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Abstract

:

The utilization of ammonia for hydrogen storage relies on the implementation of efficient decomposition techniques, and the membrane reactor, which allows simultaneous ammonia decomposition and hydrogen recovery, can be regarded as a promising technology. While Pd-based membranes show the highest performance for hydrogen separation, their applicability for NH3-sensitive applications, such as proton exchange membrane (PEM) fuel cells, demands relatively thick, and therefore expensive, membranes to meet the purity targets for hydrogen. To address this challenge, this study proposes a solution involving the utilization of a downstream hydrogen purification unit to remove residual ammonia, thereby enabling the use of less selective, therefore more cost-effective, membranes. Specifically, a carbon molecular sieve membrane was prepared on a tubular porous alumina support and tested for ammonia decomposition in a membrane reaction setup. Operating at 5 bar and temperatures ranging from 450 to 500 °C, NH3 conversion rates exceeding 90% were achieved, with conversion approaching thermodynamic equilibrium at temperatures above 475 °C. Simultaneously, the carbon membrane facilitated the recovery of hydrogen from ammonia, yielding recoveries of 8.2–9.8%. While the hydrogen produced at the permeate side of the reactor failed to meet the purity requirements for PEM fuel cell applications, the implementation of a downstream hydrogen purification unit comprising a fixed bed of zeolite 13X enabled the production of fuel cell-grade hydrogen. Despite performance far from being comparable with the ones achieved in the literature with Pd-based membranes, this study underscores the viability of carbon membranes for fuel cell-grade hydrogen production, showcasing their competitiveness in the field.
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1. Introduction


Hydrogen (H2) is widely acknowledged as the ideal energy carrier, holding the potential to replace fossil fuels in several applications and contribute to the decarbonization of the current energy system [1,2,3,4,5]. Nevertheless, the prevailing production methods predominantly rely on non-renewable resources and result in substantial greenhouse gas emissions [6]. In response to this challenge, research is currently exploring alternative and more sustainable methods to produce hydrogen. Although water electrolysis stands out as a promising method for hydrogen production, addressing challenges concerning its distribution and long-term storage is imperative before hydrogen can effectively serve as a pivotal element in the decarbonization of the current energy system.



A promising solution for the sustainable storage, transportation, and on-site production of hydrogen involves the synthesis and decomposition (on the site where H2 is required) of green ammonia (NH3) [7,8,9]. In contrast to hydrogen, ammonia offers advantages in terms of ease of liquefaction, and its existing well-established transportation infrastructure effectively addresses the challenges associated with hydrogen storage and distribution [8,9,10,11]. Furthermore, the carbon-free nature of ammonia, akin to hydrogen, enhances its attractiveness compared to other energy carriers, particularly in scenarios in which the ultimate utilization of hydrogen involves carbon-sensitive applications, such as proton exchange membrane (PEM) fuel cells [10,11,12,13,14,15,16,17,18,19,20]. Nevertheless, the implementation of an NH3-based energy system requires research efforts to address challenges across the entire value chain of green ammonia, encompassing its production, distribution, and utilization [11]. Particularly, focus should be given to investigating the ammonia decomposition step. Given its inherently energy-intensive nature, attaining high energy efficiencies indeed poses a challenging yet essential requirement for its practical application. The literature reports that a key hindrance to the widespread hydrogen production from ammonia is the development of reliable, efficient, and scalable processes integrating the ammonia decomposition reactor with hydrogen purification systems [21]. In this framework, the membrane reactor has emerged as a promising technology, offering a solution that enables the efficient integration of ammonia decomposition, as per Reaction 1, while simultaneously effecting hydrogen separation, all within a single integrated device [11].


     N H   3   ↔ 0.5   N   2   + 1.5   H   2                                 ∆ H   f   o   = 45.92     k J   m o l     



(1)







Moreover, utilizing a membrane reactor has been shown to lower the reactor’s operating temperature and increase the reactor’s operating pressure compared to conventional systems. This results in higher energy efficiency due to the lower temperature conditions and improved reactor compactness thanks to the elevated pressure levels [10,15,20,21]. The selective separation of hydrogen from the reaction zone, which is favored at high pressure, enhances, in fact, the reaction rates and shifts the reaction equilibrium towards the formation of reaction products, resulting in increased feedstock conversions.



Hydrogen production via ammonia decomposition has been experimentally studied in numerous studies available in the literature [13,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38] and the best performance in terms of ammonia conversion, hydrogen recovery, and purity has been achieved using a Ru-based catalyst to promote ammonia decomposition and Pd-based membranes for hydrogen separation [11]. This can be attributed to the outstanding permeance and selectivity towards hydrogen separation of Pd-based membranes compared to other types of membranes. However, considering the potential use of the produced hydrogen for PEM fuel cell applications, ensuring compliance with the residual ammonia limit required for the proper functioning of the device has proven to be challenging. Hydrogen meeting the fuel cell-grade standard with residual ammonia concentrations below 0.1 ppm—as indicated in the standard ISO 14687:2019 [39]—may in fact require relatively thick, and therefore expensive, Pd-based membranes. In one of our previous studies [25], we achieved, for example, the production of hydrogen containing residual ammonia concentrations below 0.75 ppm by implementing a 195 mm long membrane with a selective layer with a thickness of ~6–8 μm. This result was obtained while performing ammonia decomposition over a bed of 250 g of 2 wt.% Ru/Al2O3 at 500 °C, with a pressure difference across the membrane of 1 bar, under a feed flow rate of 500 mlN/min. Similarly, Cerrillo et al. [35] obtained NH3-free hydrogen while performing ammonia decomposition over a Co-based catalyst in a packed bed membrane reactor using a 186 mm long Pd-Au alloy membrane with an 8 μm thick selective layer. Various studies in the literature showed that a more economically competitive alternative to circumvent this challenge, while aiming to achieve the desired level of hydrogen purity, involves the purification of hydrogen from residual ammonia in a dedicated purification unit downstream of the membrane reaction. Despite the complexity it introduces to the system, this alternative may be considered advantageous from both economic and energy perspectives, as the inclusion of a hydrogen purification stage provides the opportunity to produce ultra-pure hydrogen while operating at lower reactor temperatures and using thinner membranes, thereby reducing energy consumption and costs. Sitar et al. [37] demonstrated that residual ammonia impurities in the hydrogen stream can be diminished from ~1000 ppm to values below 0.025 ppm by employing clinoptilolite zeolite as an adsorbent material. We also demonstrated that hydrogen with a residual ammonia concentration below 0.75 ppm can be produced even at temperatures as low as 450 °C using a Pd-Ag membrane with an ~1 μm thick selective layer implementing a bed of zeolite 13X at ambient conditions downstream of the membrane reactor [25]. The findings of these studies show that it is possible to decouple the production of hydrogen-containing residual ammonia within the fuel cell limits from the membrane’s separation performance. In other words, this translates into the fact that fuel cell-grade hydrogen can be produced in a membrane reactor by not only implementing highly selective membranes, such as Pd-based membranes, but also adopting membranes with lower selectivity towards hydrogen compared to Pd-based ones.



In this study, we, therefore, propose the adoption of this approach, coupled with the integration of carbon molecular sieve membranes into the membrane reactor for hydrogen recovery from ammonia. Carbon membranes are in fact less expensive compared to Pd-based membranes; thus, the costs associated with the reaction unit are reduced upon their utilization. Carbon molecular sieve membranes have already been evaluated for ammonia decomposition in the study conducted by Jiang et al. [34]. The authors performed ammonia decomposition over a Ru/Y/K/Al2O3 catalyst with different types of membranes and demonstrated that the residual ammonia concentration in the hydrogen produced strongly depends on the separation performance of the membrane. Specifically, carbon molecular sieve membranes were proven to have significantly lower performance compared to Pd-Ag membranes during ammonia decomposition: the decomposition of an ammonia flow of 250 mL/min over 3 g of catalyst at 450 °C and 7 bar resulted in the production of hydrogen with residual NH3 concentrations of ~50 ppm when implementing an 80 mm long and 1.8 μm thick Pd-Ag membrane, whereas under similar operating conditions, the residual NH3 concentrations were measured to be ~10,000 ppm when implementing a 220 mm long and 0.9 μm thick carbon molecular sieve membrane. While a comparison between the performance of carbon molecular sieve membranes and Pd-based membranes is, therefore, available in the literature, to the best of our knowledge, the applicability of carbon molecular sieve membranes for the production of fuel cell-grade hydrogen has not been demonstrated yet. In this study, a carbon molecular sieve membrane was therefore prepared, characterized, and tested for ammonia decomposition application in a fixed bed membrane reaction configuration, implementing downstream a hydrogen purification unit from ammonia.




2. Material and Methods


2.1. Membrane Preparation


The carbon membrane employed in this study was prepared starting from an asymmetric tubular porous alumina support with subsequent coating, polymerization, and carbonization under controlled conditions. In detail, the preparation procedure (Figure 1), for which the chemicals listed in Table 1 have been used, was carried out according to the following steps:




	
Support preparation. The support was prepared starting from an asymmetric porous alpha alumina tube with an outer diameter (OD) of 10 mm, an inner diameter (ID) of 7 mm, and an external layer with an average pore size of about 100 nm (Rauschert GmbH, Steinbach am Wald, Germany). As reported in a previous study [40], the porous alumina tube is connected on one side to a dense alumina cap and on the other side to a dense alumina tube through appropriate glass sealing. This allows one of the sides to be completely closed, whereas the other one is open to ensure the gas outlet, resulting in a dead-end configuration.



	
Polymeric precursor synthesis. Along with the support preparation, another preliminary step to the fabrication of the carbon membrane is the synthesis of the oligomer employed in the dipping solution. The resin is synthesized via an acid-catalyzed phenol–formaldehyde condensation, with the following procedure [40,41]. Phenol (69 g) was gradually melted at 60 °C in a four-necked round-bottom flask equipped with a Graham condenser. Upon liquefying, oxalic acid (1.5 g) was added to the solution, and the temperature was increased up to 90 °C while adding formaldehyde solution (54 g) to the flask at a rate of 2 mL/min. After 8 h, the obtained product was washed and separated by centrifugation (three cycles of 15 min at 4400 rpm and 10 °C). Finally, the obtained oligomer was dried under vacuum at 50 °C for 24 h.



	
Dipping Solution Preparation. Then, the dipping solution was prepared by dissolving the Novolac synthesized (30 g) in N-Methyl-2-Pyrrolidone (83.2 g) with aluminum acetylacetonate (0.8 g) as an additive [40]. A high-shear mixer (Thinky ARE-250, Tokyo, Japan) was employed to ensure the efficient mixing of the chemicals at 2000 rpm for two cycles with a duration of 30 min each. Next, formaldehyde (1.6 g) was added with a subsequent mixing step, again at 2000 rpm for 30 min. Finally, oxalic acid (0.4 g) was added to the solution and mixed at 2000 rpm for an additional 30 min.



	
Dip Coating. The support was dip-coated by a laboratory-made automated system where the machine lowers and raises the support inside a graduated cylinder containing the dipping solution.



	
Polymerization. Once the dip coating has been completed, the coated support is dried-polymerized in a laboratory-made rotary oven at 80 °C for 24 h. The coated support is connected to a rotating mount while drying to ensure a more homogeneous active layer thickness. Furthermore, nitrogen gas was employed to provide an inert atmosphere.



	
Carbonization. Finally, the polymeric layer on the porous support underwent carbonization in a tubular three-zone oven (Nabertherm R 170/1000/1, Lilienthal, Germany). A heating rate of approximately 1 ℃/min was applied until reaching a temperature of about 800 ℃, where it was held for 4 h. Throughout the carbonization step, a nitrogen flow of about 3 L/min was applied to avoid carbon combustion.
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Figure 1. Schematic of the membrane preparation process. 






Figure 1. Schematic of the membrane preparation process.



[image: Processes 12 01168 g001]







 





Table 1. List of chemicals used for the membrane’s synthesis.
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	Chemical
	CAS n.
	Purity
	Brand
	Supplier





	Formaldehyde solution
	50-00-0
	37.0%
	Sigma Aldrich
	VWR International BV



	Phenol
	108-95-2
	99.9%
	Sigma Aldrich
	VWR International BV



	N-Methyl-2-Pyrrolidone
	872-50-4
	99.5%
	Sigma Aldrich
	Merck Life Science NV



	Aluminum acetylacetonate
	13963-57-0
	99.9%
	Sigma Aldrich
	Merck Life Science NV



	Oxalic acid
	144-62-7
	98.0%
	Sigma Aldrich
	VWR International BV











2.2. Membrane Characterization


The pore size distribution measurements of the fabricated carbon membrane were performed with a laboratory-made capillary condensation perm-porometer [41], of which details are given in Appendix A.




2.3. Experimental Setup


The carbon molecular sieve membrane, whose preparation procedure has been outlined in the previous section, was tested in an experimental setup specifically designed for ammonia decomposition. The setup comprises four main modules: (1) the feed module, (2) the permeation module, (3) the hydrogen purification module, and (4) the retentate/permeate analysis module. In the feed module, mass flow controllers (Bronkhorst, Ruurlo, The Netherlands) regulate the desired flow rate of feed gases (NH3, H2, and N2) to the system. The permeation module includes a stainless-steel vessel with an inner diameter of 4.5 cm and a length of 28 cm, in which the membrane is connected to the flange, positioned in the middle of the reactor, and fully immersed in a packed-bed of 250 g of commercial (2 wt.%) Ru/Al2O3 catalyst in pelletized form (3 mm) (Alfa Aesar) during ammonia decomposition. The reactor’s inlet is equipped with a porous stainless-steel plate to guarantee even gas distribution, and the reactor’s freeboard is configured in a conical shape to decrease the gas velocity and mitigate the potential for the escape of catalyst particles during the experimental campaign. Moreover, the pressure of the system is controlled by means of a back pressure regulator, and, given the endothermic nature of the ammonia decomposition reaction, an electrical split oven is used to supply heat to the reactor. The hydrogen purification module employs a bed of zeolite 13X at ambient conditions for NH3 removal from the permeate stream, whereas the retentate/permeate analysis module comprises the instrumentation for measuring permeation flux through the membrane and the composition of both retentate and permeate streams. Specifically, a film-flow meter (Horiba Stech Co. Ltd., Kyoto, Japan) and a mass flow meter (Bronkhorst, Ruurlo, The Netherlands) are used to quantify the permeation flux through the membrane, a micro gas chromatograph (CP-4900 Varian Inc., CA, USA) is used to measure the composition of the retentate and permeate streams leaving the reactor, and a Fourier-transform infrared spectrometer (FTIR) (Shimadzu Corp., Kyoto, Japan) with a 5 m gas cell (Specac Ltd., Orpington, United Kingdom) and an mercury-cadmium-telluride (MCT) detector is employed to measure the residual ammonia concentration of the permeate stream leaving the hydrogen purification module. This instrument is capable of accurately determining residual concentrations of ammonia as low as 0.75 ppm. The permeate and retentate streams leaving the analysis module are directed to a water absorption unit to prevent the release of the residual NH3 traces into the atmosphere, which is eventually vented.




2.4. Experimental Method


After completing the membrane preparation procedure, the carbon molecular sieve membrane underwent sealing and testing in helium/ethanol to ensure the absence of any undesired leakages from both the sealings and the membrane surface. Once confirmed leak-free, the membrane was installed in the reactor. The reactor was gradually heated to 500 °C at a rate of 2 °C/min under a nitrogen (N2) atmosphere. Subsequently, the system was transitioned to a hydrogen (H2) atmosphere until steady permeation was attained. Single gas (H2, N2, and NH3) and binary mixtures (H2/N2) permeation tests were subsequently performed.



Gas permeation measurements for pure H2, N2, and NH3 were conducted across temperatures ranging from 400 °C to 500 °C, with pressure differences across the membrane ranging between 1 and 5 bar, while maintaining atmospheric conditions on the permeate side of the membrane. Temperature changes between the measurements at different temperatures were carried out in an N2 atmosphere under a heating/cooling rate of 2 °C/min. From the gas permeation measured, the H2, N2, and NH3 permeances, as well as the ideal H2/N2 and H2/NH3 ideal perm-selectivities of the membrane, were then calculated.



H2/N2 permeation tests were performed with the aim of assessing if the presence of N2 next to H2 in the feed stream has an influence on the gas permeation through the membrane. A H2/N2 mixture containing H2 concentrations ranging between 50 vol.% and 95 vol.% was fed to the reactor at 450 °C for a pressure difference across the membrane ranging between 1 and 5 bar. The permeate side of the membrane was kept at atmospheric conditions.



The reactor was then cooled down in an N2 atmosphere at a cooling rate of 2 °C/min and, once the room temperature was achieved, the catalyst was introduced into the reactor. Subsequently, the reactor was heated up in the N2 atmosphere, and permeation tests under reactive conditions were performed. Specifically, ammonia decomposition was performed at 450, 475, and 500 °C, keeping the retentate and permeate sides of the membrane at 5 bar and atmospheric conditions, respectively. At each temperature, a flow rate of 0.5 lN/min of pure NH3 was fed to the reactor, the operating pressure was varied, and the reaction performance was monitored until steady-state operation was achieved. The gas permeation through the membrane, the composition of the streams leaving at the permeate and retentate sides of the membrane, and the NH3 concentration in the permeate stream downstream of the hydrogen cleanup unit were then measured 5 times. Subsequently, the NH3 conversion (    ξ     N H   3      ) and the H2 recovery (HR) were calculated according to Equations (2) and (3), respectively. The values of NH3 concentration in the permeate, NH3 conversion, and H2 recovery reported in this study for a specific combination of experimental conditions represent the average of five measured or calculated values.


    ξ     N H   3     =     N H   3 ,   i n   −     N H   3 ,   o u t             N H   3 ,   i n      



(2)






  H R =     H   2 ,   p e r m e a t e d       1.5 · N H   3 ,   i n      



(3)









3. Results and Discussion


In Figure 2, the pure hydrogen permeation flux (a) and the hydrogen permeance through the membrane (b) as a function of the transmembrane pressure difference across the membrane for different temperatures are represented. As illustrated in Figure 2a, the hydrogen permeation flux through the membrane increases with increasing pressure. This is due to the higher driving force for separation available when pressure increases. Moreover, the increase in hydrogen permeance with temperature, which is visible in Figure 2b, indicates the dominance of activated transport mechanisms such as molecular sieving and surface diffusion. The negative slope of hydrogen permeation as a function of pressure indicates the negligible contribution of viscous flow through the membrane and, therefore, the absence of defects on the membrane’s surface [42]. This result is also confirmed by the fact that nitrogen permeation through the membrane was not observed in any of the tested conditions.



The measured hydrogen, nitrogen, and ammonia permeances at 400, 450, and 500 °C, with a pressure difference of 1 bar across the membrane, are outlined in Table 2, along with the corresponding H2/N2 and H2/NH3 ideal perm-selectivity. Additionally, in Figure 3, the permeance of NH3, H2, and N2 at different temperatures is depicted as a function of their kinetic diameter. Since nitrogen permeation through the membrane was not observed, in Table 3 and Figure 3, N2 permeance and H2/N2 selectivity are reported under the assumption of the worst-case scenario. This entails considering the nitrogen permeation flow rate through the membrane to be as low as the low detection limit of the flow meters used for nitrogen permeation measurement (0.2 mL/min). Hydrogen is the gas showing the highest permeance, and this can be explained by analyzing the pore size distribution of the membrane, given in Figure 4. Here, it is, in fact, shown that most of the pores are bigger than the kinetic diameter of hydrogen (0.289 nm), indicating that hydrogen permeation through the membrane is promoted. Nitrogen permeation through the membrane is, on the other hand, less favored since only about 26% of the pores show a bigger size compared to their kinetic diameter. This permeance pattern, which is consistent with findings of other studies previously reported in the literature [43,44,45], confirms the contribution of molecular sieving to the permeation mechanism through the membrane observed in Figure 2. As far as ammonia concerns, despite its lower kinetic diameter compared to the one of hydrogen, it shows a lower permeance compared to the one of hydrogen. The main reason for this lies in the contribution of molecular sieving to the permeation mechanism. Ammonia permeation can in fact only take place through those pores that have a larger size compared to their kinetic diameter (0.260 nm) and is therefore inhibited through about 24% of the pores. Moreover, a similar behavior of permeation compared to hydrogen has been observed in the literature for helium (He), which indeed has the same kinetic diameter as ammonia. As this behavior has been ascribed to the higher adsorption affinity of hydrogen in carbon membranes compared to helium as well as the smaller cross-section diameter of hydrogen that results in lower resistance to gas transport through the pores by molecular sieving mechanisms [46], the same explanation might justify the trend of ammonia permeation compared to the one of hydrogen experienced in this study.



In Figure 5, the gas flow rate through the membrane is depicted as a function of the hydrogen partial pressure difference across the membrane for both pure H2 and H2/N2 feed mixtures with hydrogen concentrations ranging from 50 vol.% to 90 vol.%. As it is possible to see, at a given hydrogen partial pressure difference across the membrane, hydrogen recovery is independent of the hydrogen concentration in the feed mixture. These results, which are in line with other studies available in the literature [47], show that carbon membranes are not subject to mass transfer limitations and that no reduction in the hydrogen permeation flux through the membrane is expected during ammonia decomposition compared to operation in a pure hydrogen environment.



After the performance of the binary mixture permeation tests, single gas permeation tests have been repeated in order to assess if high operation temperatures have an impact on the separation performance of the membrane. The hydrogen, nitrogen, and ammonia permeation fluxes through the membrane were measured to be similar to the ones measured before the performance of binary mixture permeation tests, showing that the membrane separation properties were stable during operation at high temperatures. Pure hydrogen and nitrogen permeation tests were then repeated after the catalyst introduction in the reactor and, specifically, following the cooling and re-heating of the reactor prior to executing permeation tests under reacting conditions. The hydrogen permeation displayed a marginal increment, while nitrogen, which had previously remained undetectable during single gas permeation tests, became discernible. Particularly, for a pressure difference across the membrane of 1 bar, the H2 and N2 permeances were measured to be 1.0 × 10−7 and 3.8 × 10−9, respectively, at 450 °C, resulting in an ideal H2/N2 perm-selectivity of 26; at 500 °C, the H2 and N2 permeances were measured to be 1.1 × 10−7 and 3.7 × 10−9, respectively, resulting in an ideal H2/N2 perm-selectivity of 29. A postmortem helium/ethanol leakage test revealed that no defects were formed on the membrane surface, but that the increase in nitrogen permeation should be attributed to the degradation of the membrane’s sealing that occurred during the cooling and re-heating phases of the reactor.



The performance of the membrane reactor for ammonia decomposition operated at 5 bar and under a feed flow rate of 0.5 mlN/min of pure ammonia is reported in Table 3 and Figure 6 for different operating temperatures. In agreement with findings in the existing literature [13,22,23,24,25,26,28,29,33,35,36], a temperature increase yields an increase in both NH3 conversion and H2 recovery. A higher temperature favors, in fact, both the ammonia decomposition kinetics and thermodynamics, leading to enhanced NH3 conversion. This brings NH3 conversion closer to the calculated thermodynamic equilibrium conversion (without hydrogen separation membrane) for temperatures higher than 475 °C. Simultaneously, as NH3 conversion increases, so does the hydrogen partial pressure in the reactor. This, in turn, results in a higher driving force for hydrogen separation and ultimately into a higher recovery. From Table 3 and Figure 6, it is noteworthy that a temperature increase has also a positive impact on hydrogen purity; as temperatures increase, the residual NH3 concentration in the permeate decreases. These results, which align with the results of our previous studies [25,26], can be attributed to the fact that a lower amount of NH3 is available for separation when temperature increases due to a higher NH3 conversion. Although these results show that the hydrogen produced at the permeate side of the membrane reactor may not be directly used for systems requiring ultra-pure hydrogen as feedstock, the residual NH3 concentration of the permeate stream was measured to be below 0.75 ppm downstream of the purification unit. These results, which are consistent with other studies documented in the literature [14,18,25,48,49,50,51], demonstrate that commercially available adsorbent materials are effective in reducing the residual ammonia concentration in the produced hydrogen stream to levels suitable for applications in PEM fuel cells.



Table 4 presents a comparison between the results achieved in this study, the results obtained in our previous investigations using ceramic and metallic supported Pd-Ag membranes [25,27], and the outcomes of the study by Jiang et al. [34] involving a carbon molecular sieve membrane. The H2 recovery and the NH3 conversion achieved during ammonia decomposition follow a trend that is dependent on the hydrogen permeation properties of the membranes. Particularly, the lower hydrogen permeance and length of the membrane used in this study result in a lower H2 recovery and NH3 conversion compared to the ones achieved with Pd-based membranes in our previous studies. Carbon membranes show, in fact, lower hydrogen permeance compared to Pd-based membranes due to the different transport mechanisms governing permeation. The different permeation mechanisms through the membrane also justify the significantly lower selectivity towards hydrogen achieved in this study compared to the one achieved with Pd-Ag membranes. While, in fact, the selective layer of Pd-based membranes is dense and hydrogen permeation takes place because palladium acts as a catalyst for hydrogen splitting, the permeation of gases through a carbon membrane, being its selective layer porous, mainly depends on the pore size distribution, which also enables contaminant gases to permeate in cases where pores with a diameter larger than the contaminant’s kinetic diameter are available. Accordingly, the residual ammonia concentration in the hydrogen produced in this study is significantly higher compared to the results achieved by implementing Pd-based membranes for hydrogen separation. These results are well in agreement with the findings by Jiang et al. [34], who observed an increase in the residual NH3 concentration in the hydrogen stream from ~50 to ~10,000 ppm when replacing in their system for ammonia decomposition an 80 mm long 1.8 μm thick Pd-Ag membrane with a 220 mm long 0.9 μm thick carbon molecular sieve membrane.



From Table 4, it is possible to observe that Jiang et al. obtained much higher NH3 conversion and hydrogen recovery as well as lower residual NH3 concentrations compared to the results obtained in this study. Although the results have been achieved at different operating conditions, which renders a direct quantitative comparison between the two sets of outcomes a non-trivial task, better results in this study could be achieved through the optimization of the installed membrane area as compared to the amount of catalyst used and of the residence time of ammonia in the reactor.



In all the scenarios presented in Table 4, fuel cell-grade hydrogen containing residual NH3 concentrations < 0.1 ppm could not be achieved at the reactor outlet. This implies that the hydrogen produced in these systems may not be directly used as feedstock for PEM fuel cells. In one of our previous studies [25] as well as in the study authored by Sitar et al. [37], the addition of a hydrogen purification stage downstream of the membrane reactor implementing Pd-based membranes was demonstrated to be an effective solution to produce fuel cell-grade hydrogen. Similar results have been achieved in this study by implementing downstream a reactor, a carbon membrane, and an adsorption unit for residual NH3 removal consisting of a fixed bed of zeolite 13X. In light of these results, this study demonstrates that carbon membranes, despite the requirement for scaling up membrane length and potential enhancement in their hydrogen permeation properties, represent a competitive alternative to Pd-based membranes for the production of fuel cell-grade hydrogen. Carbon membranes are, in fact, less expensive compared to Pd-based membranes; thus, the costs associated with the reaction unit are reduced upon their utilization.




4. Conclusions


In this study, a carbon molecular sieve membrane has been prepared on a tubular porous alumina support and subsequently tested for hydrogen separation during ammonia decomposition. In agreement with the results reported in the literature, the H2/N2 mixture permeation tests demonstrated that the membrane does not suffer from mass transfer limitation phenomena during permeation. No reduction in the hydrogen permeation flux through the membrane is therefore to be expected during ammonia composition compared to operation in a pure hydrogen environment. During the experimental tests under an ammonia decomposition environment, > 90% NH3 conversion rate was achieved in the entire range of operating conditions investigated, and NH3 conversion approaching the conventional thermodynamic equilibrium conversion was achieved at a temperature of 475 °C. The hydrogen recovered from ammonia through the carbon membrane amounts to 8.2–9.8% in the temperature range between 450 and 500 °C. Despite this being a very low value for hydrogen recovery, better results could be achieved in this study through the optimization of the installed membrane area as compared to the amount of catalyst used and the residence time of ammonia in the reactor. While hydrogen produced at the permeate side of the reactor could not meet the specification on hydrogen purity imposed for PEM fuel cell application, fuel cell-grade hydrogen production could be achieved by implementing a hydrogen purification unit consisting of a fixed bed of zeolite 13X downstream the membrane reactor. Therefore, while the hydrogen separation performance of carbon molecular sieve membranes is far from comparable with the ones achievable with Pd-based membranes, this study demonstrates that carbon membranes can still be regarded as a competitive alternative to Pd-based membranes for the production of fuel cell-grade hydrogen. Carbon membranes are in fact less expensive compared to Pd-based membranes; thus, the costs associated with the reaction unit are reduced upon their utilization. However, it must be mentioned that when designing a membrane reactor-assisted NH3-to-H2 system, it should be taken into account that the different separation performances of the implemented membranes affect the ultimate design of the system. If, in fact, the implementation of carbon membranes can result in a decrease in the costs associated with the reaction unit, their lower selectivity towards hydrogen will likely result in the need for bigger units for residual NH3 removal and, in the case of the PEM fuel cell, for on-board application and for residual N2 separation units. The economic optimum of the system is therefore given by the design solution, which allows the minimization of the sum of the costs associated with both the reaction unit and the hydrogen purification unit.
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Appendix A. Membrane Characterization: Perm-Porometry Setup
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Figure A1. Schematic representation of the perm-porometer designed to measure the pore size distribution of tubular carbon membranes using water as an adsorbate and helium as an inert gas. 
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The perm-porometry analysis method is based on the capillary condensation of liquids in porous media. From the Kelvin equation (Equation (A1)), it is known that, in a capillary, the vapor condensation takes place at lower pressures than the saturated vapor pressure. Moreover, the lower the characteristic dimensions of the capillary, the lower the pressure at which the abovementioned phenomenon will happen. Thus, it is possible to send to the porous membrane a mixture of a non-condensable gas and a condensable vapor, and then the permeation rate of the non-condensable gas can be measured as a function of the vapor pressure of the condensable vapor. This procedure allows for the estimation of the pore size distribution as the permeation of the non-condensable gas in larger pores is hindered by larger vapor pressures [52,53,54].


  R · T · l n       p   V       p   s       = 2 · ν ·   σ · c o s θ     r   p      



(A1)







First, the membrane underwent a 24 h drying procedure under a nitrogen atmosphere at 300 °C and at a pressure difference of 5 bar between retentate and permeate to eliminate any condensed water from the pores. Subsequently, the system was cooled to room temperature, and helium was employed as a non-condensable gas to measure the permeance in the dry membrane. Later, condensable vapor was gradually introduced by injecting demi water into the helium stream to occlude the pores of the fabricated membranes at 70 °C and at a pressure difference of 2 bar. The pore size was calculated according to Kelvin’s equation, where R is the universal gas constant, T is the temperature of the system, pv is the vapor pressure, ps is the saturated vapor pressure, v is the molar volume of the liquid, σ is the vapor-liquid surface tension, θ is the contact angle, and rp is the pore radius. Of note, the application of the Kelvin equation for pores lower than 2 nm can lead to inaccuracies [53]. However, the vapor pressure reduction described by the Kelvin equation still occurs for considerably smaller pores; therefore, it is still possible to assign a quantitative measure [55].
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Figure 2. Hydrogen permeation flux (a) and permeance (b) through the membrane as a function of the pressure difference across the membrane at different temperatures. 
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Figure 3. Permeance of NH3, H2, and N2 at 400, 450, and 500 °C and 1 bar pressure difference across the CMSM used in this study as a function of their kinetic diameter. 
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Figure 4. Pore size distribution of the supported carbon membrane used in this study measured via perm-porometry. 
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Figure 5. Hydrogen flow rate at different hydrogen partial pressure differences across the CMSM for pure hydrogen and binary H2/N2 mixtures with different compositions. 
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Figure 6. NH3 conversion, H2 recovery, and residual NH3 concentration in the permeate achieved in the membrane reactor at 450, 475, 500 °C, 5 bar(a), under a feed flow rate of 0.5 lN/min of pure NH3. 
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Table 2. H2, N2, and NH3 permeance and ideal H2/N2 and H2/NH3 perm-selectivity of the membrane used in this study at 450 °C and 1 bar.
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	Temperature [°C]
	H2

Permeance [mol/s/m2/Pa]
	N2

Permeance [mol/s/m2/Pa]
	NH3

Permeance [mol/s/m2/Pa]
	H2/N2 Ideal Perm-selectivity

[-]
	H2/NH3 Ideal Perm-selectivity

[-]





	400
	9.8 × 10−8
	<5.9 × 10−10
	6.0 × 10−9
	>165
	16



	450
	1.0 × 10−7
	<5.9 × 10−10
	6.2 × 10−9
	>169
	16



	500
	1.0 × 10−7
	<5.9 × 10−10
	8.1 × 10−9
	>170
	12










 





Table 3. NH3 conversion, H2 recovery, and NH3 concentration in the permeate at different ammonia decomposition reaction temperatures.
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Temperature

[°C]

	
NH3 Conversion

[%]

	
H2 Recovery

[%]

	
NH3 Concentration

in the Permeate

[%]






	
450

	
91.38 ± 0.29

	
8.15 ± 0.01

	
4.01 ± 0.08




	
475

	
97.87 ± 0.18

	
8.98 ± 0.13

	
1.30 ± 0.05




	
500

	
98.49 ± 0.05

	
9.84 ± 0.02

	
0.59 ± 0.00




	
Reaction pressure of 5 bar and NH3 feed flow rate of 0.5 lN/min.











 





Table 4. Comparison between the experimental results achieved in this study and in the studies of Cechetto et al. [25,27] and Jiang et al. [34].
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Cechetto et al.

[25]

	
Cechetto et al.

[27]

	
Jiang et al.

[34]

	
This Study




	

	
Membrane






	
Membrane

configuration

	
Supported tubular

double-skinned

Pd-based

	
Supported

tubular

Pd-based

	
Supported

tubular

carbon-based

	
Supported

tubular

carbon-based




	
Support

	
Al2O3

	
Hastelloy X

	
N/A

	
Al2O3




	
Selective layer

composition

	
Pd-Ag

	
Pd-Ag

	
Carbon

	
Carbon




	
Selective layer

thickness

[μm]

	
~ 6–8

	
~ 6–8

	
~ 0.9

	
< 1




	
Membrane length

[mm]

	
195

	
90

	
220

	
80




	
Membrane area

[cm2]

	
85.8

	
39.6

	
34.1

	
25.1




	
H2 permeance

at 450 °C and 1 bar(g) [mol/s/m2/Pa]

	
1.2 × 10−6

	
6.6 × 10−7

	
N/A

	
1.0 × 10−7




	
H2/N2 ideal perm-selectivity at 450 °C, 1 bar(g) [mol/s/m2/Pa]

	
68,960

	
5,890

	
N/A

	
26




	

	
Reactor operating conditions




	
Catalyst

	
Ru/Al2O3

(2 wt.%)

250 g

	
Ru/Al2O3

(2 wt.%)

250 g

	
Ru/Y/K/Al2O3

(3 wt.%)

3 g

	
Ru/Al2O3

(2 wt.%)

250 g




	
Reaction pressure

[bar]

	
5

	
5

	
7

	
5




	
Permeate pressure

[bar]

	
1

	
1

	
1

	
1




	
NH3 feed flow rate

[mlN/min]

	
500

	
500

	
250

	
500




	
GHSV

[ml/(gcat h)]

	
120

	
120

	
5000

	
120




	
Temperature [°C]

	
NH3 conversion [%]




	
450

	
99.7

	
98.2

	
98.9

	
91.4




	
475

	
99.8

	
99.2

	
N/A

	
97.9




	
500

	
99.8

	
99.3

	
N/A

	
98.5




	
Temperature [°C]

	
H2 recovery [%]




	
450

	
87.8

	
55.5

	
93.7

	
8.2




	
475

	
88.9

	
60.7

	
N/A

	
9.0




	
500

	
88.9

	
62.9

	
N/A

	
9.8




	
Temperature [°C]

	
NH3 concentration in the permeate




	
450

	
11.8

	
N/A

	
<10,000

	
40,000




	
475

	
6.1

	
N/A

	
N/A

	
13,000




	
500

	
1.6

	
N/A

	
N/A

	
6000
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