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Abstract

:

The inorganic-carbonate dual-phase membrane represents a class of dense membranes that are fabricated using diverse support materials, ranging from metals to ceramics. This dual-phase membrane consists of a porous metal or ceramic support with an introduced carbonate phase within the support pores. Compared with polymer and zeolite membranes, inorganic-carbonate dual-phase membranes exhibit exceptional CO2 selectivity at elevated temperatures (>500 °C), making them an ideal choice for high-temperature CO2 separation in power plant systems. The present paper provides a comprehensive overview of the separation principle, significant models, and preparation techniques employed in carbonate dual-phase membranes for CO2 separation. The present study aims to discuss key factors that limit the CO2 permeation performance and stability of membranes, while also exploring the potential applications of dual-phase membranes in various fields. The identification of key challenges in the future development of the carbonate dual-phase membrane has been highlighted in this work. The future trajectory of research and development should be directed toward overcoming these challenges, encompassing the synthesis technology of membranes, balance optimization of membrane structure and performance, modification of physical and chemical properties of molten carbonate, and advancement in high-temperature sealing techniques, as well as exploration of diverse membrane reactors based on carbonate dual-phase membranes for prospective applications.
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1. Introduction


The warming effects of CO2 as a greenhouse gas have long been recognized. Consequently, the mitigation of CO2 emissions resulting from the combustion of fossil fuels has emerged as a prominent subject in scientific research and a pressing political concern in recent years. The separation of CO2 from an off-gas stream generated during industrial processes represents the primary and pivotal step for the whole CO2 capture process. In industrial processes, CO2 separation is commonly achieved through the implementation of four distinct technologies: chemical absorption, adsorption, low-temperature separation, and membrane-based techniques. Chemical and physical absorption techniques represent state-of-the-art CO2 capture technologies, which have been successfully implemented in commercial power plant systems [1,2]. However, the limited absorption efficiency, inadequate absorptive capacity, and high energy consumption pose significant challenges to the commercial viability of CO2 separation processes. Compared with other separation means, membrane separation is a continuous, cost-effective, energy-efficient, and simple-operational technology [3,4], making it particularly suitable for CO2 separation.



Most research on CO2-selective membranes has focused on polymeric or microporous zeolite membranes. According to the distinctive characteristics of various materials, CO2 separation membranes can be broadly categorized into four types: polymeric membranes, inorganic membranes, mixed-matrix membranes, and other membranes. The polymeric membrane is designed based on the solution-diffusion separation mechanism for CO2 separation under the driving force of the concentration gradient [5]. Compared to polymeric membranes, microporous inorganic membranes provide better separation characteristics in terms of permeability and selectivity. Crystalline (such as zeolite) and amorphous (such as silica) membranes are the main types of microporous inorganic membranes [4]. Both of them generally use different pore sizes to selectively separate gases and are more chemically and thermally stable than polymer membranes. However, both the polymer and microporous membranes are not stable at an elevated temperature (>200 °C). In comparison to these membranes, the inorganic-carbonate dual-phase membrane, one of the dense inorganic membranes, exhibits superior separation permeability, selectivity, and chemical stability at high temperatures (>500 °C) [6,7]. This membrane is composed of a molten carbonate phase that fills the pores of a porous support phase, resulting in the formation of a dense dual-phase membrane. The support materials can be chosen from either an electron-conducting metal, an oxide-ion-conducting ceramic, or a mixed-O2-e−-conducting ceramic. According to varying support materials and corresponding separation principles, the inorganic-carbonate dual-phase can be categorized into three types: (1) mixed electron and carbonate-ion conductor (MECC); (2) mixed oxide-ion and carbonate-ion conductor (MOCC), and (3) mixed ion/electron and carbonate-ion conductor (MIEC). The driving force behind the carbonate dual-phase membrane is the gradient in the electrochemical potential of CO2 and/or O2 present on opposite sides of the membrane. No external electricity is required for CO2 separation, resulting in cost-effective CO2 capture.



The unique separation characteristics of the carbonate dual-phase membrane make it highly promising for applications in combustion processes and process intensification. The utilization of high-temperature flue gas, natural gas, or fuel gas to directly heat the carbonate dual-phase membrane for CO2 separation during the combustion process, such as post- or pre-combustion, can reduce the energy penalty associated with separation. The exceptional thermal and chemical stability of the carbonate dual-phase membrane significantly contributes to the process intensification. The production of hydrogen in the pre-combustion process of IGCC necessitates a sequence of procedures, including coal gasification, carbon reforming or partial oxidation, high-temperature water–gas shift, and low-temperature water–gas processing. By utilizing appropriate catalysts, a carbonate dual-phase membrane can effectively integrate the aforementioned two or three steps into a single chemical membrane reactor, demonstrating its potential as an efficient and sustainable technology. This membrane reactor, similar to most oxygen-permeable ceramic membrane reactors, exhibits a distinct permeation characteristic [6,7,8,9]. It integrates separation and reactions by effectively regulating the introduction of reactants or removal of products, thereby enhancing reactant conversion and/or product selectivity.



Previous studies have primarily focused on comparing the performance of polymer membranes and inorganic membranes for molecular separation, such as notable works by Yeong et al. [5], Lin [4], and Way [10]. Therefore, in the present review, we hope to provide comprehensive insights into the utilization of inorganic-carbonate dual-phase membranes exclusively for CO2 separation. The inorganic-carbonate dual-phase membrane has been extensively investigated for approximately two decades, with a specific emphasis on enhancing its performance and durability. The advancement of such membranes relies on the exploration of appropriate materials, synthesis techniques, and structural optimization to enhance permeation performance and stability. These ongoing research and development efforts have meticulously investigated various potential industrial applications for CO2 separation using membranes or membrane reactors, thereby enhancing their functionality and practicality. However, despite these concerted efforts, the realization of commercial applications has been hindered by certain technical challenges. The objective of this study is to elucidate the properties of inorganic-carbonate dual-phase membranes for CO2 separation, and to comprehensively review the advancements made in this field. Furthermore, we aim to highlight the primary challenges that these dual-phase membranes must overcome for their current applications. In parallel, we proffer insights into potential research and development trajectories for carbonate dual-phase membranes in order to cater to the demands of industrial CO2 separation and applications.




2. Theory


2.1. Separation Mechanism


The dense carbonate dual-phase membrane, as an emerging technology, has been undergoing a continuous process of evolution and advancement, as illustrated in Figure 1. The concept of a metal–carbonate dual-phase membrane, initially derived from the Moten Carbonate Fuel Cell (MCFC) technology, has been recently explored in the context of academic research [11,12,13]. As shown in Figure 1a, the MCFC demonstrates its suitability for CO2 separation when the fuel (H2) is present and an external current is continuously applied. The CO2 will react with O2 and electrons from the cathode to form CO32−, which is then transported by the carbonate phase to pass through the MCFC. The CO32− species ultimately underwent decomposition at the anode, yielding CO2, O2, and e−. The flow of CO2 across the MCFC is determined by external currents. However, a primary drawback of MCFC for CO2 separation is the low voltages permitted to prevent decomposition of the molten carbonate electrolyte. In this manner, a substantial number of stacks are required to achieve elevated currents and, accordingly, a considerable CO2 capture capacity. However, this significantly escalates the cost.



Lin and colleagues built upon the MCFC to develop a metal–carbonate dual-phase membrane for efficient CO2 separation [14]. As illustrated in Figure 1b, the external circulation of the MCFC is transformed into an internal cycle of the dual-phase membrane by means of incorporating two electric conductors (metal and molten carbonate phase). The metal phase serves as a substitute for the external circuit, facilitating the electron supply for the CO32− formation reaction at the feed side (CO2 + 1/2O2 + 2e− → CO32−). Molten carbonates are infiltrated into the porous metal support to create a CO32− transport channel. Similarly, the generated CO32− ions will undergo decomposition into CO2, O2, and e− after traversing the membrane (CO32− → CO2 + 1/2O2 + 2e−). The propulsion of this process stems from the CO2 pressure differential between the feed side and the permeation side, as well as the opposing transport directions of the CO32− and e− to maintain the internal electrochemical equilibrium of the membrane at elevated temperatures. Nevertheless, certain inherent limitations, as discussed in the following section, have curtailed further developments and applications of the metal–carbonate dual-phase membrane. And thus, a preferred dual-phase carbonate membrane is developed. Anderson and Lin employed a ceramic phase rather than a metal phase for the synthesis of a dense inorganic-carbonate dual-phase membrane [6]. The reaction between O2− within the support (ceramic phase) and CO2 in the feed stream is illustrated in Figure 1c, resulting in the formation of CO32−(CO2 + O2− → CO32−). Subsequently, the migratory movement of CO32− toward the permeation side is observed within the carbonate phase. Pure CO2 is released upon the arrival of formed CO32− at the permeation-side surface of the membrane (CO32− → CO2 + O2−), and the charged oxygen ions remain in the solid phase to facilitate the combination of new CO2 molecules. The ceramic phase is often a pure oxygen ionic conductor or a mixed oxygen ionic and electronic conductor with high ionic conductivity. For oxygen ionic conductors such as yttria-stabilized zirconia and doped bismuth oxide, the proposed mechanism of the ceramic–carbonate membrane is entirely applicable due to the elimination of electronic conductivity. However, for mixed oxygen ionic and electronic conductors, O2 may permeate the ceramic–carbonate membrane under a feed stream with O2 presence. The presence of e− transport in ceramics can facilitate the penetration of additional O2 into the ceramic phase, as suggested by Rui et al. [15,16], through either surface reactions (1/2O2(gas) + 2e−(ceramic) ↔ O2−(ceramic)) or coupled transport of CO2 and O2, analogous to the mechanism of metal–carbonate membranes (CO2(gas) + 1/2O2(gas) + 2e−(ceramic) ↔ CO32−(molten carbonate)), proposed by Tong et al. [17]. The prominence of these phenomena and mechanisms is not the primary consideration in instances of low O2 feed pressure.




2.2. Comparison with Other Membranes


Table 1 presents different membranes’ characteristics in terms of selectivity and permeability for CO2 separation. As shown, the selectivity of polymeric membranes is often below 50, as determined by the solution-diffusion separation mechanism. However, the permeance of the polymer membrane is around 200–1000 GPU [18]. The permeance of the porous inorganic membrane, such as the zeolite membrane, can typically exceed 1000 GPU; however, the selectivity is only 20–50 [19]. Moreover, some mixed-matrix membranes show a high permeance (exceeding 3000 GPU), but the selectivity remains below 50 [20]. Basically, inorganic membranes have both permeance and selectivity significantly higher than that of polymer membranes. The permeance is about 5 to 10 times higher than that of polymer gas separation membranes under a fixed transmembrane pressure. According to the separation mechanism of the inorganic-carbonate dual-phase membrane, the primary advantage lies in its exceptional selectivity. As shown, the selectivity of the inorganic-carbonate dual-phase membranes can reach up to 200–300. Actually, the ideal selectivity of this type of membrane can theoretically approach 100% with an ideal sealing technology and high density of the membrane. However, considering the cost of materials and the preparation complexity, the industrial membrane separation processes for gas separation are dominated by polymer membranes. Most inorganic membranes for CO2 separation are still in the research and development stage. The inorganic-carbonate dual-phase membrane is well suited for direct CO2 separation at high temperatures, eliminating the need for additional processes and capabilities. However, further improvements are required to enhance its permeance and stability.




2.3. Benchmarking Model


The development of permeation models for CO2 separation through dual-phase carbonate membranes has been ongoing to achieve a more comprehensive understanding. The first CO2-permeation model based on the Wagner theory was introduced by Jerry Lin and colleagues to elucidate the metal–carbonate dual-phase membrane [14], as follows:
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or
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where     P   t     is the total pressure (CO2 and O2 mixture).     P   t   ′     and     P   t   ″     are the total pressure of the feed side and permeation side, respectively. R is the ideal gas constant, T is the system temperature, F is Faraday’s constant, and L is the membrane thickness.     σ     C O   3   2 −       is the ionic conductivity of CO32− of molten carbonate phase and     σ   e     is e− conductivity of the metal phase. ε and τ are the porosity and tortuosity of the support, respectively. The     σ     C O   3   2 −       is generally much smaller than     σ   e    -. After considering the microstructure (ε and τ) of the metal support and assuming a pressure-independent ionic conductivity, Equation (1) can be simplified to Equation (2). The suitability of this model is limited to metal–carbonate dual-phase membranes, owing to its simplification rooted in the fact (    σ   e     >>     σ     C O   3   2 −      ).



The rarity of the permeation model for metal–carbonate membranes is primarily attributed to the limited research and application of these membranes. By contrast, an array of optimistic models concerning the ceramic–carbonate dual-phase membrane has been proffered by researchers in recent years. Rui and Anderson initially and insightfully proposed a model [15], effectively merging the concept reported by Wade et al. [15] with a plausible explanation of the reported experimental data, to clarify the flux of CO2/O2 across the ceramic–carbonate dual-phase membrane. Afterward, Zhang et al. further employed and derived this model to examine the CO2 permeation across the ceramic–carbonate membrane [7]. Following the consideration of the microstructural effect examined by Ortiz-Landeros et al. [23], we present the summary model, which can be expressed in terms of CO2 permeance (    F     C O   2      ) or flux (    J     C O   2      ), as outlined below:
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where     σ   T     is a permeance coefficient (or referred to as total conductance) defined by


    σ   T   =         ε / τ     s     σ   i   ·   ε / τ     p     σ   c           ε / τ     s     σ   i   +   ε / τ     p     σ   c        



(5)




and     P   f e e d   , C O   2       and     P   p e r m e a t i o n   , C O   2       are the partial pressures of the CO2 at the feed and permeate sides in Pa, respectively.     σ   i     and     σ   c     are the carbonate ionic and ceramic oxygen conductivity, respectively. ε and τ denote the porosity and tortuosity of either the molten carbonate phase, which occupies the ceramic support pore (p), or the solid ceramic phase (s). The remaining symbols (R, T, F, and L) correspond to those in Equation (2). Noteworthily, the     σ   T     encapsulates the inherent characteristics of the ceramic and carbonate phases (oxygen ionic and carbonate conductivity) as well as the porous and solid composition of the ceramic support (porosity or solid fraction in relation to tortuosity). The effective conductivities       ε / τ     s     σ   i     and       ε / τ     p     σ   c     are respectively assigned to the ceramic and carbonate phase. Generally, the oxygen ionic conductivity of the ceramic phase (      ε / τ     s     σ   i    ) is significantly lower than the protonic conductivity (    σ   c     >>     σ   i    ). As a result, the rate-limiting step of CO2 permeation through the ceramic–carbonate membrane occurs primarily via O2− conduction within the ceramic phase.



However, the O2− conductivity of ionic or mixed-conducting ceramics is invariably contingent on the O2− partial pressure, while the O2− conduction within the ceramic phase dictates CO2 permeation. Thus, it is imperative to take into account the correlation between the partial pressure of oxygen and CO2. The aforementioned model inadequately accounts for the pressure-dependent CO2 permeation flux in ceramic–carbonate membranes, as it lacks a comparison with experimental flux data at varying CO2 pressures. The dependency between the O2− conductivity and O2− partial pressure can be approximately characterized by a power function relationship. Norton et al. advanced a model based on such power function to adjust the total conductance, subsequently impacting CO2 permeation [24]. The present model accounts for the partial pressure of impurity oxygen in the CO2 and N2 feeds, as well as the thermodynamic equilibrium relationship for the reaction (e.g., CO2 = CO + 1/2O2). The enhanced model is presented as follows:
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where   ∅   and q are constants. In case O2 contains impurities such as CO2 or N2, q = 1, and   ∅   can be determined by the level of oxygen impurities. m is a constant that may depend on temperature. Assuming     σ   T     is independent of CO2 partial pressure, and given that n = mq and     σ   T     ~       ε / τ     s     σ   i     as previously mentioned, Equation (6) can be simplified as follows:
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The aforementioned models are founded on the supposition that the bulk diffusion exerts control over permeation or net CO2 transport, which is dictated solely by the aggregate conductivity of the membrane. Thus, possible elementary steps, such as gradual CO2 uptake and release between the feed and membrane surface, the combination of CO2 with O2− and certain surface reactions, could potentially impede the overall transport rate. Marques and colleagues advanced a visual method, derived from electrochemical resistance perspectives, to detect potential kinetic limitations in addition to conventional transport models [25,26]. The research posits that any elementary step could potentially serve as the origin of an overvoltage, which may arise from either ohmic transport due to ambipolar conditions or non-ohmic processes related to surface/interface interactions. Accordingly, the actual CO2 flux in membranes is depicted in Evans-type diagrams, which consist of plots of net thermodynamic voltages versus the effective cell current density. The findings of this analysis provide an innovative perspective to address overlooked aspects in the evaluation of membrane performance.




2.4. Preparation


In general, the fabrication of a carbonate dual-phase membrane involves four stages: (1) precipitation of particle suspensions; (2) formulating particle suspensions into a membrane precursor with defined morphology (flat sheet or tube); (3) solidification of the membrane precursor is achieved through calcination treatment at high temperatures; and (4) molten carbonate infiltration. Hereinafter, the preparation of the ceramic–carbonate membrane will be exemplified to introduce the process, due to the currently limited investigation on the metal–carbonate membrane.



The types of support employed in ceramic–carbonate membranes encompass planar (or disk), tubular, and hollow-fiber configurations. A comprehensive approach for the synthesis of ceramic membrane precursors is presented in Table 2. The disk support is typically fabricated by directly compressing powders (without the need for particle suspensions), enabling the investigation of certain fundamental properties of the membrane under laboratory conditions. The preparation of single or multichannel tubes can be achieved via the traditional extrusion method. The centrifugal casting method, a novel technique for tubular membrane preparation proposed by Dong et al. [27], enables the production of uniform tubes or tubes with thin coating layers, thereby eliminating the need for an additional coating step in the preparation of asymmetric membranes. Precision-engineered ceramic hollow-fiber membranes have been extensively researched and developed over the past decade and a half, primarily through the utilization of the phase inversion spinning process. This spinning technique, which has evolved from the preparation of polymeric hollow-fiber membranes, can be tailored to confer the membrane with an ultra-thin separating layer [28,29]. Given its potential practical applications, the tubular or hollow-fiber membrane will be given careful consideration for further research and utilization, primarily due to the outstanding packing density of the membrane module, as exemplified in Table 3. Although a scalable membrane area can be achieved through the design of multiple planar stacks, such configurations pose numerous engineering challenges, including high-temperature sealing, connection, and high-pressure resistance.



The formation of the membrane support is exclusively achieved through the firing process of the ceramic precursor. The final step in the membrane preparation process involves the infiltration of molten carbonate. In this step, the molten carbonate can infiltrate into the pores of the ceramic support through either capillary driving force or capillary suction. The preheated molten carbonate can directly contact the support, resulting in the pores becoming fully saturated, as illustrated in Figure 2 (utilizing disk membrane as an example). As an indispensable component of the dual-phase membrane, the molten carbonate should ideally exhibit high ionic conductivity to enhance CO2 permeance, as previously discussed in Section 2.2. Meanwhile, the mixed carbonate phase exhibits a high ionic conductivity exclusively in a liquid or melting state, generally speaking. The selection principle for the carbonate phase dictates that the mixed molten carbonate should possess a low melting point and high conductivity. As illustrated in Table 4, Li/Na/K carbonate demonstrates the lowest melting point, whereas Li/Na carbonate exhibits the highest conductivity. The two aforementioned combinations of carbonate are extensively employed in the research process to fabricate the membrane. Furthermore, Gude et al. [31] proposed the utilization of eutectic mixtures derived from the least volatile alkali carbonates and alkaline earth carbonates as an alternative for the fabrication of dual-phase membranes. Here, it is worth noting that the mixed carbonate phase should be formed as a eutectic mixture; otherwise, the melting point of the alkali-metal carbonate mixtures will be elevated as illustrated in Table 5 (take the Li/Na/K mixture as an example) [32].





 





Table 3. Packing density of different membrane modules.






Table 3. Packing density of different membrane modules.





	Membrane
	Module Packing Density/m2·m3 (a)





	Ceramic disk
	10–50



	Ceramic single tube
	30–300



	Ceramic multichannel tube
	300–500



	Ceramic hollow-fiber
	~1000 to 3000







(a) Data for ceramic membranes from refs. [4,28,33].













3. Internal Constraints and Improvement of Membrane


The dense carbonate dual-phase membrane demonstrates promising potential for carbon capture application across various power plants, attributed to its exceptional CO2 selectivity and high-temperature adaptability. The primary constraint of the carbonate dual-phase membrane for application is the restricted CO2 permeation flux. The inherent properties of the membrane, such as material character and support microstructure, generally reflect intrinsic factors that contribute to its permeation performance. The primary internal determinants, consisting of porosity, tortuosity, conductivity, and thickness, define the inherent properties of the membrane, as illustrated in the aforementioned models (e.g., Equations (3)–(7)). In recent years, the development of dual-phase carbonate membranes has been focusing on overcoming their constraints to enhance CO2 permeances.



3.1. Metal–Carbonate Dual-Phase Membrane


Regarding the metal–carbonate membrane, a significant enhancement in performance can be achieved through the optimization of support structures (i.e., L and (ε/τ)). However, the impact of     σ     C O   3   2 −       on the metal–carbonate membrane remains obscure, as the rate-limiting step for the permeation of the metal–carbonate membrane is CO32− conduction within the carbonate phase, and the conductivities of various carbonate mixtures exhibit minimal discrepancies (refer to Table 4). In this context, manipulating or enhancing the     σ     C O   3   2 −       component has a negligible impact on the improvement of the metal–carbonate membrane performance. The metal–carbonate membrane still exhibits notable shortcomings, in addition to the aforementioned factors: (1) The insufficient anti-oxygenation of the conventional metal, leading to a decline in CO2 permeance across the membrane at elevated temperatures. (2) The conventional metals exhibit inadequate anti-sintering and corrosion resistance capabilities (i.e., they react with molten carbonate), whereas noble metals, despite their relatively robust resistance to molten carbonate corrosion, are still cost-prohibitive. (3) The metallic support demonstrates insufficient retention capability for the liquid molten carbonate at elevated temperatures. (4) The presence of oxygen is crucial during the CO2 separation process involving metal–carbonate membranes, as previously discussed in the context of the separation mechanism, which may constrain the application scope.



Based on the intrinsic defects of the metal–carbonate membrane, Kevin Huang’s group systematically optimized this type of membrane to enhance the permeation flux and stability [35,36,37,38,39,40]. To address the reaction issue between the metal and molten carbonate, Xu et al. [35] substituted stainless steel with silver as the membrane support. The Ag–carbonate membrane demonstrated a CO2 flux density of 0.82 mL·cm−2·min−1 at 650 °C with a feed gas composition of 41.67% CO2, 41.67% O2, and 16.66% N2 feed gas, and pure He serving as the sweep gas. The Ag support demonstrated commendable corrosion resistance. However, a comparable reduction in CO2 and O2 permeation flux above 650 °C was also detected due to the sintering of Ag. The sintering of the porous silver support effectively “exerted pressure” on the molten carbonate at high temperature, resulting in a loss of the molten carbonate and hence a reduction in the permeation flux. Zhang et al. [37] implemented a surface coating of Al2O3 on the porous Ag to mitigate Ag-sintering and boost the wettability between Ag and molten carbonate. The generation of LiAlO2 from the interaction between Al2O3 and molten carbonate results in a zero-wetting angle with the molten carbonate. The findings revealed that the Al2O3-coated Ag–carbonate membrane could retain approximately 90% of the initial flux, whereas only approximately 15% of the original flux could be preserved for the uncoated membrane during the extended stability assessment. Tong, Fang et al. employed well-established techniques, such as chemical vapor deposition (CVD), atomic layer deposition (ALD), and chemical dealloying (CD), to achieve uniform coverage and thickness of the Al2O3-coated thin film, or to fabricate uniform and suitable metal structures, thereby enhancing consistency and permeation performance [39,40]. Regarding the modification and improvement of the microstructures as previously mentioned, Zhang et al. [36] also examined the influence of thickness on the permeation flux of the Ag–carbonate membrane. The critical thickness, below which the surface exchange kinetics limits the rate, for the metal–carbonate membrane was determined to be 0.84 mm. Nonetheless, despite the significant enhancements in performance and structure achieved through the aforementioned studies, the metal–carbonate dual-phase membrane does not yet constitute a prevailing research subject in this field. Integrating the working principle and inherent drawbacks of the metal–carbonate membrane, the constraints on its research and application progress are due to a “vicious circle”. The indispensable O2 in the permeation process may oxygenize or sinter the normal metal support at high temperatures, leading to a decline in permeation performance. However, despite noble metals’ superior resistance to oxidation or sintering, their high cost remains a limiting factor.




3.2. Ceramic–Carbonate Dual-Phase Membrane


The primary distinction between the ceramic–carbonate membrane and the metal-supported membrane pertains to their overall conductivity (    σ   T    ), which is contingent on the ionic composition of the rate-limiting step. The ceramic oxygen conductivity (    σ   i    ) of the ceramic–carbonate membrane, rather than the carbonate conductivity (    σ     C O   3   2 −      ), primarily determines the     σ   T     resulting from     σ   e     >>     σ     C O   3   2 −       >>     σ   i    . Moreover, the impact of additional internal constraints (ε, τ, L) on both metal and ceramic–carbonate membranes is essentially identical. Due to the unnecessary requirement of O2 in the separation process and the evident material advantages, the application scope of ceramic–carbonate membranes surpasses that of metal–carbonate membranes. And thus, the ceramic–carbonate membrane has experienced a significant acceleration in its development over the past decade. In light of internal variables, we have conducted an in-depth examination of four aspects pertaining to the ceramic–carbonate membrane: (1) unraveling the mechanism: an in-depth exploration; (2) investigation into the properties and applications of diverse ceramic materials; (3) the enhancement of preparation techniques and membrane architecture; and (4) carbonate phase reformation. For the mechanism exploration, the developments are primarily focused on the establishment of the permeation model and the working principle of the separation, which have been extensively discussed in Section 2.1 and Section 2.2. These models concurrently expose the crucial internal mechanisms of the ceramic–carbonate membrane during the permeation process.



For the exploration of ceramic materials, both the chemical compatibility with carbonate and the stability of the ceramic material under high-temperature conditions should be carefully considered. In addition, the primary objective of material exploration is to promote the advancement of high-quality ceramic phases that can greatly improve oxygen ionic conductivity and subsequently enhance CO2 flux, as demonstrated in Equations (3)–(7). Generally, materials with a carbonate non-wettable property, such as those with a spinel structure, are inadequate for serving as the support material of ceramic–carbonate membranes. Various perovskite or pure ionic ceramic materials are often regarded as suitable support materials in the academic community.



The perovskite material typically exhibits a mixed ion/electron conducting (MIEC) ceramic phase. For example, La0.6Sr0.4Co0.8Fe0.2O3−σ (LSCF), a well-known perovskite material, was first employed by Anderson and Lin for the preparation of a ceramic–carbonate membrane [6]. The porous LSCF skeleton had an average pore size of 182 nm, with CO2 permeance values of 2.01, 3.73, 4.63, and 4.77 × 10−8 mol·m−2·s−1·Pa−1 at 900 °C, corresponding to thicknesses of 3.0, 1.5, 0.75, and 0.375 mm, respectively. The CO2 flux at membrane thicknesses of 3.0 and 1.5 mm was in good agreement with the model prediction reported by Rui et al. [15], indicating that O2− conduction in the LSCF phase represents the rate-limiting step. The CO2 flux in the experimental data deviated from the predicted results as the membrane thickness diminished to 0.75 and 0.375 mm, indicating the involvement of surface reaction kinetics during the permeation process. Norton et al. [41] used La0.85Ce0.1Ga0.3Fe0.65Al0.05O3−σ (LCGFA), an A-site deficient perovskite oxide, to mitigate CO2 attack on the perovskite support and boost membrane stability. The findings revealed that the CO2 flux obtained at 900 °C utilizing 50% CO2-He as the feed gas reached 0.024 mL·cm−2·min−1 (with a membrane thickness of 1.5 mm), demonstrating a stable flux between 0.021 and 0.025 mL·cm−2·min−1 for a duration of 275 h at 900 °C. The CO2 flux was markedly diminished compared to that of the LSCF–carbonate membrane (4.63 × 10–8 mol·m−2·s−1·Pa−1 versus ~0.35 mL·cm−2·min−1) under identical conditions. The main reason for the distinction is due to the much lower oxide-ion conductivity (    σ   i    ) of LCGFA (0.03 S·cm−1 at 900 °C) compared to that of LSCF (0.1 S·cm−1 at 900 °C). Lan et al. [42] fabricated a La0.5Sr0.5Fe0.8Cu0.2O3−σ (LSFCu)–carbonate membrane using 10 wt% LiAlO2 to enhance the wettability between the molten carbonate and the support. The maximum CO2 flux of approximately 0.55 mL·cm−2·min−1 was realized at 750 °C, utilizing a 50% CO2/50% N2 gas mixture as the feedstock. Compared to the LSCF–carbonate membrane, the total conductivity (    σ   T    ) of the LSFCu support (70 S·cm−1 at 800 °C) demonstrates a higher value than that of the porous LSCF support (~42 S·cm−1 at 800 °C), resulting in an elevated CO2 permeation flux.



Pure ionic conductors with excellent carbonate-wetting properties, in addition to perovskite materials, have also been examined in the development of ceramic–carbonate membranes. Wade et al. [32] employed an in situ method to synthesize 8-mol% yttria-doped zirconia (YSZ), 10-mol% gadolinia-doped ceria (CGO or GDC), and α-Al2O3–carbonate membranes for CO2 separation. The implementation of an α-Al2O3 non-oxide conducting membrane was strategically employed to investigate the correlation between oxide ion conductivity and the underlying transport mechanism. The CO2 permeance of the Al2O3–carbonate membrane remained below 2.6 × 10−9 mol·m−2·s−1·Pa−1 throughout its 4000 min test at 750 °C, indicating that the insulating material or the non-oxide conducting membrane did not facilitate a CO2 flux. By contrast, the CO2 permeance of the YSZ- and CGO-based carbonate membranes stands at 2.0 × 10−8 and 3 × 10−8 mol m−2·s−1·Pa−1, respectively, at 750 °C. However, the CO2 flux does not appear to yield satisfactory results, potentially due to the limited oxygen ionic conductivity. The comparison of O2−-conductivity across various ceramic supports is presented in Table 6. As illustrated, YSZ exhibits the lowest O2− conductivity among all the materials investigated. Fluorite-structured Bi1.5Y0.3Sm0.2O3 (BYS), known for its superior oxide-ion conductivity (refer to Table 6), was employed by Li et al. [43] and Rui et al. [44] for the preparation of the ceramic–carbonate membrane. A thin γ-Al2O3 film was implemented to enhance the wettability between the BYS surface and carbonate phase. As anticipated, a significant increase in CO2 flux was observed compared to the YSZ–carbonate membrane [44]. The CO2 flux was 0.083 mL·cm−2·min−1 at 650 °C with 50% CO2/50% Ar and a He sweep gas flow rate of 125 mL·min−1 (STP). Due to the significantly higher O2− conductivity (    σ   i    ) exhibited by BYS, it is expected that the thin (~50 μm) BYS–carbonate membrane would demonstrate a CO2 flux exceeding 0.15 mL·cm−2·min−1, approximately 15 times greater than the flux (0.12 × 10−8 mol m−2 s−1 Pa−1 or 0.01 mL·cm−2·min−1) of the thicker (200~400 μm) YSZ–carbonate membrane at 650 °C. Nonetheless, the quantified flux of the BYS–carbonate membrane exhibits merely an approximately eightfold increment compared to that of the thick membrane. The comparison implies that the ultimate performance of the membrane is also influenced by other internal factors.



For the advancement of preparation techniques and membrane architecture, the research objectives primarily revolve around thickness (L) and microstructures (ε/τ), neglecting the σi of the materials (see Equations (3)–(5)). The permeation of CO2 through dual-phase membranes is governed by oxygen ionic transport; thus, the utilization of thin membranes can effectively reduce ion transport resistance by shortening the diffusion path. Thus, a significant reduction in the thickness of the dual-phase membrane represents a viable strategy for achieving elevated CO2 flux.



Lu and Lin documented a method for the fabrication of an asymmetric ceramic–carbonate dual-phase membrane [46]. The two-layer asymmetric support system consisted of a large pore base support and a thin, small pore ionic conducting ceramic top layer. The crux of this concept is to guarantee that the top layer serves as an efficient gas-tight permeable bed for CO2 separation, while the bottom layer remains porous to facilitate unobstructed gas mixture passage, as illustrated in Figure 3. The utilization of varying capillary forces generated from distinct pore sizes and wettability characteristics of carbonate substrates was conducted to achieve this result. After conducting an in-depth investigation into various combinations of diverse materials, including YSZ, LSCF, BYS, and α-Al2O3, an optimal thin YSZ top-layer/thick BYS porous layer combination was ultimately fabricated. The CO2 flux of the asymmetrical YSZ/carbonate–BYS dual-phase membrane was 0.59 mL·cm−2·min−1 at 650 °C, which exceeded the values of 5 to 10 times for the thicker dual-phase membranes mentioned previously. Similar to the above concept, Dong et al. [27] recently advanced a novel asymmetric tubular Ce0.8Sm0.2O1.9 (SDC)–carbonate membrane. This membrane is fabricated from a thin SDC–carbonate dense layer and a porous SDC/BYS support. Since BYS is a carbonate non-wettable material mentioned above, only the porous SDC thin layer will be filled with the carbonate, hence forming a thin and dense SDC–carbonate membrane (with ~0.150 mm thickness) supported by a porous SDC/BYS matrix (with 1.35 mm thickness). The maximal CO2 flux and permeance of the asymmetric tubular membrane reached 1.56 mL·cm−2·min−1 and 2.3 × 10−7 mol·m−2 s−1·Pa−1, respectively, at a temperature of 900 °C. This membrane demonstrates a comparable separation performance to the asymmetrical YSZ/carbonate–BYS membrane reported by Lu and Lin [39], with a value of 0.44 mL·cm−2·min−1 versus 0.59 mL·cm−2·min−1, under similar conditions (650~700 °C, 50% CO2/50% N2 feed gas) [47].



In addition to the aforementioned “coating-layer” strategy, fabricating a dual-phase membrane based on hollow-fiber technology is another approach to reduce the membrane thickness. Zuo et al. conducted a pioneering study to fabricate a ceramic–carbonate hollow-fiber membrane utilizing YSZ as the supporting material [48]. The CO2 flux values were 0.061 and 0.13 mL·cm−2·min−1 at 650 °C and 850 °C, respectively, which were consistent with the findings reported by Wade et al. (0.047 or 0.17 mL·cm−2·min−1 at 650 or 850 °C). Although the performance of the YSZ–carbonate hollow-fiber membrane might not be as optimal as expected due to its relatively thicker membrane thickness (0.3–0.5 mm), the successful preparation of such membranes in a hollow-fiber geometry nonetheless offers a novel perspective for high-temperature CO2 separation using ceramic–carbonate membranes. After that, Zhuang et al. [49] synthesized a LSCF–carbonate hollow-fiber membrane with a thickness of approximately 0.3 mm. The CO2 flux density can reach up to 1.0 mL·cm−2·min−1 at 900 °C, which surpasses the disk-shaped LSCF–carbonate membrane (0.375 mm thickness) reported by Anderson and Lin under the same measurement conditions (0.36 mL·cm−2·min−1 at 900 °C). Jiang et al. [50] fabricated a multichannel hollow-fiber membrane with a 0.22 mm thickness and SrFe0.8Nb0.2O3−σ (SFN) as the support matrix, as illustrated in Figure 4. The peak CO2 flux value was 0.64 mL·cm−2·min−1, which was achieved using a 50% CO2/50% N2 feed gas at a temperature of 850 °C.



The microstructure of the dual-phase membrane is considered a crucial internal factor that determines its performance. Table 7 presents a comprehensive analysis of the impact of membrane thickness and microstructure on CO2 permeation in typical studies utilizing ceramic–carbonate dual-phase membranes, summarizing their major findings. Ortiz-Landeros et al. [23] provided a comprehensive investigation into the impact of support structures on CO2 permeance in dual-phase membranes. The findings demonstrated that an increase in the CO2 flux of dual-phase membranes can be achieved by elevating four parameters: carbonate conductivity (    σ   c    ); O2− conductivity for ceramic phase (    σ   i    ); the ratio of porosity (or carbonate phase) to tortuosity (      ε / τ     p    ); and the ratio of the solid fraction to tortuosity (      ε / τ     s    ), as depicted in Equations (4) and (5). Maximizing the total conductance (    σ   T    ) will guide the design and optimization of the ceramic matrix structure to achieve the maximum CO2 flux. As previously mentioned, for the majority of ceramic dual-phase membranes, the σc values are approaching for kinds of carbonate mixture, with     σ   c     >>     σ   i    . Thus, besides the     σ   i     value being determined by the materials, an effective strategy to fabricate membranes with enhanced CO2 permeance is to elevate the       ε / τ     s     term. The porous SDC support prepared by the “sacrificial-template” method, as reported by Zhang et al. [7], serves as a notable example of an approach that effectively achieves high CO2 permeance. The data presented in Table 6 demonstrate that the SDC–carbonate membrane, with a thickness of 1.2 mm, achieved a CO2 flux of 1.84 mL·cm−2·min−1 under a gas mixture of 4.8% H2/47.6% CO2/47.6% N2 at 700 °C. Although the SDC–carbonate membrane exhibits a relatively greater thickness (1.2 mm), its permeability is at least twofold higher than that reported for YSZ- and CGO-based carbonate membranes at 650 °C and at least one order of magnitude greater than the LSCF–carbonate membrane at 700 °C. The substantial enhancement of CO2 flux can be attributed to the efficient microstructure.



The ceramic–carbonate membrane will exhibit superior CO2 permeability when it simultaneously possesses a reduced thickness and an optimized microstructure. For instance, Chen et al. [51] fabricated an SDC–carbonate hollow-fiber membrane through the application of phase inversion and spinning techniques. The SDC–carbonate hollow-fiber membrane exhibits a thickness ranging from 0.1 to 0.15 mm, attributed to its asymmetrical structure. Meanwhile, a higher degree of porosity and lower tortuosity contribute to the increased value of (ε/τ) as demonstrated in Table 7. The membrane demonstrated exceptional CO2 permeation performance under various feed conditions. At temperatures of 700 °C, the maximum CO2 fluxes are 4.78, 5.46, and 1.79 mL·cm−2·min−1, respectively, underfeeding conditions of 50% CO2-50% N2, 5% H2-47.5% CO2-47.5% N2, and 5% O2-20% CO2-75% N2. Compared to the work of Zhang et al. [7], the disk SDC membrane exhibits a superior microstructure, resulting in a larger (ε/τ) value of 0.233, which is approximately four times greater than that of the SDC hollow-fiber membrane (0.0544). However, the thickness of the disk SDC membrane (1.2 mm) is approximately 10 times thicker than that of the SDC–carbonate hollow-fiber membrane (0.1~0.15 mm). As a result, the SDC–carbonate hollow-fiber membrane exhibits a superior performance under comparable test conditions (5.46 mL·cm−2·min−1 versus 1.84 mL·cm−2·min−1), as illustrated in Table 7. However, the mechanical strength of this SDC–carbonate hollow membrane is significantly inadequate. Chen et al. [22] successfully enhanced the stability and mechanical robustness of the membrane through the construction of a double-layered hollow structure using a mixed material of SDC and La2NiO4. This membrane consists of a porous SDC/La2NiO4 layer and a dense SDC/carbonate layer, showing a double-ring structure to enhance the bending strength of the membrane, as shown in Figure 5. The bending strength of the double-layer membrane is 84.7 MPa, which is nearly twice that of the single-layer-SDC–carbonate membrane (43.9 Mpa) [22]. Moreover, this work provides a novel approach for the fabrication of the double-layer-ceramic–carbonate hollow-fiber membrane. Even more to the point, the infiltration method of molten carbonate for the double-layer-ceramic–carbonate hollow-fiber membrane is a dip-coating technique. The infiltration method employed here bears resemblance to the vacuum-assisted technique [54] (a more accurate method for controlling the degree of the carbonate infiltration as reported by Metcalfe’s group) utilized for carbonate coating infiltration. This kind of method applied a novel way for infiltrating the carbonate into tubular or hollow-fiber membranes.





4. External Factors and Membrane Stability


4.1. CO2 and O2 Effect


The intrinsic properties of the dual-phase membrane are fixed upon consummate preparation, serving as internal factors that remain constant. However, such external factors can be modulated according to the specific test or application requirements. The primary external factors, as illustrated by the permeation model presented in Section 2, encompass temperature and partial pressure of CO2, which directly impact the CO2 permeability of the carbonate dual-phase membrane. The escalating temperature is likely to enhance CO2 permeation, as the transport of carbonate and oxygen ions is a thermally activated process. Regarding the CO2 partial pressure, an increase in pressure on the feed side or a decrease in pressure on the permeation side will augment the driving force of the permeation process, thereby elevating the CO2 permeation flux. The impact of these two factors is regarded as a conventional understanding within the field of ceramic membranes, such as those used for oxygen transport membranes. Therefore, in this section, our primary focus will be on investigating the influence of the feed gas composition itself on both the permeation and stability aspects of the carbonate dual-phase membrane.



Since alkaline earth metals are prone to react with CO2, the performance of some carbonate dual-phase membranes based on perovskite materials may be influenced by the CO2 present in the feed stream. For example, Norton et al. [55] observed that the performance of the LSCF–carbonate membrane with a thickness of 1 mm demonstrated a degradation during the CO2 separation process. The CO2 flux experienced a significant decrease within the temperature range of 800–900 °C subsequent to exposure to CO2/N2 feed gas. The significant decline in CO2 flux could be directly attributed to the formation of SrCO3 resulting from the reaction between Sr in the LSCF support and CO2 in the feed stream. The presence of SrCO3 on the membrane surface hinders the surface reaction between CO2 and O2− in the LSCF phase [56]. However, in post-combustion power plants, the presence of O2 in the flue gas is generally advantageous for the CO2 separation performance of the carbonate dual-phase membrane. The introduction of O2 into the feed gas during the CO2 separation process eliminates the formation of SrCO3 in the LSCF–carbonate membrane, thereby ensuring a stable perovskite structure of LSCF [57]. Norton et al. [55] demonstrated that the LSCF–carbonate can remain stable for up to 600 h within a temperature range of 850–950 °C. Moreover, the CO2 flux of approximately 3.0 mL·cm−2·min−1 was 10-fold greater than that of the LSCF–carbonate membrane in the O2-free feed gas (CO2/N2 feed) at 900 °C, indicating that O2 can enhance the CO2 permeation of the LSCF–carbonate membrane. In this instance, O2 can also permeate the membrane, and in a permeation ratio of 2:1 for CO2 and O2. The observed phenomenon can be attributed to the emergence of a resemblance in permeation mechanisms between the metal–carbonate and LSCF–carbonate membranes following the introduction of O2 into the feed gas. The electron conductivity of LSCF (~1000 S·cm−1) significantly surpasses the CO32− conductivity (~3.5 S·cm−1) exhibited by the carbonate phase at 900 °C. Thus, the rate-limiting step of CO2 transport in LSCF changed from O2 conduction (~0.1 S·cm−1) to CO32− conduction after the involvement of electrons in CO2 permeation [55]. The occurrence of this phenomenon is frequently observed in ceramic–carbonate membranes exhibiting a combination of mixed ion conductivity and electron conductivity.



The O2, as illustrated in the aforementioned example, not only shields certain ceramic supports from CO2 assault but also actively participates in and facilitates CO2 permeation throughout the process. The permeation behavior of SDC–carbonate dual-phase membranes in a feed stream containing 15% CO2-10% O2-75% N2 has also been demonstrated in the study conducted by Tong et al. [17]. The SDC exhibits a markedly high O2− conductivity and an appreciably low e-conductivity under O2−-containing gas atmospheres. The study conducted by Tong et al. [17] demonstrated that a minor proportion of O2 could permeate through the SDC–carbonate membrane, exhibiting a CO2:O2 flux ratio of approximately 7.5:1 (not 2:1 as observed in the LSCF–carbonate membrane, CO2 + 1/2O2 + 2e− → CO32−). Overall, the activation of two separation mechanisms in the ceramic–carbonate membrane can be attributed to two factors: (1) the presence of a certain e−-conduction in the ceramic phase, and (2) the inclusion of O2 in the feed stream. Recently, some studies have reported and validated the distinct CO2 permeation pathways in perovskite (La1.5Sr0.5NiO4±δ(LSN) [53], LSCF [25]) or fluorite-based (SDC [17], ScCeSZ [58]) ceramic–carbonate dual-phase membranes in the presence of O2.




4.2. Sulfur Effect


The majority of ceramic membranes, such as perovskite membrane for O2 separation and palladium membrane for H2 separation, applied in the post- or pre-combustion process, inevitably encounter the challenges posed by sulfur. The formation of sulfur-containing gases varies across various combustion processes. The sulfur is ultimately converted to SO2 in post-combustion power plants following the combustion process. The sulfur formation, however, occurs as H2S in the pre-combustion IGCC system. The ceramic membrane is often significantly affected by these two sulfur products, resulting in negative consequences.



For ceramic–carbonate dual-phase membranes, the impact of sulfur products may vary due to the presence of two distinct phases (i.e., ceramic and carbonate phases) within the membrane. Chen et al. [59,60] conducted an in-depth examination of the influence of sulfide gases (SO2 and H2S) on the SDC–carbonate membrane. The findings demonstrate a profound disparity in the impact of SO2 and H2S on the membrane. The impact of SO2 on the SDC–carbonate membrane is primarily reflected in the degradation of the carbonate phase. The SO2 in the feed stream has the potential to undergo a reaction with the molten carbonate present in the membrane, resulting in sulfate formation. The presence of sulfate within the carbonate phase can lead to a reduction in the conductivity of carbonate ions (    σ   c    ). The effective conductivity of       ε / τ     p     σ   c    , as discussed in Section 2.2, will exhibit a smaller value than that of       ε / τ     s     σ   i     as the content of sulfate in the carbonate phase increases. As a result, the rate-limiting transport shifts from O2−-conduction in SDC to CO32−-conduction in the sulfated carbonate phase, which exhibits higher activation energy for electrical transport and consequently leads to a decrease in CO2 permeance. The SO2 demonstrates a negligible impact on the SDC phase, as reported by Chen et al. [59]. However, certain perovskite materials have been found to be susceptible to SO2 poisoning [61,62]. Therefore, it is imperative to consider and investigate the impact of SO2 on the perovskite-based dual-phase membrane. Among the differences from the SO2 effect, Chen et al. [60] observed that H2S primarily exerts a detrimental influence on the ceramic phase of the SDC–carbonate membrane. The CO2 permeation flux exhibits a decline in the feed stream containing a trace amount of H2S, attributed to the formation of Ce-O-S compounds (Ce2O2S and Ce(SO4)2) resulting from the reaction between the SDC phase and H2S. The presence of the Ce-O-S phase leads to a reduction in both the quantity and mobility of the lattice oxygen within the SDC phase, thereby resulting in a decrement of the O2− conductivity of the SDC phase. Overall, the presence of sulfur-containing gas significantly degrades the performance and stability of the ceramic–carbonate membrane. The addition of a sulfur removal unit during the application process will adversely impact the efficiency of the dual-phase membrane.




4.3. Other Impurities


The presence of sulfur-containing gas consistently exerts a detrimental impact on the performance of the dual-phase membrane. However, certain impurities may facilitate the CO2 permeation process in the carbonate dual-phase membrane. For instance, H2O is a prevalent component in the product stream throughout the post- and pre-combustion processes. The process of steam dissolution in molten carbonates has long been acknowledged [63]. Xing et al. [64] synthesized CeO2–carbonate dual-phase membranes, employing a series of theoretical treatments to examine the influence of steam on CO2 transport. The findings demonstrated that the dissolution of steam in the form of hydroxide ions into molten carbonates could facilitate the diffusion of CO2. The CO2 flux of the CeO2–carbonate membrane demonstrates an approximate 30% increment when 2.5% H2O is introduced to the feed side, whereas a remarkable 250–300% increase in the CO2 flux is observed when the same amount of H2O is added to the permeation side [64]. The significant escalation in CO2 flux observed upon the introduction of steam can be attributed to the emergence of an additional pathway facilitating CO2 transport, as illustrated in Figure 6. The transport of OH− and CO32− ions in the molten carbonate phase occurs in opposite directions, whereas the direction of the OH− ions is consistent with that of the O2− ions from the ceramic phase. In the event that the OH− transport is integrated with O2− within the solid matrix, it would lead to an enhanced electrochemical gradient of the rate-limiting step, thereby facilitating the CO2 flux. The aforementioned research serves as a compelling illustration of enhancing the carbonate phase to facilitate CO2 permeation.



Compared to the aforementioned “passive improvement”, directly incorporating certain impurities into the carbonate phase could be termed as “active improvement”. Xing et al. [65] enhanced the CO2 permeation flux by promoting the dissolution of oxide ions into the molten carbonate phase. The dissolution of CsVO3 and MoO3 into the molten carbonate phase resulted in an almost doubled CO2 flux increase under dry operating conditions. The enhancement of oxide ion concentration and conductivity within the molten carbonate is responsible for this phenomenon. Furthermore, incorporating certain positive elements into the ceramic phase may enhance the membrane performance. For instance, Albert Gili et al. [66] examined the comparison between SDC and FSDC (Ce0.8Sm0.19Fe0.01O2−δ) containing 1.1 at% Fe, and discovered that introducing iron into SDC enhances the CO2 permeability, attributed to the scavenging effect of iron on silicon-containing impurities. The molten salt was enhanced by the addition of CaCO3 and BaCO3, as demonstrated by Zhang et al. [67], resulting in improved dissolved oxygen performance and enhanced permeability of the dual-phase membrane.




4.4. Membrane Stability


As is the case with the majority of ceramic membranes, carbonate dual-phase membranes are typically subjected to high-temperature operations (>550 °C). The chemical stability of these membranes is compromised by the reaction between the ceramic phase and gas species such as CO2 and H2S, or loss of carbonates from the support pores (e.g., metal–carbonate membranes). However, in recent years, selective and technical methods for enhancing the stability of carbonate dual-phase membranes used in CO2 separation primarily include (1) application of a membrane in a suitable case, (2) support modification, (3) proper ceramic materials selection, and (4) optimal utilization of membranes. The investigations by Norton et al. [55] on LSCF–carbonate membranes (Section 4.1) and a comprehensive study of Ag–carbonate membranes (Section 3.1) serve as exemplary illustrations for enhancing membrane stability through patterns (1) and (2), respectively, as previously mentioned. Next, we will primarily focus on presenting additional cases for investigating and enhancing the stability of the membrane.



Compared to perovskite-structured ceramics such as LSCF, fluorite-structured ceramic materials, including BYS, YSZ, and SDC, demonstrate superior stability in CO2-rich atmospheres. The BYS–carbonate membrane exhibits a “stepped” stabilization process, as illustrated in Figure 7, according to the findings of Rui et al. [44]. The CO2 permeation flux demonstrates a significant increase over time, stabilizing at a constant value of 0.066 mL·cm−2·min−1 after approximately 50 h. The observed phenomenon can be attributed to the gradual transformation of all rhombohedral structures in BYS into fluorite structures over time. The ionic conductivity of BYS in the fluorite structure exhibits a higher oxygen ionic conductivity than that in the rhombohedral structure, leading to an increment in the CO2 flux during the long-term stability test [44]. The transient transformation process of the BYS support is more conducive to CO2 transportation and membrane stabilization. Lu and Lin conducted an investigation on the stability of the asymmetric YSZ–carbonate membrane [46]. The CO2 flux through the membrane remains constant at 650 °C throughout the approximately 20 h operation period. The morphological integrity of the YSZ–carbonate membrane following the high-temperature CO2 permeation test remains consistent with that prior to the test, suggesting excellent chemical compatibility and stability between YSZ and carbonate at elevated temperatures. Norton et al. [24] investigated the CO2 permeation characteristics and long-term stability of the disk SDC–carbonate dual-phase membrane under high-temperature CO2/N2 and simulated syngas feed conditions. The results presented in Figure 8a demonstrate that the SDC–carbonate membrane exhibits a consistent CO2 permeation flux of approximately 0.42 mL·cm−2·min−1 over an extended period of 80 h at 700 °C, under a CO2 partial pressure of 2.5 atm in a 50% CO2/50% N2 feed gas mixture. Atmospheric pressure conditions prevail, resulting in a CO2 flux of approximately 0.7 mL·cm−2·min−1 for over 330 h at 900 °C, with a CO2 partial pressure of 0.5 atm in the CO2/N2 feed gas [24]. Moreover, regarding the simulated fuel gas composition, consisting of 50% CO, 35% CO2, 10% H2, and 5% N2, the CO2 permeation flux was maintained at 0.4 mL·cm−2·min−1 at 700 °C for a duration of 5 days, while being exposed to a total feed pressure of 3 atm with a CO2 partial pressure of 1.8 atm, and the CO2 flux was approximately 0.31 mL·cm−2·min−1 at a temperature of 700 °C under atmospheric pressure, with a CO2 partial pressure of 0.35 atm, as depicted in Figure 8b. Importantly, the XRD patterns of the SDC–carbonate membrane surface after long-term testing revealed that the sweep side of the membranes maintained a pristine fluorite structure, whereas only minor peaks corresponding to Sm2O3 were observed on the feed side. The findings imply that the SDC–carbonate membrane demonstrates exceptional permeation stability when exposed to H2 or CO2/N2 feeds. Indeed, several other studies pertaining to the SDC–carbonate membrane have also corroborated the exceptional stability of the SDC phase within this domain.



The selection of appropriate ceramic materials can enhance the stability of the carbonate dual-phase membrane; however, nearly all ceramic membranes are susceptible to varying degrees of sulfur-containing gas-induced degradation. In particular, the presence of H2S significantly impacts the ceramic material during the pre-combustion process in the presence of H2. Recently, Chen et al. [68] developed an asymmetric membrane, primarily composed of an adsorbed layer (SDC/BYS or SDC porous layer) for H2S removal and a dense ceramic–carbonate layer (SDC–carbonate dense layer) for CO2 separation, as illustrated in Figure 9. The function of BYS is to prevent the infiltration of molten carbonate into the pores of the adsorbed layer, owing to its non-wettability toward carbonates. The findings revealed that the utilization of asymmetric membranes significantly enhances the stabilization period of membrane separation (ranging from 10 to 12 times the stability duration of a single SDC–carbonate membrane). As illustrated in Figure 10a, the asymmetric membranes exhibit stable performance within a H2S-containing atmosphere, contrasting the instability of single-layer membranes. The development of a “saturation adsorption point” for H2S removal was observed in the asymmetric membrane during the CO2 separation process, leading to a decline in the performance of CO2 separation beyond this point. However, the adsorbed layer can be efficiently regenerated within a short duration at 850 °C in an oxygen-enriched gas stream [68] (refer to Figure 10b). The stripped sulfur from the adsorbed layer during the regeneration process can be collected as an elemental sulfur product, enhancing the efficiency and value of this membrane for CO2 capture in the pre-combustion IGCC application.





5. Applications of Membrane


5.1. Basic Assessment in Post- and Pre-Combustion Processes


The approaches for CO2 capture from power plants can be fundamentally categorized into three processes: post-combustion, which involves capturing CO2 from flue gases; pre-combustion, which entails capturing CO2 from high-pressure syngas (H2 + CO); and oxy-fuel, which involves combusting with pure O2. Due to its high operating temperature (>500 °C), the metal- or ceramic–carbonate dual-phase membrane exhibits competitiveness compared to certain conventional processes, such as the MEA process and Selexol process are employed for CO2 capture in combustion processes, including Oxy-fuel, and pre- and post-combustion. The dual-phase membranes have the potential to be employed in the purification of oxy-fuel combustion flue gas containing a concentrated CO2 stream. However, dense inorganic oxygen transport membranes (OTMs), being a well-established membrane for O2 separation, could also serve as a viable option in the oxy-combustion process [68,69,70,71]. Owing to this end, the carbonate dual-phase membranes are primarily contemplated in the post- and pre-combustion processes at present.



The driving force for the dual-phase membranes lies in the gradient of CO2 electrochemical potential that exists across their opposing surfaces. The CO2 separation process does not require electricity, rendering it a promising, low-cost, and energy-efficient option for carbon capture. The CO2 concentration and partial pressure should be primarily considered to assess the suitability of the membranes in different scenarios. Table 8 enumerates the typical gas compositions in various combustion scenarios. As shown, the CO2 concentration of the natural-gas-combusted flue gas is relatively low during the post-combustion process, leading to an inadequate chemical potential gradient of CO2 between the feed side and the permeation side. Furthermore, although the flue gas resulting from natural gas combustion possesses an optimal operational temperature for CO2 separation using the carbonate dual-phase membrane, it is characterized by a low-pressure level equivalent to atmospheric pressure. The gas stream must be compressed before separation. Therefore, prior to separation, it is imperative to compress the flue gas. Typically, the flue gas should be cooled to room temperature and subsequently compressed to increase pressure in order to minimize compression workload. The carbonate dual-phase membrane technology for CO2 separation in this case incurs a higher energy penalty (2.5–3.5% points) compared to MEA-based post-combustion capture [72]. The potential application of dual-phase membranes in the separation of coal-fired flue gas, characterized by its relatively high CO2 concentration (above 10%), could offer an innovative solution for CO2 capture. The impact of SO2 from coal combustion on membrane performance must be taken into account, as previously mentioned in Section 4.1, due to its adverse effects. The additional energy penalty from heat exchange will be further increased, as the removal of SO2 typically occurs at a lower temperature compared to the high operating temperature of the dual-phase membrane.



The implementation of a carbonate dual-phase membrane in the pre-combustion process confers a competitive edge. As shown in Table 8, higher CO2 concentrations, a positive condition for the dual-phase membrane, can be applied in the pre-combustion IGCC case, not only for the syngas, but also for the shifted gas. The CO2 capture in this process is generally operated at a high-pressure (35–40 bar) gas stream, which is also suitable for the carbonate dual-phase membrane. Currently, the Selexol or Rectisol absorption approach is the preferred CO2 capture process. However, it is expected to result in an approximate 30% increase in the levelized cost of electricity with a 90% CO2 capture rate [78]. Table 9 presents a comparative analysis of the net efficiency of CO2 capture from IGCC plants, employing both Selexol and ceramic CO2-selective membranes. The ceramic (porous or dual-phase) membranes, as illustrated, exhibit a significantly higher net efficiency. Anantharaman et al. [72] revealed that the overall process efficiency of a two-stage process based on a dual-phase membrane outperforms the Selexol process by approximately 2.15% points. A simplified flow diagram illustrating a two-stage dual-phase membrane process is presented in Figure 11, based on the findings reported by Anantharaman’s research group. The first stage membrane is positioned downstream of the high-temperature shift (HTS) water–gas shift process. The first stage dual-phase membrane is employed to capture a portion of the CO2 generated from the HTS product. Due to the isolation of one of the reaction products (CO2), the equilibrium is redistributed, enabling the conventional low-temperature shift (LTS) water–gas shift process to be supplanted by an alternative high-temperature shift (HTS) procedure. The aforementioned mechanism can persistently maintain an elevated temperature, thereby facilitating the utilization of a second-stage dual-phase membrane at an optimal operating temperature. The separation of residual CO2 occurs in this stage. Potential challenges in the initial stages of deep CO2 removal could significantly exacerbate the difficulty of CO2 separation in subsequent stages. Therefore, the utilization of H2-selective membranes during the initial stage can enhance both CO conversion and CO2 concentration, thereby improving the overall efficiency. As mentioned above, the application of a dual-phase membrane can enhance process efficiency, attributable to the optimized heat exchange and gas compression penalties within the process, thereby eliminating the need for cooling and heating cycles.



The carbonate dual-phase membrane demonstrates superior performance to the Selexol membrane reported by Anantharaman et al. [72]. This evaluation is based on the assumption that H2S will not have any adverse effects on the separation process. However, the presence of H2S in the pre-combustion IGCC case poses an inevitable challenge that hampers the efficient separation of the aforementioned dual-phase membrane. If this were the scenario, the application of H2S removal technology, such as the Selexol process, should be implemented upstream of the carbonate dual-phase membrane. This will result in process inefficiencies. Fortunately, Chen et al. [68] recently proposed a novel approach to address the H2S issue, as mentioned previously. The optimized asymmetric membrane has the potential to achieve simultaneous H2S removal and CO2 separation functionality following the enhancement of its material and structure. The H2S problem can thus be disregarded during the application of the dual-phase membrane.




5.2. Membrane Reactor Concept


The operating temperature range (500–900 °C) of the dual-phase membrane for CO2 separation is also well suited for certain high-temperature catalytic reactions. Thus, with the integration of dual-phase membranes with catalysts to the fabrication of membrane reactors, facilitating simultaneous separation and reaction processes, the application of dual-phase membranes appears to be a favorable choice. The dual-phase membrane reactors are currently employed in two operational modes, as follows: The reactor wall is fabricated from a carbonate dual-phase membrane, with a suitable catalyst being either packed or sintered within the membrane reactor. In the first mode, the most extensively studied configuration of a dual-phase membrane reactor involves coupling a CO2 reforming reaction at the permeation side to convert the permeated CO2 (refer to Figure 12a). In this manner, the catalytic reaction rapidly consumes the separated CO2 as a reactant, thereby providing an additional “sweeping power” to elevate the partial pressure of CO2 (i.e., the driving force for permeation). The coupling mode under examination exhibits a significant propensity to facilitate the separation process.



Anderson and Lin pioneered the proposal of a ceramic (using LSCF)–carbonate dual-phase membrane reactor for CH4 dry reforming, enabling in situ separation to capture CO2 as a reactant [77], as shown in Figure 13. Under the reaction conditions of 850 °C, a feed gas consisting of 25% CO2 and 75% N2 at a flow rate of 10 mL min−1, and a sweep gas composed of 50% CH4 using a traditional Ni/λ-alumina catalyst, demonstrated a CO2 flux of 0.17 mL·cm−2·min−1, a H2 production rate of 0.3 mL·cm−2·min−1, and a conversion of CO2 and CH4, respectively, of 88.5 and 8.1%. Zhang et al. [80] employed CeO2-based ceramic materials (GDC, SDC) to fabricate a ceramic–carbonate membrane reactor for the dry reforming of CH4. The Ni-MgO-1wt% Pt catalyst-based GDC–carbonate membrane reactor achieved a CO2 flux of 2.25 mL·cm−2·min−1, a H2 and CO production rate of 3.75 and 3.24 mL·cm−2·min−1, respectively, and a CH4 conversion of 93.9% at 850 °C. Compared to the LSCF–carbonate membrane reactor, the GDC–carbonate membrane reactor exhibits significantly improved performance attributed to three key factors as follows: (1) ceramic materials with enhanced stability and superior oxygen conduction (such as SDC, GDC compared to LSCF); (2) the integration of a superior catalyst; and (3) optimal permeation conditions (balanced feed and sweep gas compositions). The interaction between LSCF and carbonate led to a suboptimal performance of the LSCF–carbonate membrane reactor. In contrast, GDC demonstrated more stability under CO2-enriched conditions. The integration of a superior catalyst will potentiate the conversion of the CO2-consuming catalytic reaction, thereby escalating the CO2 permeation from the feed side. The increase in permeable CO2 can further enhance the conversion of CH4. This phenomenon of a “virtuous circle” in the membrane reactor has been substantiated by the aforementioned two studies. For the CH4 reforming membrane reactor, Zhang et al. [81,82] concurrently fabricated SDC–NiO–carbonate and Ag–carbonate membrane reactors for simultaneous CO2-O2 capture and in situ dry-Oxy CH4 reforming. The two membrane reactors under investigation exhibit high CO2 permeation flux (1.17–2.4 mL·cm−2·min−1), production rate (with a maximum H2 and CO production rate of approximately ~4 mL·cm−2·min−1), and CH4 conversion rate (80–85%) under optimal experimental conditions. Fabián-Anguiano et al. [27] have employed the CO2/O2 co-permeation property to develop a membrane reactor for dry methane reforming and methane partial oxidation in a single-stage process, demonstrating excellent performance under high-temperature conditions. The membrane reactors, based on the CO2/O2 co-permeation character revealed by Norton et al. [55], demonstrate significant potential for the separation of CO2 from flue gas, providing a promising approach for the application of carbonate dual-phase membranes in the post-combustion process. In addition to the aforementioned dry reforming membrane reactors, Chen et al. [83] first proposed an SDC/LaNiO3(LNO)–carbonate dual-phase membrane reactor integrated with a La0.9Ce0.1NiO3−δ (LCNO) catalyst for simultaneous CO2 separation and reverse water–gas shift (RWGS) reaction (CO2 + H2 ⇆ CO + H2O). The separated CO2 from the feed side can be rapidly consumed by the H2 of the sweep side. The results reveal that the CO2 permeation flux in the membrane reactor with a 10% H2/He gas sweep is approximately four times higher (1.04 versus 4.25 mL·cm−2·min−1) than that of a single CO2 separation process utilizing pure He sweeping. Zhu et al. [84] reported an SDC–carbonate dual-phase membrane reactor coupling of CO2 separation with CO2 methanation reaction over a Ni-based catalyst. In general, the carbonate dual-phase membrane reactors based on the first mode (refer to Figure 12a) primarily emphasize enhancing CO2 capture through its coupling with the CO2 reforming reaction.



The second frequently examined mode of carbonate dual-phase membrane reactors involves the integration of a catalytic reaction with CO2 separation capabilities, aimed at extracting the CO2 product from the reactor, as depicted in Figure 12b. The removal of generated CO2 will enhance the conversion of the catalytic reaction, which is limited by thermodynamic equilibrium, leading to an augmented yield of the desired product. The prerequisites for the implementation of dual-phase membrane reactors based on the second mode necessitate the employment of active catalysts to alleviate the burden of the separation process. The dual-phase membrane separators require a high CO2 permeation flux and selectivity to ensure that the reaction rate aligns with the permeation rate. Furthermore, certain membrane reactors sans catalysts rely solely on the membrane wall, which exhibits catalytic activity and participates in the reaction, to regulate the reaction mechanism. The overall performance of this membrane reactor system not only enhances the desired product yield and selectivity but also minimizes the subsequent separation process required for the recovery of reactants or the isolation of carbon dioxide from the product stream.



Based on the second reactor mode, a prime example is the dual-phase membrane reactor constructed from a tubular SDC–carbonate membrane, as reported by Dong and Lin [85], as illustrated in Figure 14. The membrane reactor is employed for the water–gas shift (WGS) reaction (CO + H2O ⇆ CO2 + H2), while enabling in situ separation of CO2. The SDC–carbonate membrane reactor, effectively eliminates CO2 from the WGS product stream without the need for a catalyst, thereby promoting the conversion of CO to H2 at elevated temperatures. The findings demonstrate that the catalytic-free SDC–carbonate membrane reactor achieves a CO2 flux of 2.7 × 10−3 mol·m−2·s−1, along with CO conversion and CO2 recovery rates of 26.1% and 18.7%, respectively, at 900 °C. These outcomes notably outperform the conventional fixed-bed reactor under identical conditions. As previously discussed, the ceramic–carbonate membrane demonstrates enhanced suitability for CO2 capture in the pre-combustion IGCC scenario. This membrane reactor concept gives a demonstration of the feasibility of a high-efficiency IGCC power plant with CO2 capture. Another instance is the steam reforming of methane (SRM) reactor, which is based on a thin BYS/SDC-ceramic–carbonate membrane as reported by Wu et al. [86]. The production of CO2 can be considered as a byproduct in the SRM reaction process, which also encompasses the WGS reactions (CH4 + H2O ↔ CO + 3H2; CO + H2O ↔ CO2 + H2; CH4 + 2H2O ↔ CO2 + 4H2). The membrane reactor achieves a hydrogen yield of 90% with a CO2 recovery rate of 84% at a temperature of 900 °C and feed pressure of 1 atm, demonstrating significant superiority over the conventional fixed-bed reactor operating under similar conditions. The performance of this reactor significantly surpasses that of the conventional fixed-bed reactor under similar conditions, demonstrating its superiority in terms of efficiency and functionality. The removal of CO2 from the H2-product stream through the thin BYS/SDC–carbonate membrane reactor can enhance the H2 concentration while simultaneously reducing CO and CO2 in the retentate stream. Thus, the dual-phase reactor can notably alleviate the production process as no extra WGS unit is needed.





6. Perspective


Although significant advancements have been reported in the development of carbonate dual-phase membranes, several pressing challenges must be addressed to meet the demands of future applications. At present, the development of prominent handles for CO2 separation in dual-phase membranes primarily involves (1) the creation of novel materials, (2) chemical stability, (3) moderate permeability, (4) mechanical strength, and (5) configuration and high-temperature sealing. In the ensuing sections, we delve into the pivotal challenges and prospective development trajectories of carbonate dual-phase membranes.



6.1. Main Issues


Perovskite structure materials, representing a significant subset of ceramic materials, typically incorporate alkaline earth elements such as Ca, Sr, and Ba. However, the propensity of CO2 to react with the alkaline earth elements is heightened at elevated temperatures. Perovskites containing conventional metals, such as cobalt, are also prone to instability in CO2-rich environments. The enrichment of cobalt can reduce electronegativity, thereby enhancing the basicity of perovskite materials, leading to facilitated reactions with CO2. The availability of ceramic materials suitable for the preparation of dual-phase membranes for high-temperature CO2 separation is constrained. The choice of materials for the support synthesis of the dual-phase membrane should prioritize stability, ensuring retention of its phase structure in the presence of a CO2-enriched atmosphere at elevated temperatures. The primary constraint on the chemical stability of the dual-phase membrane is attributed to the interactions between its components. Presently, as previously mentioned, SDC demonstrates optimal performance in terms of permeance and stability. However, the selection of the dual-phase membrane is rather restrictive. Thus, the development of novel and more reliable membrane materials is crucial for adapting to CO2-rich atmospheres at high temperatures, thereby ensuring chemical stability during long-term operations.



The permeation flux or permeance of the carbonate dual-phase membrane remains moderate when compared to that of the O2 transport membrane (OTM). The O2 flux of certain oxygen-permeable membranes often achieves values of up to 10~15 mL·cm−2·min−1 [87], whereas the maximum CO2 flux of the SDC–carbonate dual-phase hollow-fiber membrane, as reported by Chen et al. [51], is approximately 5 mL·cm−2·min−1 at present. Although this ceramic–carbonate hollow-fiber membrane offers superior CO2 permeance, its mechanical strength is inadequate due to its small thickness and big porosity. Porousness and the presence of liquid carbonate within the pores of the membrane can exacerbate the vulnerability of the dual-phase membrane. The plate (or planar) and tubular membranes exhibit a relatively higher mechanical strength compared to hollow fibers. Nonetheless, the CO2 flux of these two configurations remains moderate. Currently, a continuous refinement of the carbonate dual-phase membrane structure is required to achieve both enhanced mechanical robustness and CO2 permeability. For instance, Jin and colleagues demonstrated that the mechanical strength of multi-channel (4-channel and 19-channel) O2−-transport hollow-fiber membranes was approximately 6 to 60 times stronger than that of a single hollow-fiber membrane, while the O2 flux was approximately two times higher than that of single membranes under similar conditions [88,89]. The findings imply that a multi-channel structure can augment the mechanical robustness of pure ceramic hollow fibers. However, for the carbonate dual-phase membranes, the validity of this approach requires further verification due to the presence of pores and the molten carbonate phase. The implementation of a multi-channel structure will result in a compromised packing density, as observed in a comparison between a single-channel variant (~3000 m2·m−3) and a 19-channel configuration (~800 m2·m−3) [89]. Thus, the balance between configuration, packing density, and mechanical strength must be maintained in future applications to optimize the trade-off relationship.



The carbonate dual-phase membranes frequently encounter sealing issues under elevated temperatures. The dual-phase membrane, particularly the ceramic–carbonate variety, exhibits a significant expansion in response to rising temperatures. Thus, the high-temperature sealants must be compatible with the thermal expansion coefficient of the dual-phase membranes to maintain the integrity of the membrane at elevated temperatures. The sealing of carbonate dual-phase membranes involves two types of materials. The first type refers to metal pastes or rings, such as silver and gold [90,91,92]. This type of sealant requires high-temperature pre-treatment (~900 °C) to achieve a smooth and dense texture. Nonetheless, this method is rather costly and the membranes are prone to cracking during the cooling process due to the disparate thermal coefficients between metals and ceramics. Furthermore, the application of metal paste sealants could potentially alter the separation mechanism and its resulting consequences. A pure ionic ceramic–carbonate membrane, for instance, exhibits selectivity for CO2 permeation alone. However, the O2 will also permeate the membrane due to the introduction of electrons from the metal sealant. This may pose challenges during the application process.



The other type involves a ceramic paste or a blend of ceramic-glass sealant [93,94,95,96]. The composition of ceramic-glass sealant is not uniform, necessitating the adjustment of various membrane materials based on their distinct thermal expansion coefficients. This sealant requires a pre-treatment process before being applied, which is contingent on the melting and softening points of various ceramic-glasses. In the meantime, the ceramic sealants should be an inert component relative to the membrane material. In addition to the selection of high-temperature sealants, the configurations of the dual-phase membrane also contribute to the sealing process. For instance, the construction of multiple planar membrane stacks can be employed to amplify the membrane area, thereby facilitating large-scale integration. The challenges in achieving a secure seal for planar membranes arise from the placement of the membrane and sealant within the high-temperature core. In contrast, tubular and hollow-fiber membranes offer a solution to this issue, as the sealing position can be relocated beyond the high-temperature heating zone. However, the current approach leads to an incomplete utilization of the membranes, as portions of the membranes lie outside the heating zone. The consequence of this is an escalated expenditure associated with the separation process. Thus, as discussed previously, it is imperative to further advance the high-temperature sealants and sealing techniques to augment the stability of the carbonate dual-phase membranes.




6.2. Membrane Development


The fundamental challenge of carbonate dual-phase membranes achieves superior permeance. The majority of research efforts dedicated to the development of the dual-phase membrane are primarily focused on addressing this issue in order to achieve the threshold of industrial application. However, it is crucial to maintain a balance between CO2 permeation flux and membrane structure. A decrease in membrane thickness enhances permeation performance while compromising mechanical strength. And also, the membrane with high porosity and low tortuosity exhibits enhanced CO2 flux; however, it is prone to molten carbonate runoff and hence poor stability of the membrane. Thus, the aggressive development of permeability may compromise the guaranteed mechanical strength and stability of the membrane. In the following paragraphs, we will conduct a comprehensive analysis and provide detailed explanations regarding the factors of materials, membrane thickness, and pore structure.



As we know, the CO2 permeation flux can be directly enhanced by the development of internal factors, such as superior materials, thinner thickness, and a suitable pore structure (as mentioned above in Section 3.1). The selection of materials and thickness serves as a crucial prerequisite for the advancement of membrane technology. Indeed, for the ceramic–carbonate dual-phase membrane, we require a superior ceramic material with ultrahigh ionic conductivity to enhance the permeation flux, as the CO2 permeation is dictated by the O2− conductivity within the ceramic support. Additionally, the mechanical strength of the material after membrane fabrication necessitates careful consideration. Thus, the integration of this field with the research domain of inorganic materials is essential for the exploration of novel materials, ultimately providing a wider array of options for membrane development. For instance, Ovalle-Encinia et al. fabricated a composite ceramic material derived from SDC and the perovskite Sm0.6Sr0.4Al0.3Fe0.7O3, which serves as a CO2/O2 co-permeation membrane due to the presence of electron conductivity within the perovskite phase. The findings indicate that the carbonate membrane derived from this composite material exhibits superior permeability, selectivity, and mechanical strength in CO2 separation at elevated temperatures (700–900 °C) [97]. The thickness of the membrane plays a crucial role in determining the permeation flux, with thinner membranes generally exhibiting an improvement in permeation capacity, which is a widely observed phenomenon in membrane separation processes. Thus, the implementation of appropriate techniques capable of efficiently reducing the membrane thickness should be incorporated during the preparation process.



In comparison to the aforementioned two terms, the optimization of the microstructure represents the future development direction for carbonate dual-phase systems. Precise control over the pore structure’s (ε and τ) parameters will result in significant enhancements to the CO2 permeance of the membrane. Figure 15 illustrates the fundamental principle governing the pore structure. The configuration of the pore membrane, as demonstrated, exhibits a significant influence on the transport channels of CO32− ions. The big tortuosity within the membrane pore tends to markedly deflect the transport channels, whereas reduced tortuosity provides a relatively smooth path for the CO32− ions. Enhanced CO2 permeance of the carbonate dual-phase membrane can be achieved through larger porosity and reduced tortuosity, as demonstrated in the aforementioned model (refer to Section 2). Nonetheless, indiscriminately pursuing a pore structure conducive to CO2 permeation flux could potentially compromise the stability of the membrane system. The big porosity or small tortuosity will attenuate the capacity of the membrane support to retain molten carbonate. The molten carbonate is more prone to exiting the smooth carbonate channel of the membrane support, due to the influence of external forces such as gas pressure and gravity. The loss of carbonate directly results in the instability and degradation of CO2 permeation. Therefore, a trade-off effect exists between the superior pore structure and membrane performance. For example, in the study of Zhang et al. [7], the SDC–carbonate dual-phase membrane fabricated using a “sacrificial template” technique exhibits superior pore structures in the SDC support. The value of the porosity (ε), tortuosity (τ), and (ε/τ) are 0.531, 2.27, and 0.234, respectively, representing the most favorable pore structure to date. The CO2 permeation flux has the potential to reach up to 1.84 mL·cm−2·min−1 at 700 °C, despite the relatively thicker membrane thickness (1.5 mm). However, the CO2 flux measured within this study demonstrates stability only for a duration of 10 to 15 h, as reported. The primary cause of the CO2 flux degradation is directly attributable to the absence of the molten carbonate phase. The interplay between the pore structure of the membrane and CO2 permeation is instrumental in determining the long-term stability of the carbonate dual-phase membrane. Furthermore, an excessive level of porosity can render the membrane susceptible to fragility, thereby compromising its mechanical integrity. Thus, the interplay between the membrane structure and mechanical strength must be taken into account in the further development of membranes.



The current literature on carbonate dual-phase membrane reactors primarily investigates the coupling of a single reaction at one side of the membrane (refer to Figure 12). The novel membrane reactors, which couple different CO2-participant reactions at the feed and permeation sides, respectively, are also worth exploring in the future. The CO2 generated from the feed side can undergo further conversion via the CO2 reforming reaction at the permeation side. The propulsive force generated by the consumption reaction will exhibit greater intensity than that of the exclusive clearance of inert gas or vacuum treatment, a fact that has been corroborated numerous times in the realm of O2−-transport membrane reactors. Recent research by Wu et al. [98] has introduced a novel concept to enhance the developmental potential of the dual-phase membrane reactor. As shown in Figure 16, a dual-phase membrane fabricated from a perovskite support and carbonate phase enables CO2/O2 counter-permeation under high-temperature conditions. In this model, CO2 and O2 are partitioned across the two sides of the membrane, rather than being presented on the same side. Thus, potential reactions, such as partial oxidation of hydrocarbons and autothermal methane reforming (AMR), can be investigated and integrated into a membrane reactor with CO2/O2 counter permeation. For example, the occurrence of CO2-generated reactions is confined to one side of the membrane, with CO2 subsequently permeating toward the opposing side. The oxygen required for partial oxidation reaction is supplied from the air feed side opposite the membrane, thereby eliminating the need for an additional air separation unit in this instance. Thus, the investigation of membrane reactors founded on carbonate dual-phase membranes represents a promising avenue for future research.




6.3. Future Challenges


There is still a long way to go for the application of inorganic-carbonate dual-phase membranes in the industrial field. Inorganic-carbonate dual-phase membranes almost undergo three stages or aspects, as shown in Figure 17. Basically, the development processes include metal–carbonate membrane exploration, ceramic–carbonate membrane exploration, and membrane modification. Till now, the primary challenge faced by the membranes lies in achieving a balance between their permeability and stability. For the polymer or porous inorganic membranes, the permeability and selectivity generally have a trade-off effect. However, for the inorganic-carbonate dual-phase, this trade-off effect is reflected in permeability and stability. Regarding this challenge, the following four points need to be addressed in the future:




	(1)

	
The continuous development of ceramic or metal materials exhibiting high O2− or e− conductance is imperative in order to enhance the permeability and mechanical strength of the inorganic-carbonate dual-phase membrane.




	(2)

	
Improved preparation technologies should continue to be developed to fabricate homogenously porous solid matrices with big porosity, small tortuosity, and uniformly distributed pores.




	(3)

	
Surface modification of membrane support can be explored. This modification may improve surface reaction between the CO2 with support surface and molten carbonate phase. Additionally, this modification has the potential to enhance the interfacial wettability between the solid and carbonate phases, thereby reducing carbonate loss and ultimately improving membrane stability.




	(4)

	
Modification of the molten carbonate is an unexplored area. This modification may increase the reaction rate of the triple-phase boundary (solid, molten carbonate, and gas molecular), and also increase the interfacial wettability between the solid and carbonate phases.











7. Conclusions


Significant advancements have been made in comprehending the rationale and material development of the dense carbonate dual-phase membrane. The significant enhancement of CO2 permeation properties and stability in the membrane has been observed in recent years. The novel membrane demonstrates significant advantages in the continuous capture of CO2 at elevated temperatures, demonstrating potential for commercial development. However, certain complexities and challenges remain in the separation and reaction processes throughout the development cycle. The key challenges that need to be addressed in the improvement of carbonate dual-phase membranes and reactors include enhancing the packing density of membrane modules, further optimizing permeance levels, inefficient sealing at high temperature, and balance of the structure and mechanical strength of the membrane. Furthermore, a significant reduction in the cost of dual-phase membranes is required, which hinges on the expenses associated with raw materials, synthetic procedures, and membrane fabrication.
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Figure 1. Development process of the inorganic-carbonate dual-phase membrane: (a) MCFC technology; (b) metal–carbonate dual-phase membrane; (c) dense inorganic-carbonate dual-phase membrane. 
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Figure 2. Schematic illustration of infiltration method to synthesize the dual-phase membrane. 
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Figure 3. Schematic configuration of asymmetric thin dual-phase membrane (reprinted from [46] with permission of Elsevier). 
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Figure 4. Schematic configuration of multiple channel SFN–carbonate membrane (reprinted from [50] with permission from ACS publications). 
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Figure 5. Schematic illustration of double-layer-ceramic–carbonate hollow-fiber membrane: (a) cross-section; (b) magnification of (a); (reprinted from [22] with permission of Elsevier). 
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Figure 6. Transport model for the molten carbonate under wet conditions. 
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Figure 7. Time dependence of CO2 flux through the BYS–carbonate dual-phase membrane at 650 °C (reprinted from [44] with permission of Elsevier). 
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Figure 8. Time dependence of CO2 permeation flux of SDC–carbonate membrane: (a) 50% CO2/50% N2; (b) simulated syngas feed (50% CO, 35% CO2, 10% H2, and 5% N2) at 700 °C (curve-a is high-pressure feed at total feed pressure of 3 atm with 0.18 atm CO2 partial pressure; curve-b is atmospheric pressure feed with 0.35 atm CO2 partial pressure) (reprinted from [24] with permission of Elsevier). 
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Figure 9. Schematic of asymmetric membranes for CO2 separation from a H2S-containing gas mixture (reprinted from [68] with permission of Elsevier). 
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Figure 10. CO2 permeation stability of membranes with H2/CO2/N2 mixture feed containing 0 or 100 ppm H2S at 750 °C: (a) comparison of three different membranes (curve-a is single SDC–carbonate membrane; curve-b is SDC(porous)–BYS–SDC/carbonate membrane; curve-c is SDC/BYS(porous)–SDC/carbonate membrane), (b) Sulfur-resistant stability and regeneration capacity of the asymmetric membranes (curve-a is SDC(porous)–BYS–SDC/carbonate membrane; curve-b is SDC/BYS(porous)–SDC/carbonate membrane) (reprinted from [68] with permission of Elsevier). 
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Figure 11. Process flow diagram of IGCC process with CO2 capture using dual-phase membrane. 
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Figure 12. Two modes of the dual-phase membrane reactors at present: (a) The permeation side couple a CO2 reforming reaction, (b) Reaction to produce CO2. 
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Figure 13. Schematic illustration of membrane reactor with ceramic–carbonate dual-phase membrane coupling CO2 separation with CH4 dry reforming (reprinted from [77] with permission of Wiley-Blackwell). 
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Figure 14. Schematic of ceramic–carbonate dual-phase membrane reactor for syngas WGS reaction (reprinted from [85] with permission of Elsevier). 
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Figure 15. Visualization of the pore structure of the carbonate dual-phase membrane: (a) the big tortuosity within the membrane pore, (b) the membrane pore reduced tortuosity. 
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Figure 16. CO2/O2 counter-permeation concept through a dense perovskite–carbonate dual-phase membrane (reprinted from [98] with permission of Elsevier). 
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Figure 17. Three stages of an inorganic-carbonate dual-phase membrane. Lin, 2005 [14], Kevin Huang, 2012 [35], Zhang et al., 2014 [37], Zhang et al., 2017 [99], Lin et al., 2010 [6], Norton et al., 2010 [55], Lan et al., 2014 [42], Wade et al., 2011 [32], Rui et al., 2012 [44], Lu and Lin, 2013 [46], Dong et al., 2013 [27], Zuo et al., 2014 [48], Zhuang et al., 2014 [49], Jiang et al., 2016 [50], Chen et al., 2020 [51], Chen and Xu, 2022 [22]. 
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Table 1. The different membranes’ characteristics in terms of selectivity and permeability for CO2 separation.
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	Categories
	Type of Membrane
	CO2 Selectivity
	Feed Gas
	CO2 Flux
	Ref.





	Polymeric membrane
	U-POMS-NW
	41
	CO2/N2
	1000 (GPU)
	[18]



	Inorganic membrane
	Y-zeolite
	20
	CO2/N2
	>1000 (GPU)
	[19]



	mixed-matrix membrane
	MgMOF-74
	30
	CO2/N2
	>3000 (GPU)
	[20]



	Ceramic–carbonate membrane
	Ceramic–carbonate dual-phase membranes
	~100%
	CO2/N2
	~2000 GPU
	[21,22]










 





Table 2. Generalized procedure for precursor preparation of the ceramic membrane [30].
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	Shaping Technique
	Suitable Model
	Thickness/mm
	Technical Advantage





	Slip casting
	disk, tube
	Thick (uncontrol)
	traditional, small pore size can be controlled



	Tape casting
	disk
	0.25~1.25
	large flat sheet production



	Pressing
	disk
	>0.5
	easy to fundamental research



	Extrusion
	tube
	>0.5
	multiple channels can be produced



	Centrifugal casting
	tube
	>0.5
	continuous operation for uniform coating layer



	Spinning process
	hollow-fiber
	0.1~0.5
	thin thickness can be prepared










 





Table 4. Various kinds of melting points of different carbonate mixtures for dual-phase membrane preparation [34].
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	Type of Mixed Carbonate
	Composition/mol%
	Melting Point/K
	Conductivity

(873/K)/S·cm
	Conductivity

(973/K)/S·cm





	Li/Na

Molten carbonate
	52/48
	774 (a)
	1.83
	2.50



	Li/K

Molten carbonate
	62/38
	761 (a)
	1.15
	1.65



	Na/K

Molten carbonate
	56/44
	983 (b)
	1.17
	1.53



	Li/Na/K

Molten carbonate
	42.5/31.5/25
	670 (a)
	1.24
	1.72







(a) eutectic mixture; (b) lowest melting point.













 





Table 5. Melting point of the Li/Na/K carbonate mixture with different ratios [32].
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	Ratio of the Li/Na/K Carbonate Mixture/mol%
	Melting Point/K





	43/31/25
	670



	0/41/59
	983



	0/0/100
	1172



	0/100/0
	1131



	100/0/0
	999










 





Table 6. Comparison of the O2 conductivity of different ceramic supports.
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	Ceramic Phase
	Temperature/°C
	     σ   i     /S·cm−1
	Ref.





	La0.6Sr0.4Co0.8Fe0.2O3−δ (LSCF)
	700
	0.024
	[6]



	Y0.16Zr0.84O2−δ (YSZ)
	650
	0.01
	[32]



	CGO or GDC
	650
	0.029
	[32]



	Bi1.5Y0.3Sm0.2O3−δ (BYS)
	650
	0.14
	[44]



	Ce0.8Sm0.2O1.9 (SDC)
	700
	0.02
	[45]










 





Table 7. Comparison of the results of typical studies based on the ceramic–carbonate dual-phase membrane.
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	Ceramic Material
	Membrane Geometry
	Thickness/mm
	CO2 Flux at Medium Temp.

(for Comparison)/mL·min−1·cm−2
	Max. CO2 Flux in the Reports/mL·min−1·cm−2
	Feed Gas

Composition
	ε
	ε/τ
	Ea/kJ·mol−1
	Ref.





	LSCF
	Disk
	0.375
	0.06 (700 °C)
	0.36 (900 °C)
	50% CO2/50% Ar
	-
	0.145
	89.9
	[6]



	LSCF
	Hollow-fiber
	~0.3
	0.31 (700 °C)
	1.00 (900 °C)
	50% CO2-50% N2
	-
	-
	56.8
	[49]



	LSFCu
	Disk
	1.5
	0.32 (700 °C)
	0.55 (900 °C)
	50% CO2/50% N2
	-
	-
	74.3
	[42]



	LCGFA
	Disk
	0.75
	
	0.044 (900 °C)
	50% CO2/50% He
	0.40
	0.134
	96.0
	[41]



	BYS
	Disk
	0.05
	0.083 (650 °C)
	0.083 (650 °C)
	50% CO2/50% Ar
	-
	0.107
	113.0
	[44]



	YSZ
	Disk
	0.2~0.4
	~0.05 (650 °C)
	0.17 (850 °C)
	50% CO2/50% He
	0.34
	-
	84.0 ± 14.0
	[32]



	YSZ/BYS
	Disk
	~0.01
	0.59 (650 °C)
	0.59 (650 °C)
	25% CO2/75% N2
	0.46
	-
	106.0
	[46]



	YSZ
	Hollow-fiber
	~0.5
	0.061 (650 °C)
	0.22 (950 °C)
	50% CO2-50% N2
	-
	-
	50.7
	[48]



	SDC/SDC-BYS
	Tube
	~0.15
	0.44 (700 °C)
	2.04 (900 °C)
	50% CO2-50% N2
	0.28
	-
	83.3
	[21]



	SDC/SDC-BYS
	disk
	~0.15
	0.88 (700 °C)
	0.88 (700 °C)
	50% CO2-50% N2
	0.35
	-
	-
	[47]



	SDC
	Disk
	1.2
	1.84 (700 °C)
	1.84 (700 °C)
	4.8% H2/47.6% CO2/47.6% N2
	0.53
	0.234
	77.2
	[7]



	SDC
	Disk
	1.5
	0.31 (700 °C)
	0.79 (900 °C)
	50% CO/35% CO2/10% H2/5% N2
	0.36
	-
	54.0
	[24]



	SDC
	Hollow-fiber
	0.1~0. 15
	4.78 (700 °C)
	4.78 (700 °C)
	50% CO2/50% N2
	0.43
	0.054
	88.1
	[51]



	SDC
	Hollow-fiber
	0.1~0.15
	5.46 (700 °C)
	5.46 (700 °C)
	5% H2/47.5% CO2/47.5% N2
	0.43
	0.054
	85.6
	[51]



	LSFM a
	Disk
	1–2
	
	0.211 (800 °C)
	50% CO2/50% N2
	-
	-
	88.6
	[52]



	LSN a
	Disk
	0.8
	0.12 (750 °C)
	1.08 (850 °C)
	75% N2/15% CO2/10% O2
	-
	-
	206.9
	[53]



	SFN a
	Multichannel Hollow-fiber
	0.22
	0.31 (700 °C)
	0.64 (850 °C)
	50% CO2/50% N2
	-
	-
	44.8
	[50]







LSFM a: La0.2Sr0.8Fe0.9Mo0.1O3−δ; LSN a: La1.5Sr0.5NiO4±δ; SFN a: SrFe0.8Nb0.2O3−δ.













 





Table 8. The typical gas compositions of different combustion cases.
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	Gas Type
	Combustion Process
	Composition/Vol
	Ref.





	Natural-Gas-fired flue gas
	Post-combustion
	~4 to 8% CO2; ~14% H2O; ~4% O2; 73–74% N2; trace CO and NOx
	[73,74]



	Coal-fired flue gas
	Post-combustion
	~13% CO2; ~6% H2O; ~4% O2; 76–77% N2; trace CO, NOx and SO2
	[73,74]



	Syngas from gasifier outlet
	Pre-combustion

(IGCC)
	~18% CO2; 9.0% H2O; ~28% H2; ~41% CO; trace CH4, H2S, N2, Ar, As and Hg
	[75,76]



	Shifted gas from Water—Gas Shift process (WGS)
	Pre-combustion

(IGCC)
	~28 to 38% CO2; ~12 to 26% H2O; ~43 to 56% H2; ~1 to 5% CO; trace H2S and N2
	[76,77]










 





Table 9. Comparison of Selexol and ceramic CO2-selective membrane in IGCC plant.






Table 9. Comparison of Selexol and ceramic CO2-selective membrane in IGCC plant.





	
Ref.

	
Capture Technology

	
Net Efficiency/%-LHV

	
Energy Penalty/%-Point






	
[79]

	
Selexol

	
36.79

	
6.7




	
porous ceramic membrane

	
38.38

	
5.0




	
[72]

	
Selexol

	
36.66

	
6.8




	
Carbonate dual-phase membrane

	
38.82

	
4.6
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