro-Dominguez, 2023). The rate of solvent evaporation is a key factor in this process, as it influences the structure and morphology of the membrane. Slow evaporation under controlled environmental conditions can lead to more uniform membrane structures, whereas rapid evaporation might result in membranes with defects or non-uniformity (Yamasaki et al., 1999). One of the primary advantages of the solution casting technique is its simplicity and the ability to produce membranes with uniform thickness and smooth surfaces. Moreover, it allows for the incorporation of various additives into the polymer solution, providing a way to tailor the properties of the membrane, such as, permeability, and selectivity (Clarizia et al., 2019). However, the choice of solvent is critical in solution casting, as it must not only dissolve the polymer effectively but also be safe and environmentally benign. The disposal of used solvents and the environmental impact of the process are considerations that have led to ongoing research into greener and more sustainable solvent options.
2.2.2 Phase inversion
The phase inversion method, initially developed by Loeb and Sourirajan (Loeb and Sourirajan, 1963) for preparing cellulose acetate desalination membranes, later became prevalent in the fabrication of polymeric membranes for gas separation because of its simplicity, economic feasibility, and the ability to create thin membranes (Scholes et al., 2012; Martínez-Izquierdo et al., 2021). The technique involves dissolving a water-insoluble polymer in a high-boiling point solvent to form a viscous polymer dope. This solution is then degassed and spread onto a support using a casting knife (Martínez-Izquierdo et al., 2021), followed by immersion in a coagulation bath of water or solvent, resulting in an asymmetric membrane with a dense top layer and a porous bottom layer. The formation of these distinct layers is influenced by factors like the solution composition, coagulation temperature, and additives (Alam et al., 2012). Three main types of phase inversion techniques exist: thermal induced phase inversion (TIPS), non-solvent induced phase inversion (NIPS), and vapor-induced phase inversion (VIPS). Despite the simplicity and widespread use of phase inversion and solvent evaporation techniques, the multitude of challenges associated with them underscores a vital need for meticulous consideration and innovative approaches that will guide future research and development. A primary challenge in this context is the difficulty in producing defect-free membranes (Higashi et al., 2021; Cui et al., 2023).
2.2.3 Dip-coating
Dip coating involves immersing a substrate into a coating solution and then lifting it out at a consistent speed, allowing a thin film to form on the surface. Recognized as one of the most fundamental film deposition techniques (Madaeni et al., 2013), it is particularly beneficial for fabricating membranes used in gas separation, as it facilitates the creation of uniform, precise thin layers crucial for optimal membrane performance (Madaeni et al., 2013). The method is effectively utilized in developing membranes for various gas separations like CO2/N2 (Li et al., 2021), CO2/CH4 (Suleman et al., 2018), H2 (Farjoo and Kuznicki, 2016) and, O2/N2 (Sazali et al., 2020). The optimum concentration of the casting solution and the temperature were identified as key factors in achieving a uniform membrane (Li et al., 2020). Research has demonstrated that parameters such as the concentration of the coating solution (Jamil et al., 2020), withdrawal speed, and the number of coatings applied (Shankar and Kandasamy, 2019) are vital in tuning the membrane’s gas separation characteristics, highlighting the importance of process control in achieving the desired membrane functionality. Furthermore, the dip-coating technique has proven to be highly effective in fabricating composite membranes without defects for gas separation, underscoring the method’s adaptability and efficiency (Tan et al., 2019). However, this technique also has several limitations that can constrain its applicability and complicate its scalability. Initially, this technique may not be ideal for applications requiring coating on only one side of a substrate, as the solution tends to envelop the entire immersed surface. Additionally, it is requiring a significant amount of precursor solution to occupy the coating container, introducing considerable challenges (Ceratti et al., 2015). For instance, managing large quantities of the solution can be hazardous, potentially impacting the environment adversely, and such constraints hold up scalability.
2.2.4 Interfacial polymerization
Interfacial Polymerization (IP) is another technique widely used in the fabrication of polymeric membranes, particularly effective for thin-film composite (TFC) and nanofiltration (NF) membranes (Jimenez-Solomon et al., 2016; Zhang et al., 2022). This technique involves a reaction between two monomers, each dissolved in different, immiscible solvents, typically water and solvents. The IP procedure typically consists of two steps: firstly, soaking the porous support in a solution with the first monomers until saturated, then removing excess solution; secondly, immersing the support in another solution with the second monomers for a reaction, followed by removing all solutions and further processing to form a dense polymer skin layer (Sridhar et al., 2007). Key advantages of the IP technique include its ability to produce extremely thin, highly selective, and scalable layers, which are particularly important in gas separation membranes efficiency, as demonstrated by several authors in the context of CO2/CH4, H2/CO and CO2/N2 gas pair separations (Li et al., 2012; Wang et al., 2013; Choi et al., 2015). Moreso, the properties of the resulting membrane, such as permeability and selectivity, can be finely tuned by adjusting factors like the type and concentration of monomers, reaction time, and temperature (Sridhar et al., 2007). However, challenges in this method include controlling the uniformity of the film and managing the interfacial reactions to prevent defects.
2.2.5 Roll-to-roll (R2R) coating
Roll-to-roll coating techniques represent a pivotal advancement in the fabrication of membranes, offering a scalable and efficient method for producing thin-film composite membranes. This continuous process involves the deposition of selective layers on a flexible substrate, which is then wound through various coating and drying stages. The technique adaptability allows for the application of multiple layers, each contributing to the membrane’s overall separation performance and mechanical stability. R2R coating encompasses two distinct methods: direct roll coating and reverse roll coating. With direct roll coating, the applicator roll, and the substrate move in the same direction. Conversely, in reverse roll coating, the applicator roll turns against the direction of the substrate’s movement (Makhlouf, 2011; Chen et al., 2020). Vakharia et al., 2018 employed a pilot-scale R2R coating method to manufacture thin polymer membranes on porous supports, aimed at CO2 separation from flue gases. This study highlights the critical role of various parameters, including coating speed, solution viscosity, and the rate at which the coating solution is applied, in determining the final membrane properties. The R2R technique is noted for its efficiency and cost-effectiveness, which are essential for scaling up to industrial levels. However, the method presents challenges, notably in maintaining consistent process conditions to achieve uniform, defect-free membrane coatings. Ensuring the substrate remains perfectly flat during the coating is particularly challenging (Vakharia et al., 2018), as any deviations can introduce defects. Also, R2R direct coating of the membrane presents a challenge because a large amount of coated solution is applied to the substrate at once. Therefore, the interaction time between the dispersion media and the membrane is lengthier than it is for spray coating, which may result in increased absorption and swelling of the membrane (Park et al., 2020). Future research is anticipated to enhance process controls, broaden the range of compatible materials, and incorporate advanced functional materials for R2R coated membranes in gas separation. These improvements aim to boost the efficacy and broaden the use of R2R-coated membranes in gas separation.
2.2.6 Kiss coating
The kiss-coating technique is a modified version of the dip-coating procedure. The kiss-coating technique offers an approach for fabricating thin-film composite (TFC) polymeric membranes for gas separation and the approach provides a one-sided contact between the surface of the porous support and the casting solution (Dibrov et al., 2014). Typically, the method involves the delicate application of a polymer solution onto a substrate, where the coating applicator barely “kisses” the surface, hence the name. This approach allows for precise control over the thickness and uniformity of the membrane layer, which are critical factors in determining the membrane’s gas separation performance. Studies have shown that coating methods significantly impact gas separation efficiency. For instance, Bazhenov et al. created composite gas separation membranes with high permeance, aimed at capturing post-combustion CO2, utilizing kiss-coating techniques. These membranes demonstrated favorable CO2 permeance and CO2/N2 selectivity. The high-permeance thin-film composite (TFC) membranes were considered as promising bases for subsequent enhancements through the addition of layers that further improve CO2 selectivity (Bazhenov et al., 2016). Another study Dibrov et al. has development of robust and stable in time poly [1-(trimethylsilyl)-1-propyne] (PTMSP) thin-film composite (TFC) membranes with high CO2 permeance for its application in high pressure/temperature gas–liquid membrane contactors used for amine-based solvents regeneration (Dibrov et al., 2014). Also, Kiss coating enables the precise deposition of a uniform and defect-free selective layer on porous supports, leading to enhanced aging behavior and improved permeance-selectivity balance in thin-film composite membranes for gas separation applications (Foster et al., 2021). Despite these advantages, optimizing the Kiss Coating process for gas separation membrane fabrication requires careful consideration of several parameters, including the viscosity of the polymer solution, the speed of the substrate movement, and the distance between the applicator and the substrate (Bazhenov et al., 2016; Foster et al., 2021). In addition, the technique may be limited by the viscosity and drying rate of the coating solution, which can restrict the type of materials that can be effectively applied. Fine-tuning these parameters ensures the formation of a membrane layer with the desired thickness and material properties, crucial for achieving high separation efficiency.
3 ADVANCED MEMBRANE MANUFACTURING
Over the past decade, the number of publications associated with advanced and sustainable manufacturing techniques has increased considerably as seen in Figure 1. By leveraging novel materials, intricate nanostructures, and sophisticated manufacturing processes, these techniques have opened new possibilities for enhancing membrane performance, durability, and specificity, thereby addressing some of the most pressing challenges in sustainable technology and resource management.
[image: Figure 1]FIGURE 1 | Annual publications on advanced and sustainable membrane fabricate techniques according to Web of Science 2024.
3.1 Advanced membrane materials
In addition to conventional polymeric materials predominantly used in most commercial membrane manufacturing, several novel materials are gaining prominence in the field of polymeric membrane fabrication. These materials are particularly noted for their enhanced performance in specific applications such as gas separation and carbon capture. They exhibit key characteristics that render them suitable for a range of advanced applications, providing tailored solutions for specific separation challenges across various industries (Jeon et al., 2017; Ulbricht, 2019; Widakdo et al., 2022). These characteristics include: 1) high selectivity and permeability, 2) chemical and thermal stability, 3) mechanical strength, 4) tailored pore structures, and 5) tunable functionalities. These innovative materials are broadly used to either fabricate standalone or composite polymeric membranes, as illustrated in Figure 2. Although many of these advanced materials provide enhanced separation performance; they are not further discussed in this review as their sustainability and scalability traits are yet to be demonstrated.
[image: Figure 2]FIGURE 2 | Innovative and advanced polymeric membrane material: standalone or composites.
3.2 Advanced membrane manufacturing
3.2.1 Additive manufacturing—3D printing
There has been a significant shift in research towards environmentally friendly and solvent-free manufacturing practices. 3D printing, a technique used to fabricate items by layering of materials in a 3D printer, stands out as a key technology in this shift, particularly in the fabrication of membranes (Lee et al., 2016; Low et al., 2017). 3D printing, developed in 1986 by Hull (1986), has been the subject of intensive research over the past 2 decades. While its use in creating membranes for water treatment has been extensively studied, there is also a growing trend in applying this technology to gas separation membranes (Li et al., 2019; Gutierrez et al., 2021; Gutierrez et al., 2022). The appeal for 3D printing lies in its straightforwardness, eco-friendly nature, efficient design process, and the ability to create intricate shapes (Miramontes et al., 2020; Gutierrez et al., 2021). Additionally, 3D printing is cost-effective, reducing the need for solvents and other manufacturing materials (Gutierrez et al., 2021). It also offers the advantage of customizing surface areas to improve interaction with gases (Miramontes et al., 2020; Gutierrez et al., 2021) and the pore size can be adjusted to optimize gas separation efficiency (Low et al., 2017). Various techniques exist for 3D printing membranes, with material extrusion and photopolymerization being particularly effective methods for creating gas separation membranes (Ligon et al., 2017; Herzberger et al., 2019). Material extrusion is one of the most common forms of 3D printing. It involves extruding a material, typically a thermoplastic filament, through a heated nozzle. The material is deposited layer by layer to build the desired shape (Thiam et al., 2022). The ability to use a variety of materials, including polymers and composites, makes it a versatile choice. For example, Thakkar et al., fabricated zeolite-embedded poly (amide-imide) monoliths using the material extrusion technique, and the resulting 3D-printed membranes displayed CO2 capture capacities proportional to the zeolite loading, while exhibiting high compressive strengths and overall satisfactory mechanical stability (Thakkar et al., 2018).
One of the significant processes in 3D printing is direct ink writing (DIW). It typically involves extruding a paste-like ink, which can be a viscous solution, suspension, or composite material, and allows for the creation of more complex extruded materials (Gutierrez et al., 2023). Gutierrez et al., 2022, studied the fabrication of polydimethylsiloxane (PDMS)-based membranes for CO2/N2 gas separation using DIW 3D printing. To enable printability, silica particles were incorporated into the PDMS ink to introduce thixotropy. This ink was 3D printed into membranes, which displayed smooth surfaces and good silica dispersion as shown in Figure 3. Gas permeation testing showed the printed membranes had a CO2 permeability over 1000 Barrer. A CO2/N2 selectivity around 10 was achieved and the membranes display high thermal and mechanical stability, with a good surface properties. Nguyen et al. developed polymer composite inks, which were 3D printed to create innovative reactor designs aimed at capturing CO2. These inks consisted of sodium carbonate particles embedded in uncured silicone and were applied through DIW. Once printed, the silicone underwent curing, and the structures were then hydrated, resulting in the formation of aqueous sodium carbonate domains that facilitated efficient CO2 absorption (Nguyen et al., 2019).
[image: Figure 3]FIGURE 3 | DIW-printed PDMS membrane and Mechanism of gas separation through the PDMS membrane (Gutierrez et al., 2022).
Unlike the material extrusion technique, photopolymerization involves the transformation of monomers or oligomers from their liquid state into a solid polymer through radical or cationic polymerization. This process is triggered by exposing these materials to light, which can vary in wavelength, in the presence of a photo-initiator (Bagheri and Jin, 2019). This method uses light, typically in the form of ultraviolet (UV) rays, to cure and solidify a photosensitive resin (Low et al., 2017). It is a process known as Stereolithography or Digital Light Processing (DLP) (Figure 4). This technique involves using a laser to trace and instantaneously cure a liquid resin printed cross-section, while the rest of the resin stays liquid (Ligon et al., 2017; Herzberger et al., 2019). The process is carried out layer by layer, repeating the tracing and curing steps until both the 3D printing and curing processes are complete (Low et al., 2017). Gillono et al. developed azobenzene chromophore membranes using DLP. The 3D printed membrane exhibited light-triggered changes in CO2 permeability, with up to a 70% increase under 532 nm laser irradiation due to azobenzene photoisomerization. The permeability increase was tunable based on laser intensity. This outcome highlights the technique’s ability to finely adjust the permeation characteristics of membranes through controlled light exposure (Gillono et al., 2020). This technique, known for its high resolution and accuracy, is the preferred method for creating polymeric membranes, particularly effective in liquid and gas separation membrane fabrication. However, a profound challenge is the typically low mechanical integrity of the printed products (Ligon et al., 2017). Therefore, there is an ongoing exploration of other materials compatible with 3D printing photopolymerization to achieve the necessary characteristics and performance for such applications.
[image: Figure 4]FIGURE 4 | Approaches for 3D printing of membranes: (A) Fuse deposition (FDM); (B) Direct ink writing; and (C) Photopolymerization.
Despite these advancements, a critical evaluation reveals that 3D printing, while innovative, faces significant challenges when compared to methods traditionally employed in membrane production. Firstly, 3D printing is not a cost-effective method for conventional membrane fabrication as the scale and speed of production falls short when compared with conventional methods such as casting. Even so, 3D printing is a good alternative for generating membrane for niche applications (Low et al., 2017). Another issue of this technology is its current inability to consistently produce membranes with the sub-micron thickness required for optimal gas separation without encountering defects. This shortfall makes it challenging for 3D-printed membranes to match the performance and efficiency of their conventional counterparts, which rely on such thin films for enhanced selectivity and permeability. Specifically, FDM technique face limitations in producing membranes at the micro-to nanoscale thickness due to comparatively weak interlayer adhesion. This weakness can lead to structural flaws or voids that compromise the membrane’s integrity, allowing gases to permeate undesirably and detract from the separation process’s efficiency (Gutierrez et al., 2022).
3.2.2 Electrohydrodynamic emission—Electrospinning and electrospraying
Electrohydrodynamic emission, also known as Electrospinning/Electrospraying (shown in Figure 5), is a relatively novel technique that has garnered considerable interest for creating nanofibrous membranes with high porosity from various polymers and for its diverse applications, including tissue engineering, energy storage, and notably, gas separations (Wu et al., 2014; Tan and Rodrigue, 2019; Asad et al., 2020; Hosseini and Valipouri, 2023). These electrospun nanofibrous membranes (ENMs) exhibit several beneficial characteristics, including a network of interconnected pores, extensive porosity, and pore sizes that range from a few micrometers to several tens of nanometers, alongside a substantial surface-area-to-volume ratio (Hosseini and Valipouri, 2023). Particularly in membrane contactors, the EHD technique proves beneficial due to its promotion of high hydrophobicity, tortuosity, and surface porosity (Li et al., 2011; Li and Wang, 2013). The process of forming these fibrous structures is driven by the uniaxial expansion of a viscoelastic polymer solution (Sun et al., 2022). Although the electrospun membranes are majorly used in liquid separation due to challenges in creating dense membranes, recently, the modification of nanofibers has been applied widely to give them improved properties, as such, it is witnessing a growing use in gas application, particularly in carbon capture, air purification including the removal of NOx, CO, CO2, H2S, VOCs, and SO2 pollutants from air due to its advantageous characteristics (Olivieri et al., 2018; Zhang et al., 2018; Azzam et al., 2019; Huang et al., 2020; Sun et al., 2022). For instance, Huang et al. fabricated an electrospun polystyrene (PS)/polyethylenimine (PEI) fiber membrane to capture CO2 from ambient air before the air is admitted into a Zinc-air batteries (ZABs) to enhance battery performance (Huang et al., 2020). Likewise, Alkandari et al. employed electrohydrodynamic emission and solution casting as a hybrid membrane manufacturing method, to produce ZIF-67/cellulose acetate asymmetric membranes with improved gas permeability and selectivity for CO2/N2, CO2/CH4, and O2/N2 (Alkandari et al., 2023). Also, Elsaidi et al. employed the EHD method to produce thin film MMMs for CO2/N2 separation, resulting in improved CO2 permeance (Elsaidi et al., 2021). Similarly, Katepalli et al., 2011 developed multi-scale ACF-PANS nanofiber structures through electrospinning, which demonstrated high efficiency in the removal of in atmospheric pollutants such as toluene, CO2, SO4, and NO. In addition, Electrospun nanofibers have emerged as a cutting-edge solution for fabricating supports for thin-film composite (TFC) membranes. The support layer of TFC membranes has been underappreciated and the main focused with TFC membranes was directed to the gutter layer and selective layer (Kattula et al., 2015; Yoo et al., 2018). This oversight is partly due to treating TFC supports as mere mechanical support, and not considering their potential impact on the selectivity and permeability of gases. Recent studies have highlighted that modifications to the morphology of the support layer can significantly improve the overall performance of the membranes. For instance, Fan et al., 2023 proposed a facile and versatile support layer modification strategy and they achieved high-performance TFCs with high selectivity and permeance, where the support layer is the porous electrospun nanofiber substrate. Electrospun support layers for TFC membranes, with their porous structure of nanofibers, stand out for their potential in gas separation technologies. They embody a promising direction for the future of TFC membranes by enabling high selectivity and permeance. This is achieved through a facile and adaptable strategy for modifying the support layer, making use of the porous electrospun nanofiber substrate to enhance performance (Fan et al., 2023). The disadvantages of EHD include low throughput, high energy intensive as it operates at high voltages (5 to >20 kV). These factors raise concerns regarding its environmental impact and overall sustainability.
[image: Figure 5]FIGURE 5 | Illustration of the electrospraying process (Alkandari et al., 2023).
3.2.3 Functionalization and surface engineering
Functionalization and surface engineering are critical strategies in membrane fabrication to tailor the properties of membranes for specific applications, such as improving selectivity, permeability, and chemical stability (Ma et al., 2022). These modifications can significantly enhance the performance of membranes in various separation processes, including water treatment, and gas separation. Outlined below are several pivotal methods and strategies deployed in the realm of functionalization and surface engineering tailored for the development of membranes.
3.2.3.1 Layer-by-layer Assembly
The layer-by-layer (LbL) assembly method is an attractive technique for the fabrication of ultra-thin, defect-free films with tailored composition and tuneable properties. At its core, this method utilizes electrostatic interactions between materials of opposing charges. It involves the alternate, sequential layering of positively and negatively charged polyelectrolytes on a charged surface. Each layering step is interspersed with a rinsing phase to eliminate loosely bound polymer chains (Zhao et al., 2019), as demonstrated in Figure 6. To achieve enhanced membrane selectivity, particularly on microporous substrates, a substantial number of anion/cation polyelectrolyte depositions may be required (Ismail et al., 2015). One of the outstanding benefits of the LbL method is the precise control it offers over film thickness at the nanometer scale (Heo et al., 2020). This precision is meticulously adjustable through the number of sequential adsorption steps. The LbL technique is highly versatile, finding applications across various domains of membrane science. It plays a pivotal role in developing membranes for water purification (Dong et al., 2022) and gas separation (Heo et al., 2020). Beyond membrane technology, this technique is involved in biosensors (Correia et al., 2021), drug delivery (Alkekhia et al., 2020), and other nanotechnology applications.
[image: Figure 6]FIGURE 6 | Schematic representation of the LbL film deposition process. Steps 1 and 3 illustrate the adsorption of a polyanion and a polycation, respectively. Steps 2 and 4 are washing step.
The LbL assembly method is renowned for its simplicity and adaptability in producing extremely thin polyelectrolyte multilayers, making it highly effective in membrane separation applications. Unlike conventional membrane fabrication methods, LbL facilitates thorough control over the thickness and structure of membranes, down to the nanometer scale. This is exemplified in studies like those conducted by Heo et al., 2017, where LbL was utilized to construct nanoscale graphene oxide (GO) membranes with controlled structure and thickness by spray assisted LbL assembly to separate CO2. This design enabled the membrane to block N2 and enhance CO2 permeance by controlling the number of GO layers. The study achieved an extraordinary balance of selectivity and permeability. The integration of the LbL technique with other manufacturing methods significantly bolsters its utility in improving membrane separation efficiency. A compelling example of this synergy is found in the work of Li et al., where they combined LbL assembly with a PDMS spraying method to address defects in P84 gas separation membranes initially created through phase inversion. The fabricated membrane significantly improved gas separation performance, with H2/CH4 selectivity increasing by 270% compared to the original P84 membrane (Li et al., 2022). Moreover, Xu et al. drew inspiration from the LbL concept to fabricate 2D membranes with a meticulously ordered superlattice structure. This was achieved through an alternating Layer-by-Layer (LbL) assembly of MgAl-LDH nanosheets and formamidine sulfinic acid (FAS), followed by coating with a thin layer of PDMS as seen in Figure 7. The alternating stacking of LDH and FAS leads to highly ordered sub-nanometre channels just 0.34 nm high between layers, allowing for effective molecular sieving. The combination of LDH’s affinity for CO2 and FAS reversible CO2 binding enhanced CO2 permeation selectively. This approach not only allows for precise control of the membrane separation capabilities but also offers a scalable, cost-effective solution for high-performance CO2 separation (Xu et al., 2021). The thickness of individual layers in LbL assemblies can vary significantly, ranging from a few angstroms to hundreds of nanometers. This thickness is a tunable aspect, adjustable by modifying various characteristics of the deposition mixture. Key factors influencing layer thickness include the pH (Mendelsohn et al., 2000; Heo et al., 2017), deposition time (Tousley et al., 2016), the ionic strength and counter-ions (Scheepers et al., 2021; Scheepers et al., 2023), and the temperature of the mixture. Additionally, the molecular weight of the deposition species (Wong et al., 2009) the relative humidity in the fabrication environment are critical parameters that can significantly impact the individual layer thicknesses (Daio et al., 2015).
[image: Figure 7]FIGURE 7 | Schematic representation for the fabrication of (LDH/FAS)n-PDMS membranes (Xu et al., 2021).
3.2.3.2 Cross-linking
Cross-linking techniques have become a pivotal approach in the fabrication of polymeric membranes for gas separation, offering enhanced stability and performance (Wright and Paul, 1997; Kelman, 2008). These techniques involve the formation of chemical bonds between polymer chains, creating a network structure that significantly improves the membrane mechanical strength and chemical resistance (Liu et al., 2023). Some profound benefits of cross-linked polymeric membranes in gas separation are their enhanced selectivity and permeability, as illustrated in (Figure 8). Cross-linking can reduce the free volume within the polymer matrix, thereby allowing for more selective gas transport. This is particularly beneficial for applications requiring high purity levels, such as in the separation of carbon dioxide from methane in natural gas processing (Hong et al., 2015; Liu et al., 2023). Additionally, cross-linked membranes exhibit improved resistance to swelling, CO2 induced plasticization and chemical degradation, particularly in harsh environments (Wind et al., 2002; Begni et al., 2021). This increased stability extends the membranes operational lifespan and reduces the need for frequent replacements, thus offering economic advantages (Hunger et al., 2012). Various methods can be employed to crosslink polymer membranes for gas separation, such as ionic crosslinking (Schmeling et al., 2010), thermal crosslinking (Alghunaimi, 2013), and photocrosslinking (Decker and Bianchi, 2003; Decker et al., 2004). However, the choice of approach depends on the polymer functional groups and the expected separation attributes of the membrane (Wind et al., 2002; Bolto et al., 2009; Esteban et al., 2022).
[image: Figure 8]FIGURE 8 | Upper bound plot for selected cross-linked membranes of CO2/CH4, Polymers are labelled as follows: (1) PPM-Ƴ-CD-425 (Askari et al., 2012), (2) BMPI-60%-450 (Xu et al., 2021a), (3) 75%-X-PI (An et al., 2018), (4) 6FDA-DAT/DATCA-450 (Tian et al., 2018), (5) 6FDA-DAT1-450-3h (Yerzhankyzy et al., 2022), (6) PI-Im-COOH-450-1 (Shi et al., 2022), (7) FDA-DAPI-DABA-40min (Dose et al., 2019), (8) PIM-BM-70(250C-10h) (Chen et al., 2020), (9) PIM-BM-70(300C-5h)(Chen et al., 2020), (10) 50%-X-PI (An et al., 2018), (11) PIM-300-2d (Li et al., 2012). Adapted from (Liu et al., 2023).
Hunger et al., 2012 demonstrated that copolyimide membranes which are crosslinked exhibit increased resistance to plasticization and maintain their selectivity, showing no notable decline compared to non-crosslinked membranes when subjected to CO2/CH4 or toluene/cyclohexane mixtures. Furthermore, it was found that membranes crosslinked covalently tend to have enhanced separation efficiency compared to those crosslinked ionically. Schmeling et al. investigated the advantages of using 6FDA (4,4′-hexafluoroisopropylidene diphthalic anhydride)-copolyimides with carboxy groups. Their research assessed a range of membrane materials, including non-cross-linked, ionically crosslinked, and covalently crosslinked variants, focusing on their effectiveness in separating CO2/CH4 gas and other liquid mixtures. The study also provided insights into the efficiency and suitability of these membranes for such applications (Schmeling et al., 2010). Zhang et al., 2023 developed a range of cross-linkable Polyimides (PIs) with varying degrees of polymer chain orientation, aimed at improving CO2/CH4 separation efficiency. Unlike traditional PIs, they achieved a 2.3-fold increase in CO2 permeability by precisely controlling the polymer chain orientation, without negatively impacting the membrane resistance to plasticization.
However, the process of cross-linking must be carefully controlled. Over-cross-linking can lead to membranes that are too rigid, reducing their gas permeability (Hong et al., 2015). The choice of cross-linking agents and the conditions under which cross-linking is carried out (such as temperature and time) are critical factors that determine the final properties of the membrane (Wind et al., 2002; Tashvigh et al., 2019).
Recent advancements in cross-linking techniques include the use of UV radiation, thermal treatments, and the incorporation of nanoparticles to initiate or enhance the cross-linking process. These methods offer more precise control over the extent and nature of cross-linking, leading to membranes with tailored properties for specific gas separation tasks (Wright and Paul, 1997; Ismail and Aziz, 2012).
3.2.3.3 Nanocomposite membranes
Polymeric membranes, commonly utilized in membrane separation processes, encounter two primary challenges: 1) a trade-off between permeability and selectivity, and limited thermal stability. Notably, these issues are rooted in the materials properties rather than the fabrication methods of the membranes. To address these limitations, a novel class of membranes emerged in the 1970s, incorporating nanomaterials into cellulose acetate (CA) membranes to enhance their resistance to compaction. This innovative approach soon gained considerable attention as a means to adjust and improve membrane performance (Takahashi and Paul, 2006; Khorshidi et al., 2016b; Khorshidi et al., 2016a). For instance, prevalent polymers in membrane technology, such as polyethersulfone (PES), polyvinylidene fluoride (PVDF), polypropylene (PP), and polytetrafluoroethylene (PTFE), typically exhibit hydrophobic characteristics. The integration of hydrophilic nanomaterials into these membranes can transform their nature from hydrophobic to hydrophilic (Yang et al., 2016; Khorshidi et al., 2019). Nanocomposite membranes can be categorized into four distinct types, depending on the placement of the nanomaterials and the membrane structure: 1) conventional nanocomposite, 2) surface-located nanocomposite, 3) thin-film nanocomposite (TFN), and 4) thin-film composite (TFC) with a nanocomposite substrate. Figure 9 provides a schematic representation of these four varieties of nanocomposite membranes. Each category offers specific advantages over the others, highlighting the diversity and adaptability of nanocomposite membranes in enhancing membrane technology (Takahashi and Paul, 2006; Rafiq et al., 2012). Sadeghi et al. investigated the impact of silica nanoparticles on the permeability of CO2, CH4, and N2 gases in polybenzimidazole (PBI) membranes. Their result showed that increasing the silica content in the polymer matrix led to higher solubility but lower diffusivity of gases in the membranes. Consequently, the permeability of CO2 and CH4 was increased, while that of N2 significantly declined as silica content increased (Sadeghi et al., 2009). Song et al. developed a defect-free composite membrane by integrating ZIF-8 nanoparticles into Matrimid 5218 by solution mixing. They found that the addition of ZIF-8 enhanced the membrane’s structure, creating more space within the polymer. This change, coupled with the natural ability of gases to move through ZIF-8 unique structure, significantly improved the membrane’s permeability to gases such as CO2, CH4, O2, N2, and H2 (Song et al., 2012). Rafiq et al. explored the development of mixed matrix membranes (MMMs) by integrating inorganic silica nanoparticles into polysulfone/polyimide (PSF/PI) asymmetric membranes for gas separation, utilizing the phase inversion technique. They observed that the addition of 5.2 wt% silica into a PSF/PI-20% blend significantly enhanced CO2 permeance, and the improvement was proportional to the increase in silica content (Rafiq et al., 2012).
[image: Figure 9]FIGURE 9 | Illustration of typical types of nanocomposite membranes (Asad et al., 2020).
3.3 Cost considerations and scalability
Gas separation membranes still face manufacturing challenges that need to be addressed to exploit their tremendous potential. As presented by Beuscher et al., 2022 “research in membrane separation has focused on developing better membrane materials, yet very few of these materials are being used in commercial applications”. In fact, since 1976 only 10% of all papers containing “polymer,” “material,” “module,” or “process” as keywords have focused on modules and process research. Moreover, currently, prominent players in gas separation membrane manufacturing, including Air Liquide, Air Products, AirRane, Evonik, MTR, and Honeywell UOP, cater to various separation needs such as oxygen/nitrogen generation and carbon dioxide/hydrogen purification. The prevalent commercial membrane materials encompass polyimide, cellulose, and polysulfone, fashioned into hollow fiber or occasionally spiral-wound modules, albeit specific costs remain undisclosed by suppliers, complicating the cost analysis landscape.
The scalability of membrane manufacturing hinges on achieving simplicity, robustness, and replicability to accommodate the diverse spectrum of module sizes dictated by different applications, as shown in Table 3. Furthermore, sustainability imperatives mandate that fabrication processes minimize waste, employ renewable feedstocks, and utilize green solvents. Sustainable manufacturing, therefore, not only prioritizes scalability and waste reduction but also emphasizes energy efficiency and favorable economic attributes.
TABLE 3 | List of commercial membranes and their characteristics.
[image: Table 3]A comprehensive literature search, querying “polymer membrane technology for gas separation” and “manufacturing costs” via Web of Science, yielded 176 entries, comprising both articles and patents. Cost estimations for polymer membranes, ranging from $10 to $50 per square meter, have been reported for diverse applications including CO2 capture, oxygen-nitrogen separation, and propylene/propane separation (Zarca et al., 2018; Adhikari et al., 2021; Lee et al., 2022). Remarkably, this cost range has remained unchanged since 1992 (Van Der Sluus et al., 1992). The authors advocate for technoeconomic analysis encompassing capital and operating costs (e.g., electricity, raw materials, land, labor) to update contemporary membrane cost profiles and validate economic viability during scale-up processes. Furthermore, in conjunction with technoeconomic assessments, a holistic understanding of the environmental life cycle of membranes is indispensable for developing truly sustainable membrane processes. Such insights will inform decisions throughout the design, fabrication, and deployment stages, ensuring that environmental considerations are integrated into the fabric of gas separation membrane technology.
4 SUSTAINABLE MEMBRANE MANUFACTURING
Traditional polymeric membranes, made from synthetic polymers such as polyamide, polysulfone, polyethersulfone, polyvinylidene fluoride, and others, have been predominant in the industry due to their strong mechanical properties, chemical resistance, and flexibility (Cui et al., 2010; Purkait et al., 2018). However, the environmental impact of their production, including the need for greener processes and effective waste management, presents a significant challenge. In light of these environmental concerns, biodegradable polymeric membranes are gaining attention as a more sustainable alternative, offering a reduced ecological footprint (Galiano et al., 2018; Lasseuguette and Ferrari, 2020). Biodegradable polymer is a type of polymer that can break down into water, carbon dioxide, biomass, and other natural substances under the action of naturally occurring microorganisms such as bacteria, fungi, and algae, within a specific period of time and under environmental conditions (Jami’an et al., 2015; Bandehali et al., 2021). These polymers can be derived from renewable bio-based resources or from synthetic sources that are engineered to degrade (e.g., polycaprolactone (PCL), polybutylene adipate terephthalate (PBAT)).
Likewise, the development of these bio-based membranes involves considerations like choosing appropriate green solvents and optimizing waste management during production. Additionally, factors like reusability, cost-effectiveness, and post-use disposal strategies are crucial for their success in industrial applications (Figoli et al., 2016). Overall, the goal is to achieve membranes with high permeability, selectivity, mechanical and thermal resistance, but at a lower manufacturing cost, addressing the environmental and efficiency challenges in membrane technology.
4.1 Eco-friendly polymer feedstock
Eco-friendly polymers, those derived from biological sources, or recycled substances such as cellulose, chitosan (CS), polylactic acid (PLA), polyhydroxyalkanoates (PHA), and others, are attracting significant interest from researchers in the field of polymeric membrane fabrication. This interest is driven by the desire to align industrial practices with environmental conservation and resource management (Zhu et al., 2020; Iulianelli et al., 2022; Torre-Celeizabal et al., 2023). Table 4 presents a summary of the most common bio-based polymers used in membrane production outlining their advantages and disadvantages.
TABLE 4 | Comprehensive overview of bio-based polymers used in membrane production.
[image: Table 4]4.1.1 Cellulose
Cellulose biopolymers are plant-based polysaccharide, made up of long macromolecular chains of 1-4-β-glycosidic linked D-glucose units. Among the derivatives of cellulose, the application and performance of cellulose acetate (CA) and cellulose triacetate (CTA) in gas membrane fabrication have been investigated extensively due to its unique properties including easy processability, versatility and eco-friendliness (Wu and Yuan, 2002; Lam et al., 2016; Nikolaeva et al., 2018; Gopi et al., 2019; Raza et al., 2021; Regmi et al., 2021; Alkandari et al., 2023). However, CA is susceptible to plasticization when exposed to CO2. The adsorption of CO2 into the polymer matrix at elevated pressures can lead to an increased free volume and enhanced mobility of the polymer chains, resulting in the plasticization of the material (Donohue et al., 1989; Houde et al., 1996).
4.1.2 Chitosan
Chitosan (CS), a naturally abundant biopolymer produced from the deacetylation of chitin and recognized for its biocompatibility, biodegradability, hydrophilic, and non-toxicity, has been used to fabricate several membranes (de Alvarenga, 2011). CS membranes have proven to be effective in various gas separation applications (Xiao et al., 2007; Torre-Celeizabal et al., 2023). The molecular formation of chitosan is rich in amino and hydroxyl groups, a feature that greatly boosts its capacity to capture CO2, a polar molecule. This absorption capability is particularly enhanced when the membrane is swollen with water or when specialized fillers are incorporated into mixed matrix membranes (MMM). (Ito et al., 2003; Xiao et al., 2007; Li et al., 2022; Torre-Celeizabal et al., 2023). In addition, incorporating small amounts of three-dimensional and two-dimensional particle fillers can enhance both the CO2 capturing ability and the mechanical strength of chitosan (Torre-Celeizabal et al., 2023).
4.1.3 Polylactic acid
PLA, which are synthesised by a direct polycondensation of hydroxyl acid or ring-opening polymerization of lactide are regarded as exceptional biopolymer for membrane fabrication. Notable for its excellent processability, solubility in a variety of organic solvents, water resistance, and a melting point and glass transition temperature (Tg) ranging from 170°C to 80°C and 50°C–65°C, respectively. The Tg of PLA varies with crystallinity and biopolymer structure, while the crystallinity itself is a function of the proportion of D-lactide acid, which typically ranges from highly crystalline to amorphous (Castro-Aguirre et al., 2018; Galiano et al., 2018). Iulianelli et al. fabricated dense symmetric PLA Easy FilTM-white membranes and tested the gas permeability and ideal selectivity of H2, CH4, CO2, and He at room temperature with transmembrane pressures ranging from 100 to 1200 KPa. They discovered that CO2 permeability reached approximately 70 Barrer, surpassing Robeson’s upper bound for CO2/CH4 separation and achieved a selectivity of 285 (Iulianelli et al., 2019). Additionally, they reported a selectivity of 26.5 for H2/CO2 at room temperature and 1 bar (Iulianelli et al., 2017), making these membranes notably suitable for biogas separation applications. However, several authors have reported that PLA faces a significant limitation due to its susceptibility to hydrolytic degradation when exposed to water, bacteria, or UV radiation. This degradation of its ester bonds occurs under specific conditions such as temperature, humidity, and pH, which can influence its stability and, correspondingly, its practical applications (Moon et al., 2016; Li et al., 2017).
4.1.4 Polyhydroxyalkanoates
PHA, derived from microbial fermentation of various renewable sources, and their derivatives, poly (3-hydroxybutyrate) (PHB) and polyhydroxyvalerate (PHV), are characterized by desirable properties such as hydrophobicity, optical purity, high processability, and biocompatibility. These features make them suitable for a range of applications, including gas membrane fabrication, as well as packaging and the biomedical industry (Follain et al., 2014; Siracusa et al., 2017; Papchenko et al., 2022). Follain et al., 2014 investigated the application of PHB membranes for pervaporation and gas separation by evaluating the diffusion and gas permeation. They employed two different approaches for homopolymer PHB and copolymer PHBV preparation: 1) a classic film casting using chloroform as a solvent and 2) a compressing preparation technique at elevated temperature. A remarkable selectivity range of 1.5–6.7 for CO2/O2 and 4.8 to 19 for CO2/N2 in PHB and PHBV (3 mol% 3-HV units) were obtained. Siracusa, et al. observed selectivity values ranging from 1.7 to 2.5 for CO2/O2 and 2.2 to 3.4 for CO2/N2 in PHB films (Siracusa et al., 2017). Huh et al., 2017 investigated H2 permeability and selectivity in PHBV (12 mol% 3-HV units) and composite membranes incorporating multiwall carbon nanotubes.
In addition to the characteristics listed in Table 4, it is critical to acknowledge the inherent challenge associated with the permeability and selectivity of bio-based polymers. Due to their semi-crystalline nature (Lam et al., 2016), these polymers generally exhibit low permeability coupled with moderate selectivity, which hinders their applicability as membrane for gas separation. This is clearly shown in Figure 10, where most bio-based polymers are below the 1991 upper bound line. However, it is possible to improve these properties through various synthetic modifications. These include chemically altering the polymer structure, mixing the polymer with plasticizers to make them less brittle or blending them with other polymers (Papchenko et al., 2022), and incorporating additives such as ionic liquids (Lam et al., 2016; Nikolaeva et al., 2018; Alkandari and Castro-Dominguez, 2023). Such enhancements are crucial because one of the main challenges with low-permeability materials is the need to make very thin membranes to maximize gas flux, and thus efficiency (Shen and Lua, 2010). Similarity, methods such as surface modification and the use of nanocomposite membranes have been shown to further improve membrane performance (Mafirad et al., 2018; Dai et al., 2019; Zargar et al., 2019).
[image: Figure 10]FIGURE 10 | Upper bound plot for selected bio-based membranes of CO2/N2, Polymers are labelled as follows: (1) PHB (Follain et al., 2014), (2) PHB3V (Follain et al., 2014), (3) PHBV-DMC (Papchenko et al., 2022), (4) PHBV-CHCL3(Papchenko et al., 2022), (5) PLA(Lehermeier et al., 2001), (6) CTA+[EMIM][BF4] (Lam et al., 2016), (7) PVTCS/73 (Kunalan et al., 2022), (8) CA-ZIF67 (B*) (Alkandari et al., 2023), (9) CA-IL40-e (Alkandari and Castro-Dominguez, 2023), (10) CA (Alkandari and Castro-Dominguez, 2023), (11) PHB (Siracusa et al., 2017).
4.2 Green solvents and additives for membranes
The evolution of membrane fabrication has increasingly focused on the integration of green solvents and additives, reflecting a growing commitment to environmental sustainability and safer manufacturing practices (Ajari et al., 2019; Sing Soh et al., 2023). Green solvents, characterized by their low toxicity, biodegradability, and minimal environmental impact, are pivotal in this paradigm shift (Capello et al., 2007; Figoli et al., 2014; Marino et al., 2018). These solvents, including substances like γ-valerolactone (GVL), acetyl tributyl citrate (ATBC), and cyrene, offer safer alternatives to traditional, often hazardous solvents used in membrane production, such as N-Methyl-2-pyrrolidone (NMP) (Gu and Jérôme, 2013; Sherwood et al., 2014).
Rasool and Vankelecom, 2019 experimented with GVL and glycerol derivatives to create porous membranes using the NIPS method with common polymers like PI, PES, polysulfone (PSU), cellulose acetate (CA), and cellulose triacetate (CTA), aiming to explore bio-based green solvents in membrane fabrication. Similarly, Sherwood et al., 2014 demonstrated that Cyrene could be efficiently produced from biomass in two simple steps, minimizing environmental impacts. Figoli et al., 2017 applied Cyrene in fabricating PES and PVDF membranes using both VIPS and NIPS techniques, highlighting Cyrene versatility as a solvent for common membrane polymers. And also Bridge et al., 2022 applied the same solvent (Cyrene) in PSF to prepare defect-free asymmetric gas separation membrane via dry/wet NIPS. In addition to solvents, the incorporation of eco-friendly additives has been instrumental in enhancing the performance and sustainability of membranes. These additives can improve membrane properties like mechanical strength, without adding significant environmental burdens (Clarke et al., 2018). Examples include the use of natural polymers, bio-based nanomaterials, and other non-toxic compounds that complement the green solvents (Randová et al., 2016; Fu et al., 2019; Nasar et al., 2019). The synergy of green solvents and additives in membrane fabrication not only aligns with environmental regulations but also sets a new standard for the industry in terms of sustainability and safety. By reducing the reliance on harmful chemicals, this approach significantly diminishes the ecological footprint of membrane production processes. Moreover, it opens up new possibilities for innovative membrane applications in various sectors, including water treatment, gas separation, and biomedical applications, while ensuring compliance with stringent environmental and health standards (Clark and Tavener, 2007; Figoli et al., 2014). The ongoing research and development in this area are poised to yield membranes with improved performance characteristics, such as enhanced permeability, selectivity, and durability, in an environmentally responsible manner. Thus, the use of green solvents and additives represents a crucial step towards more sustainable and eco-friendly membrane technology.
4.3 Membrane reusability and recycling
Reusing and recycling of polymer membrane materials are becoming increasingly important in addressing environmental concerns associated with membrane technology. As the demand for membrane-based separation processes grows, so does the need for sustainable practices that minimize waste and reduce the ecological footprint of these technologies (El-Khair and Ali, 2013; Ignatyev et al., 2014; Al-Shaeli et al., 2022). Recycling of polymeric membranes involves the recovery and reprocessing of membrane materials at the end of their useful life. This can be achieved through mechanical recycling, where membranes are ground and remoulded into new products, or chemical recycling, where the polymer is broken down into its monomers or other valuable chemicals as shown in Figure 11. Recycling helps to conserve resources and reduce landfill waste (Achilias and Karayannidis, 2004; Karayannidis and Achilias, 2007; Jiun et al., 2016; Wang et al., 2017). On the other hand, Reusability focuses on designing membranes that can be cleaned and reused multiple times without significant loss of performance. This approach extends the lifespan of membranes, decreasing the frequency of replacement and the associated environmental impact. Strategies for enhancing reusability include developing fouling-resistant membranes or designing membranes that can be easily regenerated through simple cleaning procedures (Patel et al., 2022). Research efforts have primarily focused on recycling end-of-life (EoL) polymeric membranes, especially those used in water treatment processes. For example, Wang et al., who employed N-methyl-2-pyrrolidone (NMP) and DMF to dissolve EoL hollow fiber and flat sheet PVDF membranes used in microfiltration/ultrafiltration (MF/UF). These dissolved membranes were then reformed via phase inversion, resulting in recycled PVDF membranes for potential use as substrates in nanofiltration/reverse osmosis (NF/RO) applications (Wang et al., 2017). However, a notable deficiency remains in the area of recycling strategies for gas separation membranes at the end of their service life, underscoring a critical area for future research and development.
[image: Figure 11]FIGURE 11 | Polymer recycling techniques.
5 MEMBRANE MANUFACTURING CHALLENGES
The use of gas separation membranes in commercial settings has been established for decades, with the industry significantly expanding from the 1980s through the early 2000s. Although existing membranes are not appropriate for every gas separation application, they have proven to be highly effective when used appropriately (including suitable feedstock, scale, and purity requirements) and outperforms other separation techniques (IDTechEx, 2023). Currently, the gas separation membrane industry is experiencing a phase growth, driven by key market drivers, particularly the push towards renewable energy and decarbonization initiatives, along with technological innovations aimed at meeting these emerging demands. However, there are prevailing challenges to overcome, which is discussed in the sub-section.
5.1 Membrane material and manufacturing
The innovation in membrane materials and sustainable manufacturing techniques presents a significant opportunity for promoting a sustainable and eco-friendly future. The evolving field of polymeric membrane production is marked by a promising convergence of creativity, environmental sustainability, and improved operational efficiency. With the increasing global need for separation technologies, particularly for gas separation, the advancement of eco-friendly polymeric membranes is becoming more crucial. The process of creating polymeric membranes faces the complex task of balancing material characteristics with membrane efficiency, environmental sustainability, and affordability. It is essential to choose the right biodegradable polymer, one that provides an ideal mix of selectivity, permeability, and resistance to chemicals, tailored for specific uses. However, many biodegradable materials lack mechanical stability and degrade under harsh operational conditions. Consequently, polymers derived from fossil fuels are prevalently utilized. To address this, there is a strategy to develop hybrid polymers by blending biodegradable substances with a small quantity of novel materials (such as MOFs, COFs, CNPs, etc.) to bolster mechanical strength while minimally affecting biodegradability. This approach aims to improve the membranes mechanical robustness and stability. Additionally, the application of cross-linking techniques can reinforce the structural stability of biodegradable polymers. Chemical cross-linking can boost the mechanical strength and chemical resistance of membranes, rendering them more adaptable to rigorous uses.
Moreover, The integration of smart materials capable of responding to environmental stimuli (pH, temperature, electric field, etc.) (Ulbricht, 2019; Widakdo et al., 2022), and the incorporation of artificial intelligence and machine learning in polymeric gas membrane material discovery, selection, design and property testing, including degradability, tensile strength and resistance to tearing could revolutionize advanced membrane manufacturing, enabling the optimization of membrane performance and rapid prototyping (Yang et al., 2022). There is potential to compile both experimental and simulated data on membranes made with innovative materials into a vast database for functionality- and performance-based screening. This approach aims to expedite the thoughtful design and selection of membrane materials through machine learning, addressing the challenges posed by the limited nature and difficult-to-control degradability of biodegradable materials, alongside exploring advanced material options.
5.2 Scalability and reproducibility
In the realm of membrane technology research, the initial discovery of new materials with promising selectivity and permeability marks only the beginning of a journey toward practical application. The true challenges, and the source of most difficulties, lie in ensuring membrane stability under operational conditions, scaling up the production of defect-free membranes, and integrating these membranes into functional modules. Despite the variety of materials investigated, industrial-scale applications predominantly utilize a limited array of polymers, such as cellulose acetate, polysulfone, and polyimide highlighting the gap between material discovery and application readiness. Moreover, discovering scalable methods to fabricate thin, impeccable membrane layers that fully utilize a material’s capabilities often presents a greater challenge than merely identifying new materials with enhanced flux and selectivity. This discrepancy highlights a significant research gap: while the quest for superior membrane materials has intensified, the translation of these advancements into commercially viable solutions remains limited. A more concerted effort is necessary to advance beyond material discovery towards the development of reproducible, economically feasible membrane systems. This includes rigorous assessments of cost and scalability to meet industrial demands. Furthermore, it is notable that the cost range for membranes has not shifted significantly since 1992, remaining between $10 to $50 per square meter (Van Der Sluus et al., 1992). Nonetheless, designing membranes must also take economic constraints into account. Achieving this necessitates comprehensive technoeconomic assessments to ascertain the upper limits for polymer/composite costs, alongside the capital and operational expenses tied to the production methods.
Moreover, environmental sustainability of membrane technologies is critical, necessitating a deep understanding of their environmental life cycle. Scalability issues often hinder the adoption of advanced techniques, which, despite their potential, are challenged by the simplicity and cost-effectiveness of conventional methods. Scaling up these advanced techniques involves overcoming numerous obstacles, including high costs of sophisticated equipment and materials, the complexity of maintaining precise control over production parameters, and ensuring consistent quality and performance. Addressing these cost-effectiveness and comprehensive approach: investing in research and development to discover scalable processes, conducting extensive pilot testing, collaborating with material suppliers for availability and cost-effectiveness, and adopting modular scaling strategies. Additionally, focusing on reducing manufacturing costs and waste through strategies like material recycling can make advanced membranes more economically viable. Overcoming these hurdles is crucial for the commercial adoption of advanced gas separation membrane technologies, potentially revolutionizing their use across various industries (Sheng et al., 2021; Swaby et al., 2021).
6 CONCLUSION AND FUTURE DIRECTIONS
This review highlights the growing emphasis on innovative and sustainable manufacturing techniques, emphasising the adoption of eco-friendly materials, advanced methodologies, and efforts to minimize waste and cost. The review comprehensively covers a wide array of manufacturing techniques, from conventional methods to advanced approaches, including green synthesis. It underscores the impact of these techniques on environmental sustainability, performance improvement, scalability, and economic feasibility. The exploration into sustainable membrane manufacturing reveals a pressing need for renewable material sources, minimizing or substituting toxic organic solvents, and implementing advanced techniques, such as surface modification and functionalization, in the industry to enhance membrane performance. Despite the potential of advanced manufacturing techniques to yield high-performing membranes, their complexity and cost pose barriers to extensive application compared to conventional techniques such as casting. In addition, a critical analysis within this review examines the potential of bio-based polymers as viable alternatives to fossil fuel-derived polymers, emphasizing the importance of selecting biodegradable polymers that balance selectivity, permeability, and chemical resistance, suitable for specific applications. However, the challenge remains with many biodegradable materials lacking in mechanical stability and performance under harsh conditions, thus maintaining the dominance of fossil fuel-based polymers. To circumvent these limitations, the review discussed several methods to overcome this limitation, for example, the development of hybrid polymers, blending biodegradable materials with innovative substances to enhance mechanical strength and permeability without compromising biodegradability. As the search of advanced membrane materials increases in response to material challenges, the conversion of these innovations into practical, market-ready solutions is still constrained. A more concerted effort is necessary to advance, beyond material discovery, the development of reproducible, economically feasible membrane systems. This process demands thorough evaluation of affordability and scalability by comprehensive technoeconomic assessments to satisfy the requirements of industrial applications.
In light of the challenges identified in this review, it is imperative to undertake innovative measures to advance the development of sustainable gas separation membranes, focusing on the following key aspects:
(1) Advancing material innovation: There is a critical need to develop advanced materials in a sustainable and cost-effective manner. Bio-based and environmentally friendly materials, along with nanomaterials such as metal-organic frameworks and carbon structures, have shown remarkable potential in enhancing membrane performance. However, their widespread industrial adoption is hindered by challenges related to cost and scalability of production. Innovative approaches such as mechanochemical synthesis offer promising avenues for manufacturing these materials at scale, eliminating the use of solvents and reducing production costs. Indeed, leveraging techniques like reactive extrusion and mechanochemistry holds significant promise in overcoming these challenges.
(2) Intelligent membranes for eco-friendly disposal: Developing membranes that react to external triggers could pave the way for sustainable disposal methods at their life cycle’s end. Currently, the predominant approaches to dispose of membranes at the end of their usefulness mirror those of plastic waste, primarily landfilling or burning. However, the introduction of smart membranes designed to break down in response to specific stimuli can help bypass these environmentally damaging disposal practices, thus enhancing the eco-sustainability of membrane technologies.
(3) Incorporating life cycle and economic evaluations in membrane innovation. Traditionally, the emphasis in membrane research has been on improving selectivity and permeability. Yet, it's critical to balance these improvements with considerations of cost and environmental impact. New materials should be developed with an eye toward the entire process, including raw materials, fabrication methods and other factors critical for scaling and deploying the technology effectively.
(4) Embracing digital technologies and modelling. The use of digital tools, including artificial intelligence, can expedite the search for new membrane materials by evaluating multiple optimization goals, such as permeability, selectivity, affordability, and carbon footprint. Additionally, incorporating process analytical technologies within membrane systems allows for real-time monitoring, potentially improving maintenance strategies and extending the lifespan of membranes.
In general, future research endeavors should embrace a holistic strategy, as outlined in Table 5, covering the selection of materials, improvement of fabrication processes, and embedding biodegradable features into the creation of sustainable polymeric gas separation membranes. In conclusion, the evolution of membrane technology is poised at a promising juncture, driven by collaborative efforts across disciplines. By dedicating research to overcome current challenges and unlocking new possibilities for eco-friendly gas separation technologies, the field sets a new benchmark for performance and environmental responsibility in industrial applications. The collective endeavor towards sustainable manufacturing and the development of reproducible, economically viable membrane systems underscores the bright future of membrane technologies (Figure 12), promising not only enhanced performance but also a significant reduction in the ecological impact of gas separation processes.
TABLE 5 | Pillars of sustainable polymeric gas separation membrane manufacturing.
[image: Table 5][image: Figure 12]FIGURE 12 | Schematic that illustrates future directions of gas separation membranes research.
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Reference
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Schematic

Commercial Scale Techniques

llenges

Solution Casting

Involves dissolving polymer
ina suitable solvent to form
2 homogeneous solution. It
is spread cast uniformly on
a flat surface or a casting.
substrate and allowed to
evaporate under controlled
conditions, leading to the
formation of thin polymeric
film Clarizia et al. (2019),
Alkandari and
Castro-Dominguez (2023)

Homogencous

& ]
> oy

Solution Membrane Preparation Casted polymer solution kept
overnight for drying

Choice of solvent is
critical as it must
dissolve the

polymer

Difficult to produce
defect-free

‘membranes

Environmental
impact of the
process

Phase Inversion

‘The method entails
dissolving a water-insoluble

Choice of solvent is
critical as it must

polymer in a solvent to dissolve the
create a viscous mixture, polymer
which s then spread onto a Homogencous Solation Membrane Preparaton Pl lmersion
NS—— . © Difficult to produce
coagulation bath, forming defect-free
an asymmetric membrane membranes
witha dense topand porous
bottom, influenced by
solution composition,
temperature, and additives
Martinez-Izquierdo et al.
(2021)
Dip-Coating Is a method for applying a o Complicated

thin film to a substrate by
immersing it in a liquid
solution, then withdrawing
itata controlled speed.
Madaeni et al. (2013)

Dip coating

chemical and
physical variables
used in the dip-
coating process

Interfacial

Polymerization
(1p)

Roll to Roll

‘This process, also called
polycondensation, involves
polymerization at the
interface of two non-mixing
phases, where reactive
‘monomers in each phase
react on a porous
membrane’s surface to
create an ultrathin layer on
substrates Yang et al. (2021)

Is a manufacturing process

Aqueous solution

Low reproducibility

Hard to monitor
the IP reaction

Hard to control the
‘monomer
uniformity

Difficult to control

(R2R) Coating | used for large scale over process
production to produce
continuous sheets of ® Difficult to
‘material by unrolling a maintain the
flexible substrate from one substrate extremely
roll through various flat during the
processing stations and process
then rewinding it onto
another roll Chen et al.

(2020a)

Kiss Coating Is a technique for applying Porous © Solvent is required
thin material layers onto a support to be safe and
substrate, where a wheel or environmentally
roller lightly contacts the friendly

substrate surface,
transferring a controlled,
thin layer of material
Dibrov et al. (2014)

Thin top-layer \

Difficult to control
the solvent
evaporation in the
casting solution
during the process

Limited material
compatibility

Laboratory/Research Scale Techniques

Track Etching

Coating

This process involves
irradiating a thin polymer
film with high-energy
particles, such as ions or
neutrons, which create
latent tracks or damage
trails in the material. These
tracks are then selectively
etched in either an acidic or
basic solution, resulting in
uniform and cylindrical
pores across the membrane
Ma et al. (2020)

In the spin coating process,
the porous support is set to
rotate around s vertical
axis, and concurrently, the
film-forming solution is
uniformly dispersed over a
surface, which is aligned
perpendicularly to the
support’s surface as it spins
Sokolov et al. (2021) In the
spray coating technique, a
fine mist of the film-
forming solution is
projected onto the
substrate’s surface, which is
held stationary or moved to
ensure even coverage Jiang
etal. (2021)

Ton Irradiation ‘Track-etched membrane

i oo

Spin coating Spray coating

High cost

Lower particle flux
stability

Requires specialized
equipment

Complicated
process

Low reproducibility
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Materials

Sustainable materials for polymeric gas
separation membranes should be

Techniques

Sustainable manufacturing techniques focus on reducing
environmental impact, conserving energy, while maintaining
or improving the performance of the membranes

Green

nufacturing

‘The concept of green membrane manufacturing
encompasses several key aspects

 Engineered to achieve a fine balance between
selectivity and permeability

© Solvent-free 3D printing

Biodegradable, recyclable, or derived from renewable

sources to minimize environmental impact

 Designed to withstand harsh chemical
environments and elevated temperatures

© Using bio-based or biodegradable materials in 3D printing/
additive manufacturing

Engineered to operate with reduced energy
consumption

 Enhanced mechanical properties, such as
tensile strength and resistance to tearing

© Using water as a solvent and bio-based polyelectrolytes in
Layer-by-layer (LbL) assembly

Minimizes the use of harmful chemicals in the
membrane fabrication process

® Controlled pore size and distribution can be
precisely controlled (tailored pore structure)

© Cross-linking strategies that do not rely on hazardous
chemicals

Sustainable fabrication, using less energy, using
renewable energy sources, and generating fewer
emissions

 Adapted to incorporate chemical functional
group

Implementing recycling and waste reduction measures

in manufacturing facilities

 Designed to resist fouling and degradation
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Polymer

Cellulose

Chitosan (CS)

Origin
Cellulose is primarily sourced from lignocellulosic

biomass, which also contains lignin and hemicellulose
components

CS is derived from the outer shell of crustaceans

Advantage

® Easy to process

© Good mechanical strength
© Good gas selectivity

© Film forming ability

 Film forming ability

© Nontoxic Torre-Celeizabal et al. (2023)

© Biocompatible Xu and Wang (2008), Zargar
et al. (2015)

Disadvantage

Limited thermal stability

 Poor solubility Shenvi et al.
(2013), Shenvi et al. (2014)

® Poor mechanical and barrier
properties Yan et al. (2016)

Polylactic acid (PLA)

PLA derivation from biomass

 Cost effective Kuruppalil (2011)

© Good moisture resistance Kuruppalil (2011)

© Good solubility in many non-polar organic
solvents Phaechamud and Chitrattha (2016)

© Wide processing possibilities Peelman et al.
(2013)

© Low temperature resistance
Kuruppalil (2011)
® Brittleness Kuruppalil (2011)

Polyhydroxyalkanoates
(PHA)

PHA production through fermentation using different
substrates as carbon sources

® Tunable Properties Marcano et al. (2017)

« Poor solubility Larsson et al.
(2016)

© Brittleness Larsson et al. (2016)

@ Poor thermal stability Larsson
etal. (2016)

© Expensive Marcano et al. (2017)
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