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Summary | xi  
Summary In the pursuit of more sustainable energy solutions, hydrogen is considered the ultimate clean energy carrier, as it can be produced from water electrolysis using renewable energy, it is a carbon-free energy source and only water is emitted as byproduct from its combustion. However, the transportation and storage of hydrogen pose challenges due to its low volumetric energy density and to the safety risks associated with its handling. Among the various possible hydrogen storage solutions, one of the most interesting is the storage in chemical bonds, as in methanol, methane, and particularly ammonia. This route is attractive because all the processes involved in ammonia production, storage and distribution are already fully operational on a large scale. Furthermore, ammonia can be easily stored in liquid form under milder conditions, thereby providing a higher hydrogen density, and finally ammonia conversion to hydrogen (or ammonia combustion to power) does not produce direct carbon dioxide emissions. Two key chemical processes are required to implement ammonia as a hydrogen storage medium: ammonia synthesis and ammonia decomposition. These reactions are followed by the critical steps of separating and purifying the resulting product streams to ensure the desired quality and purity. Therefore, this work proposes a process intensification strategy through membrane reactor technology, employing novel Ru-based catalysts and inorganic membranes. This approach allows, in one case, to decompose ammonia, while simultaneously removing hydrogen, and, in the other case, to synthesize and separate ammonia into a single unit. The membrane reactor configuration can potentially enable higher conversions at less severe operating conditions, according to Le Châtelier’s principle, resulting in higher efficiencies and lower costs. Firstly, in Chapter 1, a brief literature review on hydrogen storage, ammonia synthesis and ammonia decomposition is discussed.  Afterward, in Chapter 2 the development of carbon membranes for hydrogen separation from ammonia and nitrogen within ammonia decomposition was studied. The effect of the membrane coupling was investigated through an experimental study of the operating parameters. More specifically, operating at 5 bar and temperatures ranging from 450 to 500 °C, ammonia conversion exceeding 90% was achieved, with conversion approaching thermodynamic equilibrium at temperatures above 475 °C.  



xii | Summary 
In Chapter 3, the combination of a structured catalyst and a Pd-based membrane for ammonia decomposition was evaluated. The structured catalyst is based on a commercial silicon carbide 40 PPI open-cell foam. The catalyst (3 wt% Ru/CeO2) was coated by in situ-solution combustion deposition method with sequential cycles to reach the desired catalyst loading (0.31 g cm-3). Several techniques were employed to characterize the sample, namely TEM, SEM, XRD, TPR analysis and adhesion test. A double-skinned Pd-based membrane was prepared by depositing a selective layer by electroless plating onto porous asymmetric α-Al2O3 support. The results demonstrated a successful integration of structured catalyst and membrane, with the conversion surpassing the thermodynamic limits.  In Chapter 4, ruthenium-based catalysts were synthesized via polyol reduction method using cerium oxide as support and cesium as promoter. After structural and chemical characterizations, through XRD, N2-physisorption, H2-TPR, H2-TPD, CO2-TPD and XPS, the catalysts were tested for ammonia decomposition in the range of temperatures 250 – 450 °C, and pressures 1 – 7 bar. Ruthenium content and cesium content in the catalytic formulation were optimized. The catalyst containing 5 wt% ruthenium and 2 wt% cesium demonstrated the highest activity, approaching equilibrium conversion within the temperature range of 375 – 400 °C. The integration of the newly catalyst developed in Chapter 4 with a palladium-based membrane was investigated in Chapter 5. The results showed an ammonia conversion exceeding 99% at 375 °C and 6 bar. Moreover, an ammonia conversion of approximately 99.7% was obtained at 425 °C and 4 bar, with hydrogen recovery of 86.5% and hydrogen purity exceeding 99.99%. This high single-pass efficiency suggests that pure hydrogen production from ammonia can be energy-efficient without requiring extremely high temperatures, reducing operational costs. In Chapter 6, a packed bed membrane reactor model for ammonia synthesis was developed, employing a ruthenium-based catalyst. The in-situ removal of ammonia is modeled by considering mass, momentum, and energy balances in the retentate and permeate side, including sweep gas to enhance separation efficiency and the heat management. The results of this study show that an ammonia permeance greater than 1∙10-7 mol s-1 m-2 Pa-1 and an ammonia-to-hydrogen selectivity of 50 are required to achieve significant benefits from membrane integration. Finally, investigating the feed ratio in the permeate side revealed that a hydrogen-to-nitrogen feed ratio of 1.5 and sweep gas-to-feed ratio of 6 lead to optimal reactor performance. The results suggest that membrane reactors offer a promising route for improving the efficiency of the 



Summary | xiii 

  

ammonia synthesis process, reducing overall energy consumption and operational costs. In Chapter 7, ruthenium-based catalysts were synthesized using the polyol reduction method, with various metal oxides as supports and cesium as a promoter. The resulting catalysts were characterized by several characterization techniques and evaluated for ammonia synthesis over a temperature range of 275 to 400 °C and pressures between 10 and 50 bar. The catalysts demonstrated an ammonia production rate approximately four times higher than similar catalytic formulations reported in the literature under the same conditions. The Cs-Ru/CeO2 catalyst, with cesium loading about 1 wt% and a ruthenium loading about 5 wt%, showed the best performance, achieving an ammonia production of nearly 73 mmol h−1 gcat−1 at 400 °C and 50 bar.  The dissertation is concluded with Chapter 8 where the outcomes of the aforementioned chapters are summarized and connected to an outlook on membrane reactor technologies for ammonia as hydrogen carrier.    
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Nomenclature  

Table of acronyms and abbreviations  

BET Brunauer-Emmett-Teller 
BJH Barrett-Joiner-Halenda 
EDX Energy-Dispersive X-ray spectroscopy 
FEG Field Emission Gun 
GC Gas Chromatograph 
ICP Inductively Coupled Plasma 
IS-SCD In Situ – Solution Combustion Deposition 
OCF Open-Cell Foam 
OES Optical Emission Spectrometry 
PBMR Packed Bed Membrane Reactor 
PBR Packed Bed Reactor 
PRM Polyol reduction Method 
SEM Scanning Electron Microscopy 
SMR Structured Membrane Reactor 
SR Structured Reactor 
SSA Specific Surface Area 
TCD Thermal Conductivity Detector 
TEM Transmission Electron Microscopy 
TPD Temperature Programmed Desorption 
TPR Temperature Programmed Reduction 
XPS X-Ray Photoelectron Spectroscopy 
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Table of symbols and units 

WHSV Weight hourly space velocity (Nml hିଵ gୡୟ୲ିଵ) 
GHSV Gas hourly space velocity (hିଵ) 𝑻 Temperature (°C) 𝑷 Pressure (bar) 𝑹 Universal gas constant (J molିଵ Kିଵ) 𝑳 Reactor length (m) 𝑫𝒓𝒊  Inner reactor diameter (m) 𝑫𝒎𝒊  Inner membrane diameter (m) 𝑫𝒎𝒐  Outer membrane diameter (m) 𝑨 Internal reactor cross section (mଶ) 𝑨𝒎𝒊  Internal membrane cross section (mଶ) 𝒖 Space velocity based on the empty reactor cross-section (m sିଵ) 𝜺 Bed porosity (m୴ଷ m୰ି ଷ) 𝝆𝒄 Catalyst density (kgୡୟ୲ mୡୟ୲ିଷ ) 𝒅𝒑 Catalyst particle diameter (m) 𝝑𝒊 Stoichiometric coefficient of the species i (-) 𝜈௜  Stoichiometric number of the species i (-) 𝝁𝒊 Viscosity of the species i (Pa s) 𝝁𝒎𝒊𝒙 Viscosity of the gas mixture (Pa s) 𝝆𝒎𝒊𝒙 Density of the gas mixture (mol mିଷ) 𝑴𝒊 Molar mass of species i (g molିଵ) 𝑴𝒎𝒊𝒙 Molar mass of the gaseous mixture (g molିଵ) 𝒒 Hydrogen-to-nitrogen molar ratio (molୌమ  mol୒మିଵ) 𝝀ሺ𝒒ሻ Stoichiometric parameter (-) 𝒓 Reaction rate (mol hିଵ lୡୟ୲ିଵ ) 𝜟𝑯𝟐𝟗𝟖𝑲 Heat of reaction at 298 K (kJ molିଵ) 𝜼 Fractional conversion (-) 𝝉 Time factor (h lୡୟ୲ molିଵ) 𝑭𝒊 Molar flow rate of the species i (mol hିଵ) 𝑭 Molar flow rate (mol hିଵ) 𝑮 Mass flux  (kg sିଵ mିଶ) 𝒂𝒊 Activity coefficient of the species i (atm) 𝜸𝒊 Fugacity coefficient of the species i (-) 𝑷𝒊 Partial pressure of the species i (atm) 
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   𝑬𝒂 Activation energy (J molିଵ Kିଵ) 𝒌𝟎 Pre-exponential factor (mmol hିଵ gୡୟ୲ିଵ) 𝒚𝒊 Concentration in gas phase of the species i (-) 𝑲𝑯𝟐  Adsorption equilibrium constant of hydrogen (kcal molିଵ) 𝑲𝑵𝑯𝟑 Adsorption equilibrium constant of ammonia (kcal molିଵ) 𝑼 Global heat transfer coefficient (W mିଶ Kିଵ) 𝒉 Heat transfer coefficient (W mିଶ Kିଵ) 𝜟𝑯𝑻 Heat of reaction at temperature T (J molିଵ) 𝜟𝑯𝟐𝟗𝟖𝑲 Heat of reaction at 298 K (kJ molିଵ) 𝒄𝒑,𝒊 Specific heat capacity at constant pressure of the species i (J molିଵ Kିଵ) 𝜟𝒄𝒑 Change in specific heat capacity at constant pressure (J molିଵ Kିଵ) 𝝀𝒊 Thermal conductivity of the species i (W mିଵ Kିଵ) 𝝀𝒎𝒊𝒙 Thermal conductivity of the gas mixture (W mିଵ Kିଵ) 𝑹𝒆 Reynolds number (-) 𝑷𝒓 Prandtl number (-) 𝑵𝒖 Nusselt number (-) 𝜟𝑷 Pressure difference across the membrane (bar) 𝜟𝑷𝑬𝒓𝒈𝒖𝒏 Pressure difference along the reactor (bar) 
SF Sweep gas-to-feed ratio (-) 𝑱𝒊 Permeation molar flux of the species i (mol sିଵ mିଶ) 𝓟𝒊 Permeance of the species i (mol sିଵ mିଶ Paିଵ) 𝑺𝒊/𝒋 Selectivity for the species i over the species j (-) 𝒓𝒑 Membrane pore radius (m) 𝑭𝒊, 𝒕𝒎𝑹  Retentate molar flow crossing the membrane of the species i (mol sିଵ) 𝑭𝒊, 𝒃𝒑𝑷  Permeate molar flow going back to retentate of the species i (mol sିଵ)  
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2 | Chapter 1 
1.1 Hydrogen as flagship of the energy transition  During the last century, fossil fuels have been a key driver of human development, influencing nearly every aspect of modern society. However, the utilization of carbon-based fuels led to a dramatic increase in greenhouse gas emissions, namely carbon dioxide (CO2) and methane (CH4), which are major contributors to global warming and air pollution [1]. In 2022, greenhouse gas emissions increased by 1%, hitting a new devastating record of 41.3 Gt of carbon dioxide equivalent (GtCO2-eq) [2]. As a consequence, to meet the growing energy needs of the global population while reducing the human environmental impact, a shift towards new approaches and energy sources is needed, in accordance with international agreements, to drive the current economy towards more sustainable choices.  In the pursuit of more sustainable energy solutions, hydrogen (H2) is considered the ultimate clean energy carrier, as only water is emitted from its conversion to power. Hydrogen is commonly categorized by a color code, which reflects the processes and the hydrogen sources employed in its production, as illustrated in Figure 1.1. Particularly relevant to the energy transition is “green hydrogen”, which is produced using renewable energy sources. Green hydrogen can be obtained from water through electrolysis process, which can be directly powered by renewable electricity from wind or photovoltaic systems [3,4]. Once produced, hydrogen can be utilized to generate power (e.g., fuel cells, power systems), or it can be directly burnt in internal combustion engines, reducing drastically the greenhouse gas emissions [5]. Furthermore, the gravimetric density of hydrogen is approximately seven times higher than that of conventional fossil fuels [6,7]. Recently, the share of green hydrogen production technologies is expanding, and projections suggest that green hydrogen could achieve cost competitiveness with “gray hydrogen”, produced from fossil fuels, by 2050 [8]. 

 
Figure 1.1. H2 color-based classification, reflecting production and processes sources [9]. 
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To attain cost parity, improvements are needed in technical efficiency, reduction of equipment production costs and material prices, and scaling up of manufacturing processes. Progress in these areas has been underway for some time [10]. Alkaline water electrolysis for hydrogen production has reached a level of maturity, with commercially available installations operating at megawatt scale. Additionally, technologies utilizing proton exchange membrane (PEM) and solid oxide (SO) electrolyzers have also made significant advancements. A comparative analysis of the operating characteristics of these systems is provided in previous work [11]. Still, the use of hydrogen as an energy carrier is strongly hindered by the problems connected with the transport and storage of this gas, due to its highly flammable nature and its low ignition energy, even at atmospheric conditions [12]. Furthermore, gaseous hydrogen occupies a significant volume and has a low energy density, making its storage in large quantities complex [13–15]. Consequently, expensive infrastructures are needed for hydrogen transportation and storage, particularly considering that hydrogen requires stringent safety measures. Additionally, it tends to diffuse through materials due to its high diffusivity, causing losses over time and necessitating careful attention in the selection of storage materials. All these factors contribute to making hydrogen storage one of the primary challenges in implementing a hydrogen-based energy system for energy transition [16,17]. 

Figure 1.2. Hydrogen storage solutions classification. Thus, physical-based storage methods have limitations in terms of cost, efficiency, and safety [18]. Therefore, to establish a feasible hydrogen fuel system, these critical issues must be assessed and solved. During the last decades, alternative storage solutions are being explored and developed. These are material- and chemical-based storage solutions, which include metal hydrides (MxHy), methanol (CH3OH) and ammonia (NH3) [12,19,20]. More specifically, among all the available options depicted in Figure 1.2, ammonia can be considered as one of the most promising solutions since the infrastructure involved in its production, storage and distribution are already fully operating. Additionally, ammonia can be easily stored as a liquid at relatively low 
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pressures and moderate temperatures (-33 °C, at atmospheric pressure), which makes it easier to handle compared to hydrogen gas. Furthermore, its liquid form provides a high hydrogen density at higher temperature (liquid ammonia at -33.5 °C, 121 kgH2 m-3 while liquid hydrogen at -252.9 °C, 70 kgH2 m-3) [21]. In particular, recent cost estimations evaluate that storing hydrogen in the form of ammonia for 182 days is approximately 25 times cheaper than storing hydrogen [22,23]. In evaluating the safety concerns related to different energy carriers, it is essential to consider both their flammability and toxicity, as well as their potential for explosion. Ammonia, while not flammable in air, has a significant explosion limit range (16 – 25%), furthermore liquid ammonia has much higher apparent toxicity than gasoline or methanol. This means that even at relatively low concentrations, ammonia can pose a severe health risk [24]. Therefore, significant safety issues are associated with the handling of ammonia in the transportation sector. However, a recent EU-funded report concluded that “the use of ammonia as a transport fuel would not pose more risks than those associated with currently used fuels” [25].  
1.2 Hydrogen storage via ammonia  Using ammonia as a hydrogen carrier presents several challenges that must be addressed to make it a viable option for hydrogen storage and transport. A commonly adopted approach involves the ammonia value chain illustrated in Figure 1.3. 

Figure 1.3. Ammonia as chemical for hydrogen storage (adapted from [26]). 
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The process involves multiple stages, each characterized by distinct energy requirements. Firstly, hydrogen obtained from renewable sources is combined with atmospheric nitrogen through the Haber-Bosch process [27,28]. The production of ammonia requires high temperatures and pressures to catalyze the chemical reaction, thus the energy demand of this step is extremely high. Transitioning to renewable energy sources for ammonia production remains an ongoing challenge. Secondly, optimizing the hydrogen release step is critical. Extracting hydrogen from ammonia requires significant energy input. Once hydrogen is obtained, it can be used as an energy source in various processes, including electricity production through fuel cells or as fuel [27–29]. However, to effectively use ammonia as a hydrogen storage strategy, it is crucial to address the associated challenges and issues related to both its synthesis and decomposition processes.  
1.2.1 Ammonia synthesis  Nowadays, after about a century of operation, the main path to produce ammonia is still via Haber-Bosch process, in which nitrogen (N2) and hydrogen (H2) are combined in the presence of an iron-based catalyst. The reaction is exothermic and occurs with a decrease in volume, therefore it is favored at low temperatures and high pressures. However, the process requires temperatures in the range of 400 – 500 °C and pressures in the range of 50 – 300 bar to achieve efficient nitrogen fixation [30]. These conditions favor a relatively high kinetic rate at the expense of low conversions (below 20%) due to the thermodynamic limitations [31]. As a result, the process is energy-intensive and consumes approximately 1 – 2% of the world's total energy production, emitting more than 300 million metric tons of CO2 yearly [32].  Furthermore, these conditions pose engineering challenges related to heat and pressure management. The choice of operational conditions is a compromise between reaction kinetics, yield, and energy efficiency. Higher temperatures accelerate the reaction but require more energy to maintain operational conditions. High pressures are necessary to shift the equilibrium towards ammonia formation but demand more robust and costly equipment. Thus, industrially, since further increase in temperature is unfeasible due to the reverse reaction occurring (ammonia decomposition) and possible catalyst deactivation, conventional ammonia synthesis is run in multistage adiabatic packed bed reactors with interstage water cooling over an iron-based catalyst [33]. These catalysts have been fully developed and therefore in the last years there were not significant successes towards future advancements. In this overview, 
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ruthenium (Ru) catalyst emerged as second-generation catalyst for NH3 synthesis, due to the higher activity at lower temperatures and pressures in ammonia synthesis than the conventional catalyst [34].  The interest in Ru-based materials arises from several potential advantages offered. Firstly, Ru-based catalysts have shown higher catalytic activity for nitrogen fixation reaction at milder operating conditions compared to the commercial Fe-based ones [35]. This can have significant energy-saving implications as it reduces the energy needed to heat up the reaction chamber. On the other hand, Ru-based catalysts show two main drawbacks: high costs and potential hydrogen poisoning. Ruthenium is present at a concentration of approximately 1 μg kg-1 in Earth’s crust, which results in high capital costs and then limits further applications [36]. Furthermore, the mining of ruthenium is sensitive to wars and human conflicts, as geopolitical instability can disrupt supply chains and impact production. Such events can lead to fluctuations in availability, affecting prices and access to this critical resource. Figure 1.4 shows the significant fluctuations in the price of this precious metal. Moreover, at high hydrogen partial pressure, excess of hydrogen atoms covers ruthenium active sites, reducing the efficient dissociative adsorption of N2 on the catalyst surface [37].  

 
Figure 1.4. Average ruthenium price worldwide from [38]. Thus, to overcome these drawbacks and increase the performance of the catalyst for ammonia synthesis, a possible approach is the maximization of the catalytic activity of ruthenium through the maximal exposure of the active sites. Reducing the size to atomic clusters will greatly increase the surface area, which in turn increases the level of 
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catalytic activity, leading to the efficient exploitation of ruthenium resources. In case of Ru-based catalysts, in particular, the activity is highly dependent on the particle size, which can influence the presence of the desirable B5 active sites. Dahl et al. have studied the sticking probability of H2 on ruthenium. It has been shown that the active site for N2 dissociation is the so-called B5 site, consisting of five ruthenium atoms: two at step edges and three at the lower terraces [39]. Moreover, according to several studies ruthenium clusters with a diameter in the range 1.8 − 3.5 nm are believed to bear a significant amount of these active sites [40].  Synthesis method strongly affects the properties of the resulting produced material and influences the active phase cluster diameter, determining the chemical activity of the entire system and the final physical properties of the prepared catalyst. Javaid et al. addressed the effect of the preparation method on ruthenium-based catalyst for ammonia synthesis [41]. The results showed that the catalysts prepared by different methods have different physical properties, that, in turn, affect the ammonia synthesis activity [42]. For instance, wetness impregnation usually yields relatively bigger clusters with a large size distribution. Due to the increase in cluster size, there are fewer B5 sites.   
1.2.2 Ammonia decomposition The effective use of ammonia as a hydrogen storage medium requires its decomposition via an endothermic equilibrium reaction, followed by the separation and purification of the resulting hydrogen. Ammonia decomposition reaction is a reversible process, increasing the overall gas volume. Thus, elevated temperatures and low pressures positively affect the ammonia conversion. Furthermore, a thermodynamic study of the ammonia decomposition reaction revealed that an almost complete NH3 conversion is achievable at 420 °C and atmospheric pressure [43]. Still, NH3 decomposition cannot be conducted at low temperatures due to kinetic limitations. Therefore, this reaction is typically conducted in a temperature range of 500 – 600 °C and a pressure range of 1 – 3 bar, in the presence of a suitable catalyst.  So far, several active phases were explored, such as nickel, cobalt and ruthenium [44]. Among all, ruthenium-based catalysts show high activity at relatively low temperatures and, therefore, they are widely investigated. The downside of employing ruthenium as active phase is connected with the extremely high cost of this metal and limited availability [45]. Therefore, it would be beneficial to enhance the catalytic activity by 
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maximizing the exposure of active sites, ensuring low ruthenium loading, while simultaneously guaranteeing high activity and high stability. It is widely acknowledged in the open literature that ruthenium nanoparticles smaller than 8 nm exhibit optimal catalytic activity for hydrogen production via ammonia decomposition [46]. This reaction is structure-sensitive, with several studies pointing out the significance of B5-type sites in the activity of Ru-based catalysts for ammonia decomposition, similarly to their role in the ammonia synthesis reaction [47]. By controlling the size of ruthenium clusters, it is possible to maximize the presence of active B5 sites, enhancing the efficiency of ammonia decomposition while ensuring the maximum dispersion of expensive metal [48].  
1.3 Membrane reactor technology Being ammonia and hydrogen the target reaction products of ammonia synthesis and decomposition, respectively, a possible strategy to improve significantly the reaction rate is shifting the equilibrium via in situ removal of the target products from the reaction chamber.  Only few attempts to exceed single-pass equilibrium conversion have been carried so far in the open literature for ammonia synthesis. For instance, Smith et al. proposed an integrated ammonia synthesis and separation employing a ruthenium-based catalyst and manganese chloride on silica as adsorbent [49]. The authors demonstrated the advantages of the proposed synergistic system achieving conversions beyond reaction equilibrium [31]. Parallelly, the use of membrane reactors is considered a promising solution for shifting the equilibrium in thermodynamically limited catalytic reactions, either through the selective removal of a product or a by-product. This approach has been explored, for instance, in dimethyl ether synthesis [50,51] and water-gas shift reaction [52,53]. While the cited studies highlight the advantages offered by the membrane reactor configuration (i.e., enhanced conversion, lower energy requirements for a desired throughput), still few studies discuss the potential of this technology for ammonia synthesis.  On the other hand, membrane reactor technology has recently been proved as a promising solution for hydrogen recovery from ammonia, allowing simultaneous ammonia decomposition into hydrogen and nitrogen along with high purity hydrogen separation, all within a single device [54,55]. Moreover, the membrane reactor 
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technology was proved to enable a lower temperature conversion in accordance with the Le Châtelier’s principle, as the selective separation of one of the products through the membrane wall shifts the equilibrium allowing the system to overcome the thermodynamic constraints. In membrane reactors, various types of membranes can be utilized to enhance chemical reactions and separation processes simultaneously, offering significant advantages in terms of efficiency and selectivity. Among them, carbon membranes (CMs) and palladium (Pd) membranes show promising features. Carbon membranes show exceptional properties, including high thermal and chemical stability, mechanical strength, and selective permeability [56]. Furthermore, the performance of carbon membranes can be tailored by adjusting their porosity and surface chemistry, making them versatile for different industrial and environmental applications. Additionally, their resilience at high temperatures and harsh chemical environments makes them suitable for demanding processes, offering a promising solution for efficient and sustainable separation technologies [57,58]. The selectivity of carbon membranes can be relatively low compared to other membranes, such as palladium-based membranes, primarily due to their broad pore size distribution and limited control over pore size during synthesis. Improving the selectivity involves several strategies focused on optimizing the membrane’s structure, composition, and processing conditions. For instance, the carbonization process plays a crucial role in determining the membrane’s properties. By controlling the carbonization temperature, heating rate, and the atmosphere in which the process occurs, it is possible to tailor the pore structure [59]. Turing the features of the polymeric precursor and the presence of additives has a significant impact on the features of the final membrane [56,60].  On the other hand, palladium-based membranes are highly specialized materials for hydrogen separation and purification. The unique properties of Pd-based membranes arise from their ability to absorb hydrogen into their lattice structure and then release it on the other side, a process known as "solution-diffusion." This feature makes them particularly valuable in applications such as hydrogen recovery, fuel cell technology, and hydrogen purification. Additionally, palladium membranes can operate at high temperatures and aggressive chemical environments, further enhancing their utility in industrial processes [61,62].  In Figure 1.5, images of a carbon-based membrane and a palladium-based membrane fabricated and tested within this study are shown. 
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Figure 1.5. Carbon-based membrane (left) and double-skinned Pd-based membrane (right)fabricated and tested in the framework of this dissertation. While few works in literature have been devoted to the applications of CMs in ammonia processes, the use of Pd-based membranes for selectively separate H2 has been recently discussed in literature [63–65]. For instance, Israni et al. successfully carried ammonia decomposition in a packed bed membrane reactor using both conventional top-layer and nanopore Pd-membranes. The proposed results demonstrate that the selective removal of H2 from the retentate side resulted in an increase in NH3 conversion [66]. Nailwal et al. studied ammonia decomposition under various operating conditions in both single-tube systems. The authors reported an ammonia conversion of 93% at 500 °C and 1 bar in a packed bed membrane reactor , whereas the reported conversion in a conventional packed bed reactor at similar operating conditions is about 80%, demonstrating the beneficial effect of the Pd-based membrane coupling on ammonia conversion [67]. 
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On the downside, palladium-based membranes, while highly efficient for hydrogen separation due to their selectivity and permeability, are extremely expensive, as palladium is a rare metal. Additionally, palladium is prone to embrittlement, especially when exposed to impurities like sulfur or carbon monoxide, which can degrade its performance over time [66]. The membranes are also sensitive to high temperatures and mechanical stress, which can cause cracks or degradation [68]. Therefore, to address the challenges of membranes for hydrogen separation, several solutions are being explored [69]. These innovations aim to make membranes for hydrogen separation more cost-effective, durable, and efficient for large-scale applications.  While material innovation is fundamental to advancing this technology, a complementary techno-economic evaluation could provide critical insights into the practicality of scaling these materials for industrial use. For instance, understanding the costs associated with raw materials, fabrication techniques, and long-term maintenance could guide the selection of synthesis pathways that balance performance with affordability. Additionally, coupling this material-focused research with a techno-economic assessment would help identify potential cost drivers and highlight areas for economic optimization. Equally important is the life cycle analysis, which provides a comprehensive evaluation of the environmental impact associated with membrane reactors. While membrane reactors often promise reduced greenhouse gas emissions during operation compared to traditional technologies, the production of high-performance membranes can involve energy-intensive processes, rare materials, or hazardous by-products that may partially offset these environmental gains.    
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1.4 Framework of the dissertation  The central theme of this dissertation is to explore the potential of ammonia as an effective hydrogen carrier, with a particular emphasis on advancing material development to maximize reaction efficiency. The proposed investigation encompasses a comprehensive approach, including the synthesis and characterization of catalysts and membranes, optimization of material properties, and evaluation of membrane reactor performance. To facilitate this research, two types of reactors were designed and constructed, complemented by an experimental setup detailed in Appendix A. The developed setup is versatile, designed to handle both ammonia synthesis and decomposition, with capabilities up to 65 bar and 450 °C. It can function as either a membrane reactor or a packed bed reactor, making it adaptable for different process requirements. This flexibility allows for efficient hydrogen production or ammonia synthesis under various conditions, enhancing its utility in applications involving ammonia as a hydrogen carrier. The reactors enable the study of ammonia synthesis and decomposition within both packed bed and packed bed membrane configurations, providing a robust platform for assessing and enhancing the performance of ammonia-based hydrogen storage systems.  This work begins with the development and optimization of carbon membranes, prepared on a tubular porous alumina support, tested for ammonia decomposition in a membrane reaction setup in Chapter 2. Operating at 5 bar and temperatures ranging from 450 to 500 °C, NH3 conversion exceeding 90% was achieved, with conversion approaching thermodynamic equilibrium at temperatures above 475 °C.  In Chapter 3, ammonia decomposition into nitrogen and hydrogen was, for the first time, carried in a structured membrane reactor. The performance of the structured catalyst and the effect of hydrogen permeation through a Pd-based membrane were evaluated. The structured catalyst is based on a commercial silicon carbide 40 PPI open-cell Foam. The catalyst (3 wt% Ru/CeO2) was coated by in situ-solution combustion deposition method with sequential cycles to reach the desired catalyst loading (0.31 g cm-3). TEM, SEM, XRD, TPR analysis and adhesion tests were used to characterize the prepared sample. A double-skinned palladium-based membrane has been prepared depositing a selective layer by electroless plating onto porous asymmetric alumina support. The results demonstrated a successful integration of structured catalyst and membrane. The beneficial effects of the proposed structured membrane reactor configuration enabled an increase in conversion up to 29% compared with the structured catalyst system.  
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In Chapter 4, ruthenium-based catalysts with different ruthenium loading were synthesized via polyol reduction method using cerium oxide as support and cesium as promoter. Ruthenium content was varied between 3 and 7 wt% while cesium content was varied between 0 and 10 wt%. The prepared samples were characterized through XRD, N2-physisorption, H2-TPR, H2-TPD, CO2-TPD and XPS. Then, the catalysts were tested for ammonia decomposition in the range of temperatures 250 – 450 °C and pressures 1 – 7 bar. The catalyst composed of 5 wt% ruthenium and 2 wt% cesium demonstrated the highest activity, approaching the equilibrium curve in the temperature range of 350 – 400 °C range. A high hydrogen production rate (up to 1.9 mol h-1 gcat-1) was achieved at 30 000 Nml h-1 gcat-1, 450 °C and 1 bar. This result marks the highest production rate reported in the literature so far, underscoring the efficacy of the new catalyst under these conditions. Finally, the catalyst synthesis process was successfully scaled up to produce 25 g of material per batch. Each batch was tested to verify that the desired catalyst properties were maintained. This result is particularly interesting in view of possible industrial-scale applications. In Chapter 5, the integration of the newly developed catalyst of Chapter 4 with a palladium-based membrane allowed an ammonia conversion greater than 99.7% at 425 °C and 4 bar, with hydrogen recovery of 86.5% and purity exceeding 99.99%. This high single-pass efficiency, combined with high hydrogen purity, highlights that hydrogen production from ammonia can be carried at moderate temperatures, reducing operational costs.  In Chapter 6, a reactor model was developed based on integrating a ruthenium-based catalyst into a membrane reactor. The in-situ removal of ammonia was modeled by considering mass, momentum, energy balances in the retentate and permeate side, including sweep gas to enhance both the separation and the heat management. The results show that the membrane performance is crucial in order to boost hydrogen conversion in an isothermal packed bed membrane reactor. More specifically, an ammonia permeance greater than 1∙10-7 mol s-1 m-2 Pa-1 and a selectivity for ammonia over hydrogen equal to 50 are required to ensure significant benefits from the membrane addition, on the other hand selectivity for ammonia over nitrogen deeply influences both ammonia purity and ammonia recovery. This leads to a trade-off value of approximately one hundred. In conclusion, the analysis of the feed ratio on the permeate side demonstrated that a hydrogen-to-nitrogen feed ratio of 1.5, coupled with a sweep gas-to-feed ratio of 6, resulted in optimal hydrogen conversion, along with improved ammonia purity and recovery within the first half of the reactor length. These results underscore the potential of membrane reactors as an effective strategy for 
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enhancing the ammonia synthesis process. By integrating membrane technology, it is possible to significantly improve reaction efficiency, which can lead to lower energy consumption and reduced operational costs. In Chapter 7, ruthenium-based catalysts were synthesized using the polyol reduction method, with various metal oxides as supports and cesium as a promoter. The resulting catalysts were characterized by XRD, ICP-OES, nitrogen physisorption, and XPS. These catalysts were evaluated for ammonia synthesis over a temperature range of 275 to 400 °C and pressures between 10 and 50 bar. The catalysts demonstrated an ammonia production rate approximately four times higher than similar catalytic formulations reported in the literature under the same conditions. The Cs-Ru/CeO2 catalyst, with cesium loading about1 wt% and a ruthenium loading about 5 wt%, showed the best performance, achieving an ammonia production of nearly 73 mmol h−1 gcat−1 at 400 °C and 50 bar. XPS analysis revealed an increased Ce3+/Ce4+ ratio, which enhanced the number of oxygen vacancies and facilitated the dissociative adsorption of nitrogen, a key step in the ammonia synthesis reaction. The dissertation concludes with Chapter 8, which summarizes the outcomes of the aforementioned chapters and provides an outlook on the future of membrane reactor technologies for ammonia as a hydrogen carrier.   
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Abstract  Palladium-based membranes, while showing the highest performance for hydrogen separation, have their drawbacks. The excessive cost of palladium, a rare and expensive material, and the reactivity to impurities like sulfur, carbon monoxide, and other contaminants, can potentially limit their application. To overcome these challenges, one promising solution lies in the development of carbon-based membranes. Carbon-based membranes are highly selective for hydrogen due to their fine-tuned pore structure. Additionally, they are more resistant to chemical degradation, compared with palladium membranes. Therefore, a carbon membrane was fabricated on a tubular porous alumina support through the carbonization of a polymer-based solution and subsequently tested for ammonia decomposition in a membrane reactor setup. Operating at 5 bar and temperatures ranging from 450 to 500 °C, NH3 conversion 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%. The residual ammonia concentration (0.59 vol.% at 500 °C and 5 bar), is insufficient for achieving fuel cell-grade hydrogen, which requires ammonia levels below 0.1 ppm. However, the integration of an adsorption unit containing a fixed bed of zeolite 13X successfully reduced ammonia concentration, enabling the production of fuel cell-grade hydrogen. Despite performance far from being comparable with the ones achieved in the literature with palladium membranes, this study underscores the viability of carbon membranes for the production of hydrogen suitable for fuel cell applications, highlighting their competitiveness and promising role in the field.    
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2.1 Introduction The challenges and opportunities of hydrogen (H2) production from ammonia (NH3) decomposition were discussed in Chapter 1. The literature highlights that a key challenge to the widespread production of hydrogen from ammonia is the development of reliable, efϐicient, and scalable processes that integrate ammonia decomposition reactors with hydrogen puriϐication systems [1]. In this framework, the membrane reactor has emerged as a promising technology, offering a solution that enables the efϐicient integration of ammonia decomposition, as per Equation 2.1, while simultaneously effecting hydrogen separation, all within a single integrated device [2].  𝑁𝐻ଷ ↔ 0.5𝑁ଶ + 1.5𝐻ଶ (2.1)Moreover, employing a membrane reactor has demonstrated the ability to reduce the reactor's operating temperature and increase its operating pressure compared to conventional systems, which typically require temperatures exceeding 700 °C attain complete conversion [3]. This results in higher energy efϐiciency due to the lower temperature conditions and improved reactor compactness thanks to the elevated pressure levels [4–6]. The selective separation of H2 from the reaction zone, which is favored at high pressure, enhances the reaction rates and shifts the equilibrium towards the formation of reaction products resulting in increased feedstock conversions.  Hydrogen production via ammonia decomposition has been experimentally studied in numerous works available in the literature [7–9] 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 palladium (Pd) membranes for hydrogen separation [2]. This can be attributed to the outstanding permeance and selectivity towards hydrogen separation of Pd-based membranes compared to other types of membranes. In this work, the integration of carbon-based membranes into a membrane reactor for hydrogen recovery from ammonia is proposed. 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 membranes have previously been evaluated for ammonia decomposition in the study conducted by Jiang et al. [10]. 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 
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performance of the membrane. Speciϐically, carbon membranes were proven to have signiϐicantly lower performance compared to palladium-silver (Pd-Ag) membranes during ammonia decomposition: the decomposition of an ammonia ϐlow 250 ml min-1 over 3 g of catalyst at 450 °C and 7 bar resulted in the production of hydrogen with residual NH3 concentrations of approximately 50 ppm when implementing a 80 mm long 1.8 μm thick Pd-Ag membrane, whereas under similar operating conditions the residual NH3 concentrations was measured to be approximately 10 000 ppm when implementing a 220 mm long 0.9 μm thick carbon membrane.  While a comparison between the performance of carbon-based membranes and palladium-based membranes is therefore available in literature, to the best of the authors’ knowledge the applicability of carbon membranes to produce fuel cell-grade hydrogen has not been demonstrated yet. In this study, a carbon membrane was prepared, characterized, and tested for ammonia decomposition in a ϐixed bed membrane reaction conϐiguration, implementing a downstream hydrogen puriϐication unit to remove residual ammonia.   
2.2 Experimental 

2.2.1 Membrane preparation The carbon membrane employed in this work was prepared starting from asymmetric tubular porous alumina (Al2O3) support with subsequent coating, polymerization and carbonization under controlled conditions. In detail, the preparation procedure (Figure 2.1), for which the chemicals listed in Table 2.1 were used, was carried out according to the following steps: 

Figure 2.1. Schematic of the carbon membrane fabrication process. 



Development of carbon membranes for ammonia decomposition | 25 

  

(i) Support preparation. The support was prepared starting from asymmetric porous α-Al2O3 tube with an outer diameter (OD) of 10 mm, an inner diameter (ID) of 7 mm and an external layer average pore size about 100 nm (Rauschert GmbH, Germany). As reported in a previous work [11], 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 permeation gas outlet, resulting in a dead-end configuration. 
(ii) 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 [11,12]. The resin was synthesized via an acid-catalyzed phenol-formaldehyde condensation, as follows. 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 with a rate of 2 ml min-1. After 8 hours, the obtained product was washed and separated by centrifugation (three cycles of 15 minutes at 4 400 rpm and 10 °C). Finally, the obtained oligomer was dried under vacuum at 50 °C for 24 hours.  
(iii) Dipping solution preparation. Then, the dipping solution was prepared dissolving the synthesized Novolac (30 g) in N-Methyl-2-Pyrrolidone (83.2 g), with aluminum acetylacetonate (0.8 g) as additive [11]. A high shear mixer (Thinky ARE-250, Japan) was used to ensure the efficient mixing of the chemicals at 2 000 rpm for two cycles with a duration of 30 minutes each. Next, formaldehyde (1.6 g) was added with a subsequent mixing step, again at 2 000 rpm for 30 minutes. Finally, oxalic acid (0.4 g) was added to the solution and mixed at the same speed for additional  
(iv) Dip coating. This step was carried out by an automated system that cyclically lowered and raised the support within a glass cylinder containing the dipping solution.  
(v) Polymerization. Once the coating was completed, the coated support is polymerized in a rotary oven at 80 °C for 24 hours. The coated support was connected to a rotating mount while drying to ensure a more homogeneous active layer thickness. Furthermore, nitrogen (N2) gas was employed to provide an inert atmosphere. 
(vi) Carbonization. Finally, the polymeric layer on the porous support underwent carbonization in a tubular three-zone oven (Nabertherm, Germany). A heating rate of approximately 1 °C min-1 was applied until reaching a temperature of about 800 °C where it was held for 4 hours. Throughout the carbonization step, a nitrogen flow of about 3 l min-1 was applied to avoid carbon combustion. 
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Table 2.1. List of chemicals used for carbon membrane’s synthesis. 

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 
      

2.2.2 Membrane characterization The pore size distribution measurements of the fabricated carbon membrane were conducted using a laboratory-made capillary condensation perm-porometer, with detailed information provided in Appendix B.  
2.2.3 Experimental setup The carbon membrane, whose preparation procedure has been outlined in the previous section, was tested in an experimental setup speciϐically designed for ammonia decomposition. The setup comprises four main modules: (1) the feed module, (2) the permeation or reaction module, (3) the hydrogen puriϐication module, and (4) the retentate and permeate analysis module. In the feed module, EL-FLOW® Prestige mass ϐlow controllers (Bronkhorst®, The Netherlands) regulate the desired ϐlow rate of feed gases from gas bottles (Linde Gas Benelux BV, The Netherlands) containing 5.0 purity N₂, 5.0 purity H₂ and 3.7 purity NH₃, to the system. The permeation module includes a stainless-steel vessel with an inner diameter of 45 mm and a length of 280 mm, in which the membrane is connected to the ϐlange, 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 3 mm pellet form (Alfa Aesar®, Massachusetts, USA). The reactor’s inlet is equipped with a porous stainless-steel plate to guarantee even gas distribution and the reactor’s freeboard is conϐigured in a conical shape to decrease the gas velocity and mitigate the potential for escape of catalyst particles during the experimental campaign. Moreover, the pressure of the system is controlled by means of an EL-PRESS® pressure controller 
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(Bronkhorst®, The Netherlands) and, given the endothermic nature of the ammonia decomposition reaction, an electrical three-zone split furnace (Elicra Electrowarmte BV, The Netherlands) is used to supply heat to the reactor.  The hydrogen puriϐication module employs a bed of zeolite 13X at ambient conditions for NH3 removal from the permeate stream, whereas the retentate and permeate analysis module comprises the instrumentation for measuring permeation ϐlux through the membrane and the composition of both retentate and permeate streams. Speciϐically, a high precision SF-1U/2U ϐilm ϐlow meter (Horiba Stec Co. Ltd., Japan) and a mass ϐlow meter (Bronkhorst®, The Netherlands) are used to quantify the permeation ϐlux through the membrane, a CP-4900 micro gas chromatograph (Varian Inc., California) is used to measure the composition of the retentate and permeate streams leaving the reactor, and a Fourier-Transform infrared Spectrometer (Shimadzu, Japan) equipped with a 5 m gas cell (Specac Ltd, England, UK) and a Mercury-Cadmium-Telluride (MCT) detector is employed to measure the residual ammonia concentration of the permeate stream leaving the hydrogen puriϐication module. This instrument is capable of accurately determining residual concentrations of ammonia as low as 0.75 ppm. A set of high precision SF-1U/2U ϐilm ϐlow meters (Horiba Stec Co. Ltd., Japan) was employed to calibrate the mass ϐlow controllers and quantify ammonia-free gas ϐlows. 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 and eventually vented.  
2.2.4 Experimental method After completing the preparation procedure, the carbon membrane underwent sealing and testing in helium-ethanol system to ensure the absence of undesired leakages from both the sealings and the membrane surface. Once conϐirmed leak-free, the membrane was installed in the reactor. The system was gradually heated to 500 °C at a rate of 2 °C min-1 under a nitrogen atmosphere. Subsequently, the system was transitioned to a hydrogen 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 at temperatures ranging from 400 °C to 500 °C, with pressure difference across the membrane (ΔP) ranging between 1 and 5 bar, while maintaining atmospheric conditions on the permeate side. Pressure changes between the measurements at different temperatures 
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were conducted in an N2 atmosphere, with a heating rate of approximately 2 °C min-1. Based on the gas permeation tests, the H2, N2 and NH3 permeances as well as the ideal H2/N2 and H2/NH3 selectivities of the membrane, were subsequently calculated. H2 and N2 permeation tests were performed with the aim to assess if the presence of N2 next to H2 in the feed stream has an inϐluence 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 ΔP ranging between 1 and 5 bar. The permeate side was kept at atmospheric conditions. The reactor was then cooled down in N2 atmosphere using a cooling rate of 2 °C min-1 and, once room temperature was achieved, the catalyst was introduced in the reactor. Subsequently, the reactor was heated up under N2 atmosphere and permeation tests under reactive conditions were performed. Speciϐically, 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 ϐlow rate of 500 Nml min-1 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 permeation ϐluxes (𝐽௜), the permeances (𝒫௜), the selectivities (𝑆௜/௝), the NH3 conversion (𝑥ேுయ), and the H2 recovery ( 𝐻𝑅 ) were calculated according to the deϐinitions provided in Equation 2.2 to Equation 2.6:  𝐽௜  =  𝐹௜𝐴௠ (2.2)

𝒫௜  =  𝐽௜𝛥𝑃 (2.3)
𝑆௜/௝  =  𝒫௜𝒫௝  (2.4)

𝑥ேுయ  =  𝐹ேுయ, ௜௡ − 𝐹ேுయ, ௢௨௧  𝐹ேுయ , ௜௡ ∙ 100 (2.5)
𝐻ଶ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  2 ∙ 𝐹ுమ, ௢௨௧௉3 ∙ 𝐹ேுయ, ௜௡ ∙ 100 (2.6)

where 𝐹௜  is the molar flow of the species i, ΔP is the pressure difference across the membrane, and 𝐴௠ is the membrane area.  
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2.4 Results and discussion In Figure 2.2, the pure hydrogen permeation ϐlux (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.  

 

 
Figure 2.2. (a) Hydrogen permeation ϐlux (b) and hydrogen permeance through the membrane as a function of the pressure difference acrossthe membrane at different values of temperature. 
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As illustrated in Figure 2.2a, the hydrogen permeation ϐlux through the membrane increases with increasing pressure. This is due to the higher driving force for separation available when pressure increases. Moreover, the increase of hydrogen permeance with temperature, which is visible in Figure 2.2b, 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 then the negligible contribution of viscous ϐlow through the membrane and therefore the absence of defects on the membrane’s surface [13]. In defect-free membranes, the absence of cracks or voids eliminates physical pathways for gas molecules, thereby preventing pressure-driven viscous ϐlow. This ensures that molecular transport mechanisms dominate, making the contribution of viscous ϐlow negligible. Conversely, the presence of structural defects introduces non-selective pathways that enable viscous ϐlow to prevail, compromising the membrane's molecular transport efϐiciency and selectivity. This result is also conϐirmed by the fact that nitrogen permeation through the membrane was not observed in any of the tested conditions. 
Table 2.2. H2, N2 and NH3 permeance and ideal H2/N2 and H2/NH3 selectivity of the membrane used in this work, evaluated at ΔP = 1 bar, for different values of temperature. 
Temperature 𝓟𝑯𝟐   𝓟𝑵𝟐  𝓟𝑵𝑯𝟑  𝑺𝑯𝟐 𝑵𝟐ൗ  𝑺𝑯𝟐 𝑵𝑯𝟑ൗ  

(°C) (mol s-1 m-2 Pa-1) (mol s-1 m-2 Pa-1) (mol s-1 m-2 Pa-1) (-) (-) 
      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 
       The measured permeances of hydrogen, nitrogen, and ammonia at 400, 450, and 500 °C, with a pressure difference across the membrane of 1 bar, are outlined in Table 2.2, along with the corresponding H2/N2 and H2/NH3 ideal selectivity. Additionally, in Figure 2.3, 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 2.2 and Figure 2.3, N2 permeance and H2/N2 selectivity are reported under the assumption of the worst-case scenario. This entails considering nitrogen permeation ϐlow rate through the membrane to be as low as the low detection limit of the ϐilm ϐlow meters used for nitrogen permeation measurement (0.2 ml min-1). 
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Hydrogen is the species showing the highest permeance and this can be explained analyzing the pore size distribution of the membrane, given in Figure 2.4. This analysis reveals that the majority of the pores exceed 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 its kinetic diameter(0.364 nm). This permeance pattern, which is consistent with ϐindings of other works previously reported in the literature [14–16], conϐirms the contribution of molecular sieving to the permeation mechanism through the membrane observed from Figure 2.2. 

 
Figure 2.3. Permeance of single gases at ΔP = 1 bar and different temperatures as a function of their kinetic diameter.  As far as NH3 concerns, despite its smaller kinetic diameter (0.260 nm), it shows a lower permeance compared to the one of H2. The main reason for this phenomenon lies in the contribution of molecular sieving to the permeation mechanism. Ammonia permeation can in fact only take place through those pores which have a larger size compared to its kinetic diameter and is therefore inhibited through about 24% of the pores. Moreover, a similar behavior of permeation compared to hydrogen was observed in literature for helium (He), which has the same kinetic diameter as NH3. As this behavior has been ascribed to higher adsorption afϐinity of H2 in carbon membranes compared to He [17], the same explanation might justify the trend of NH3 permeation compared to the one of H2 experienced in this study. 
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Figure 2.4. Pore size distribution of the supported carbon membraneused in this work measured via perm-porometry.    

 
Figure 2.5. Hydrogen permeation ϐlux at different hydrogen partial pressure difference across the membrane for pure hydrogen and binaryH2/N2 mixtures with different compositions at 450 °C. 
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In Figure 2.5 the H2 permeation flux through the membrane is depicted as a function of the hydrogen partial pressure difference across the membrane for both pure H2 and for H2/N2 feed mixtures with hydrogen concentrations ranging from 50 vol.% to 90 vol.%. As observed, at a given hydrogen partial pressure difference across the membrane, hydrogen recovery remains independent of the hydrogen concentration in the feed mixture. These results, which are in line with other studies available in the literature [18], show that this type of 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 pure hydrogen environment. Following the binary mixture permeation tests, single gas permeation tests were repeated in order to assess whether high operation temperature has 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 those measured before the binary mixture permeation tests, indicating 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 performing 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 ΔP of 1 bar and 450 °C the H2 and N2 permeances were measured to be 1.0∙10-7 and 3.8∙10-9, respectively, resulting in an ideal H2/N2 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 selectivity of 29. A postmortem helium-ethanol leakage test confirmed the absence of defects on the membrane surface. However, the observed increase in N2 permeation was attributed to the degradation of the membrane’s sealing, which occurred during the cooling and reheating phases of the reactor's operation. The performance of the membrane reactor for ammonia decomposition operated at 5 bar and under a feed flow rate of 500 Nml min-1 of pure ammonia are reported in Table 2.3 and Figure 2.6 for different operating temperatures. In agreement with findings in the existing literature, a temperature increase yields an increase in both NH3 conversion and H2 recovery [8,19–25]. In fact, higher temperatures favor both the kinetics and thermodynamics of ammonia decomposition, leading to increased NH3 conversion. This brings NH3 conversion closer to the calculated thermodynamic 
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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.  

 
Figure 2.6. NH3 conversion, H2 recovery, and residual NH3concentration in the permeate achieved in the membrane reactor as a function of reaction temperature (5 bar, 500 Nml min-1 of pure NH3).  From Table 2.3 and Figure 2.6 it is also noteworthy that a temperature increase has also a positive impact on hydrogen purity, as for increasing temperatures the residual NH3 concentration in the permeate decreases. These results, which align with previous studies [24,26], can be ascribed 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 H2 obtained 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, consistent with other studies reported in the literature [27–30], demonstrate that commercially available adsorbent materials are effective in reducing the residual ammonia concentration in the produced hydrogen stream to levels suitable for proton exchange membrane (PEM) fuel cells applications (ammonia concentration below 0.1 ppm). 
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Table 2.3. NH3 conversion, H2 recovery and NH3 concentration in the permeate at differentreaction temperatures (Reaction pressure of 5 bar, NH3 feed flow rate of 500 Nml min-1). 
Temperature 𝒙𝑵𝑯𝟑  𝑯𝑹 𝒚𝑵𝑯𝟑𝑷  (°C) (%) (%) (%) 

    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 
     Table 2.4, divided into three sections, presents a comparison between the results achieved in this study, the results obtained in previous investigations using ceramic and metallic supported Pd-Ag membranes [26,31], and the outcomes of the study by Jiang et al. [10] involving a carbon membrane. The H2 recovery and the NH3 conversion achieved during ammonia decomposition follow a trend which is dependent on the hydrogen permeation properties of the membranes. Particularly, the lower hydrogen permeance and length of the membrane used in this work results in a lower H2 recovery and NH3 conversion compared to the ones achieved with Pd-based membranes in previous studies.  Carbon membranes show in fact lower hydrogen permeance compared to Pd-based membranes due to the different transport mechanism governing permeation. The different permeation mechanisms through the membrane also justifies 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 enables also other gases to permeate in case pores with diameter larger than their kinetic diameter are available.  Accordingly, the residual ammonia concentration in the hydrogen produced in this study is significantly higher compared to the results achieved implementing Pd-based membranes for hydrogen separation. These results are well in agreement with the findings of Jiang et al. [10], who observed an increase in the residual NH3 concentration in the hydrogen stream from approximately 50 to 10 000 ppm when replacing in their system for ammonia decomposition a 80 mm long 1.8 μm thick Pd-Ag membrane with 



36 | Chapter 2 
a 220 mm long 0.9 μm thick carbon membrane. From Table 2.4, it is possible to observe that Jiang et al. obtained much higher NH3 conversion and H2 recovery as well as lower residual NH3 concentrations compared to the results obtained in this work. Although the results were obtained under different operating conditions, making a direct quantitative comparison between the two sets of outcomes challenging, better results in this work could be achieved through the optimization of the installed membrane area in relation to the amount of catalyst used and the residence time of NH3 in the reactor. In all the scenarios presented in Table 2.4, fuel cell-grade hydrogen containing residual NH3 concentration greater than 0.1 ppm could not be achieved at the reactor outlet. This implies that the hydrogen produced in this systems may not directly be used as feedstock for PEM fuel cells. In a previous work [24], as well as in the work authored by Sitar et al. [32] 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. A similar result was achieved in this work implementing downstream the reactor implementing a carbon membrane, an adsorption unit for residual NH3 removal consisting of a fixed bed of zeolite 13X particles. In light of these results, this study demonstrates that carbon membranes, despite the requirement for scaling-up membrane length and potential enhancement in their H2 permeation properties, represent a possible 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.  

Table 2.4. (Section 1) Comparison of experimental results from the present study and literature data: Reactor operating conditions. 
 Cechetto et al.  

[31] 
Cechetto et al.  

[33] 
Jiang et al.  

[10] 
This  
work 

     

Catalyst type Ru/Al2O3 Ru/Al2O3 Ru/Y/K/Al2O3 Ru/Al2O3 
Ruthenium content (wt%) 2 2 3 2 
Catalyst amount (g) 250 250 3 250 
Reaction pressure (bar) 5 5 7 5 
Permeate pressure (bar) 1 1 1 1 
WHSV (Nml h-1 gcat-1) 120 120 5 000 120 
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Table 2.4. (Section 2) Comparison of experimental results from the present study and literature data: Membrane characteristics and performance at 450 °C and 1 bar(g). 
 

Cechetto et al. 
[31] 

Cechetto et al. 
[33] 

Jiang et al. 
[10] 

This  
work 

     

Membrane configuration Tubular  Tubular Tubular Tubular 
Support material 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 (mol s-1 m-2 Pa-1) 1.2∙10-6 6.6∙10-7 - 1∙10-7 
H2/N2 ideal selectivity (-) 68 960 5 890 - 26 

       
Table 2.4. (Section 3) Comparison of experimental results from the present study and literature data: Reactor performance. 

 
Cechetto et al. 

[31] 
Cechetto et al. 

[33] 
Jiang et al.  

[10] 
This  
work 

Temperature (°C) NH3 conversion (%) 
     450 99.7 98.2 98.9 91.4 475 99.8 99.2 - 97.9 500 99.8 99.3 - 98.5 
  

Temperature (°C) H2 recovery (%) 
     450 87.8 55.5 93.7 8.2 475 88.9 60.7 - 9.0 500 88.9 62.9 - 9.8 
     

Temperature (°C) NH3 concentration in the permeate (%) 
     450 11.8 - < 10 000 40 000 475 6.1 - - 13 000 500 1.6 - - 6 000 
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2.5 Conclusions In this work, a carbon membrane was prepared on a tubular porous alumina support and subsequently tested for H2 separation during ammonia decomposition. Consistent with literature results, the H2/N2 mixture permeation tests demonstrated the membrane did not suffer from mass transfer limitation phenomena during permeation. No decrease in H2 permeation flux through the membrane is thus expected during ammonia composition compared to operation under a pure hydrogen environment. During the experimental tests for ammonia decomposition reaction, NH3 conversion exceeding 90% was achieved across the entire range of operating conditions investigated, with conversion approaching the thermodynamic equilibrium values at temperatures starting from 475 °C. The hydrogen recovered from NH3 through the carbon membrane amounts to 8.2 – 9.8% in the temperature range of 450 and 500 °C.  Despite being a relatively low value for H2 recovery, better results could be achieved in this study by optimizing the installed membrane area related to the catalyst amount used and the residence time of NH3 within the reactor. This optimization could involve the implementation of additional membranes as well as the use of longer membranes, thereby increasing the effective membrane area, enhancing separation performance. Although the hydrogen recovered on the permeate side of the reactor could not meet the purity specification required for PEM fuel cell applications, fuel cell-grade H2 production could be achieved implementing a H2 purification unit comprising a fixed bed of zeolite 13X downstream the reactor. Thus, while the H2 separation performance of carbon-based membranes are far from being comparable with the ones achievable with Pd-based membranes, this work demonstrates that carbon membranes can still be regarded as a competitive alternative for the production of fuel cell-grade hydrogen. Carbon membranes are 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 performance of the implemented membranes affects the ultimate design of the system. On one hand, while the implementation of carbon membranes can lead to a decrease in the costs associated with the reaction unit, on the other hand, their lower selectivity towards H2 may necessitate larger units for residual ammonia removal and, in the case of PEM fuel cells for on-board applications, a separate unit for residual N2. The economic optimum of the system is therefore given by the design solution that minimizes the sum of the costs associated with both the reaction and the hydrogen purification units. 
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Abstract  Ammonia decomposition into nitrogen and hydrogen has been, for the first time, carried in a structured membrane reactor in this work. The performance of the structured catalyst and the effect of hydrogen permeation through a Pd-based membrane were evaluated. The structured catalyst is based on a commercial silicon carbide 40 PPI open-cell foam. The catalyst (3 wt% Ru/CeO2) was coated by in situ-solution combustion deposition method with sequential cycles to reach the desired catalyst loading (0.31 g cm-3). TEM, SEM, XRD, TPR analysis and adhesion tests were used to characterize the prepared sample. A double-skinned palladium-based membrane was prepared depositing a selective layer by electroless plating onto a porous asymmetric α-Al2O3 support. The results demonstrated a successful integration of the structured catalyst with the membrane. The beneficial effects of the proposed structured membrane reactor configuration enabled an increase in conversion up to 29% compared with the structured catalyst system. Furthermore, at fixed flow rate, the structured membrane reactor can achieve comparable conversion at operating temperatures about 55 °C lower than in the case of the structured reactor. Moreover, the proposed configuration enabled a conversion higher than the thermodynamic value at 4 and 5.5 bar at fixed temperature (480 °C) and fixed feed flow rate (62 ml min-1). 
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3.1 Introduction In the previous chapters, the primary opportunities associated with membrane reactor technologies were highlighted. Conventional packed bed reactors (PBRs) and packed bed membrane reactors (PBMRs) are limited by heat and mass transfer phenomena, which can significantly impact the performance of the reactor. In membrane reactors, where separation and reaction occur simultaneously, managing heat distribution is crucial for optimal operation. One key challenge is ensuring uniform heat transfer across the membrane, as temperature gradients can cause uneven reaction rates or membrane degradation. For example, in high-temperature applications like hydrogen (H2) production from ammonia (NH3) decomposition, poor heat transfer can lead to localized hotspots, which not only affect catalyst performance but also increase the risk of membrane failure due to thermal stress. Furthermore, mass transfer limitations not only influence catalyst utilization efficiency, but also H2 diffusion from reaction sites to the membrane surface. Parallelly, heat transfer limitations could inhibit fast heat supply and, as a consequence, hinder the endothermic catalytic NH3 decomposition reaction and the membrane separation performance, as both phenomena are extremely sensitive to temperature. Moreover, in PBRs, the catalyst costs, primarily driven by the use of noble metal to maintain excellent catalytic activity, constitute a significant portion of total materials cost.  All the above mentioned limitations could be overcome by implementing a specialized structured network, which maximizes specific surface areas, improves catalysts utilization, enhances heat and mass transfer rates, and ultimately leads to compact, lightweight reactors with reduced overall manufacturing costs [1–3]. In this regard, structured catalysts such as open-cell foam (OCF) based catalysts, integrated with hydrogen-selective membranes in a structured membrane reactor (SMR) can represent a promising option to enhance the NH3 decomposition process. Among all the different solutions that can be used as carriers to prepare structured catalysts, OCF with appreciable thermal conductivity can enhance radial and axial heat transport by two to three orders of magnitude due to heat conduction through their chaotic internal structure [4–6]. This property allows easier management of the heat involved in the reaction [7]. Structured systems can effectively enhance heat and mass transfer between reagents flow and channel walls, leading to improved temperature distribution throughout the reaction volume [8–10].  Thus, the focus of this work is to evaluate the performance of a structured OCF-based catalyst, coupled with a Pd-based membrane in a SMR, for the ammonia decomposition 
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reaction. The Pd-based membrane was fabricated realizing a Pd-Ag-based selective layer, deposited by electroless plating, onto a commercial porous asymmetric α-Al2O3 support. Prior to tests with Pd-membrane, the performance of the structured catalyst was evaluated closing the permeate side, simulating a structured reactor (SR) system.  The activity tests were conducted using a Ru-based structured catalyst prepared from a commercial silicon carbide (SiC) OCF. This carrier was loaded with a 3 wt% Ru/CeO2 catalyst as active phase, prepared via In Situ-Solution Combustion Deposition (IS-SCD) method [11,12]. The catalytic system was characterized by X-Ray Diffraction (XRD), Temperature Programmed Reduction (TPR), Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), and adhesion tests. Finally, the enhancement of NH3 decomposition performance in a SMR was investigated.   
3.2 Experimental 

3.2.1 Structured catalyst preparation 3 wt% Ru/CeO2 catalytic layers were deposited on a commercial 40 PPI SiC-based OCF (Lanik s.r.o., Czech Republic) via IS-SCD method. The SiC-based support was supplied with proper geometric features to host a tubular membrane with an outer diameter of 14 mm. The geometrical parameters and the physical properties of the OCF employed in this study are detailed in Table 3.1.  
Table 3.1. Geometrical and physical properties of the open-cell foam employed in this study. 
   Pore density (ppi) 40 Diameter (mm) 40 Length (mm) 100 Hole area (mm2) 1.05 Pore diameter (mm) 1.13 Strut thickness (mm) 0.35 Face diameter (mm) 1.48 Thermal conductivity (W m-1 K-1) 0.40 Void fraction (-) 0.85 Bed porosity (%) 85.5 Geometric surface area (m2 m–3) 1 243 Exposed surface area (mm2) 1 463 
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The IS-SCD method is based on the Solution Combustion Synthesis (SCS) that is a complex self-sustained chemical process, initiated in a homogeneous solution of precursors. This synthesis method involves an exothermic, rapid and self-sustaining chemical reaction where the combustion reactions supply the required heat. Details on SCS and the deposition procedure are extensively reported in previous works [13–17]. Briefly, before use, the OCF employed as support was cleaned using a water/acetone solution (50:50 vol.%) in ultrasonic bath for 30 minutes at room temperature and dried at 120 °C for 1 hour. Subsequently, 31.23 g of catalyst (0.31g cm-3) was deposited on the foam dipping the support in a aqueous solution containing high-purity reagents (Sigma-Aldrich®, Massachusetts, USA). Specifically, cerium (III) nitrate hexahydrate (Ce(NO3)3∙6H2O) and ruthenium nitrosyl nitrate (Ru(NO)(NO3)x(OH)y, x + y = 3) were used as precursors of the ruthenium and cerium oxide components, respectively, while urea (CH4N2O) was employed as fuel. Multiple cycles were needed to deposit the designed amount of active phase. In each cycle, IS-SCD starts with dehydration and thermal decomposition of the homogeneous solution and involves several thermally coupled exothermic reactions, which result in the formation of a homogeneous distributed catalytic layer on the OCF, associated with a large amount of gases released.  

  
Figure 3.1. Photographs of (left) bare and (right) coated 40 PPI SiC-based OCF. The resulting structured catalysts were finally calcined at 600 °C in static air for 2 hours. Figure 3.1 shows the photographs of the bare and coated SiC open-cell foam. Details on calculations are reported in a previous work [18]. The large hole in the middle of the structure allows for membrane installation while the three small holes can be used for either installing thermocouples or for installing vertical supports. 
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3.2.2 Structured catalyst characterization  In this study, a comprehensive analysis of the synthesized catalyst was performed. Various characterization techniques were utilized to determine the structural, morphological, and chemical properties of the catalyst. These techniques include X-ray diffraction (XRD) for phase identification. XRD analysis was performed on D8 Advance diffractometer (Bruker Corporation, Massachusetts, USA) equipped with Cu Kα radiation (λ = 1.5418 Å, 50 kW, 40 mA) at a scan rate of 1.5 deg min-1 for a diffraction angle range about 23 – 80 degrees. The peaks were assigned using the PCPFWIN database.  H2 temperature programmed reduction (H2-TPR) analysis was performed on a ChemiSorb 2750 (Micromeritics®, Georgia, USA) equipped with a thermal conductivity detector (TCD). In a typical H2-TPR test, the as-calcined catalyst was reduced by a 5 vol.% H2/Ar gas mixture (30 Nml min−1) while the temperature was increased from room temperature to 1 000 °C at a rate of 20 °C min−1. The hydrogen consumption was determined based on the H2-TPR patterns of known amounts of CuO. The Multivolume Pycnometer 1305 (Micromeritics®, Georgia, USA) was used to obtain true volume and relative densities/porosities of powders and OCFs. The chamber containing the sample is first pressurized with helium. Next, expansion of this gas into a precisely measured volume results in a pressure drop. The sample volume, density and porosity are then easily calculated from the two pressure readings as displayed on the digital indicator. Detailed morphological and structural analysis was performed through Transmission Electron Microscopy (TEM) and High Resolution Transmission Electron Microscopy (HR-TEM) analyses were performed using a JEM-F200 microscope (JEOL Ltd., Tokyo) equipped with a Field Emission Gun (FEG) operating at 200 kV with a point resolution of 2.3 Å. The reduced samples were subjected to ultrasonic irradiation in isopropyl alcohol and dispersed over holey carbon copper grids. Scanning Electron Microscopy (SEM) analysis was performed employing a XL-30 FEG scanning electron microscope (Philips N.V., The Netherlands) operated at 5 – 20 kV. The fully automated VHX-7000 digital optical microscope (Keyence, Japan) was used to capture high-resolution images of the coated catalytic layer. The mechanical strength of the coated catalytic layer was evaluated by ultrasonic treatment (USC 900D, 45 kHz, 130 W) in 50 vol.% petroleum ether solution. The weight loss percentage refers to the amount of deposited catalyst.   
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3.2.3 Palladium-based membrane preparation and experimental setup Parallelly, a double-skinned Pd-based membrane was prepared as previously reported by Arratibel et al. [19] onto a tubular porous asymmetric α-Al2O3 support (Rauschert Kloster Veilsdorf, Germany) with an outer and inner diameter of 14 and 10 mm, respectively. The pore size at the outer layer of the support is 100 nm. A Pd-Ag-based selective layer of about 4 – 5 µm-thick was simultaneously deposited by electroless plating, followed by an annealing treatment at 550 °C for 4 hours. The selective layer was then coated with a mesoporous YSZ/γ-Al2O3 (~ 1 µm-thick) layer by dip-coating and calcined at 550 °C. The so-prepared membrane (104 mm long) was integrated with the Ru-based structured catalyst (100 mm long) produced for this work. After that, the membrane was sealed with graphitic ferrules and the assembly (see Figure 3.2) was connected to the reactor flange. The catalytic activity tests were conducted feeding pure ammonia to the reactor where it decomposes to produce nitrogen and hydrogen employing the experimental setup reported in Figure 3.3. 
 

 
Figure 3.2. Pd-based membrane surrounded by the Ru-based structured catalyst. 

 

 
Figure 3.3. Schematic representation of the experimental setup used in this work.
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The feed flow rate was controlled by EL-FLOW® mass flow controllers (Bronkhorst®, The Netherlands), while the retentate side pressure is regulated by an EL-PRESS® pressure controller (Bronkhorst®, The Netherlands). The permeate side was operated at atmospheric pressure, while the permeated flow was measured with a mass flow meter (Bronkhorst®, The Netherlands). Then, the permeated gases were analyzed with a 990 Micro Gas Chromatograph System (Agilent Technologies Inc., California, USA) equipped with a TCD, while the retentate stream was analyzed with a 7890A Gas Chromatograph System (Agilent Technologies Inc., California, USA), also equipped with a TCD. After determining the composition of both the retentate and permeate streams, the gas flows underwent a cleaning step to remove the residual ammonia. Once the membrane-catalyst assembly is loaded into the reactor, a heating procedure under N2 atmosphere takes place, reaching 400 °C with a heating rate of 3 °C min-1. Nitrogen permeation was checked at 5 bar before membrane activation. The palladium membrane was activated feeding a gas mixture with low oxygen content (5 vol.% O2, 95 vol% N2) for 2 minutes. Then, the system is flushed with nitrogen to remove the oxygen present into the reactor. Before starting the experiment with ammonia, hydrogen permeation through the membrane was measured at 400 °C and 1 bar of pressure difference between the retentate and the permeate side. In this study, the ammonia decomposition reaction experiments were performed in the temperature range 380 – 480 °C, in the reaction pressure range 2.6 – 5.5 bar and for different feed flow rates (62 – 300 Nml min-1). Subsequently, the ammonia conversion (𝑥ேுయ ) and the H2 recovery (𝐻𝑅 ) were calculated according to Equations 3.1 and Equation 3.2, respectively.  

𝑥ேுయ =  𝐹ேுయ,௜௡ − 𝐹ேுయ,௢௨௧𝐹ேுయ,௜௡ ∙ 100 (3.1)
𝐻ଶ𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =   2 ∙ 𝐹ுమ, ௢௨௧௉3 ∙  𝐹ேுయ,௜௡ ∙ 100 (3.2)

As benchmark for the structured membrane reactor performance, experimental results for the structured reactor were obtained with the catalyst loaded into the same reactor closing the permeate side under the same reaction conditions.   
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3.3 Results and discussion 

3.3.1 Structured catalyst characterization XRD analysis (Figure 3.4) was used to identify the crystal phases of 3 wt% Ru/CeO2 catalyst deposited on the OCF support. The diffraction patterns of this catalyst, collected in the diffraction angle range of 23 – 80 degrees, show the typical peaks characteristic of the fluorite structure of ceria, corresponding to the (111), (200), (220), (311), (222), and (400) planes (JCPDS card No. 34 – 0394) [20]. The peaks are located at diffraction angles of 28.59°, 33.12°, 47.54°, 56.42°, 59.18° and 69.49°. Weak diffraction peaks related to the RuO2 phase (JCPDS card No. 21 – 1172) are also present at diffraction angles of 35.2°, 40.2° and 54.4°. There is a slight shift towards higher angles of the CeO2 peaks, suggesting the formation of a solid solution (Ru-O-Ce) through the partial incorporation of Ru (ionic radius = 0.62 Å) into the CeO2 matrix (ionic radius = 0.97 Å). Crystallite size was calculated using Scherrer equation, from the most intense reflection observed for CeO2 (111) crystallographic structures, the obtained value was approximately 12.5 nm. 

 
Figure 3.4. XRD patterns of the prepared 3 wt% Ru/CeO2 catalyst. The reducibility of the synthesized samples was studied by H2-TPR, and the results are displayed in Figure 3.5. The signal at the highest temperature (819 °C) corresponds to the reduction of the structural ceria lattice. The H2 reduction profile in the low temperature zone (20 – 200 °C) shows a double peak, indicating the presence of 
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different types of ruthenium species interacting with the substrate with a different degree of strength. The reduction peaks centered at 81 °C could be assigned to the adsorbed oxygen or well dispersed ruthenium species interacting strongly with CeO2 surface [21]. The reduction peak at 137 °C, on the other hand, could be attributed to the reduction of RuOx particles that weakly interacted with CeO2 surface [22]. The peaks between 200 and 400 °C are generally attributed to the reduction of the support at low temperature (ceria surface) [23]. The experimental hydrogen consumption and the relative reducibility of the synthesized sample were also calculated. The calculated hydrogen consumption was 15.62 mmolH2 gRuO2−1, leading to a reduction of 92.52%.  

 
Figure 3.5. H2-TPR profiles of the prepared 3 wt% Ru/CeO2 catalyst.  Figure 3.6 shows the TEM micrographs of the catalyst deposited onto the SiC-based OCF. Agglomerated catalyst particles with a prevalent regular circular shape, ranging in size from 30 to 127 nm, were evidenced (Figure 3.6a). Ruthenium could not be distinguished on all catalysts particles even based on the magnified TEM images (Figure 3.6b), which probably attributed to the smaller size of ruthenium highly dispersed over CeO2 and to the formation of Ru-O-Ce solid solution in agreement with XRD and TPR results. More specifically, the magnified image in Figure 3.6c shows fringes with d-spacing of 0.21 and 0.31 nm, attributed to the (101) and (111) planes of ruthenium and cerium oxide, respectively.  
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Figure 3.6. TEM micrographs of catalytic layer scrapedfrom fresh coated SiC-OCF. 
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The SEM images of the bare OCF are presented in Figure 3.7. The micrographs display a sufficiently rough surface, thus confirming that no special treatment is required for applying the catalytic layer. This type of morphology, characterized by the presence of multiple anchorage points, allows the catalytic layer to bind strongly to the substrate. 

  
Figure 3.7. SEM micrographs: (a) bare and (b) detail of the bare OCF surface.  

  
Figure 3.8. Optical microscope images: (a) view of the catalytic layer deposited on the OCF and (b) cross-section view of catalytic layer thickness. A homogeneous morphology of the catalytic layer was also evidenced in Figure 3.8a. Despite the relatively high catalyst loading (0.31 g cm-3), the structured catalyst shows the absence of pore-blocking phenomena. This feature highlights the methodical and controlled deposition of the layer throughout the combustion process, preventing any local accumulation. These finer details are crucial for ensuring precise control over the coating process, especially when dealing with complex 3D structures. As shown in Figure 3.8b, the cross-section views obtained by intentionally breaking off a small part (strut) of the structure show a good interconnection between the support and the coated layer. The catalytic layer thickness appears to be in the range of 23.8 – 26.6 μm. 
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3.3.2 Structured membrane reactor performance evaluation The performance of the structured membrane reactor for the ammonia decomposition reaction was evaluated as a function of temperature, pressure and ammonia inlet flowrate. The relevant parameters evaluated include ammonia conversion, H2 recovery and H2 purity. In order to show the benefits of introducing a Pd-based membrane for hydrogen separation in a structured reactor, firstly, ammonia conversion was measured over the structured catalyst, closing the permeate and directing all the obtained products through the retentate, thereby simulating the operation of a structured reactor. The achieved results were used as reference. Then, to evaluate the performace of the structured membrane reactor, the permeate line was opened, allowing the gases to flow through the membrane. Figure 3.9 displays the evolution of SMR performance as a function of the reaction temperature at fixed pressure (4 bar) and fixed flow rate (62 ml min-1).  The integration of the Ru-based structured catalyst with the Pd-based membrane increased the ammonia conversion at lower temperatures, as it is depicted in Figure 3.9a. In this figure, it is possible to observe that more than 70% of conversion can be reached already at 380 °C. This suggests that a high conversion per pass is achievable. As expected, given the endothermicity of the reaction and the low decomposition rate, for both structured reactor and structured membrane reactor the ammonia conversion is significanty limited at lower temperatures and it increases sharply as the temperature is increased, as also reported in [24].  Furthermore, at fixed flow rate, the SMR can achieve comparable conversion at operating temperatures approximately 55 °C lower than in the case of SR. It is worth noting that the equilibrium conversion was approached in the SMR already at 425 °C. In agreement with other literature studies [25,26], the results demonstrate the benefits of the membrane reactor technolgy, such as an ammonia conversion up to 29% higher then a conventional reactor. Furthermore, the SMR reached 98.4% conversion at 450 °C, with a corresponding hydrogen purity of 99.2%. 
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Figure 3.9. (a) Ammonia conversion and (b) hydrogen purity and hydrogen recovery as a function of rection temperature at fixed pressure (4 bar) and feed flow rate (62 Nml min-1).    
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Figure 3.10a displays the impact of the operating pressure on the performance of both SR and SMR configurations. Ammonia conversion in the SMR increases along with the operating pressure, whereas in the SR increasing the pressure has a detrimental effect. Furthermore, Figure 3.10b shows that operating pressure affects H2 recovery, as increasing pressure, the driving force for permeation increases parallely, this, in turn, enhances recovery. Moreover, the hydrogen permeation through the membrane decreases the concentration of hydrogen on the retentate side, thus subtracting a product of the reaction and shifting the equilibrium, according with the Le Châtelier’s principle. The results presented are in line with previous studies, that report a higher ammonia conversion in membrane reactor sytstems compared to conventional systems [27]. Notably, according to the Temkin-Pyzhev rate mechanism, hydrogen has an inhibitory effect on the ammonia decomposition reaction kinetic. This effect has been reported for Ru-, Pt- and Fe-based ammonia decomposition catalysts. As a result, the enhanced ammonia conversion can also be attributed to a kinetic effect due to hydrogen removal from the reaction evironnement [28,29]. Even though the increased pressure has a negative effect on the equilibrium, yet at 4 and 5.5 bar the SMR overcomes the equilibrium limits.  On the other hand, the increase of pressure has a negative effect on the hydrogen purity in the permeate stream. This can be attributed to the permeation mechanism of nitrogen and hydrogen through the membrane. Increasing the pressure leads to a higher nitrogen partial pressure in the reactor. As nitrogen permeation increases linearly with the nitrogen partial pressure, whereas hydrogen permeation increases with the square root of the pressure difference, a pressure increase has a higher impact on nitrogen flux rather than the hydrogen flux. Thus, increasing the operating pressure reduces the purity of hydrogen separated by the membrane, but results in a higher recovery of hydrogen.   
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Figure 3.10. (a) Ammonia conversion and (b) hydrogen purity and hydrogen recovery as a function of reaction pressure at fixed temperature (480 °C) and feed flow rate (62 Nml min-1).    
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Figure 3.11. Ammonia conversion as a function of rection temperature at different pressures, with a fixed feed flow rate (62 Nml min-1) in the structured membrane reactor .  Figure 3.11 shows the ammonia conversion as a function of the reaction temperature for the SMR in all the range of pressure tested. As previously discussed with respect to Figure 3.9, ammonia conversion in the SMR increases along with the operating temperature, in all the range of pressures tested. However, in a membrane reactor for ammonia decomposition the pressure increase has two main opposite effects. On one hand, ammonia conversion is positively influenced by pressure as an additional driving force for hydrogen permeation, that removes one of the products, shifting the equilibrium according to the Le Châtelier’s principle. On the contrary, ammonia conversion is negatively influenced by pressure as the ammonia decomposition reaction, which proceeds with a volume increase, is thermodinamically favoured at low pressures. The presence of this two opposite effects can explain why the higher conversion was achived at 4 bar at 380 °C.  Figure 3.12 shows the effect of the ammonia feed flow rate on reaction performance for both the reaction systems operated at 480 °C and 4 bar. Specifically, for both SR and SMR configurations, ammonia conversion decreases as the ammonia feed flow rate increases. Parallelly, the obtained results show a lower H2 recovery, due to the lower residence time, which corresponds to a higher hydrogen purity, reaching up to 99.8%. 

380 400 420 440 460 48060
70
80
90

100
NH 3 conve

rsion (
%)

Temperature (°C)
 2.6 bar 4.0 bar 5.5 bar 



60 | Chapter 3 

 

 
Figure 3.12. (a) Ammonia conversion and (b) hydrogen purity and hydrogen recovery as a function of the ammonia feed flow rate at fixed temperature (480 °C) and pressure (4 bar).    
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A successful integration between the properties of the fabricated structured catalyst and the developed membrane was achieved in this study. Moreover, the SiC-based OCF employed as carrier for the catalytic layer in this work exhibits high thermostability, thermal conductivity, mechanical strength, and chemical inertness. The ability of this material to maintain a homogeneous temperature distribution within the structured catalyst during the ammonia decomposition reaction has also been confirmed in previous literature [30]. Furthermore, Pd-based membranes are highly effective for hydrogen separation, however they operate within a specific temperature range of 400 to 550 °C [31]. This necessitates the use of catalysts that are active within this temperature range.  The combination of the catalyst and membrane examined in this work fulfills these requirements, ensuring alignment of the working functions of both components. The beneficial effect of the structured catalyst on ammonia conversion might be linked to the endothermic nature of the reaction. As such, for the ammonia decomposition reaction, the efficient radial heat transport and high radial mixing ensured by the structured catalyst can play a crucial role for enhancing hydrogen production [32,33]. Furthermore, the large ratio between the geometric reaction surface area and the reaction volume, along with the enanched heat transfer rate per unit volume, contributed to the improved performance of the SMR reported in this work. Owing to the enanched heat and mass transfer, the structured catalysts can represent a valid substitute of ceramic pellet catalysts in ammonia decomposition, ensuring an efficient and compact reactor design [34].    
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3.4 Conclusions A Ru-based structured catalyst was produced by depositing a 3 wt% Ru/CeO2 catalytic layer via In Situ-Solution Combustion Deposition method on a commercial 40 PPI SiC-based open-cell foam. The resulting thin and uniform catalytic layer showed an excellent adhesion strength revealed by a weight loss of 1.7%. Parallely, a palladium-based membrane was fabricated, depositing a thin palladium layer on a porous alumina support by electroless plating. Then, the structured catalyst and the membrane were integrated in a structured memerbane reactor and tested for ammonia decomposition reaction. Results showed that the addition of the Pd-based membrane to the system leads to an increase in conversion up to 29% compared with the catalyst alone in the structured reactor configuration. Furthermore, at a fixed flow rate, the structured membrane reactor can achieve comparable ammonia conversion at operating temperatures approximately 55 °C lower than that in a structured reactor. Moreover, the operating pressure was proved to have a significant impact on the reactor performance. More specifically, the structured membrane reactor was able ot overcome the equilibrium limitations at 4 and 5.5 bar at fixed temperature (480 °C) and feed flow rate (62 Nml min-1). The advantageous effects of the structured catalyst for ammonia conversion may be linked to the efficient radial heat transport and high radial mixing, which are crucial for enhancing hydrogen production. These results open up a new route for ammonia decomposition in more compact and volumetrically efficient reactors.   
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Abstract Ammonia decomposition can become a crucial process for hydrogen production, providing a carbon-free hydrogen carrier. The main drawback of this process is its high energy requirement. Therefore, the development of new catalysts that operate under milder reaction conditions would represent a significant advancement in the field. Thus, this study focuses on optimizing the performance of ruthenium-based catalysts synthesized via the polyol reduction method for more efficient low temperature ammonia decomposition, with particular emphasis on the effects of ruthenium as active phase and cesium as promoter. Following structural and chemical characterizations, through XRD, N2-physisorption, H2-TPR, H2-TPD, CO2-TPD and XPS, the catalysts were tested for ammonia decomposition over a temperature range of 250 – 450 °C, and a pressure range of 1 – 7 bar. The results show that both the active phase and promoter loadings significantly influence catalytic performance, with specific combinations yielding higher ammonia conversion and improved hydrogen production efficiency. Effectively, the addition of cesium to the catalytic formulation resulted in an increase in the ammonia conversion of approximately 28% (at 350 °C, 1 bar, 6 000 Nml h-1 gcat-1). A hydrogen production rate as high as approximately 1.9 mol h-1 gcat-1 was achieved at 30 000 Nml h-1 gcat-1, 450 °C and 1 bar, which is the highest rate reported in the literature to the best of the authors’ knowledge. The study provides valuable insights into the design of more efficient catalysts for ammonia decomposition, highlighting the potential of ruthenium-promoter systems for clean hydrogen generation.    
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4.1 Introduction The effective utilization of ammonia (NH3) as a hydrogen (H2) storage medium also involves the step of ammonia decomposition through an endothermic equilibrium reaction and the separation and purification of the produced hydrogen. The ammonia decomposition reaction is a reversible endothermic process that produces hydrogen and nitrogen (N2) proceeding with an increase of the overall gas volume. Thus, higher temperatures and lower pressures positively affect the ammonia conversion. Furthermore, a thermodynamic study of the ammonia decomposition reaction revealed that an almost complete NH3 conversion is achievable at approximately 420 °C and atmospheric pressure [1]. Still, effectively, NH3 decomposition cannot be conducted at lower temperatures due to kinetic limitations. As a consequence, this reaction is typically conducted in a temperature range of 500 – 600 °C and a pressure range of 1 – 3 bar, in the presence of a catalyst. To date, several active phases have been explored, with nickel (Ni), cobalt (Co), and ruthenium (Ru) emerging as the most effective options [2]. Among the various active phases, ruthenium-based catalysts demonstrate superior activity at relatively low temperatures, and as a result, catalytic formulations employing this transition metal have been extensively investigated. The downside of employing ruthenium as active phase is connected with the extremely high cost of this metal and limited availability in the Earth’s crust [3]. Therefore, it would be beneficial to enhance catalytic activity by maximizing the exposure of active sites, ensuring low ruthenium loading, while simultaneously guaranteeing high activity and high stability. The focus of this Chapter is to investigate the catalytic activity of Ru-based catalysts synthesized via the polyol reduction method for ammonia decomposition. The polyol reduction method is a one-step chemical process that enables the simultaneous production and dispersion of metal nanoparticles. In this synthesis method, a polyol serves both as a solvent for the salt precursors and as a reducing agent [4,5]. The polyol reduction method is simple, fast, relatively inexpensive, easy to scale up and allows the production of nanoclusters ranging from 1 to 5 nm and exhibiting regular volume and outline [6,7]. For ruthenium catalysts, this aspect is extremely important, as the ability to obtain nanoclusters increases the number of active sites, thereby enhancing catalytic activity and allowing for a more efficient use of this expensive metal. Furthermore, there is a general consensus in the open literature that ruthenium cluster smaller than 8 nm have the optimal catalytic activity for hydrogen production from ammonia decomposition [8].  
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Moreover, ammonia decomposition is a structure-sensitive reaction, and several studies agree on the role of B5-type sites in the activity of Ru-based catalysts for ammonia decomposition, similarly to ammonia synthesis reaction [9]. The B5-type site consists of three ruthenium atoms in one plane and two ruthenium atoms located in the plane directly above this. The concentration of the B5-type sites is strongly connected to the dimensions of the ruthenium clusters; more specifically, literature studies pointed out that ruthenium clusters ranging from 1.8 to 3.5 nm correspond to the highest amount of B5 sites [10,11]. Therefore, control of the ruthenium cluster size via the polyol reduction method could allow for an abundance of active B5 sites, beneficial for ammonia decomposition, while simultaneously guaranteeing, the maximum dispersion of the expensive transition metal [12]. Ruthenium was used as active phase supported on cerium oxide (ceria, CeO2) with different nominal loadings. Increasing the active phase loading enhances the amount of catalytically active material available to promote the reaction. This can lead to higher conversions, as more active sites are available to facilitate the reaction. However, increasing the active phase loading does not always lead to a proportional improvement in catalytic activity. The distribution of the active phase on the support is crucial: high dispersion ensures that more active sites are accessible. Consequently, activity tests were performed on different catalysts with the same support while varying the active phase loadings to assess the impact of active phase amount on ammonia conversion and overall catalytic activity. In addition, the effect of cesium (Cs) as promotor was investigated. First, cesium can significantly modify the electronic properties of ruthenium by increasing the electron density at the ruthenium active sites, promoting the interaction of the promoter with the active metal [13,14]. Furthermore, cesium can enhance the dispersion of ruthenium on the ceria support. In turn, ruthenium dispersion can influence the active surface area available for the reaction [15]. Moreover, cesium can prevent sintering and agglomeration of ruthenium by stabilizing the dispersed ruthenium clusters, thus ensuring a longer operational life [16].  The structural and chemical properties of the synthesized catalysts were investigated using advanced characterization techniques. The catalysts performance was evaluated over a temperature range of 250 – 450 °C, a pressure range of 1 – 7 bar, and Weight Hourly Space Velocity varying between 6 000 and 30 000 Nml h⁻¹ gcat⁻¹.   



Development of Ru-based catalysts for low-temperature ammonia decomposition | 71 

  

4.2 Experimental 

4.1.1 Materials Ethane-1,2-diol (C2H6O2, ReagentPlus® grade, Sigma-Aldrich®), ruthenium(III) chloride hydrate (RuCl3·xH2O, Ru content 45 – 55%, Sigma-Aldrich®), cerium(III) nitrate hexahydrate (CeN3O9·6H2O, 99%, Sigma-Aldrich®), cesium nitrate (CsNO3, 99.99%, Sigma-Aldrich®), potassium hydroxide (KOH, Reagent grade, VWR Chemicals®) were employed in the synthesis for the catalysts tested in this work, without further purification. For all the synthesis steps detailed in the Catalyst preparation section (see section 4.2.2), ultrapure water (Type 1, electric resistivity < 18.2 MΩ cm at 20 °C) produced with a Purelab® Flex 1 purification system (Elga LabWater Ltd., England, UK), was used.  
4.1.2 Catalysts preparation The detailed procedure for catalyst preparation via the polyol reduction is reported in previous work [17]. Briefly, for all the non-promoted catalysts, the salt precursors of ruthenium and cerium were dissolved in ethane-1,2-diol (concentration of ruthenium chloride fixed at 4.7 g ml-1), with the required amount determined to achieve a nominal ruthenium loading of 3, 5 and 7 wt% in the final catalysts. Similarly, for the promoted catalysts, the solution was prepared by also adding the cesium precursor to obtain a nominal cesium loading of cesium equal to 2 and 10 wt%. Furthermore, to serve as a reference, bare cerium oxide was prepared using the same synthesis method, employing only the salt precursor of cerium. The so-prepared solution containing the dissolved precursor salts was placed in a three-neck round-bottom flask. The mixture was heated to 110 °C and maintained at this temperature for 2 hours, then allowed to cool naturally.  Subsequently, a potassium hydroxide solution was added to the mixture through a fusion 6000X syringe pump (Chemyx Inc., Texas, USA) at a flow rate of 2 ml min-1. Next, the obtained gel was aged for 10 minutes, washed with ultrapure water, and separated using a 5810R centrifuge (Eppendorf, Germany) to recover the particles and remove liquid residues from the solid phase. Finally, the catalyst was dried at 120 °C for 12 hours and then calcined at 550 °C for 4 hours using a heating ramp of approximately 2 °C min-1. More details regarding the synthesis method are reported in Appendix D. 
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Table 4.1 summarized the synthesized materials along with their corresponding codes and characteristic compositions.  

Table 4.1. Summary of materials prepared in the current study. 
Catalyst Code 

Ru Cs/Ru (wt%) (gCs gRu-1) 
    

CeO2 Ceria - - 
Ru/CeO2 3Ru 3 - 
Ru/CeO2 5Ru 5 - 
Ru/CeO2 7Ru 7 - 
Cs-Ru/CeO2 2Cs5Ru 5 2 
Cs-Ru/CeO2 10Cs5Ru 5 10 
     

4.1.3 Catalysts characterization The properties of the as-prepared catalysts were investigated through several techniques. Powder X-ray diffraction (XRD) patterns were recorded via a MiniFlex 600 benchtop X-ray diffractometer (Rigaku®, Japan) equipped with a Ni β-ϐiltered Cu-Kα radiation operating at 40 kV and 15 mA, with a scan step of 0.01 degrees and a scan rate of 1 deg min-1 over the diffraction angle (2θ) range from 20 to 75 degrees. Data analysis was conducted using the software SmartLab Studio II v. 4.5.421.0 (Rigaku®, Japan). Nitrogen adsorption isotherms were collected at -196 °C with a 3Flex system (Micromeritics®, Georgia, USA). Before starting the measurement, the samples were degassed under vacuum conditions at 250 °C. The surface areas were calculated by applying the Brunauer-Emmett-Teller (BET) method. High-resolution transmission electron microscopy (HR-TEM) and energy-dispersive X-ray spectroscopy (EDX) mapping images were obtained using a cold ϐield transmission electron microscope (JEM-F200, Jeol, Japan) at an operating voltage of 200 kV. Hydrogen temperature-programmed reduction (H2-TPR) analysis were conducted using an Autochem HP 2950 (Micromeritics®, Georgia, USA) equipped with a thermal 
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conductivity detector (TCD). First, each sample was placed in a U-shaped quartz tube and pretreated at 150 °C for 60 minutes under an argon flow, then cooled to 100 °C. Subsequently, the sample was heated to 450 °C at a rate of 10 °C min-1 under a flow of 10 vol.% H2 in argon. During this process, the TCD monitored the gas concentration changes, providing insights into the progression of the reduction reactions. Ammonia temperature programmed desorption (NH3-TPD) and carbon dioxide temperature programmed desorption (CO2-TPD) analysis were conducted to assess acidity and basicity of the catalyst using an Autochem HP 2950 (Micromeritics®, Georgia, USA) equipped with a TCD. For each TPD analysis, the catalyst was placed in a U-shaped quartz tube and exposed to the target gas, either ammonia or carbon dioxide, which was adsorbed onto the sample. For NH3-TPD analysis, 0.1 g of sample was pretreated increasing the temperature from ambient conditions to 150 °C under argon flow (40 ml min-1) at a rate of 10 °C min-1. Then, the catalyst was reduced under a flow of 10 vol.% H2 in argon and then cooled down to room temperature. Subsequently, the sample was saturated with ammonia. Finally, the desorption was performed under argon flow by heating the sample from ambient conditions up to 900 °C at a rate of 10 °C min-1. Similarly, for the CO2-TPD analysis, prior to the measurements, the catalyst was pretreated and reduced under a ϐlow of 10 vol.% H2 in argon. Afterward, a mixture of 10 vol.% CO2 in helium was employed to saturate the sample. Then, the sample was gradually heated to 900 °C at a rate of 10 °C min⁻¹. During this process, the temperature is gradually increased to induce the desorption of the adsorbed carbon dioxide from the catalyst surface. X-ray photoelectron spectroscopy (XPS) analysis was conducted with a K-Alpha X-ray photoelectron spectrometer system (Thermo Scientiϐic™, Massachusetts, USA). All the obtained spectra were deconvoluted employing the software CasaXPS v.2.3.23rev1.2K (Casa Software Ltd, Devon, UK).    
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4.1.4 Activity tests The activity tests on the synthesized catalysts were performed in a lab-scale experimental setup designed and constructed for this purpose, as illustrated in Figure 4.1, with further details provided in Appendix D.  

 
Figure 4.1. Schematic representation of the experimental setup employed to perform activity tests for the ammonia decomposition reaction.  Prior to activity tests, the calcined catalyst powder was compressed into pellets using a 10 mm die, applying a load of 1 10⁴ kg for 20 minutes using an Atlas 15T manual hydraulic press (Specac Ltd, England, UK). After forming each tablet, this was ejected from the die, then crushed in an agata mortar, and then sieved using woven wire mesh sieves (Retsch Gmbh, Germany) to obtain samples with a particle size ranging from 150 to 250 µm.  First, 1 g of catalyst was diluted with 5 g of silicon carbide (SiC) (VWR Chemicals®, Belgium), both having a similar particle size. This solid mixture was loaded into a stainless-steel reactor (SS316L, 10 mm inner diameter, 50 mm length). Top and bottom 
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of the bed were also filled with SiC (500 µm). Silicon carbide served to maintain isothermal operation and prevent the formation of hotspots into the catalytic bed. The temperature is measured with three K-type thermocouples, one at the beginning of the catalytic bed, one placed in the middle of the bed and the last one was placed at the outlet of the catalytic bed. The desired gas ϐlow rates were supplied to the reactor via EL-FLOW® Select mass ϐlow controllers (Bronkhorst®, The Netherlands) from gas bottles (Linde Gas Benelux BV, The Netherlands) containing 5.0 purity N₂, 5.0 purity H₂ and 3.7 purity NH₃. The operating pressure was controlled thanks to a combination of an Equilibar® Low Flow series back pressure regulator (Precision Fluid Control, North Carolina, USA) and an EL-PRESS® dual valve pressure controller (Bronkhorst®, Netherland).  The reactor feed stream was preheated using a 1-meter-long electric heat trace cable (Chromalox Isopad GmbH, Germany) applied along the feed line. Prior to the reaction tests, the catalysts underwent in situ reduction at 450 °C, feeding 400 Nml min−1 of a 10 vol.% H2 : N2 mixture for approximately 8 hours. The complete reduction of the catalyst was veriϐied by tracking the concentrations of both water and hydrogen in the outlet stream, analyzed with a compact gas chromatograph (GC) (Global Analyzer Solutions™, The Netherlands) located downstream of the reactor. The GC, which has two TCDs, measures the concentration of gaseous products. Calibration for all relevant compounds was conducted both before and after the tests. Data analysis was performed using the Chromeleon 7.3.2 Chromatography Data System (Thermo Scientiϐic™, Massachusetts, USA). Finally, pure NH3 was fed to the reactor at a weight hour space velocity (WHSV) of 6 000, 18 000 and 30 000 Nml h-1 gcat-1. Reaction tests were performed over a temperature range of 250 – 450 °C and a pressure range of 1 – 7 bar.    
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4.3 Results and discussion All the catalysts produced for this work show a speciϐic surface area (SSA) in the range 80 – 90 m2 g-1. The addition of the promoter did not lead to a signiϐicant change in the SSA. This indicates that cesium is effectively dispersed over the catalyst and functions as a structural promoter, as also mentioned in previous works [17,18]. The XRD patterns of the synthesized catalysts are presented in Figure 4.2. These patterns exhibit the characteristic peaks of the cubic ϐluorite structure (JCPDS card 
No. 43 – 1002) at 28.4°, 33°, 47.4°, 56.3°, 58.9°, and 69.4° [19,20]. At low ruthenium loadings, no peaks corresponding to ruthenium were detected, which can be attributed to the low concentration and uniform distribution of ruthenium on the catalyst surface, as noted by previous studies [21,22]. This also indicates that the ruthenium clusters in the catalysts produced in this study were small [23,24]. It is worth noting, the ceria peaks for Ru-based materials are broader compared to those of bare ceria, indicating the presence of metal in the catalyst samples. 

 
Figure 4.2. XRD patterns of the synthesized materials. On the other hand, as the ruthenium loading increases, the diffraction peaks corresponding to this element appear, indicating larger particle sizes due to the aggregation of ruthenium particles. The observed peaks at 28.1°, 35.1° and 54.2° can be assigned to the tetragonal RuO (JCPDS card No. 21 – 1172) [25,26]. This occurs because, 
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at higher metal loadings, the number of ruthenium atoms exceeds the capacity for effective dispersion over the cerium oxide surface, resulting in clustering rather than ϐine dispersion. This behavior has been noted in several studies examining the catalytic properties and performance of Ru-based catalysts [27]. Furthermore, no peaks indicative of other impurities were found in the XRD patterns of any of the samples.  Figure 4.3 shows HR-TEM images of Ru-based catalysts at various magnifications. All samples display agglomerates of nearly spherical nanoparticles, creating a mesoporous network. Notably, no significant changes are observed when varying the active phase concentration from 3 to 7 wt%.   

   
   

   
   

   
Figure 4.3. HR-TEM images at varying magnifications of (a – c) 3Ru, (d – f) 5Ru, and (g – i) 7Ru.    
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High-magnification TEM images in Figure 4.4 display a variety of lattice fringes with average interplanar spacing of 0.312 nm, 0.271 nm, and 0.191 nm, indexed to the primarily exposed (111), (200), and (220) crystal planes of CeO2 (JCPDS card No. 040593). Additionally, an average interplanar spacing of 0.206 nm was observed, corresponding to the (101) crystal planes of Ru (JCPDS card No. 060663).  

 

 
Figure 4.4. High Magniϐication HR-TEM images of 7Ru catalyst. 
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Moreover, doping with cesium does not result in substantial changes in the catalysts morphology, as demonstrated by HR-TEM images of Cs-promoted catalysts at various magnifications (Figure 4.5).  

    

    

  
Figure 4.5. HR-TEM images at different magniϐications of (a, c, e) 2Cs5Ru and (b, d, f) 10Cs5Ru. 
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4.3.1 Optimization of ruthenium loading The optimization of ruthenium loading is essential for maximizing the valorization of the noble metal. In some cases, a higher amount of active phase can lead to improved catalytic performance, but only up to a certain limit. Beyond this point, further increases in the active phase loading may not result in significant activity enhancement and could even be detrimental, causing issues such as sintering or aggregation of active particles [28]. This phenomenon is known as the "optimal loading effect", which can vary depending on the type of reaction catalyzed and the materials used. Therefore, in this study, various loadings of ruthenium (3, 5 and 7 wt%) were investigated at ambient pressure and fixed WHSV of 6 000 Nml h-1 gcat-1. The results of this investigation are presented in Figure 4.6, along the theoretical equilibrium ammonia conversion calculated using AspenPlus v.11 (Aspen Technology Inc., Massachusetts, USA), which serves as a benchmark for evaluating catalytic performance under the investigated reaction conditions. Prior to catalytic experiments, a blank test was performed using the empty reactor at 450 °C, which resulted in an ammonia conversion of less than 2% at 1 bar and WHSV of 6 000 Nml h-1 gcat-1.  

 
Figure 4.6. Influence of the ruthenium loading on ammonia conversion as a function of temperature (1 bar, 6 000 Nml h-1 gcat-1).   
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Within this experimental study, the catalyst 5Ru showed the highest activity, approaching the equilibrium curve in the range 375 – 400 °C. This can be attributed to a balance between two key factors: ruthenium dispersion and the availability of active sites. More specifically, a loading of ruthenium below 5 wt% might show lower catalytic activity due to a lower number of active sites available to catalyze the reaction [29,30]. On the other hand, a ruthenium loading above 5 wt% can lead to several issues that diminish the catalytic activity and reaction rate. When the metal loading is excessively high, ruthenium particles tend to aggregate and form larger clusters. This phenomenon, known as sintering, reduces the specific surface area of ruthenium available for the reaction, thereby decreasing the reaction rate. Additionally, higher loading can negatively impact the atomic dispersion of the ruthenium itself, as discussed by Zheng et al. [28]. When the ruthenium loading exceeds the optimal level, several synergistic dynamics between active phase and support can be compromised.  For instance, the redox properties of CeO2 can be limited. Notably, CeO2 is known for its ability to store and release oxygen due to its oxygen defect-rich crystalline structure [31]. The synergistic active phase-support interaction can be further compromised due to the formation of undesirable surface species. From a crystalline perspective, an excess of ruthenium can also induce structural changes in CeO2. The deposition of substantial amounts of ruthenium can induce stress on the CeO2 structure, leading to modifications of its crystalline properties. Additionally, the excess ruthenium can affect the thermal stability of the catalyst. Ruthenium has a high propensity to sinter at elevated temperatures, and excessive loading can accelerate this process, leading to a rapid decrease in the available active surface area and a decline in catalytic efficiency over time.  H2-TPR analysis on the non-promoted catalysts reveals that materials with different ruthenium loadings exhibit distinct reduction peaks at various temperature ranges, indicating differences in reducibility. According to the profiles shown in Figure 4.7, as the active phase loading increases a shift of the reduction interval towards higher temperatures can be detected. The increase in the temperature of the reduction peaks in the TPR profiles with increasing ruthenium loading can be attributed to the presence of larger ruthenium clusters. Larger clusters exhibit a smaller specific surface area and lower contact area with the reducing gas, making their reduction more difficult and requiring higher temperatures [30,32].  Another crucial aspect is the crystalline deformation of ceria, which is inherently characterized by the presence of oxygen vacancies in its crystal lattice. When the ruthenium loading increases, the interaction between the ruthenium clusters and the 
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ceria lattice becomes more significant, inducing further crystalline deformations. These deformations can possibly stabilize the oxidized species of ruthenium, making them more difficult to reduce and therefore shifting the reduction peaks towards higher temperatures.  

 
Figure 4.7. H2-TPR analysis for catalysts with different Ru-loading.    
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4.3.2 Optimization of cesium/ruthenium mass ratio The results of the activity tests for catalysts with varying Cs/Ru mass ratios, conducted at ambient pressure and a fixed WHSV of 6 000 Nml h-1 gcat-1 are reported in Figure 4.8. The cesium content was varied between 0 and 10 wt%, while keeping the ruthenium loading the same, resulting in Cs/Ru mass ratio ranging from 0 to 2. 

 
Figure 4.8. Influence of the cesium loading on ammonia conversion as a function of temperature (1 bar, 6 000 Nml h-1 gcat-1). The activity tests revealed an improvement in catalytic performance with increasing cesium loading, highlighting the beneficial effect of cesium as a promoter. Specifically, at 350 °C, the conversion increased by approximately 28%, compared to non-promoted catalysts. This enhancement can be attributed to cesium’s promoting effect, which occurs through electron donation. Cesium alters the electron density of the active site, and, as a consequence, it facilitates the recombination of N2, which is considered the rate determining step for the ammonia decomposition reaction, thus allowing an efficient turnover of the active sites [33]. The promotion mechanism described requires maintaining a highly reduced condition of cesium, as oxygen can partially neutralize its promoting effect. Therefore, the promotion occurs at contact points between the Ru crystallites and Cs atoms. This is also known as “hot ring promotion” [34,35]. In addition, the contribution of this mechanism is highly dependent on the ruthenium dispersion and is greater for smaller crystallites [36]. Therefore, small clusters, such as those achievable with the polyol reduction method, are extremely beneficial.  
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The 5Ru and 2Cs5Ru catalysts were characterized via CO2-TPD, along with bare CeO2 as reference. As reported in Figure 4.9, all curves show low-temperature peaks at about 100 °C. This peak might be related to weak interaction between CeO2 and CO2, as also confirmed by the analysis of the support, in which the peak is present. In the sample 2Cs5Ru, the elevated temperature peak is located at approximately 780 °C and is significantly more pronounced than for the 5Ru catalyst. The high temperature CO2 desorption peak can be associated with the presence of strong basic sites, as also reported in previous work [37]. Im et al. suggested that the basic strength of the catalyst could be related to the activity for ammonia decomposition [38]. Indeed, the basicity of the catalysts plays a crucial role in the adsorption and desorption of ammonia, correlating with the dissociation of the nitrogen-hydrogen bond.  

 
Figure 4.9. CO2-TPD results for 2Cs5Ru, 5Ru and bare ceria.    

100 200 300 400 500 600 700 800 900Temperature (°C)

 2Cs5Ru  5Ru Ceria

TCD sig
nal (a.u

.)



Development of Ru-based catalysts for low-temperature ammonia decomposition | 85 

  

Desorption studies with ammonia are reported in Figure 4.10 for the samples 2Cs5Ru, 5Ru and bare CeO2. By comparing the NH3-TPD curves of different samples, it is possible to underline that the introduction of ruthenium and cesium led to differences in ammonia adsorption among the samples, thus influencing the distribution of acidic sites on the surface [39]. Upon the metals addition, the desorption temperatures shifted towards higher temperature ranges, as compared with the bare support. Furthermore, the increased desorption peak temperatures for the sample 2Cs5Ru, also as compared to the sample 5Ru, coupled with broader and larger peaks, indicate a greater density of acidic sites due to the addition of cesium, especially in the region of the weak acid sites [40]. This implies that the promoter can enhance the adsorption of NH3, thereby facilitating its dissociation.   

 
Figure 4.10. NH3-TPD results for 2Cs5Ru, 5Ru and bare ceria.   
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From the Arrhenius plot (Figure 4.11), which shows the logarithm of the ammonia reaction rate plotted against the inverse of temperature, the activation energy (EA) and the pre-exponential factor (k0) for the catalysts 5Ru and 2Cs5Ru were determined.  

 
Figure 4.11. Arrhenius plots for the catalysts 5Ru and 2Cs5Ru.   The calculated values are reported in Table 4.2. The similarity in the activation energies for both catalysts suggests that the presence of the promoter does not alter the energy barrier of the reaction pathway. However, the substantial increase in the pre-exponential factor indicates that the enhancement of the reaction rate is directly linked to the frequency with which reactant molecules collide. A higher k0 indicates that collisions occur more frequently, thereby increasing the chances of a reaction [41,42], indicating an increase in the available active surface area or greater ease with which reactant molecules can reach these active sites [43–45]. Therefore, the promoter can improve the dispersion of the active phase on the catalyst surface, thus increasing the accessibility of the active sites, as also suggested by Inokawa et al. [46].   
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Table 4.2. Activation energy and pre-exponential factor for the catalysts 5Ru and 2Cs5Ru. 
Catalyst  

code 
Ea k0 kJ mol-1 mmol h-1 gcat-1 

   5Ru 70.40 1.65∙108 2Cs5Ru 72.72 3.66∙108 
    No beneficial effect emerged when increasing the Cs/Ru mass ratio above 2:5. This may be attributed to the promotional effect of cesium being observable only when it directly interacts with ruthenium, thereby facilitating electron donation. Another important factor to consider is the maximum solubility of cesium in the synthesis solution. Adding more cesium in this case is unlikely to lead to a greater amount of promoter being effectively incorporated into the catalyst structure. Additionally, the limited solubility of cesium could lead to a non-uniform distribution of the promoter on the catalyst. Under saturation conditions, cesium may precipitate locally, leading to suboptimal dispersion and lower effectiveness as a promoter, thereby diminishing the potential for further improvements in catalytic performance with increased loading. The formation of cesium aggregates or crystallites unevenly distributed can negatively affect the catalyst structure, limiting access to active sites and reducing the promoter effectiveness.  To accurately analyze the surface composition and chemical state of the produced catalysts, the samples 5Ru and 2Cs5Ru were characterized via XPS, as shown in Figure 4.12. The Ce 3d orbital signals were deconvoluted in ten peaks, six assigned to 3d104f0 of Ce4+, while four peaks belong to 3d104f1 of Ce3+ [47]. Based on the Ce 3d XPS spectra, the surface concentrations of Ce3+ relative to the total surface cerium species on 5Ru and 2Cs5Ru are approximately 39% and 45%, respectively. This suggests an enrichment in Ce3+of the promoted catalyst surface, along with an increased generation of oxygen vacancies. The electron-rich environment around oxygen vacancies causes a strong interaction between Ru and Ce, which significantly affects the migration and desorption of hydrogen species [48,49]. The increased electron density can facilitate electron transfer during chemical reactions. In other words, ruthenium atoms can more efficiently donate electrons to the adsorbed nitrogen atoms produced from the dissociation of ammonia [50]. This is consistent with the XRD results, which show a minor shift to higher diffraction angles. The shift to higher diffraction angles suggests a 
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reduction in the lattice parameter, which can be linked to lattice distortions or stress. Such shifts are often observed when defects, like oxygen vacancies, are introduced. The formation of oxygen vacancies changes the local environment in the lattice, leading to strain or stress that affects the diffraction pattern [51]. 

 

 
Figure 4.12. High resolution XPS spectra of Ce 3d for the catalysts (a) 5Ru and (b) 2Cs5Ru. 
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The catalyst 2Cs5Ru was further tested at higher WHSV values, ranging from 6 000 to 30 000 Nml h-1 gcat-1. The results of these tests are presented in Figure 4.13.  

 

 
Figure 4.13. (a) Ammonia conversion and (b) hydrogen productivity as function of reaction temperature for different values of WHSV. The experimental results indicate that, as anticipated, WHSV has a negative impact on ammonia conversion. This behavior may be associated with the influence of residence time. Higher WHSV corresponds to shorter residence time, which may inhibit ammonia 
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conversion [52]. Specifically, rapid gas flow reduces the interaction time between gas molecules with catalyst particles, thereby limiting the conversion of ammonia to hydrogen and nitrogen [53]. Conversely, lower WHSV values increase the contact time between gas molecules and particles, facilitating higher conversion. However, this may come at the expense of overall productivity (Figure 4.13b). The hydrogen production rate reached a value of approximately 1.9 mol h⁻¹ gcat⁻¹ at 30 000 Nml h⁻¹ gcat⁻¹, 450 °C and 1 bar. This represents the highest production rate documented in the literature to date, highlighting the effectiveness of the novel catalyst under these conditions.  For many potential applications of hydrogen derived from ammonia, such as fuel cells, it is necessary to supply hydrogen at relatively high pressures. Additionally, several process intensification strategies, including the integration of tailored membrane in the reaction chamber, require operating at higher pressures than ambient conditions [54,55]. To mitigate additional compression costs and associated emissions, the performance of the catalyst 2Cs5Ru was studied over a pressure range of 1 – 7 bar, despite the evident thermodynamic limitations in absence of membranes. The results are shown in Figure 4.14. 

 
Figure 4.14. Ammonia conversion as a function of the reaction temperature and operating pressure (6 000 Nml h⁻¹ gcat⁻¹).  The results indicate that ammonia conversion decreases as the pressure increases from 1 to 7 bar, which is consistent with thermodynamic expectations. However, an ammonia conversion of approximately 90% is still achieved at 7 bar and 400 °C. 
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Finally, the catalyst 2Cs5Ru was tested over an overall time span of about 500 hours. As depicted in Figure 4.15, the catalyst maintained its high activity up to 350 °C, with only a very limited decrease in conversion over time. The high stability of the promoted catalysts in terms of ammonia conversion over a time span of about 500 hours is quite remarkable, as, to the best of the authors’ knowledge, stability test of Ru-based catalyst for ammonia decomposition reported in the literature were performed up to only 120 hours [56]. 

 
Figure 4.15. Long-term stability tests at different reaction temperatures for the catalyst 2Cs5Ru.  The scalability of the synthesis procedure was thoroughly evaluated to determine its potential for larger-scale applications. The amount of catalyst produced per single batch was progressively increased from approximately 1 to 25 g. Characterization analysis and activity tests indicated that, as the batch size increased, the obtained catalysts consistently exhibited similar properties. This systematic approach allowed us to assess not only the feasibility of scaling up the synthesis method but also the consistency and quality of the produced catalyst.  
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4.4 Conclusions Ru-based CeO2-supported catalysts were successfully synthesized via the polyol reduction method. The non-promoted catalyst with optimized ruthenium loading (5 wt% Ru/CeO2) allowed an ammonia conversion reaching thermodynamic equilibrium (above 99% at 400 °C and 1 bar) already in a temperature range of approximately 375 and 400 °C (1 bar, 6 000 Nml h-1 gcat-1). After determining the optimal amount of ruthenium, the subsequent parameter under investigation was the inclusion of cesium as promoter, with a specific focus on varying the Cs/Ru mass ratio. The addition of cesium to the catalytic formulation resulted in an increase in the ammonia conversion by approximately 28% (350 °C, 1 bar, 6 000 Nml h-1 gcat-1), improving from 64.7 to 82.9%; however, no beneficial effect emerged increasing the amount of cesium above 2:5 mass ratio. A H2 production rate up to 1.9 mol h-1 gcat-1 was obtained at 30 000 Nml h-1 gcat-1, 450 °C and 1 bar. This result marks the highest production rate reported in the literature so far, underscoring the efficacy of the novel catalyst under these conditions. Furthermore, the promoted catalyst was tested over an overall time span of 500 hours to verify the long-term stability, proving the stability of the synthesized catalyst over time. Finally, the results demonstrate that using this synthesis method makes it possible to produce even larger quantities while maintaining the desired properties and performance of the catalyst, thereby supporting its viability for larger-scale applications.     
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Abstract  In this chapter, a process intensification strategy for the ammonia decomposition reaction is proposed, integrating a palladium-based membrane with the ruthenium-based catalyst developed in Chapter 4. This approach aims to enhance the overall efficiency of the reaction, leveraging the selective permeation capabilities of the palladium membrane alongside the catalytic properties of the previously established catalyst. High ammonia conversions were obtained in the range of temperatures 375 – 425 °C, suggesting that high single-pass conversion is attainable. Moreover, an ammonia conversion of greater than 99.7% was obtained at 425 °C and 4 bar, with hydrogen recovery of 86.5% and hydrogen purity exceeding 99.99%. Ammonia conversion in the packed bed membrane reactor increases with higher operating pressure, exceeding thermodynamic limitations at 4 and 6 bar. The results demonstrated that the reaction conditions could be optimized to synthesize and simultaneously separate hydrogen with high purity form the products stream, ultimately contributing to a more cost-effective process.  
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5.1 Introduction In the last decade, the need to address climate change and the depletion of fossil fuel reserves has been becoming a pressing issue. Hydrogen has emerged as a clean and versatile energy carrier, with the potential to replace conventional fossil fuels in various applications, including transportation, power generation, and industrial processes [1]. Hydrogen can be produced through the decomposition of ammonia (NH₃), which not only serves as a hydrogen vector but also provides a pathway for efficient hydrogen storage and transport [2]. However, the effective and efficient decomposition of ammonia into nitrogen (N₂) and hydrogen (H₂) requires advanced catalytic systems that can operate under varying conditions, particularly at lower temperatures to enhance economic feasibility. Catalysts based on ruthenium (Ru) have shown remarkable catalytic activity for ammonia decomposition [3,4]. Despite these advantages, the high cost of ruthenium presents a significant barrier to its widespread application, necessitating the development of more cost-effective and efficient catalyst systems [5]. Therefore, advancements in catalyst preparation techniques are required, in order to enhance the dispersion of ruthenium, exploiting efficiently this resource. While ruthenium exhibits promising activity as a catalyst, the integration of a selective hydrogen-permeable membrane can significantly improve the overall efficiency of ammonia decomposition. Palladium (Pd)-based membranes have garnered attention for their exceptional hydrogen permeability and selectivity [6,7]. These membranes enable the selective removal of hydrogen from the reaction environment, effectively shifting the equilibrium of the decomposition reaction toward increased hydrogen production.  Thus, in this Chapter, the combination of the 2Cs5Ru catalyst, optimized in Chapter 4, with a Pd-based membrane was tested. The results showed that the integration of the membrane not only allows pure hydrogen production but also facilitates the reaction process by preventing hydrogen accumulation, which can hinder further ammonia decomposition and poison the catalyst. This approach offers a pathway to enhance the overall efficiency of hydrogen production from ammonia while minimizing energy input.   
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5.2 Experimental Following the initial small-scale testing conducted in Chapter 4, the 2Cs5Ru catalyst was prepared in greater quantities and tested in a larger-scale reactor to assess its performance under expanded operating conditions. Approximately 25 g of catalyst were synthesized in a single batch via polyol reduction method. No significant differences were observed in terms of textural and activity properties when comparing the larger-scale production with the smaller-scale batch production of this catalyst.  Before conducting the reaction tests, the calcined catalyst powder was compressed into pellets using a 10 mm die, applying a load of 1∙10⁴ kg for 20 minutes using an Atlas 15T manual hydraulic press (Specac Ltd, England, UK). After forming each tablet, this was ejected from the die, then crushed in an agata mortar and pestle, and then sieved using woven wire mesh sieves (Retsch Gmbh, Germany) to obtain samples with a particle size ranging from 500 to 1 000 µm. The reactor was loaded with 10 g of catalyst, diluted with 170 g of silicon carbide (SiC) (VWR Chemicals®, Belgium) to ensure isothermal operation and avoid local hotspots. The membrane employed in this work was prepared according to the methodology reported by Arratibel et al. [8]. A Pd-Ag selective layer was deposited through electroless plating on porous asymmetric α-Al2O3 support (Rauschert Kloster Veilsdorf, Germany) with an outer and inner diameter of 14 and 10 mm, respectively. The outer layer of the support features a pore size of 100 nm. To enhance the stability of the membrane, a protective layer is subsequently applied on top of the selective layer. This protective layer consists of a porous Al₂O₃-YSZ (yttria-stabilized zirconia) layer applied by dip-coating technique and calcined at 550 °C. The Pd-based membrane was placed in this reactor where it was fully immersed in the catalytic packed bed of 2Cs5Ru and silicon carbide. Reaction tests with the developed catalyst and membrane were conducted in a dedicated experimental setup, of which a schematic is reported in Figure 5.1.    
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Figure 5.1. Schematic representation of the experimental setup employed in this study to conduct ammonia decomposition reaction tests.  The tests were performed by feeding about 1 000 Nml min-1 of pure ammonia into the system via an EL-FLOW® Prestige mass ϐlow controllers (Bronkhorst®, The Netherlands). The ammonia feed stream was preheated using a 1-meter-long electric heat trace cable (Chromalox Isopad GmbH, Germany) applied along the feed line. The reaction vessel utilized in this study is a tubular reactor made of SS316Ti, featuring an internal diameter of 30 mm and a length of 300 mm. Its design accommodates both the membrane and catalyst particles, as shown in Figure 5.2. 
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Figure 5.2. 3D renderings of the reactor used in this study, shown as (a) empty, (b) withmembrane only, and (c) as packed bed membrane reactor.  To ensure isothermal operation along its length, the reactor was placed inside a three-zone split furnace (Elicra Electrowarmte BV, The Netherlands). The reaction (or retentate) pressure is managed by an EL-PRESS® pressure controller (Bronkhorst®, The Netherlands). Both the permeate and retentate streams were analyzed with a compact gas chromatograph (Global Analyzer Solutions™, The Netherlands), equipped with two thermal conductivity detectors to accurately quantify the gaseous products composition. High Precision SF-1U/2U Film Flow Meter (Horiba Stec Co. Ltd., Japan) where employed to calibrate the mass ϐlow controllers and quantify NH3-free gas ϐlows. Prior to and following the tests, the gas chromatograph was calibrated for all relevant compounds. All collected data were then analyzed using the software Chromeleon 7.3.2 Chromatography Data System (Thermo Scientiϐic™, Massachusetts, USA).  Prior to the experiments, a blank test was conducted feeding 1 000 Nml min-1 at atmospheric pressure to the empty reactor. The results indicated an ammonia conversion of approximately 6% at 400 °C and 10% at 450 °C. Subsequently, single gas tests for both nitrogen and hydrogen were performed, feeding these gas up to 10 000 Nml min-1. The single gas permeation through the membrane was measured at 

(a) (b) (c) 
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450 °C, with a pressure difference between the retentate and permeate zones ranging from 1 to 5 bar. During the tests involving the Pd-based membranes, the temperature was increased at a rate of 2 – 3 °C min−1 while supplying nitrogen until the system reached at least 350 °C, thereby preventing hydrogen embrittlement phenomenon [9]. No nitrogen was detected (below detection limit, 0.2 Nml min-1) while all the fed hydrogen permeated through the membrane. After installing the membrane onto the reactor flange and placing the solid particles inside the reaction vessel, a heating procedure was initiated under a nitrogen atmosphere, gradually reaching 450 °C at a heating rate of 2 °C min⁻¹. The activation of both the Pd-membrane and the catalyst occurs by introducing a reducing gas mixture (10 vol.% H₂ in N₂) for 24 hours.  In this study, the ammonia decomposition reaction was investigated over a temperature range of 350 – 425 °C, a reaction pressure range of 2 – 6 bar, and a weight hourly space velocity (WHSV) of approximately 6 000 Nml h-1 gcat. Following this, the ammonia conversion (𝑥ேுయ) and hydrogen recovery (𝑥ேுయ) were calculated according to Equation 5.1 and Equation 5.2, respectively.  
 

𝑥ேுయ =  𝐹ேுయ, ௜௡ − 𝐹ேுయ, ௢௨௧𝐹ேுయ, ௜௡ ∙ 100 (5.1)
𝐻ଶ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  2 ∙ 𝐹ுమ, ௢௨௧௉3 ∙ 𝐹ேுయ, ௜௡ ∙ 100 (5.2)

To establish a benchmark for the performance of the membrane reactor, experimental results were performed in packed bed reactor configuration maintaining the same reaction conditions.  
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5.3 Results and discussion The performance of the packed bed membrane reactor (PBMR) for ammonia decomposition was assessed under varying temperatures and pressures, with key parameters including ammonia conversion, hydrogen recovery, and hydrogen purity. To highlight the advantages of incorporating a palladium-based membrane for hydrogen separation, initial measurements were conducted using a conventional packed bed reactor (PBR) setup. In this configuration, the permeate side was closed, channeling all reaction products through the retentate. The results obtained with this configuration serve as a benchmark. Subsequently, to evaluate the performance of the PBMR, the permeate line was opened, enabling gases to pass through the membrane and separate hydrogen selectively. Figure 5.3 illustrates the PBMR's performance trend with respect to reaction temperature, maintaining a constant pressure of 4 bar and a fixed space velocity of 6 000 Nml h-1 gcat-1. As expected, due to the endothermic nature of the reaction, ammonia conversion is significantly restricted at lower temperatures for both the PBR and PBMR. However, conversion rises sharply as the temperature increases, as also reported by Li et al. [10]. Integrating the Cs-promoted Ru-based catalyst with the Pd-based membrane yielded remarkable ammonia conversion levels, surpassing the thermodynamic equilibrium already at 400 °C, as shown in Figure 5.3a. The data indicate that conversion about 97% are achievable even at 375 °C, suggesting that high single-pass conversion is attainable. The results at 350 °C indicate the advantages connected with the integration of the palladium-based membrane, as an ammonia conversion up to approximately 15% higher then a conventional reactor was obtained. The results are in agreement with other literature studies [11,12]. Furthermore, at 425 °C an hydrogen recovery of more than 86% was reached, with a corresponding hydrogen purity exceeding 99.99%.   
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Figure 5.3. (a) Ammonia conversion and (b) hydrogen purity and hydrogen recovery as a function of temperature at fixed pressure (4 bar) and WHSV (6 000 Nml h-1 gcat-1). 

 Figure 5.4a displays the impact of the operating pressure on the performance of both PBR and PBMR. Notably, ammonia conversion in the PBMR increases with the operating pressure, whereas in the PBR increasing the pressure has a negative effect. According to the Le Châtelier's principle, ammonia decomposition reaction is favoured at low 
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pressures; however, pressure variations can significantly affect product separation in membrane-based systems. At high pressures, the permeation of hydrogen through the membrane is often enhanced due to a higher partial pressure differential across the membrane, facilitating efficient hydrogen extraction [13].  

 

 
Figure 5.4. Effect of reaction pressure on (a) ammonia conversion, (b) hydrogen purity and hydrogen recovery at fixed temperature (375 °C) and WHSV (6 000 Nml h-1 gcat-1). 
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This selective removal of hydrogen can shift the equilibrium towards more ammonia decomposition. In addition, Figure 5.4b demonstrates that increasing the operating pressure positively influences hydrogen recovery, as higher pressure intensifies the driving force for permeation, thereby enhancing recovery. The permeation of hydrogen through the membrane effectively lowers the hydrogen concentration on the retentate side, removing a reaction product and thereby shifting the equilibrium toward further ammonia decomposition, in accordance with Le Châtelier’s principle. These findings are consistent with previous studies, which report that membrane reactor systems achieve higher ammonia conversions compared to conventional reactors due to their ability to selectively remove products and drive the reaction forward [14].  According to the Temkin-Pyzhev rate mechanism, the rate of ammonia decomposition is significantly inhibited by the presence of hydrogen; specifically, an increase in hydrogen partial pressure correlates with a reduction in the ammonia decomposition rate. This inhibitory effect of H₂ has been experimentally validated by several research groups under comparable conditions, confirming that elevated H₂ levels hinder the decomposition reaction [15]. This phenomenon is particularly important in membrane reactor design, as the selective removal of H₂ can alleviate this inhibition, promoting a higher decomposition rate and increasing overall reactor efficiency [16,17]. At 375 °C, the PBMR overcomes the equilibrium limits at 4 and 6 bar. Conversely, increasing pressure negatively impacts hydrogen purity in the permeate stream due to the distinct permeation mechanisms of nitrogen and hydrogen through the membrane, described in Chapter 3.  Finally, a comparison with findings from the literature reveals that the results achieved in this study not only align with but significantly outperform previously reported ammonia decomposition rates. The Cs-promoted Ru-based catalyst, when integrated with the Pd-based membrane, demonstrated notably higher ammonia conversion, particularly at reduced temperatures where traditional systems struggle to reach high efficiency. This high-performance catalyst-membrane system underscores the benefits of combining selective catalytic activity with a permeable membrane, showcasing the potential of advanced catalytic design in boosting reaction efficiency. As presented in Table 5.1, these findings position the developed reactor as a promising alternative for efficient ammonia decomposition, suggesting a practical pathway to achieve high hydrogen recovery and purity under milder operating conditions compared to conventional systems.  
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Table 5.1. Comparison of the current study with packed bed membrane reactors employing Pd-based membranes reported in the literature. 
Catalyst Membrane WHSV 

Reaction  
Temperature 

Reaction 
Pressure 

Permeate 
Pressure 

XNH3 HR Ref. 

  (Nml h-1 gcat-1) (°C) (bar) (bar) (%) (%)  
         Ru Al2O3 Pd 120 400 4 Vacuum 99.3 93.5 [7] 

Ba-CoCe Pd-Au 1 200 485 5 1 99 91 [18] 
Ru/Y/K/Al2O3 Pd-Ag < 5 922 450 7 1 > 99.1 > 90.6 [19] 

Ru/Al2O3 Pd 5 670 430 6 Vacuum 99.4 97.5 [9] 
Ru/Al2O3 Pd 1 127 450 6 1 > 99 > 90 [20] 

Cs-Ru/CeO2 Pd-Ag 6 000 375 6 1 99.3 84.5 This work 
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5.4 Conclusions The process to produce the catalyst 2Cs5Ru (Cs-Ru/CeO2) developed in Chapter 4 was succesfully scaled up and integrated with a Pd-based membrane in a fixed bed membrane reactor. The results indicate that the proposed process intensification strategy achieved high NH3 conversion, approaching the thermodynamic equilibrium at temperatures as low as 375 °C. Ammonia conversion exceeding 97% are achievable within the temperature range 375 – 425 °C at 4 bar, suggesting that high single-pass conversion is attainable. Furthermore, ammonia conversion greater than 99.7% was obtained at 425 °C and 4 bar, with hydrogen recovery of 86.5% and hydrogen purity exceeding 99.99%. Additionally, NH3 conversion in the PBMR increases with higher operating pressure, surpassing thermodynamic limitations at 4 and 6 bar. The proposed combination of membrane and catalyst demonstrates superior performance compared to other configurations reported in the literature. By optimizing the synergy between catalyst activity and membrane selectivity, this configuration achieves elevated ammonia conversion alongside improved hydrogen recovery. The membrane effectively removes hydrogen, reducing inhibition and shifting the equilibrium to favor ammonia decomposition. Meanwhile, the catalyst maintains high activity under the operating conditions, complementing the membrane’s separation efficiency. This integrated approach not only improves reaction rates but also maximizes hydrogen purity and recovery, presenting a clear advantage over conventional systems documented in previous studies.   
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Modeling and simulation of  
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packed bed membrane reactor 
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Abstract Ammonia has gained attention in recent years as a potential hydrogen energy carrier. However, nowadays, the main route to synthesize ammonia is via the energy intensive Haber-Bosch process. Therefore, ongoing research focuses on exploring new sustainable methods for ammonia production. In this study a reactor model was developed based on integrating a ruthenium-based catalyst into a membrane reactor as process intensification strategy. The mathematical model was initially fitted using experimental data from a packed bed reactor. It was then applied to evaluate the feasibility of a packed bed membrane reactor, focusing on the membrane's performance requirements to improve the process. Specifically, the study examined how the membrane could enhance hydrogen conversion, ammonia purity, and ammonia recovery. The results obtained in the isothermal packed bed membrane reactor suggest that the membrane performance is crucial in order to boost hydrogen conversion. More specifically, an ammonia permeance higher than 1∙10-7 mol s-1 m-2 Pa-1 and an ammonia-to-hydrogen selectivity of 50 are required to ensure significant benefits from the membrane integration, on the other hand, the ammonia-to-nitrogen selectivity deeply influences both ammonia purity and ammonia recovery. This leads to a trade-off value for ammonia-to-nitrogen selectivity of approximately 100. Furthermore, in the adiabatic case study, the heat exchange investigation between feed gas and sweep gas highlights the importance of the latter as cooling fluid. With a sweep gas-to-feed ratio of 6, a pressure difference across the membrane of 20 bar, the packed bed membrane reactor can reach a hydrogen conversion of 90%, ammonia recovery and ammonia purity of 97% and 6% respectively, as a result of temperature control. Finally, the packed bed membrane reactor's optimal operating conditions were achieved by tuning the permeate temperature and optimizing the hydrogen-to-nitrogen feed flow ratio on both sides. The identified optimal state is characterized by a hydrogen-to-nitrogen molar feed ratio of 1.5, coupled with an inlet sweep gas temperature of 200 °C, enabling the packed bed membrane reactor to achieve an H2 conversion of approximately 93%, along with ammonia recovery and ammonia purity of 99.1 and 5.65%, respectively. Hence, the mathematical model demonstrates that an adiabatic membrane reactor with the integration of heat exchange has the potential to attain greater hydrogen conversion compared to the equilibrium constraint observed in a conventional packed bed reactor. 



Modeling and simulation of ammonia synthesis in a packed bed membrane reactor | 117 

 

6.1 Introduction Despite the harsh operative conditions (50 – 200 bar and 400 – 500 °C), the vast majority of ammonia (NH3) is still globally produced via the Haber-Bosch process, that accounts for approximately 2% of the entire global energy consumption and 1.2% of global carbon dioxide emissions [1,2]. These energy-intensive conditions are required by the severe thermodynamic limitations connected with the ammonia synthesis reaction from nitrogen (N2) and hydrogen (H2). As a result, the production of ammonia per single pass remains relatively low, with the effluent ammonia fraction typically in the range of 20 – 25 % [3,4]. Thus, industrially, since further increase in temperature is unfeasible due to the reverse reaction occurring (ammonia decomposition) and possible catalyst deactivation, conventional ammonia synthesis is conducted in multistage adiabatic packed bed reactors with interstage cooling over an iron-based catalyst [5] Since ammonia is the sole product of the reaction, a potential strategy to substantially enhance the rate of ammonia synthesis is to shift the equilibrium by continuously removing NH₃ from the reaction zone. However, there have been only relatively few studies in literature that have successfully surpassed single-pass equilibrium conversion for ammonia synthesis. For example, Smith et al. proposed an integrated system for ammonia synthesis and separation that utilized ruthenium (Ru) catalysts and manganese-based absorbent. Their work demonstrated the benefits of this synergistic approach, achieving conversions that exceeded the reaction equilibrium [6]. The use of membrane reactors has emerged as a promising method to shift equilibrium of thermodynamically constrained catalytic reactions through the selective removal of products or by-products. This has been applied in various processes, such as dimethyl ether synthesis [7,8], and water-gas shift reaction [9,10]. While these studies highlight the benefits of membrane reactor configurations, such as improved conversion and lower energy requirements for a given output, there are still only a limited number of studies in the open literature on the potential application of this technology for ammonia synthesis. Among these, Zhang et al. discussed the feasibility and advantages of a membrane system in the framework of an isothermal packed bed reactor with the conventional iron-based catalysts and considered the impact of membrane properties on the reactor performance. The authors found that achieving minimum selectivity thresholds is essential for successfully enhancing the process. Ideally, an ammonia-to-nitrogen 
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selectivity higher than 10 and an ammonia-to-hydrogen selectivity higher than 4 is required. Nevertheless, it has to be pointed out that the authors in this study did not discuss nor report the influence of the heat of reaction. Ammonia synthesis is an exothermic transformation, thus the heat released by the reaction might as well influence the system from a kinetic and thermodynamic point of view, as well as the stability and selectivity of the membrane [11]. More recently, Kucuk et al. modelled a structured microreactor, whose channels were coated with iron-based catalyst, with heat exchange and membrane (ZnCl2-based immobilized molten-salt) separation integrated. The proposed system achieved a 47% nitrogen conversion, surpassing the corresponding equilibrium conversion of 40%; thus, the reported results support the feasibility of overcoming the thermodynamic limits in the Haber-Bosch process [12]. The present work focuses on a theoretical study on one-dimensional packed bed membrane reactor (PBMR) for ammonia synthesis, designed to identify the minimum membrane requirements in terms of ammonia permeance and selectivity, relative to the packed bed membrane reactor (PBR) performance. The main aim is to prove the feasibility of this application on the ammonia synthesis process and establish a benchmark for membrane technology development.  
6.2 Methodology 

6.2.1 Membrane reactor configuration The membrane reactor design proposed in this work is illustrated in Figure 6.1, featuring a shell-and-tube configuration. The inner tube represents a tubular membrane, while the catalyst particles are located in the shell. This structure creates two distinct zones: the retentate side, where the feed is introduced and the reaction occurs along the reactor's length, and the permeate side, where gases selectively permeate through the membrane. On the permeate side, a sweep gas is injected and mixed with the permeating gases. As illustrated in Figure 6.1, the feed stream and the sweep gas stream are in a co-current configuration.  
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Figure 6.1. Schematic representation of the packed bed membrane reactor proposed in this study.  

6.2.2 Reaction scheme and kinetics Ammonia synthesis involves the reaction between nitrogen and hydrogen, as represented by Equation 6.1: 𝑁ଶ + 3𝐻ଶ ↔ 2𝑁𝐻ଷ (6.1) A kinetic model of the reaction was obtained from a previous study by Rossetti et al. that utilized a Ru/C catalyst [13]. In their work, the authors derived the overall reaction rate from the classical Temkin equation, incorporating an additional adsorption term, as expressed in Equation 6.2: 
𝑑𝜂𝑑𝜏 = 𝑘௙ ∙ 𝜆(𝑞) ∙ (𝑎ேమ)଴.ହ ∙ ቈ(𝑎ுమ)଴.ଷ଻ହ(𝑎ேுయ)଴.ଶହ቉ − 1𝐾௔ ∙ ቈ(𝑎ேுయ)଴.଻ହ(𝑎ுమ)ଵ.ଵଶହ ቉1+ 𝐾ுమ ∙ (𝑎ுమ)଴.ଷ + 𝐾ேுయ ∙ (𝑎ேுయ)଴.ଶ  (6.2)

where 𝑑𝜂 𝑑𝜏⁄ ,  expressed in mol h-1 lcat-1, represents the reaction rate of defective reactant, 𝑘௙ is the kinetic constant of the reaction, 𝑎௜ indicates the partial activities of the involved species, 𝐾௔  is the reaction equilibrium constant in terms of activities, 𝐾ுమ  and 𝐾ேுయ  are the adsorption equilibrium constants of hydrogen and ammonia respectively, 𝑞  is the hydrogen-to-nitrogen molar feed ratio, and 𝜆(𝑞)  is the stochiometric parameter. These parameters are determined according to the equations presented in Appendix C (Table C1). 
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6.3 Basis and assumptions for the reactor model The developed model is a 1-D phenomenological membrane reactor model, grounded on the following assumptions: 1) Plug flow behavior, with negligible radial gradients of concentrations and temperature, assuring 𝑟 𝐿⁄ ≪ 𝑅𝑒 ∙ 𝑆𝑐 ≪ 𝑟 𝐿⁄ . 2) Steady-state conditions. 3) Negligible pressure drops in the permeate side. 4) The membrane material is considered inert. 5) Pseudo-homogeneous model. 6) Negligible mass and energy transport limitations inside the catalyst pellets and at the surface of the pellets. The mass balance equations for both the retentate and permeate side are presented in this section. The subsequent equations apply to each component of the gas mixture: 
𝑑𝐹௜ோ𝑑𝐿 = 𝜗௜ ∙ (𝑟௜) ∙ 𝜌௖ ∙ (1 − 𝜀) ∙ 𝜋4 ∙ ቀ𝐷௥௜ଶ − 𝐷௠௢ ଶቁ − 𝐽௜ ∙ (𝜋 ∙ 𝐷௠௢ ) (6.3)

𝑑𝐹௜௉𝑑𝐿 = 𝐽௜ ∙ (𝜋 ∙ 𝐷௠௢ ) (6.4)
𝐽௜ = 𝒫௜ ∙ (𝑃௜ோ − 𝑃௜௉) (6.5)where 𝐽௜  and 𝒫௜  represent the flux and permeance, respectively, of the component 𝑖 permeating through the membrane. The flux is calculated according to Equation 6.5 with the pressure difference considered positive when the flow proceeds from the retentate to the permeate side. Likewise, the energy balance equations are computed for retentate and permeate side. 

𝑑𝑇ோ𝑑𝐿 = (𝑟) ∙ (−∆𝐻)்ೃ ∙ 𝜌௖ ∙ (1 − 𝜀) ∙ 𝜋4 ∙ ቀ𝐷௥௜ଶ − 𝐷௠௢ ଶቁ∑ 𝐹௜ோ ∙ 𝑐௣, ௜ோ௜ − 𝑈 ∙ 𝜋 ∙ 𝐷௠௜ ∙ (𝑇ோ − 𝑇௉)∑ 𝐹௜ோ ∙ 𝑐௣, ௜ோ௜  (6.6)
𝑑𝑇௉𝑑𝐿 = 𝑈 ∙ 𝜋 ∙ 𝐷௠௜ ∙ (𝑇ோ − 𝑇௉)∑ 𝐹௜௉ ∙ 𝑐௣, ௜௉௜  (6.7)

(𝑈)ିଵ = 1ℎ௉ + 𝐷௠௜2 ∙ ln ൬𝐷௠௢𝐷௠௜ ൰𝑘 + 𝐷௠௜𝐷௠௢ ∙ 1ℎோ (6.8)
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Here, 𝑈 is the global heat transfer coefficient, which characterizes three successive heat transfer phenomena: (i) convection in the inner tube, (ii) conduction through the membrane, and (iii) convection in the outer tube. The heat transfer coefficient for the reaction zone (ℎோ), was calculated according to the correlation of Li and Finlayson [14], as shown in Equation 6.14, which takes in account the heat transfer of a packed bed by referring to a Reynolds number depending on particle diameter, as shown in Equation 6.9. The heat transfer coefficient for the permeate zone (ℎ௉) was calculated using the Dittus-Boelter correlation, as reported in Equation 6.13, which considers a smooth concentric annulus [15].  Equation 6.9 to Equation 6.14 describe the dimensionless numbers employed in this work, which play a crucial role in characterizing the heat and mass transfer phenomena within the system. Each equation provides a framework for understanding the relationships between various physical properties and helps in predicting the behavior of the system under different operating conditions. 
𝑅𝑒ோ = 𝑑௣ ∙ 𝐺ோ𝜇௠௜௫ோ  (6.9)
𝑅𝑒௉ = 𝐷௠௜ ∙ 𝐺௉𝜇௠௜௫௉  (6.10)

𝑃𝑟ோ = 𝜇௠௜௫ோ ∙ 𝑐௣, ௠௜௫ோ𝜆௠௜௫ோ  (6.11)
𝑃𝑟௉ = 𝜇௠௜௫௉ ∙ 𝑐௣, ௠௜௫௉𝜆௠௜௫௉  (6.12)

𝑁𝑢௉ = 0.023 ∙ 𝑅𝑒௉଴.଼ ∙ 𝑃𝑟௉଴.ସ = ℎ௉ ∙ 𝐷௠௜𝜆௠௜௫௉  (6.13)
𝑁𝑢ோ = 0.17 ∙ 𝑅𝑒ோ଴.଻ଽ ∙ ቆ𝑃𝑟0.7௉ቇଵ/ଷ = ℎோ ∙ 𝑑௣𝜆௠௜௫ோ  (6.14)

All the gas properties, including density, viscosity, specific heat, thermal conductivity, used in this work can be found in the Appendix C. In Equation 6.15 and Equation 6.16, the molar flux of the mixture in the retentate and permeate side are provided. 
𝐺ோ = 𝐹௧௢௧ோ  ∙ 𝑀௠௜௫ோ𝐴  (6.15)
𝐺௉ = 𝐹௧௢௧௉  ∙ 𝑀௠௜௫௉𝐴௠௜  (6.16)  
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Lastly, the conductivity, in this case referred to carbon membranes, was computed by considering the thermal conductivity contribution of the carbon-based selective layer laying on top of alumina tubular support. This calculation is based on the correlations presented in the work of Poto et al. [7]. The Ergun equation (Equation 6.17) for estimating the pressure drops was applied only to the retentate side, while the pressure on the permeate side was kept fixed. 𝑑𝑃𝑑𝐿 = −ቈ150 ∙ 𝜇௠௜௫ ∙ 𝑢 ∙ (1 − 𝜀)ଶ𝜀ଷ ∙ 𝑑௣ଶ + 1.75 ∙ (1 − 𝜀) ∙ 𝜌௠௜௫ ∙ 𝑢ଶ𝜀ଷ ∙ 𝑑௣ ቉ ∙ 10ିହ (6.17)
Here, 𝜇௠௜௫  and 𝜌௠௜௫ are the viscosity and the density of the gas mixture respectively, 𝑢 is the space velocity based on the empty cross-section of the reaction vessel, 𝜀 is the porosity of the bed and 𝑑௣ is the diameter of the catalyst particles. The boundary conditions applied to solve the model are discussed in this section. At the entrance of the reactor, the inlet temperatures and pressures and the inlet gas compositions, along with the sweep gas are known. Therefore, the following boundary conditions, apply at 𝐿 = 0: 

𝑇ோ = 𝑇ோ(0) 𝑇௉ = 𝑇௉(0) 𝑃ோ = 𝑃ோ(0) 𝐹௜ோ = 𝐹௜ோ(0) 𝐹௜௉ = 𝐹௜௉(0) where 𝑖 takes values from 1 to 3, representing the three species present in the system.   
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6.4 Mathematical model validation The mathematical model consisting of nine ordinary differential equations with corresponding boundary conditions was implemented and solved using MATLAB® R2022a (MathWorks Inc., Massachusetts, USA). The ode15s integration method was employed, along with a set of algebraic equations concerning reaction rates and gas properties. The performance of the packed bed membrane reactor is assessed based on H2 conversion, as expressed in Equation 6.18, which takes into account the porous nature of the membrane, thus a direct and reverse permeation can occur [7]: 
𝑥ுమ = 𝐹ுమ, ௜௡ோ −  𝐹ுమ, ௢௨௧ோ  −  𝐹ுమ, ௧௠ோ𝐹ுమ, ௜௡ோ −  𝐹ுమ, ௕௣௉ ∙ 100 (6.18)

 where 𝐹ுమ, ௧௠ோ  stands for the hydrogen amount potentially able to pass across the membrane leaving the reaction zone, while 𝐹ுమ, ௕௣௉  refers to the term associated with hydrogen permeating back into the reaction zone from the permeate side. Additionally, other parameters, such as NH3 recovery and NH3 purity, as outlined in Equations 6.19 and Equation 6.20 respectively, were evaluated to assess the performance of the PBMR. NH3 recovery indicates the proportion of ammonia that can be collected on the permeate side, compared to its production in the retentate. Meanwhile, NH3 purity provides insight into the composition of the stream exiting the membrane, offering essential data for the subsequent separation step.  
𝑁𝐻ଷ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 𝐹ேுయ௉𝐹ேுయோ + 𝐹ேுయ௉ ∙ 100 (6.19)
𝑁𝐻ଷ 𝑝𝑢𝑟𝑖𝑡𝑦 = 𝐹ேுయ௉𝐹ேమ௉ + 𝐹ுమ௉ + 𝐹ேுయ௉ ∙ 100 (6.20) 

6.4.1 Validation of the packed bed reactor Before delving into the reactor’s performance, the mathematical model was first validated by comparing its prediction with experimental data retrieved from Rossetti et al. [13]. The validation process involved a comparison with data sets from various kinetic tests performed within a temperature range of 370 – 460 °C and a pressure range of 50 – 100 bar, with the hydrogen-to-nitrogen feed flow ratio (𝑞ோ) set at 1.5 and 3, and varying the gas hourly space velocity (GHSV) in the range of 0.5∙105 – 4∙105 h-1, defined as the ratio of the normal feed flow rate and the catalyst volume.  
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In order to validate the mathematical model, a fitting study was carried out, by varying the bed porosity (𝜀) and consequently the active bed length(𝐿), which is not reported in the work by Rosetti et al. As illustrated in Figure 6.2, bed porosity values ranging from 0.3 and 0.5 were investigated. A mean relative deviation below 16% was achieved in all cases except for two tests, where the deviations were 20% and 30%, respectively. Details of the validation tests are provided in Appendix C. 
 

 

 
Figure 6.2. Model fitting of outlet NH3 molar fraction based on experimental tests (T = 430 °C, 100 bar) for (a) qR = 1.5 and (b) qR = 3. 
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6.4.2 Validation of the permeation module Once the packed bed reactor was validated, the model was extended to integrate a membrane, by using Equation 6.3 and Equation 6.4. In this overview, the choice of an NH3 permeable membrane for a membrane reactor is critical, and various types of membranes can be considered. This selection is influenced by various factors, including operating conditions, feedstock composition, and the required product purity. Additionally, the chemical resistance and long-term stability of the membrane are crucial considerations. Membrane materials used in NH3 synthesis and NH3 separation processes include zeolite membranes [16], molten salt-based membrane [17], polymeric membranes [18], ceramic membranes [19] and silica membranes [20]. This study focuses on ceramic membranes, particularly carbon membranes, due to their chemical resistance, cost-effectiveness, and the feasibility of tuning their characteristics. Experimental gas permeation tests were performed using carbon membranes, and the results were utilized into the model for validation. Under condition that no reaction was occurring, the model successfully predicted the permeance of each component at different ΔP (Figure 6.3) while keeping the same temperature for the specific case. This validation process confirmed the accuracy of the membrane reactor model.  

 
Figure 6.3. Permeation module validation with experimental single-gas tests at 300 °C for (a) H2 permeance, (b) N2 permeance and (c) NH3 permeance. (continued on the next page) 
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Figure 6.3. (continued) Permeation module validation with experimental single-gas tests at 300 °C for (a) H2 permeance, (b) N2 permeance and (c) NH3 permeance.    
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6.5 Study of the membrane performance Preliminary studies were conducted on the isothermal membrane reactor to examine how the membrane's performance would impact the reactor's capabilities in terms of H2 conversion, NH3 recovery and NH3 purity. All the operational conditions and design specifications of the reactor selected for this study are detailed in Table 6.1, where: 
 Temperature and pressure were established based on the lower boundary limit where the kinetic law was determined. 
 Sub-stoichiometric feed ratio was selected due to hydrogen poisoning associated with Ru-based catalysts. In this case the conversion is reported in terms of H2 conversion, as H2 is the limiting reagent. 
 Reactor length and reactor diameter were chosen to ensure 𝐿 𝐷⁄ > 30, thereby guaranteeing negligible radial dispersion [21]. 
 The Peclet number was employed to determine the appropriate axial velocity to neglect axial dispersion. 
 Sweep gas-to-feed ratio (SF) equal to 1 was selected to have a match between the feed flow rate and the sweep gas flow rate.  

Table 6.1. PBMR parameters in isothermal conditions. 
Parameter Units Value 
   Temperature (°C) 370 Pressure (bar) 50 
qR (molH2 : molN2) 1.5 
SF (-) 1 
ΔP (bar) 0 Reactor length (m) 1 Reactor diameter (m) 0.033 
GHSV (h-1) 35 Bed porosity (mv3 mr-3) 0.4 Catalyst bed density (kg m-3) 590 
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6.5.1 Ideal membrane case study In assessing potential membrane performance benchmarks, selectivity ( 𝑆ேுయ/ுమ , 𝑆ேுయ/ேమ , 𝑆ுమ/ேమ) and permeance of each gas (𝒫ுమ , 𝒫ேమ , 𝒫ேுయ) were considered during this study. The literature survey, as previously discussed regarding hypothetical membranes suitable for NH3 separation, led to the selection of ceramic membranes, specifically silica and zeolite membranes, as suitable for NH3 separation, therefore were chosen as reference. For instance, Camus et al. studied silica and zeolite membranes, observing an ammonia permeance of 1 ∙ 10ି଼ − 1 ∙ 10ି଻ mol s-1 m-2 Pa-1 at 80 °C and 10 bar [19]. Meanwhile, Kanezashi et al. investigated silica membranes over a wide temperature range, reporting an ammonia permeance of 1 ∙ 10ିଽ mol s-1 m-2 Pa-1 [20]. Consequently, the initial range of ammonia permeance investigated in this study was set at 0 − 1 ∙ 10ି଺ mol s-1 m-2 Pa-1. The membrane was considered to be ideal, implying that the pore size distribution was designed to exclusively allow the passage of ammonia and hydrogen, as they possess the smallest molecules size with very similar kinetic diameters (0.260 and 0.290 nm, respectively). Thus, during the simulation, nitrogen permeation was neglected, resulting in 𝑆ுమ/ேమ = ∞  and 𝑆ேுయ/ேమ = ∞.  Considering the potential transport mechanisms within the membrane, molecular sieving is the preferred phenomenon, as it enables separation based on the kinetic diameter of individual molecules. Conversely, if the pores are larger and not specifically tailored to exclusively permit ammonia passage, the transport mechanism may shift towards Knudsen diffusion [22]. For this mechanism, the well-known Knudsen selectivity is expressed in Equation 6.21.  
𝑆௄, ௜/௝ = ඨ𝑀௝𝑀௜  (6.21)

From the molecular masses of the two components, the Knudsen selectivity of ammonia over hydrogen was found to be 0.34. This value was taken as reference for establishing the selectivity range under investigation, which is defined as 𝑆ேுయ/ுమ = 0.5 − 50.  Hydrogen conversion is significantly influenced by the ammonia permeance of the membrane, as shown in Figure 6.4a. The increasing trend reaches a plateau when the ammonia permeance is about 0.4 ∙ 10ି଺ mol s-1 m-2 Pa-1, indicating that the system has achieved thermodynamic equilibrium between the reaction and permeation zones. The investigation on hydrogen conversion as a function of ammonia permeance, evaluated 
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at different ammonia-to-hydrogen selectivity values, demonstrates that for 𝒫ேுయ values greater than 0.4 ∙  10ି଺ mol s-1 m-2 Pa-1, no further effect is observed. These results align with previous literature studies [11].  In Figure 6.4b, the ammonia transmembrane molar flow (𝐹ேுయ, ௧௠) is presented as a function of ammonia permeance for different values of 𝑆ேுయ/ுమ . The results show that 𝐹ேுయ, ௧௠ does not increase significantly with selectivity, indicating that this molar flow depends primarily on NH3 permeance rather than the ammonia-to-hydrogen selectivity. Although an increase in permeance is observed, it is not substantial enough to significantly impact the passage of ammonia across the membrane and, consequently, the hydrogen conversion.  Then, the study focused on hydrogen back-permeating from the permeate zone to the retentate zone (𝐹ுమ, ௕௣). Figure 6.4c shows that this molar flow increases with the NH3 permeance (the negative sign indicates opposite direction with respect to the mass balance), whereas 𝐹ுమ, ௕௣  decreases as the selectivity increases. This behavior can be explained by the fact that an increase in 𝑆ேுయ/ுమ  results in reduced hydrogen loss from the retentate side, maintaining a higher partial pressure and reducing the driving force from the permeate to retentate side, thus leading to a decrease in back-permeation.  Avoiding excessive hydrogen accumulation in the retentate zone is crucial due to catalyst-related reasons, and a loss of hydrogen in the permeate zone necessitates additional sweep gas reintegration. Simultaneously, with less H2 back-permeation, ammonia partial pressure in the permeate is kept low, allowing enhanced ammonia permeation. Thus, as shown in Figure 6.4c, higher ammonia-to-hydrogen selectivity enables a higher NH3 recovery, which reaches a maximum when the NH3 permeance is about 0.1 ∙ 10ି଻  mol s-1 m-2 Pa-1. This value, together with an ammonia-to-hydrogen selectivity of 50, was selected as final value and considered for the rest of the study.  
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Figure 6.4. Study of membrane performance with respect to NH3 permeance showing the impact on (a) H2 conversion, (b) NH3 transmembrane flow, (c) H2 back-permeation flow and (d) NH3 recovery, for different values of 𝑆ேுయ/ுమ . (continued on the next page) 
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Figure 6.4. (continued) Study of membrane performance with respect to NH3 permeance showing the impact on (a) H2 conversion, (b) NH3 transmembrane flow, (c) H2 back-permeation flow and (d) NH3 recovery, for different values of 𝑆ேுయ/ுమ .    
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6.5.2 Real membrane case study After this initial optimization, also nitrogen permeation was considered, hence also the influence of ammonia-to-nitrogen selectivity was examined. A broad range of selectivity values was selected based on literature studies.  As shown in Figure 6.5a, there is no significant correlation between hydrogen conversion and 𝑆ேுయ/ேమ , even with a three-order magnitude increase. This observation is consistent with the findings reported by Zhang et al. [11]. Therefore, the amount of nitrogen loss on the retentate side, 𝐹ேమ, ௧௠ , was evaluated as a key performance parameter to determine the minimum required ammonia-to-nitrogen selectivity.  The results reported in Figure 6.5b indicate that with lower values of 𝑆ேுయ/ேమ , the nitrogen flow decreases, and beyond a selectivity value of approximately 100, the decrease becomes less pronounced.  Analyzing the trends in ammonia recovery and purity, as shown in Figure 6.5c, they exhibit opposite behaviors. This phenomenon can be attributed to the fact that as 𝑆ேுయ/ேమ  increases, a greater amount of ammonia passes through the membrane, thereby shifting the equilibrium towards the product side.  
 

 
Figure 6.5. Impact of 𝑆ேுయ/ேమ  on (a) H2 conversion, (b) N2 trans-membrane flow, (c) NH3 purity and recovery. (continued on the next page) 
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Figure 6.5. (continued) Impact of 𝑆ேுయ/ேమ  on (a) H2 conversion, (b) N2 trans-membrane flow, (c) NH3 purity and recovery. This results in a higher NH3 concentration in the retentate zone, with some NH3 not being fully removed by the membrane, leading to a decrease in its recovery. In contrast, purity follows the opposite trend, increasing as expected, since more NH3 is separated while less nitrogen crosses the membrane. Based on these findings, a minimum value of 𝑆ேுయ/ேమ  =  100 is set as a required parameter for the membrane. 
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Figure 6.6 illustrates H2 conversion as a function of both ammonia-to-nitrogen and ammonia-to hydrogen selectivity under three different NH3 permeance scenarios. The result indicates that as the ammonia permeance increases, a corresponding rise in H₂ conversion is observed. For each 𝑆ேுయ/ுమ  value, the H2 conversion consistently plateaus at approximately 𝑆ேுయ/ேమ = 100.  Similar trends are observed for NH3 purity and recovery, as shown in Figure C3, in Appendix C. Focusing on the N2 conversion depicted in Figure C5 in Appendix C, a decreasing trend is observed with increase of 𝑆ேுయ/ுమ . This behavior may be attributed to the 𝑆ுమ/ேమ  decrease as 𝑆ேுయ/ுమ increases, resulting in a greater possibility of N₂ permeating the membrane. The N2 transmembrane flow increases with selectivity, as depicted in Figure C4, leaving less N2 available to react on the retentate side. In contrast, H2 conversion increases with selectivity due to the dependence from the H2 back-permeation which decreases as the selectivity increases. Similar considerations apply to the stream purity which decreases with increasing 𝑆ேுయ/ுమ . This condition eventually hits a plateau when 𝒫ேுయ = 1 ∙ 10ି଻ mol s-1 m-2 Pa-1. While the N2 transmembrane flow remains dependent on selectivity, the amount of NH3 passing through the membrane becomes less sensitive on selectivity and stabilizes at this permeance value, as previously mentioned. Nevertheless, higher NH3 recovery can be achieved, as recovery depends solely on the NH3 molar flow across the membrane, which increases with NH3 permeance and, simultaneously, with 𝑆ேுయ/ுమ .   

 
Figure 6.6. Impact of 𝑆ேுయ/ேమ  on H2 conversion, with 𝒫ேுయ  equal to (a) 1 ∙ 10ିଽ , (b) 1 ∙ 10ି଼  and (c) 1 ∙ 10ି଻ mol s-1 m-2 Pa-1, for different values of 𝑆ேுయ/ுమ . (continued on the next page) 
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Figure 6.6. (continued) Impact of 𝑆ேுయ/ேమ  on H2 conversion with 𝒫ேுయ  equal to (a) 1 ∙ 10ିଽ, (b) 1 ∙ 10ି଼ and (c) 1 ∙ 10ି଻ mol s-1 m-2 Pa-1, for different values of 𝑆ேுయ/ுమ .  Consequently, a 𝒫ேுయ  of 1 ∙ 10ି଻ mol s-1 m-2 Pa-1 demonstrates that optimal performance is achieved when coupled with an 𝑆ேுయ/ுమ  of 50 and an 𝑆ேுయ/ேమ  of 100. These properties reflect a trade-off among conversion, purity and recovery. The optimal membrane features determined from this preliminary analysis are detailed in Table 6.2. 
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Table 6.2. Membrane optimal features identiϐied from the preliminary study. 
Membrane performance indicators Units Value 

   𝓟𝑵𝑯𝟑  (mol s-1 m-2 Pa-1) 1 ∙ 10ି଻ 𝑺𝑵𝑯𝟑/𝑯𝟐  (-) 50 𝑺𝑵𝑯𝟑/𝑵𝟐  (-) 100 
    

6.6 Operational condition study: sweep gas-to-feed ratio vs. 
transmembrane pressure difference It is crucial to maintain a high partial pressure difference of ammonia across the membrane to enhance the driving force and, consequently, ammonia separation. To achieve this, a strategic approach involves utilizing gases in the permeate side to minimize the partial pressure of ammonia on that side. Simultaneously, the partial pressure of the reactants must be high enough to prevent their passage across the membrane. To address this challenge, a sweep gas composed of the two reactants, H2 and N2, was considered. The investigation initially focused on an adiabatic solution, neglecting heat exchange in the shell-and-tube reactor configuration. Subsequently, heat exchange between the retentate and permeate side was incorporated into the analysis. In this context, Equations 6.6 and 6.7 were applied within the model, accounting for all the gas properties depending on temperature, as detailed in the Appendix C. Finally, a study on the sweep gas-to-feed ratio (SF) and transmembrane pressure difference (ΔP) was conducted to assess their potential impact on reactor performance. As mentioned before, the inlet reaction temperature was established based on lower limit of the kinetic rate law. Thus, for simplicity the operating conditions of the reactor were kept consistent with the previous configuration, and the sweep gas inlet temperature was also set at 370 °C. Pressure in the permeate was varied according to the desired ΔP in the case study, ranging up to a maximum of 50 bar which aligns with the pressure on the retentate side. The outcomes of this study (yet without heat exchange) are presented in Figure 6.7a, where the conversion is assessed across a range of SF values between 0 and 50 for each 

ΔP. As SF increases, the conversion rises and eventually reaches a plateau. However, the rate at which this plateau is attained is determined by the pressure. This phenomenon occurs because the increase in SF leads to a decrease in the partial pressure of ammonia 
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in the sweep gas stream, thereby enhancing the driving force for ammonia permeation through the membrane. At the same time, a larger pressure difference between retentate and permeate creates a stronger driving force, facilitating the migration of the species from retentate to permeate. Notably, as the ΔP increases, the plateau is achieved more rapidly, together with a higher conversion. Consequently, it can be inferred that once the sweep gas flow rate attains a sufficiently high value, further increases do not significantly lower the partial pressure of ammonia in the sweep gas, leading to a negligible change in terms of hydrogen conversion. Likewise, when considering the heat exchange between the retentate and permeate zone, shown in Figure 6.7b, for each ΔP value, the conversion plateau is reached at a lower SF, accompanied by a simultaneous inversion of the trend. This effect arises because, as SF increases, the residence time in the permeate decreases, resulting in faster NH3 removal. Simultaneously, an increase in ΔP, promotes additional NH3 separation (see Figure 6.7c) which accelerates the reaction rate, alongside a rise in temperature. However, the speed eventually reaches a speed at which further increases in SF yields no additional improvement. At this breakthrough point, as ΔP continues to rise, the reaction accelerates but the conversion rate subsequently starts to decline due to elevated temperature. Thus, for SF ≤ 6, higher ΔP leads to higher conversion, whereas as SF increases, the conversion trend rises with a decrease in ΔP. Additionally, larger ΔP values result in a quicker attainment of the plateau, and in all the cases, the achieved conversion is consistently higher than in the no-heat exchange case. As a matter of fact considering the heat exchange between the two concentric tubes, the temperature profile is kept much more uniform (Figure 6.8a) than the other cases, leading to reach higher conversion, due to the presence of the sweep gas, acting as cooling fluid, in view of the exothermicity of the reaction. In this case, as ΔP decreases, a reduced driving force is established between the two parts, causing less loss of sweep gas towards the retentate side. This helps in maintaining a high amount of cooling gas in the permeate side. In contrast, when examining the parameters of ammonia recovery and purity, Figure 6.7c and Figure 6.7d, it becomes evident that their upward trends are contingent on the increase in ΔP. This aligns with expectations since a higher pressure difference results in a higher different partial pressure of ammonia, allowing more ammonia to pass through and be separated. As the sweep gas increases, more hydrogen and nitrogen are present in the permeate, leading to a decrease in purity. In terms of the recovery factor, when the driving force decreases, obviously less ammonia can be detached, leading to a lower ammonia recovery. Thus, a ΔP = 40 bar and SF = 6 were picked as best trade-off conditions for the membrane reactor. 
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Figure 6.7. Effect of the sweep gas-to-feed ratio (SF) considering adiabatic conditions, on (a) H2 conversion without heat exchange between retentate and permeate, (b) H2 conversion considering heat exchange between retentate and permeate, (c) NH3 purity and (d) NH3 recovery considering heat exchange between retentate and permeate, for different values of ΔP. (continued on the next page) 
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Figure 6.7. (continued) Effect of the sweep gas-to-feed ratio (SF) considering adiabatic conditions, on (a) H2 conversion without heat exchange between retentate and permeate, (b) H2 conversion considering heat exchange between retentate and permeate, (c) NH3 purity and (d) NH3 recovery considering heat exchange between retentate and permeate, for different values of ΔP.    
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6.7 Heat management study: effect of temperature The mathematical model with the implementation of all the discussed parameters was further analyzed with a focus on heat management, considering the sweep gas as a cooling fluid. Figure 6.8a highlights two different cases: the dashed lines illustrate the temperature profile of an adiabatic membrane reactor without considering heat exchange between retentate and sweep gases, whereas the solid ones depict the temperature profile of an adiabatic membrane reactor when heat transfer between these two zones is considered. This demonstrates that the presence of a sweep gas contributes to a flatter temperature profile, facilitating higher conversion. Furthermore Figure 6.8b displays the temperature profile of both sides for the specific case of 
SF = 10, where it is clearly shown that the flat profile in the retentate zone is due to the presence of the sweep gas whose temperature profile slowly increases. As the retentate releases heat to the permeate, temperature peaks in the retentate are moderated, resulting in a flatter temperature gradient. 

 
Figure 6.8. (a) Temperature profile along the reactor length for an adiabatic PBMR considering heat exchange (HE) and not (NHE), between the retentate and permeate side for ΔP = 30 bar, for different values of SF; (b) temperature profile in the retentate and permeate sides for of SF = 10 and ΔP = 30 bar. (continued on the next page) 
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Figure 6.8. (continued) (a) Temperature profile along the reactor length for an adiabatic PBMR considering heat exchange (HE) and not (NHE), between the retentate and permeate side for ΔP = 30 bar, for different values of SF; (b) temperature profile in the retentate and permeate sides for of SF = 10 and ΔP = 30 bar.  Interestingly adjusting the inlet flow temperature on the permeate side can enhance the final conversion even further. Figure 6.9a illustrates this investigation by varying the inlet permeate temperature, revealing that at T = 200 °C the highest conversion is achieved. This outcome is ascribed to the observation that at temperature values above the reaction zone temperature, the sweep gas acts as a heating fluid, raising the reaction temperature and consequently limiting achievable conversions. Additionally, as 𝑇௜௡௉  increases, the heat driving force between the two zones decreases. Figure 6.9b presents the final temperature reached on both in retentate and permeate side by varying the inlet sweep gas flow temperature. This clearly indicates that the permeate stream is not able to completely cool down the retentate stream. Therefore, an extra cooling strategy would be needed.   
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Figure 6.9. Effect of the permeate flow inlet temperature (𝑇௜௡௉ ) on (a) H2 conversion and (b) outlet temperature of permeate (𝑇௢௨௧௉ ) and retentate (𝑇௢௨௧ோ ).    
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6.8 On the effect of feed ratio  A key factor influencing ammonia production is the hydrogen-to-nitrogen feed flow ratio. In this specific study a value of 1.5 was selected due to the favorable activity of the ruthenium-based catalyst in an under-stoichiometric environment. Therefore, the sweep gas-to-feed ratio was consistently kept constant to the inlet of the retentate side. However, also the composition of the sweep gas is crucial as it directly affects both the efficiency of ammonia removal and the reaction equilibrium. Figure 6.10 presents two scenarios using different feed gas ratios and sweep gas-to-feed ratios to highlight how these factors affect reactor performance in terms of hydrogen conversion and ammonia purity, with respect to the ΔP. In Figure 6.10a when using SF = 0, the ratio does not exhibit a significant effect; as expected, whereas ΔP plays a more crucial role. As ΔP increases, H2 conversion rises due to the larger ammonia partial pressure difference across the membrane. Simultaneously, an increase in ammonia purity is observed due to the lack of gas in the permeate stream. Figure 6.10b shows the case study for SF = 6, where the maximum in terms of H2 conversion is reached at ΔP = 20 bar. For ΔP lower than this value, the H2 conversion is slightly lower when 𝑞௉ = 3. The reason is correlated to a different partial pressure, (i.e., higher H2 concentration in the permeate) leading to potential back-permeation. However, this difference diminishes as the pressure in the permeate decreases, reaching a maximum before experiencing a slight decline with further increases in ΔP (see section 6.6).    
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Figure 6.10. Effect of ΔP on H2 conversion and NH3 purity for sweep gas-to-feed ratio (a) SF = 0 and (b) SF = 6, for different values of sweep gas feed ratio (𝑞௉).  
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Figure 6.11. Effect of ΔP on H2 conversion and NH3 purity for sweep gas feed ratio (a) 𝑞௉ = 1.5 and (b) 𝑞௉ = 3, for different values of sweep gas-to-feed ratio (SF).    
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Figure 6.11a and Figure 6.11b, representing sweep gas feed ratios of 1.5 and 3 respectively, illustrate the reactor's performance with SF ranging from 0 to 10. It is evident that in both cases, the highest conversion is achieved with SF = 6 – 10 at 
ΔP = 20 bar, with the behavior reversing as the difference of pressure increases. As anticipated, SF = 0 allows for the highest purity, but it results in the lowest conversion. For the optimal reactor parameters, setting SF = 6 or SF = 10 at high ΔP shows no significant difference in conversion. However, SF = 6 appears to offer an advantage in terms of ammonia purity. Therefore, SF = 6 was selected as the final value, independently of the feed ratio of the sweep gas, along with a ΔP = 20 bar. For a precise determination of the optimal reactor parameters, an economic evaluation would be necessary to identify the most cost-effective choice.  
6.9 Packed bed reactor vs. packed bed membrane reactor  By integrating a membrane with the selected optimal characteristics, it was possible to study and compare two different reactor configurations: a conventional packed bed reactor and a packed bed membrane reactor operating at 370 °C and 50 bar. Figure 6.12a presents the isothermal case scenario, where the H2 conversion trend along the reactor length clearly demonstrates the benefits of integrating a membrane. The PBMR configuration effectively overcomes the severe limitations imposed by thermodynamic equilibrium. By enabling selective ammonia removal via the membrane, the equilibrium constraint on hydrogen conversion can be shifted, resulting in higher overall conversion and improved NH3 recovery. Subsequently, Figure 6.12b, shows a comparison between a conventional PBR and a PBMR operating under adiabatic conditions. In the conventional reactor, where operating conditions and design are chosen to reach equilibrium, the conversion remains nearly constant. The adiabatic membrane reactor achieves a final conversion that exceeds the one of the conventional adiabatic reactor by approximately 63%, revealing the substantial advantages of membrane reactor technology for ammonia synthesis application.   
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Figure 6.12. Comparison of performance in terms of hydrogen conversion for a PBR and a PBMR operated under (a) isothermal and (b) adiabatic conditions.  The comparison of the reactor performance considering heat exchange between retentate and permeate side is showed in Figure 6.13. The red continuous line indicates a temperature peak at the reactor inlet, a result of the high reaction rate in this region. Therefore, the co-current configuration ensures the highest driving force in this zone.  
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Figure 6.13. Hydrogen conversion and retentate temperature as a function of the reactor length in PBR and PBMR configurations comparing adiabatic and non-adiabatic operations.  
Table 6.4. Optimal operating conditions of the PBMR. 

Parameter Units Value 
   

TR (°C) 370 
TP (°C 200 
PR (bar) 50 
ΔP (bar) 20 𝒒𝑹 (molH2 molN2-1) 1.5 𝒒𝑷 (molH2 molN2-1) 1.5 
SF (-) 6 𝓟𝑵𝑯𝟑  (mol s-1 m-2 Pa-1) 1 ∙ 10ି଻ 𝑺𝑵𝑯𝟑/𝑯𝟐  (-) 50 𝑺𝑵𝑯𝟑/𝑵𝟐  (-) 100 𝑳 (m) 1 𝑫𝒓𝒊  (m) 0.033 
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6.10 Conclusions  This study investigated the impact of a membrane-enhanced process on ammonia production by developing a 1-D phenomenological non-isothermal reactor model. The model was validated through experimental tests conducted using a Ru/C catalyst. Under base conditions (T = 370 °C, P = 50 bar, q = 1.5, SF = 1, ΔP = 0 bar) the results demonstrated a significant enhancement in H2 conversion upon integrating a membrane into the packed bed reactor. Notably, an NH3 selectivity of 50 towards H2 and 100 towards N2, along with a minimum NH3 permeance requirement of  1 ∙ 10ି଻  mol s-1 m-2 Pa-1, exceeded the thermodynamic equilibrium limits of the conventional packed bed reactor. The study delved into the influence of various process parameters. Simulations were performed for different co-current sweep gas flow rate values, with the application of 
ΔP, showing the possibility to further improve the reactor performance in terms of H2 conversion. However, after the sweep gas flow reached a plateau, further increases in 
SF flow rate did not lead to any additional conversion change. The optimal conditions were identified for SF = 6 and ΔP = 20 bar. Considering the sweep gas as a cooling fluid, the study of heat exchange between the two sides revealed improved performance. Analyzing the temperature gradient highlighted the importance of treating the sweep gas as a cooling fluid, allowing a controlled temperature profile and, thereby, improved reactor performance by adjusting the permeate side temperature. Finally, investigating the feed ratio on the permeate side revealed that qP = 1.5 and SF = 6 lead to the maximum hydrogen conversion, as well as higher NH3 purity and recovery, at 5.65% and 99.1%, respectively. The results suggest that membrane reactors offer a promising route for improving the efficiency of the ammonia synthesis process by reducing overall energy consumption and operational costs. This can be achieved through lower operating pressures, equilibrium shifting via selective separation, reduced recycling and separation energy, enhanced heat integration, and decreased feedstock and catalyst usage, improving both efficiency and cost-effectiveness.   
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Abstract  In this Chapter, ruthenium-based catalysts were synthesized via polyol reduction method with different metal oxides as support and cesium as promoter. The samples were characterized through X-Ray diffractometry, inductively coupled plasma combined with optical emission spectrometry, nitrogen-physisorption and X-ray photoelectron spectroscopy. Then, the catalysts were tested for ammonia synthesis in the range of temperatures 275 – 400 °C and pressures 10 – 50 bar in a laboratory scale experimental setup. The synthesized catalysts allowed an ammonia production rate approximately four times higher compared with the performances of similar catalytic formulations in literature (evaluated at same conditions). The best performance was achieved with the Cs-Ru/CeO2 (1 wt% Cs, 5 wt% Ru), reaching an ammonia production of nearly 73 mmol h−1 gcat−1 at 400 °C and 50 bar. As shown by the X-ray photoelectron spectroscopy analysis, the increased Ce3+/Ce4+ ratio led to an enhancement of oxygen vacancies, which favored the dissociative adsorption of nitrogen, which is the limiting step in the ammonia synthesis reaction. Such high catalytic activity can be ascribed to the beneficial effect of the polyol reduction method for the maximization of the exposure of active sites.   
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7.1 Introduction Nowadays the main path to produce ammonia is still via Haber-Bosch process, in which nitrogen (N2) and hydrogen (H2) are combined in the presence of a Fe-based catalyst. The reaction is an exothermic reaction and occurs with a decrease in volume, therefore it is favored at low temperatures and high pressures. However, the process requires temperatures in the range of 400 – 500 °C and pressures in the range of 50 – 300 bar to achieve efficient nitrogen fixation [1]. These conditions favor a high kinetic rate at the expense of low conversions (below 20%) due to the thermodynamic limitations [2]. As a result, the process is energy-intensive and consumes approximately 1 – 2% of the world's total energy production, emitting more than 300 million metric tons of carbon dioxide per year [3].  For these reasons, ongoing research and technological advancements aim to address these limitations and explore alternative methods to be able to produce a more sustainable ammonia at milder conditions. To improve this process, the development of more performant materials, such as catalysts containing ruthenium (Ru), is required. The interest in Ru-based materials arises from several potential advantages offered. Firstly, Ru-based catalysts have shown higher catalytic activity for nitrogen fixation reaction at lower temperatures and pressures compared to the commercial Fe-based ones [4]. This can have significant energy-saving implications as it reduces the energy needed to heat up the reaction vessel. On the other hand, Ru-based catalysts show two main drawbacks: high costs and potential hydrogen poisoning. Ruthenium is present at a concentration of approximately 1 μg kg-1 in the Earth’s crust, which results in high capital costs and then limits further applications [5]. Furthermore, at high hydrogen partial pressure, excess of hydrogen atoms covers ruthenium active sites, reducing the efficient dissociative adsorption of N2 on the catalyst surface [6]. Thus, to overcome these drawbacks and increase catalytic performance through the maximal exposure of the active sites, Ru-based catalysts were prepared via polyol reduction method and tested for ammonia (NH3) synthesis in a dedicated experimental setup. Javaid et al. addressed the effect of the preparation method on ruthenium-based catalyst for ammonia synthesis. The results showed that the catalysts prepared by different methods had different physical properties, that, in turn, affect the ammonia synthesis activity. In particular, high surface area and high dispersion of the active phase contributed to the higher catalytic activity [7]. As described in Chapter 4, the polyol reduction method is a chemical process developed for the synthesis of nanoparticles, particularly metal nanoparticles. This method 
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involves the reduction of metal salts precursors in the presence of a polyol, which serves as reducing agent, as solvent and as surfactant [8]. It is widely used due to its simplicity, versatility, and ability to produce monodisperse nanoparticles in the range of 1 – 5 nm with well-defined sizes and shapes [9,10]. This is a crucial aspect for ruthenium catalysts since reducing the size to nanoclusters will greatly increase the amount of exposed sites, which in turn increases the level of catalytic activity, leading to the efficient exploitation of ruthenium resources. However, this method was not yet applied in literature for the synthesis of catalysts for ammonia production. Moreover, previous works demonstrated that Ru-clusters in the range of 1.8 – 3.5 nm are able to bear a significant number of B5-sites. This type of site consists of clusters of five ruthenium atoms arranged in two levels that are able to favor nitrogen dissociation by the enhanced back-donation mechanism from ruthenium into the π* anti-bonding orbital of N2 [11–14]. This mechanism is described by Reyes et al. and involves the stabilization of the bond between metal particle and nitrogen molecule, ensuring a high electron density in proximity of the electronegative atoms of N2, and, at the same time, the donation of electron to the π* anti-bonding orbital of N2, weakening the nitrogen triple bond [15]. Therefore, the control of ruthenium cluster size via a tailored synthesis method enables the abundance of active B5 sites beneficial for ammonia synthesis [16]. In this Chapter, ruthenium was employed as active phase with a nominal loading of 5 wt% while different supports were explored: cerium oxide (ceria, CeO2), magnesium oxide (magnesia, MgO), and a blend of these two oxides (MgOCeO2). The function of a support in a catalyst is of primary importance as it can influence catalytic activity by modifying the electronic properties of the active phase metal clusters [17]. Furthermore, the support can influence the structure and morphology of the clusters that are responsible for changing the distribution of the active sites. For this reason, metal oxides are often employed as support due to their redox property, surface oxygen vacancies and surface protonation. Moreover cesium (Cs) was added to the catalytic formulation as promotor to lower the energy barrier for N2 adsorption via electronic interaction of the promoter with the active metal [18,19]. In particular, cesium was found to influence the redistribution and agglomeration of ruthenium atoms [20]. The above mentioned catalysts were tested in a temperatures range of 275 – 400 °C and in a pressures range of 10 – 50 bar. The results indicate that the chosen catalytic formulation, combined with the tailored synthesis method, enhanced process performance under milder conditions compared to similar Ru-based catalytic formulation reported in literature. 
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7.2 Experimental 

7.2.1 Materials Ru-based catalysts were prepared via polyol reduction method starting from the following chemicals: ethane-1,2-diol (C2H6O2, ReagentPlus® grade, Sigma-Aldrich®), cerium(III) nitrate hexahydrate (CeN3O9·6H2O, 99%, Sigma-Aldrich®), magnesium nitrate hexahydrate (MgN2O6·6H2O, ACS reagent, Sigma-Aldrich®), cesium nitrate (CsNO3, 99.99%, Sigma-Aldrich®), potassium hydroxide (KOH, Reagent grade, VWR Chemicals®) and ruthenium(III) chloride hydrate (RuCl3·xH2O, Ru content 45 – 55%, Sigma-Aldrich®). All chemicals were used as received, without any additional pretreatment. Ultrapure water (Type 1, electric resistivity < 18.2 MΩ cm at 20 °C) produced using a Purelab® Flex 1 purification system (Elga LabWater Ltd., England, UK), was used for all the synthesis steps and characterizations.  
7.2.2 Catalysts preparation According to the polyol method [8,21,22] metallic precursors for support, active phase, and promoter were dissolved in ethane-1,2-diol, with the concentration of ruthenium chloride fixed at 4.7 g ml-1. Consequently, the required amount of all precursors was determined to achieve a nominal loading of ruthenium equal to 5 wt% of the final catalyst. Regarding the bimetallic-supported catalysts, the amounts of cerium nitrate and magnesium nitrate were determined to obtain catalysts with a Ce/Mg molar ratio of approximately 1:1. For Cs-promoted catalysts, the solution was prepared to obtain catalysts with a nominal loading of cesium equal to 1 wt%.  The so-prepared solution containing the dissolved precursor salts was placed in a three-neck round-bottom flask. The mixture was heated to 110 °C and maintained at this temperature for 2 hours, then allowed to cool naturally.  Afterward, a KOH solution was added to the mixture through a syringe pump using a flowrate of 2 ml min-1. After this step, the resulting gel was aged for 10 minutes, washed five times with ultrapure water, and separated using a 5810R centrifuge (Eppendorf, Germany) to recover the particles and remove liquid residues from the solid phase.  Finally, the catalyst was dried at 120 °C for 12 hours and then calcined at 550 °C for 4 hours using a heating ramp of 2 °C min-1. More details on the synthesis method are reported in Appendix D. The prepared catalysts are listed in Table 7.1. 



158 | Chapter 7 

 

Table 7.1. List of catalysts prepared and tested in this study. 
Catalyst Code 

  Support  Active Phase  Promoter 
  CeO2 MgO   Ru   Cs 
  (mol.%) (mol.%)  (wt%)  (wt%) 

         Ru/MgO PR-1   - 100.0   5.0   - Ru/CeO2 PR-2   100.0 -   5.0   - Ru/MgOCeO2 PR-3   50.0 50.0   5.0   - Cs-Ru/CeO2 PR-4   100.0 -   5.0   1 Cs-Ru/MgOCeO2 PR-5   50.0 50.0   5.0   1 
          

7.2.3 Catalysts characterization The as-prepared catalysts were characterized through several techniques. X-Ray Diffractometry (XRD) analysis were performed using a MiniFlex600 (Rigaku®, Japan) operating with a Ni β-ϐiltered Cu-Kα radiant at 40 kV and 15 mA. A scan step of 0.01 degrees and a scan rate of 1 deg min-1 were employed over the diffraction angle (2θ) range of 20 – 75 deg. Data analysis was conducted using the software SmartLab Studio II v. 4.5.421.0 (Rigaku®, Japan). The nitrogen adsorption was measured by a 3Flex (Micromeritics®, Georgia, USA) system as a function of relative pressure at -196 °C. Data analysis was conducted using the software 3Flex v5.03 (Micromeritics®, Georgia, USA) according to ASTM Test Method D4222-03 (2008) and Practice D4641-12. Prior to the measurements, the samples were pretreated for 6 hours under vacuum conditions at 250 °C. The surface area was calculate based on the Brunauer-Emmett-Teller (BET) model and both the pore size and pore volume were calculated based on the Barrett-Joiner-Halenda (BJH) model. The system was verified to ensure that the error in data collection remained below 5%. Inductively Coupled Plasma (ICP) combined with Optical Emission Spectrometry (OES) was used to measure metal loadings of catalysts via an iCAP™ PRO ICP-OES system (Thermo Scientiϐic™, Massachusetts, USA) and the data were analyzed through the Qtegra Intelligent Data Solution software (Thermo Scientiϐic™, Massachusetts, USA). 
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The calibration of the instrument was performed using ICP standard solutions. More speciϐically, ruthenium ICP standard 1 000 mg l-1 Ru in 7% HCl aqueous solution (Certipur® grade, Supelco®) and cesium ICP standard 1 000 mg l-1 Cs in 5 vol.% HNO3 aqueous solution (TraceCERT® grade, Supelco®) were employed to prepare 20 ml of stock solution with a concentration of 50 mg l-1 of both metals. Then, from the prepared stock solution, 5-points calibration lines were built in the range 1 – 5 mg l-1 for both ruthenium and cesium. Before the measurements, the catalysts were dried overnight, then they were digested in acidic media. Firstly, 10 mg of dried catalyst were dissolved in a 1:1 volumetric ratio solution of hydrogen peroxide (30 vol.% H2O2, in aqueous solution, ACS reagent grade, Acros Organics™) and nitric acid (69 vol.% HNO3, in aqueous solution, EMSURE® ACS reagent grade, Supelco®) at ambient condition. After digestion, the acid mixture was diluted with ultrapure water to ensure a metal concentration of approximately 2.5 mg l-1. Different emission lines spectra were measured for both ruthenium (wavelengths 240.272 nm, 245.657 nm, 266.161 nm, 267.876 nm, 269.206 nm) and cesium (wavelengths 393.109 nm, 404.076 nm, 535.353 nm), averaged to obtain the ϐinal actual concentration. The iCAP™ PRO ICP-OES system allowed an error in data collection below 2%. Furthermore, ultrahigh vacuum X-ray photoelectron spectroscopy (XPS) analyses were performed using a K-Alpha XPS spectrometer (Thermo Scientiϐic™). All the spectra were deconvoluted with CasaXPS (Casa Software Ltd, Devon, UK). Hydrogen temperature-programmed reduction (H2-TPR) was carried out in Autochem HP 2950 (Micromeritics®, Georgia, USA). Firstly, the samples were pretreated at 150 °C for 1 hour under argon flow followed by cooling down to 100 °C. Then, the sample was heated up to 450 °C at a heating rate of 10 °C min-1 under a flow of 10 vol.% H2 in argon.  
7.2.4 Catalytic tests Activity tests over promoted and unpromoted catalysts were conducted using a dedicated experimental setup, of which a schematic is reported in Figure 7.1. Further details are provided in Appendix A. Brieϐly, the experimental setup consists of three main sections: gas feeding section, reaction section and analysis section. The gas feeding section is composed by EL-FLOW® Select mass ϐlow controllers (Bronkhorst®, The Netherlands), used to supply the desired ϐlowrates from gas bottles (Linde Gas Benelux BV, The Netherlands) containing 5.0 purity N₂, 5.0 purity H₂ and 3.7 purity NH₃. The reactor feed stream was preheated using a 1-meter-long electric heat trace cable (Chromalox Isopad GmbH, Germany) applied along the feed line.  
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Figure 7.1. Schematic representation of the experimental setup employed to perform activity tests for the ammonia synthesis reaction.  The reaction section is represented by a fixed bed stainless steel reactor with 10 mm inner diameter and 100 mm length. The reactor was placed in an electric box oven to avoid ammonia condensation and heated up by an electric heating block. The temperature was measured with three K-type thermocouples, one at the beginning of the catalytic bed, one placed in the middle of the bed and the last one was placed at the outlet of the catalytic bed. The operating pressure was controlled thanks to a combination of an Equilibar® Low Flow series back pressure regulator (Precision Fluid Control, North Carolina, USA) and an EL-PRESS® dual valve pressure controller (Bronkhorst®, Netherland). Finally, the analysis of the outlet stream was performed by a compact gas chromatograph (GC) (Global Analyzer Solutions™, The Netherlands) connected to the downstream of the reactor, equipped with two thermal conductivity detectors (TCDs) to quantify the gaseous products. The GC was calibrated for all the relevant compounds both before and after the tests. All the collected data were analyzed through the 
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software Chromeleon 7.3.2 Chromatography Data System (Thermo Scientific™, Massachusetts, USA). The system was checked to ensure that the error in data collection is below 1%. Prior to the activity measurements, the calcined catalyst powder was packed into a 10 mm die and subjected to a load of 1∙104 kg for 20 minutes to produce a tablet. The obtained tablet was ejected from the die, crushed, and sieved to produce samples with a particle size of 106 – 315 µm. The reactor was loaded with 1 g of catalyst, diluted with 5 g of silicon carbide (SiC, Alfa Aesar®) to ensure isothermal operation and avoid local hotspots. The mixed powders were introduced in the reactor with the same particle size. Before the reaction tests, the catalyst was reduced in-situ at 550 °C, feeding 450 Nml min−1 of a 10 vol.% H2:N2 mixture for 4 hours. The complete reduction of the catalyst was confirmed by monitoring both water and hydrogen concentration in the outlet stream. Afterward, a gas mixture H2:N2 with a 2:1 volumetric ratio was fed to the reactor with a total volumetric flow rate of 450 Nml min-1 and a Weight Hour Space Velocity (WHSV) of 27 000 Nml h-1 gcat-1. The reaction tests were performed in the temperature range 250 – 400 °C and in the pressure range of 10 – 50 bar.    
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7.3 Results and discussion In this section, the main findings from both material characterization and experimental tests are presented and analyzed. The results are discussed in relation to the research objectives, highlighting key trends. Comparisons with relevant literature are made to contextualize the findings and explore their implications.  
7.3.1 Characterizations The results of the nitrogen physisorption analysis in terms of specific surface area and pore dimensions are reported in Table 7.2.   

Table 7.2. Surface area, pore size and pore volume for the synthesized catalysts. 
Catalyst code 

Surface Area Pore size Pore volume 

(BET) (BJH) (BJH) (m2 g-1) (nm) (cm3 g-1) 
    PR-1 133 14.2 0.574 PR-2 84 4.90 0.131 PR-3 142 12.7 0.618 PR-4 82 5.30 0.140 PR-5 132 11.4 0.524 
     As can be seen from Table 7.2, the catalysts PR-1, PR-3 and PR-5 show a higher surface area and pore volume compared with the samples PR-2 and PR-4. In addition, the Cs-promoted catalysts exhibit nearly the same surface area as the catalyst without promoter. This suggests that cesium is well dispersed over the catalyst surface, and it acts as a structural promoter, as also discussed in Narasimharao et al. [17]. It is worth noting that the pore size distribution is a crucial parameter for the dispersion of the active metal Ru. The average pore size of the catalysts PR-2 and PR-4 is about 5 nm, while for the catalysts PR-1, PR-3 and PR-5 is in the range 10 – 15 nm. According to Liu et al. the pore diameter of the support around 3 – 5 nm improve the dispersion of the active metal ruthenium, preventing sintering and agglomeration phenomena [23]. 
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Afterward, the ICP-OES measurements were conducted to evaluate the actual ruthenium and cesium loadings on the different catalytic systems. The values obtained are reported in Table 7.3.   
Table 7.3. Ruthenium and cesium content for the catalysts prepared in this study. 
Catalyst Code  Ruthenium content  Cesium content 

 Nominal Measured  Nominal Measured 
 (wt%) (wt%)  (wt%) (wt%) 

       PR-1  5.0 4.5  0 - PR-2  5.0 3.8  0 - PR-3  5.0 4.2  0 - PR-4  5.0 4.5  1 0.83 PR-5  5.0 4.3  1 0.81 
        

 
Figure 7.2. XRD patterns of the synthesized catalysts.  Figure 7.2 presents the X-ray diffraction patterns of the synthesized Ru-based catalysts. The XRD patterns of the fresh catalysts PR-2 and PR-4 revealed the characteristic peaks of cubic fluorite structure (JCPDS card No. 34 – 0394), with the main peaks located at 
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28.5°, 33.1°, 47.5°, 56.4°, 59.2°, 69.3° [24,25]. No additional peaks assignable to ruthenium or cesium were detected. This might be related to both the low amount of ruthenium and the small size of ruthenium clusters, as also described by Javaid et al. [26]. The diffraction patterns of the catalyst PR-1 were identified only as a cubic MgO phase (JCPDS card No. 77 – 2364) [27]. Also in this case, no peaks assigned to ruthenium were observed. It suggests that the ruthenium metal particles obtained in this study were significantly small [28,29]. Furthermore, the XRD patterns of the PR-3 and PR-5 show predominantly the characteristic peaks of ceria. This is in line with the results reported in literature, as the MgO peaks in the XRD patterns start to appear at a ceria content higher than 50 mol.%. [30]. No characteristic peak of other impurities was detected in the XRD patterns of all the samples.  
7.3.2 Catalytic tests The catalytic activity of the unpromoted catalysts on various supports, at a ϐixed temperature of 400 °C and a pressure of 10 bar, is reported in Figure 7.3. The mentioned tests were performed both increasing and decreasing the temperature and pressure. No signiϐicant difference in the obtained results was observed.  

 
Figure 7.3. Ammonia production rate (a) as a function of the reaction pressure at 400 °C, and (b) as a function of the reaction temperature at 10 bar. (continued on the next page) 
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Figure 7.3. (continued) Ammonia production rate (a) as a function of the reaction pressure at 400 °C, and (b) as a function of the reaction temperature at 10 bar.  The catalyst PR-2 showed the best performance among the unpromoted catalysts, with an ammonia production up to 62 mmol h−1 gcat−1 at 50 bar and 400 °C. Compared with the Ru-based benchmark catalyst Ba-Ru/AC (8.3 mmol h−1 gcat−1 at 400 °C and 10 bar), the ammonia synthesis rate at 400 °C of the PR-2 synthesized in this work is approximately four times higher [31–33]. The higher performance of PR-2 can be related to ceria unique oxygen storage capacity and its electronic properties, which allow the electron migration to metallic Ru and then from metallic Ru to the antibonding orbitals of nitrogen, weakening the nitrogen triple bond and promoting its cleavage. Indeed, several authors reported that the electronic environment of ceria might contribute to catalytic activity due to electron donation to Ru species [34,35].  Partially reduced ceria is an n-type semiconductor, thus it has a large number of free electrons. The electron delocalization can favor the electronic transfer to the nitrogen triple bond [36,37]. Furthermore, Tian et al. suggest that rare earth oxide supports promote the formation of low-valence species as consequence of elevated temperature reduction, thereby enhancing the metal–support interaction with ruthenium. This interaction favors the formation of a high electron density in correspondence with ruthenium particles. As a result, the dissociation of N2 molecules is faster [38]. Liu et al. 
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also demonstrated that the presence of oxygen vacancies enhanced the adsorption of nitrogen, leading to better performance on ammonia synthesis activity [23].  To verify this hypothesis, XPS was employed to investigate the surface chemical state of Ce, O, and Ru in the catalyst PR-2. The Ce 3d XPS spectrum was deconvoluted in ten peaks, as reported in Figure 7.4 a, of which six peaks can be attributed to Ce4+ and four peaks can be assigned to Ce3+. The Ce3+ concentration is related to the formation of oxygen vacancies, and it can be estimated by the ratio of the sum of peak areas of Ce3+ to the area of all peaks [39]. It resulted that the Ce3+ concentration for the sample PR-2 is approximately 39%. Moreover, the abundance of Ce3+ species can cause charge imbalance and hence the promotion of unsaturated chemical bonds on the catalyst surface.   

 
Figure 7.4. High resolution XPS spectra of the catalyst PR-2 (a) Ce 3d, (b) O 1s, (c) Ru 3d. (continued on the next page) 
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Figure 7.4. (continued) High resolution XPS spectra of the catalyst PR-2 (a) Ce 3d, (b) O 1s, (c) Ru 3d.  In addition, O 1s could be deconvoluted into three peaks at 529.4 eV, 530.6 eV, and 531.9 eV, which can be assigned to the lattice oxygen bound to the metal cations (OL), oxygen vacancies (OV) and surface-chemisorbed oxygen species or hydroxyl species (OC) [40,41], respectively. It is possible to evaluate the concentration of oxygen 
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vacancies by the ratio OV/OL that for the catalyst PR-2 is about 59%. Lin et al. suggested that besides the transformation of Ce4+ to Ce3+ also other factors can contribute to the generation of oxygen vacancies, for instance the increase in concentration of surface oxygen defects on the surface of ceria due to ruthenium incorporation [42]. This phenomenon might be related to ruthenium species preferentially locating in correspondence of oxygen vacancies or other defect sites of CeO2, resulting in the formation of M – O − Ce bonds, which in turn favors the electron transfer between the metallic species and the oxide supports [43]. Finally, the Ru 3d XPS of the catalyst corresponds to a doublet of Ru 3d5/2 and Ru 3d3/2. The peaks at 281.4 eV and 282.7 eV can be assigned to ruthenium oxides, respectively Ru4+ and Ru6+, while the peak at 280.2 eV can be assigned to metallic Ru [44]. Furthermore, as illustrated in Figure 7.3, it is noteworthy that the NH3 production rate reaches a plateau with increasing pressure. This might be due to a poisoning effect as H2 inhibition on Ru active sites suppresses the catalyst performance at higher pressures (i.e., higher H2 partial pressure resulting in increased catalyst poisoning) [45].  Varying the temperature while keeping the total pressure at 10 Bar, the catalyst PR-3 showed a higher catalytic activity in the lower temperature range. Thus, additional cesium-promoted catalysts employing ceria and the ceria-magnesia blend as supports (PR-4 and PR-5) were synthesized and tested. The results are reported in Figure 7.5.    
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Figure 7.5. Ammonia production rate as a function of (a) the reaction pressure at 400 °C, and as a function of (b) the reaction temperature at 10 bar.  The catalyst PR-4 showed the best performance, reaching an ammonia production of nearly 73 mmol h−1 gcat−1 at 400 °C and 50 bar. Moreover, the presence of the cesium enabled ammonia synthesis at temperature as low as 250 °C and 10 bar with a 
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productivity of about 3 mmol h−1 gcat−1. Furthermore, also on the PR-5 the effect of Cs promotion can be detected. The ammonia production reached 51 mmol h−1 gcat−1 at 400 °C and 50 bar, with an increase of approximately 8%, compared with the unpromoted catalyst.  

 

 
Figure 7.6. (continued on the next page) High resolution XPS spectra of the catalyst PR-4 (a) Ce 3d, (b) O 1s, (c) Ru 3d.  
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Figure 7.6. (continued) High resolution XPS spectra of the catalyst  PR-4 (a) Ce 3d, (b) O 1s, (c) Ru 3d.   The obtained results can be ascribed to the promoting effect of cesium through electron donation from metallic ruthenium to the nitrogen triple bond. This effect leads to the lowering of the nitrogen dissociating barrier that is the limiting step of ammonia synthesis reaction [46]. Thus, more active sites can be released and be accessible for further nitrogen adsorption. It is also important to mention that the above-described promotion mechanism implies a highly reduced condition of the cesium, as oxygen can partially neutralize the promoting effect. Therefore, a close contact with the ruthenium particles, also known as “hot ring promotion”, is crucial [47]. The contribution of this “hot ring”, is highly dependent on the ruthenium dispersion and is higher for smaller crystallites [48]. For this reason, small clusters, as the ones achievable with the polyol reduction method, are extremely beneficial for ammonia synthesis.  Furthermore, the XPS deconvoluted spectra of the sample PR-4 are depicted in Figure 7.6. The XPS profiles showed a further enrichment in Ce3+of the catalyst surface, thus the catalyst exhibits a higher Ce3+ concentration (44%) than the catalyst PR-2. This suggests that is the cesium inside the structure inducing an increased generation of oxygen vacancies. This is in line with XRD results, where a minor shift to higher 
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diffraction angle values was observed. Peak shift can be connected with residual stress (induced defect) in the material, caused by oxygen vacancies in the lattice [49]. Moreover, H2-TPR profiles of PR-2 and PR-4 are shown in Figure 7.7. In accordance with data reported in the literature, RuOx species are reduced below 180 °C. The decrease of the temperature of the reduction peaks in the TPR profiles of the PR-4 compared to  PR-2 can be attributed to several interconnected phenomena. Firstly, larger particles exhibit a smaller specific surface area and a reduced contact area with the reducing gas, thus making the reduction process more challenging and requiring higher temperatures [50]. Therefore, the shift towards higher temperatures in the reduction peaks can be considered as an indication of the presence of larger Ru particles. Furthermore, the low temperature reduction generally is also connected to the removal of surface oxygen. The presence of more reducible surface Ce4+ ions can be attributed to the oxygen vacancies formed, because oxygen vacancies can boost the transition from Ce4+ to Ce3+ [51,52]. Furthermore, Manaka et al. suggested that the catalysts with lower temperature reduction peaks had higher ammonia synthesis efficiencies due to the presence of stronger interactions between the active phase and support [53]. 

 
Figure 7.7. H2-TPR profiles of the catalysts PR-2 and PR-4.  
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Typically, Ru-based catalysts exhibit an order of reaction with respect to hydrogen approaching and overcoming -1, this indicates a strong inhibition by hydrogen [54,55]. Thus, a catalytic formulation that is less inhibited by H2 is highly desirable. In the present study, the catalyst PR-4 showed an increase of the ammonia production rate along with the pressure. This might indicate a less relevant poisoning effect at high hydrogen partial pressures. This is in line with previous literature studies that discuss the role of cesium as inhibitor of the hydrogen poisoning [56]. Finally, in Table 7.4 the obtained results were compared with the performance of similar catalysts already present in literature produced via different synthesis methods and tested under similar experimental conditions.  Under similar reaction conditions, the Cs-Ru/CeO2 catalyst (PR-4) synthesized via polyol reduction method shows better performance. This indicates the beneficial effect of the polyol method in the building of the ruthenium clusters, allowing lower cluster size and then a higher number of B5-sites.  
Table 7.4. Comparison of the performance of polyol catalysts with similar catalytic formulations from the literature. 
 

Catalyst Synthesis 
Method 

Ru 
content 

Cs 
content 

P T Feed Ratio NH3 
production rate 

Ref. 

(wt%) (wt%) (bar) (°C) (molH2 : molN2) (mmol h -1 gcat -1) 
         Ru/CeO2 WI 3.0 0.0 30 375 2 4.7 [57] 
Ru/MgOCeO2 CP - WI 5.0 0.0 1 375 3 4.0 [58] 
K-Ru/MgO WI 4.0 0.0 30 400 3 8.9 [59] 
Ru/CeO2 HTS - WI 1 0.0 10 400 3 5.1 [42] 
Ru/CeO2 HTS - WI 10 0.0 10 400 3 18.0 [42] 
Cs-Ru/CeO2 HTS - WI 2.5 4.0 30 375 3 19.0 [60] 
Cs-Ru/CeO2 PRM 4.5 0.83 10 375 2 31.1 This Work 
         WI = Wetness impregnation, CP = Co-precipitation, HTS = Hydro-thermal synthesis, PRM = Polyol reduction   
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7.4 Conclusions Ruthenium-based catalysts employing different supports and cesium as promotor have been successfully synthetized via polyol reduction method. Both support and promotor have a relevant influence on the surface characteristics of the catalysts. The most performant synthesized catalyst (PR-4) allowed an ammonia production up to 73 mmol h−1 gcat−1 at 50 bar and 400 °C. More specifically, electronic properties such as the abundance of Ce3+ and oxygen vacancies of the support were found to be crucial in order to favor the electron donation from metallic Ru to nitrogen triple bond. Furthermore, through the polyol reduction method it was possible to synthesize directly in one step the catalyst. This is particularly favorable as it ensured a close contact between cesium and ruthenium atoms, allowing the so-called “hot ring promotion”. Moreover, the ammonia production rate of the catalysts PR-2 and PR-4 presented in this work outperforms the performance of similar catalytic formulation shown in the open literature. Finally, the synthetized Cs-Ru/CeO2 catalyst (PR-4) showed activity at lower temperature and pressure with an ammonia production rate of about 3 mmol h−1 gcat−1 at 10 bar and 250 °C. To the best of the authors’ knowledge, most of the thermochemical catalysts investigated in literature are not active in these conditions. Comparable results have been reported in the literature at similar pressures, though at a higher reaction temperature of 300 °C. This suggests a promising route for ammonia synthesis at milder condition. The ruthenium-based catalysts proposed in this work offer high activity per volume, enabling smaller catalyst volumes, lower operating pressures, and higher conversion per pass. However, while these catalysts provide energy savings, the benefits may be offset by increased ammonia refrigeration energy demands at lower pressures.    
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8.1 Conclusions Through this thesis, the importance of transitioning away from fossil fuels to renewable energy sources, with ammonia (NH3) serving as hydrogen (H₂) energy carrier, has been highlighted. This approach can be seen as essential for tackling climate change and reducing emissions. On one hand, this strategy involves replacing fossil fuels as coal, oil, and gas with renewable energy produced from hydropower, wind, and solar to drastically reduce emissions. On the other, it includes hydrogen production via renewable electricity through electrolysis, followed by storage or transportation in the form of ammonia. However, to implement this innovative approach, several issues need to be addressed. Therefore, an extensive investigation on both ammonia synthesis and ammonia decomposition was performed in this dissertation. It was demonstrated that selectively removing the product, either hydrogen or ammonia, using membrane reactor technologies positively impact conversion, surpassing the limits imposed by thermodynamic equilibrium. Furthermore, driven by the strong motivation to develop functional materials, shared by all the described routes, it was demonstrated that tailored ruthenium-based catalysts and engineered selective membranes can significantly enhance the reaction rates of ammonia synthesis and decomposition, opening up routes for new investigation and further development. The main conclusions drawn from this study, based on the findings presented in the previous chapters, are summarized in the following sections.   
8.1.1 Ammonia decomposition 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 [1]. Given the inherently energy-intensive nature of ammonia decomposition reaction, achieving high energy efficiency presents a significant challenge; however, this remains a crucial factor for its practical application in hydrogen storage and transport. The process requires elevated temperatures, typically between 500 – 600 °C, which leads to substantial energy consumption. However, improving efficiency is essential to make ammonia a viable hydrogen carrier on a large scale. In this thesis, several pathways were explored to address this challenge.  
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Firstly, in Chapter 2, a process intensification strategy was proposed, which integrates a carbon membrane within a fixed bed reactor. In the experimental tests conducted under ammonia decomposition conditions, NH₃ conversion greater than 90% were achieved across the entire range of operating parameters tested. Ammonia conversion approaching the thermodynamic equilibrium was reached at temperatures from 475 °C onward. Regarding hydrogen recovery, the carbon membrane used in the system demonstrated a hydrogen recovery rate of 8.2 – 9.8% within the temperature range of 450 – 500 °C. This highlights the membrane’s ability to selectively recover hydrogen at high temperatures; though improvements in hydrogen recovery efficiency would be necessary for scaling up the process or optimizing it for industrial use. Then, in Chapter 3, an advanced catalyst design was proposed, fabricating a structured catalyst, to facilitate heat transfer, minimizing energy losses and improving thermal efficiency. Unlike conventional catalysts, which are typically used in powder or pellet form, structured catalysts are designed with a geometry that enhances catalytic activity, heat transfer, and gas flow dynamics, all of which are critical for the energy-intensive ammonia decomposition process. Furthermore, the results indicate that incorporating a Pd-based membrane into the system significantly enhances ammonia decomposition performance, leading to an increase in conversion in the structured reactor configuration by up to 29% compared to the use of the catalyst alone. This improvement highlights the synergistic effect between the structured catalyst and the membrane in optimizing the ammonia decomposition process. In Chapter 4, the development of more efficient catalysts was tackled. Developing more performant catalysts, tailoring the electronic and structural properties, can increase reaction rates, allowing for more hydrogen to be generated at lower temperatures. After determining the optimal amount of ruthenium, the addition of cesium to the catalytic formulation resulted in further improvement. More specifically, at 350 °C the ammonia conversion increased approximately 28%. A H2 production rate up to 1.9 mol gcat-1 h-1 was obtained at 30 000 Nml h-1 gcat-1, 450 °C and 1 bar. This result marks the highest production rate reported in the literature so far, underscoring the efficacy of the new catalyst under these conditions. Finally, the promoted catalyst was tested over an overall time span of 500 hours to verify the long-term stability, proving the stability of the synthesized catalyst over time. Also the scalability of the synthesis procedure was assessed. The amount of catalyst synthesized per single batch was progressively increased from 1 to 25 g. Scaling up the synthesis procedure to produce up to 1 000 g of catalyst is considered feasible at the laboratory scale, provided that a suitably sized vessel is obtained. The high hydrogen production rates and easy 
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scalability combined with catalyst stability make this synthesis method particularly suitable for larger-scale applications.  Furthermore, in Chapter 5, a preliminary study on the integration of the catalyst developed in Chapter 4 and a palladium-based membrane was conducted. The results demonstrated that it was possible to achieve conversion over 97% in the temperature range of 375 – 425 °C at 4 bar. Thus, it suggests that high single-pass conversion is feasible even at moderate temperatures. This is particularly beneficial for ammonia decomposition, as it means the process can be efficient without needing extremely high temperatures, reducing energy costs.  
8.1.2 Ammonia synthesis Ammonia production, traditionally conducted via the Haber-Bosch process, requires high temperatures (400 – 500 °C) and pressures (50 – 300 bar) to convert nitrogen (N₂) and hydrogen into ammonia [2]. The energy demands of this process present significant challenges for sustainable and efficient production, particularly as the global push for green ammonia (produced using renewable energy) intensifies [3]. Therefore, in this thesis, several key challenges and approaches to improve energy efficiency in ammonia synthesis were proposed.  In Chapter 6, a packed bed membrane reactor was modeled, to combine the reaction and separation processes in a single unit. The results demonstrated a substantial enhancement in hydrogen conversion upon introducing the membrane into the packed bed reactor. Notably, a selectivity for NH3 over H2 of 50 and a selectivity for NH3 over N2 of 100, along with a minimum NH3 permeance of 1∙10-7 mol s-1 m-2 Pa-1, are required. The results demonstrated that it is possible to exceed the equilibrium limits of the packed bed reactor, resulting in a significant increase in conversion. Finally, in Chapter 7, the development of tailored catalysts for ammonia synthesis was studied to improve the process efficiency. Traditional iron-based catalysts require high temperatures and pressures to achieve acceptable reaction rates [4]. Thus, this research focused on developing more performant catalysts, operating at lower temperatures and pressures, reducing energy consumption. The most performant synthesized catalyst allowed an ammonia production up to 73 mmol h−1 gcat−1 at 50 bar and 400 °C, surpassing similar catalytic formulation found in literature (0.39 – 28.2 mmol h−1 gcat−1 at 50 bar and 400 °C).  
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8.2 Outlook & recommendations In light of the present results, ammonia could be a realistic solution for the storage and transportation of hydrogen, in spite of the fact that more research should be carried out to reach the optimal conditions for both ammonia synthesis and decomposition. However, the implementation of the green ammonia cycle implies the successful implementation of a green supply chain. As of now, 96% of hydrogen is produced from fossil resources through steam reforming of methane, partial oxidation, and coal gasification processes. The remaining 4% is obtained from electrolysis [5]. Compared to the electrolysis process, the fossil-based route has clear advantages in production cost and capacity, but with an obvious drawback in producing massive greenhouse gases contributing to environmental pollution. Thus, in this thesis, process intensification strategies were proposed aiming to significantly enhance efficiency and reduce energy consumption, in order to increase the competitiveness of the green hydrogen and, therefore, improve sustainability.  Moreover, although significant experimental and modeling efforts have been made in ammonia synthesis and ammonia decomposition at the proof-of-concept and lab-scale stages, more comprehensive studies are expected in the coming years [6,7]. To achieve a deeper and more accurate understanding of reaction kinetics, integrating a microkinetic model with computational fluid dynamics (CFD) simulations will be essential. CFD excels at capturing gas residence time, pressure, and other fluid dynamics, and this combination will provide a complete description of reactive flow, spanning from the nanoscale (microkinetic model) to the full reactor scale. However, to prove the economic feasibility of using ammonia as a hydrogen carrier with the process intensification strategies proposed in this work, a techno-economic assessment (TEA) combined with a life cycle assessment (LCA) should be carried. More specifically, TEA should be directed to quantify the cost of the ammonia-based hydrogen supply chain, including the production, storage, transportation, and conversion of ammonia back to hydrogen. For instance, when comparing carbon-based membranes and palladium-membranes for applications as hydrogen separation, various factors should be considered for economic evaluation.  Generally, carbon membranes represent a cheaper solution than palladium-based ones [8]. Carbon membranes can be produced from polymer precursors, which reduces raw material costs. Moreover, palladium is a precious metal, and its cost is much higher. The price of palladium can be volatile, leading to uncertainties in long-term cost estimation. 



186 | Chapter 8 

 

Additionally, Pd-based membranes often require alloying with silver or other precious metals to improve performance, adding to the total cost. Both carbon- and palladium-based membranes may suffer from degradation over time, especially in extreme temperatures or harsh chemical environments [9]. Due to their high hydrogen flux, Pd-based membranes can achieve faster separation with less membrane area, however they operate efficiently only at high temperatures [10], whereas carbon membranes usually require lower energy inputs due to their lower operating temperatures. However, their lower permeability can sometimes necessitate larger membrane areas or longer operational times, increasing energy costs indirectly. Therefore, the answer is not straightforward because each membrane type offers different trade-offs in terms of cost, performance, durability, and operational requirements. In light of these factors, a comprehensive techno-economic evaluation is essential to determine which technology is the most cost-effective for a specific application. Furthermore, an LCA should be conducted to evaluate the environmental impacts associated with the ammonia-to-hydrogen supply chain. This includes greenhouse gas emissions, water usage, and energy consumption across the life cycle stages. It will be crucial to conduct sensitivity analyses to test how changes in key assumptions (e.g., energy prices, technology efficiency, transport distances) affect the overall feasibility. This will help identify critical cost drivers and environmental impact factors.  Looking at the comparison proposed earlier, it is important to underline that the production of carbon membranes may have a lower environmental impact than mining and refining palladium. Additionally, carbon-based materials are generally easier to recycle or dispose of. Notably, the environmental footprint of palladium production is high, due to energy-intensive mining and refining processes. However, the higher efficiency in hydrogen separation and purity could offset some of these impacts in long-term use. Finally, in order to open up the route for ammonia as efficient hydrogen carrier, it is necessary to compare the costs and environmental impacts of ammonia with other carriers (e.g., liquid hydrogen, methanol) to validate its competitive edge. By combining TEA and LCA, it will be possible to provide a comprehensive model of the economic feasibility and environmental impact of ammonia as a hydrogen carrier. However, for a full techno-economic analysis, application-specific factors such as transport distance, safety and handling considerations, infrastructure availability, energy efficiency and purity requirements will determine the most suitable carrier.   
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Appendix A 

Experimental setup The experimental setup is designed as a flexible experimental platform that allows for the operation of three different types of experiments by simply changing the reactor configuration. Using a differential plug flow reactor, this setup facilitates kinetic tests to determine the kinetic laws of catalysts or sorbent materials employed in the research projects. Additionally, by incorporating a separation module, permeation tests involving N₂, H₂, and NH₃ can be conducted with various types of membranes, such as carbon- or palladium-based membranes. Furthermore, using a membrane reactor, this experimental setup enables the performance of both ammonia synthesis and ammonia decomposition reactions. This last configuration is illustrated in the P&ID presented in Figure A1. This setup allows for a wide operational range, as it can function at temperatures up to 450 °C and pressures up to 65 bar. 

 
Figure A1. P&ID of the experimental setup designed and constructed for this dissertation. 
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Appendix B 

Membrane characterization: perm-porometry setup The perm-porometry analysis method is based on the capillary condensation of liquids in porous media. From Kelvin equation (Equation B1), it is known that, in a capillary, the vapor condensation takes place at lower pressures than the saturated vapor pressure. Moreover, the smaller the characteristic dimensions of the capillary, the lower the pressure at which the above mentioned phenomenon will occur. Thus, it is possible to send to the porous membrane a mixture of a non-condensable gas and a condensable vapor, then the permeation rate of the non-condensable gas can be measured as a function of the vapor pressure of condensable vapor. This procedure allows to estimate the pore size distribution as the permeation of the non-condensable gas in larger pores is hindered by larger vapor pressures [1–3]. 
𝑅 ∙ 𝑇 ∙ 𝑙𝑛 ൬𝑝௏𝑝௦൰ = 2 ∙ 𝜈 ∙ 𝜎 ∙ 𝑐𝑜𝑠𝜃𝑟௣  (Eq. B1 )

First, the membrane underwent a 24 hours drying procedure under 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 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 Kelvin equation for pores lower that 2 nm can lead to inaccuracies [2]. However, the vapor pressure reduction described by the Kelvin equation still occurs for pores considerably smaller, therefore it is still possible to assign a quantitative measure [4]. In Figure B2, a schematic representation of the perm-porometer setup utilized in this study is presented.   
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Figure B1. Schematic representation of the perm-porometer setup designed to measure the pore size distribution of tubular carbon-based membranes using water as adsorbate and helium or nitrogen as inert gas.    
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Appendix C 

Modeling of a packed bed membrane reactor: Supplementary material 

 

Equations to determine kinetic expression parameters (Rossetti et al.) The kinetic expression parameters are determined according to the equations provided in Table C1, where the hydrogen-to-nitrogen feed ratio (𝑞) is specified as either 1.5 or 3. The stoichiometric parameter(𝜆(𝑞)) takes a value of 1 when 𝑞 = 3 and a value of 3 when 𝑞 = 1.5. The fractional conversion (𝜂) is defined as a function of the ammonia outlet mole fraction( 𝑦ேுయ ,௢௨௧), while the parameter 𝑎(𝑞) takes a value of 2 when 𝑞 = 3, and a value of 2.5 when 𝑞 = 1.5. The time factor (𝜏) is defined as the ratio of the catalyst volume to the molar feed flow rate of either nitrogen (if 𝑞 = 3) or hydrogen (if 𝑞 = 1.5).  The activity coefficients (𝑎௜) are function of the parameter 𝛽(𝑞), which is set to 1 when 𝑞 = 3 and is set to 0.5 when 𝑞 = 1.5. 
Table C1. Equations used to determine kinetic parameters in Rossetti et al. 

Parameter Units Equation  

𝒌𝒓 ൫mol hିଵ 𝑙ୡୟ୲ିଵ൯ 9.02 ∙ 10଼ ∙ 𝑒𝑥𝑝 ൬−23.0𝑅 ∙ 𝑇 ൰   (Eq. C1) 𝑲𝒂 (−) 𝑒𝑥𝑝 ൬−2.691122 ∙ 𝑙𝑜𝑔ଵ଴(𝑇)  − 5.519265 ∙ 10ିହ ∙  𝑇 + 1.848863 ∙ 10ି଻ ∙  𝑇ଶ ++ 2001.6 ∙  𝑇ିଵ + 2.6899 ൰ (Eq. C2) 𝒂𝑵𝟐  (atm) 1 − 𝜂 ∙ 𝛽(𝑞)1+ 𝑞 − 2 ∙ 𝜂 ∙ 𝛽(𝑞) ∙ 𝑃 ∙ 𝛾ேమ (Eq. C3) 𝒂𝑯𝟐 (atm) 𝑞 − 3 ∙ 𝜂 ∙ 𝛽(𝑞)1+ 𝑞 − 2 ∙ 𝜂 ∙ 𝛽(𝑞) ∙ 𝑃 ∙ 𝛾ுమ (Eq. C4) 𝒂𝑵𝑯𝟑 (atm) 2 ∙ 𝜂 ∙ 𝛽(𝑞)1+ 𝑞 − 2 ∙ 𝜂 ∙ 𝛽(𝑞) ∙ 𝑃 ∙ 𝛾ேுయ  (Eq. C5) 𝜼 (−) 𝑎 ∙ ቆ 𝑦ேுయ ,௢௨௧1+ 𝑦ேுయ ,௢௨௧ቇ (Eq. C6) 𝜸𝑵𝟐  (−) 0.93431737 + 0.3101804 ∙ 10ିଷ ∙ 𝑇 + 0.295896 ∙ 10ିଷ ∙ 𝑃 − 0.2707279 ∙ 10ି଺ ∙ 𝑇ଶ + + 0.4775207 ∙ 10ି଺ ∙ 𝑃ଶ (Eq. C7) 𝜸𝑯𝟐 (−) 𝑒𝑥𝑝 ቐ𝑒𝑥𝑝(−3.8402 ∙ 𝑇଴.ଵଶହ + 0.541) ∙ 𝑃 − 𝑒𝑥𝑝(−0.1263 ∙ 𝑇଴.ହ − 15.98) ∙ 𝑃ଶ ++ 300 ∙ 𝑒𝑥𝑝(−0.011901 ∙ 𝑇 − 5.941) ∙ ൤𝑒𝑥𝑝 ൬− 𝑃300൰ − 1൨ ቑ (Eq. C8) 𝜸𝑵𝑯𝟑 (−) 0.1438996 + 0.2028538 ∙ 10ିଶ𝑇 − 0.4487672 ∙ 10ିଷ ∙ 𝑃 − 0.1142945 ∙ 10ିହ ∙ 𝑇ଶ + + 0.2761216 ∙ 10ି଺ ∙ 𝑃ଶ (Eq. C9) 𝑲𝑯𝟐 (kcal molିଵ) 𝑒𝑥𝑝 ൬−56.9024𝑅 + 37656𝑅 ∙ 𝑇 ൰ (Eq. C10) 𝑲𝑵𝑯𝟑 (kcal molିଵ) 𝑒𝑥𝑝 ൬−34.7272𝑅 + 29228𝑅 ∙ 𝑇 ൰ (Eq. C11) 
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Validation of the model by using literature kinetic test (Rossetti et al.) The validation of the model was performed using experimental results retrieved from the study by Rossetti et al. [5], with the tests reported in Table C2. This table presents a list of the experiments along with their respective operative conditions. All comparisons between model predictions and experimental results are presented in Figure C1, except for Test 15 and Test 16, which are shown in Figure 6.2.  
Table C2. Experimental data from Rossetti et al. 

Test  
name 

Pressure Temperature Feed ratio (bar) (°C) (vol. H2 : vol. N2) Test 2 100 370 1.5 Test 3 85 370 1.5 Test 4 85 430 1.5 Test 7 70 370 3 Test 8 70 430 3 Test 10 85 370 3 Test 11 85 430 3 Test 13 100 370 3 Test 15 100 430 1.5 Test 16 100 430 3 Test 17 70 430 1.5 Test 18 50 430 1.5 Test 19 100 400 1.5 Test 20 70 400 1.5 Test 21 50 400 1.5 Test 22 100 460 1.5 Test 23 70 460 1.5 Test 24 50 460 1.5    
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Figure C1. Model validation by using tests from Rossetti et al. (continued on the next page) 
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Figure C1. (continued) Model validation by using tests from Rossetti et al. 
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Pressure drops along the reactor length In the reaction side (or retentate), where the spherical catalyst particles with a diameter of 1.65 ∙ 10ିଷ m are placed, the pressure distribution along the reactor is determined using Equation 6.17. Figure C2 shows a negligible pressure drop along the reactor length, which resulted in approximately 0.001 bar overall.  

 
Figure C2. Pressure drop profile across the packed bed on the retentate side as a function of the reactor length.  

Knudsen selectivity For a porous membrane, the Knudsen selectivity of species i to species j (𝑆௄, ௜/௝), as provided in Equation C12, is defined as the ratio of their Knudsen diffusion coefficients (𝐷௄, ௜ ). As described in Equation C13, the Knudsen diffusion coefficient of a species depends on its molar mass (𝑀௜) and the membrane characteristics. In this equation, 𝑟௣ represents the pore radius of the membrane, 𝑅  is the universal gas constant. Consequently, 𝑆௄, ௜/௝ is equal to the square root of the inverse ratio of their molar masses. 
𝑆௄, ௜/௝ = 𝐷௄, ௜𝐷௄, ௜ = ඨ𝑀௝𝑀௜  (Eq. C12) 

𝐷௄, ௜ = 23 ∙ 𝑟௣√𝜋 ∙ ඨ8 ∙ 𝑅 ∙ 𝑇𝑀௜  (Eq. C13) 
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Case study: real membrane in an isothermal PBMR 

 Membrane performance evaluation 

Figure C3. Impact of 𝑆ேுయ/ேమ  on (a, c, e) NH3 purity and (b, d, f) NH3 recovery for different values of 𝑆ேுయ/ுమ  with 𝒫ேுయ  equal to (a, b) 1 ∙ 10ିଽ, (c, d) 1 ∙ 10ି଼and (e, f)1 ∙ 10ି଻ mol s-1 m-2 Pa-1. 

0 200 400 600 800 10006.0
6.1
6.2
6.3
6.4
6.5 (a)

NH 3 purity
 (%)

SNH3/N2 (-)

 SNH3/H2 = 1  SNH3/H2 = 50  SNH3/H2 = 100   SNH3/H2 = 1000  

0 200 400 600 800 100030
31
32
33
34
35 (b)

NH 3 recov
ery (%

)
SNH3/N2 (-)

 SNH3/H2 = 1  SNH3/H2 = 50  SNH3/H2 = 100   SNH3/H2 = 1000  

0 200 400 600 800 100016.6
16.8
17.0
17.2
17.4
17.6 (c)

NH 3 purity
 (%)

SNH3/N2 (-)
 SNH3/H2 = 1  SNH3/H2 = 50  SNH3/H2 = 100   SNH3/H2 = 1000  0 200 400 600 800 100055

60
65
70
75
80 (d)

NH 3 recov
ery (%

)

SNH3/N2 (-)

 SNH3/H2 = 1  SNH3/H2 = 50  SNH3/H2 = 100   SNH3/H2 = 1000  

0 200 400 600 800 100017.8
17.9
18.0
18.1
18.2 (e)

NH 3 purity
 (%)

SNH3/N2 (-)
 SNH3/H2 = 1  SNH3/H2 = 50  SNH3/H2 = 100   SNH3/H2 = 1000  0 200 400 600 800 10005055606570758085 (f)

NH 3 recov
ery (%

)

SNH3/N2 (-)

 SNH3/H2 = 1  SNH3/H2 = 50  SNH3/H2 = 100   SNH3/H2 = 1000  



Appendices and Supplementary Material | 199 

 

 N2 permeation across the membrane and H2 back permeating  

Figure C4. Impact of 𝑆ேுయ/ேమ  on (a, c, e) N2 trans-membrane permeation flow and (b, d, f) H2 back-permeation flow for different values of 𝑆ேுయ/ுమ  with 𝒫ேுయ  equal to (a, b) 1 ∙ 10ିଽ ,  (c, d) 1 ∙ 10ି଼and (e, f) 1 ∙ 10ି଻ mol s-1 m-2 Pa-1.   
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 Nitrogen conversion  

  

 
Figure C5. Impact of 𝑆ேுయ/ேమ  on nitrogen conversion for different values of 𝑆ேுయ/ுమ  with 𝒫ேுయ  equal to (a) 1 ∙ 10ିଽ, (b) 1 ∙ 10ି଼and (c) 1 ∙ 10ି଻ mol s-1 m-2 Pa-1. 

 
Case study: real membrane in a non-isothermal PBMR 

  
Figure C6. Effect of GHSV on H2 conversion (a) for different value of pressure difference across the membrane and sweep gas-to-feed ratio and (b) effect of GHSV on H2 conversion and NH3 recovery for ΔP = 20 bar and SF = 6 for non-isothermal operating conditions. 
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Thermodynamic gas properties 

 Density The gas mixture density was calculated via Peng & Robinson cubic Equation of State (EoS), whose implicit form is expressed through the compressibility factor Z [6]: 𝑍ଷ − (1 − 𝐵) ∙ 𝑍ଶ + (𝐴 − 2 ∙ 𝐵ଶ − 2 ∙ 𝐵) ∙ 𝑍 − (𝐴 ∙ 𝐵 − 𝐵ଷ − 𝐵ଶ) = 0 (Eq. C14) where the coefficients A and B are defined by Equation C15 and Equation C16, depending on the temperature and pressure of the system. 
𝐴 = 𝑎 ∙ 𝑃𝑅ଶ ∙ 𝑇ଶ (Eq. C15) 
𝐵 = 𝑏 ∙ 𝑃𝑅 ∙ 𝑇 (Eq. C16) The van der Waals one-fluid mixing rules was used to calculate the energy 𝑎 and the volume 𝑏: according to Equation C17 and Equation C18: 𝑎 = ෍෍𝑦௜ ∙ 𝑦௝ ∙ 𝑎௜௝ே
௝ୀଵ

ே
௜ୀଵ  (Eq. C17) 

𝑏 = ෍෍𝑦௜ ∙ 𝑦௝ ∙ 𝑏௜௝ே
௝ୀଵ

ே
௜ୀଵ  (Eq. C18) where 𝑦௜  and 𝑦௝  is the molar fraction of each component in the gas phase, while the parameters 𝑎௜௝ and 𝑏௜௝ are defined by the critical properties of each gas, as expressed in Equation C19 to Equation C22: 

𝑎௜௝ = ඥ𝑎௜ ∙ 𝑎௝ ∙ ൫1 − 𝑘௜௝൯ ∙ 𝑎 = ෍෍𝑦௜ ∙ 𝑦௝ ∙ 𝑎௜௝ே
௝ୀଵ

ே
௜ୀଵ  (Eq. C19) 

𝑏௜௝ = 12 ∙ ൫𝑏௜ + 𝑏௝൯ ∙ ൫1 − 𝛿௜௝൯ (Eq. C20) 
𝑎௜ = 𝛺௔ ∙ 𝑅 ∙ 𝑃௥௜𝑇௥௜ଶ ∙ ቎1+𝑚௜ ∙ ቌ1 −ඨ 𝑇𝑇௖௜ቍ቏ଶ =  0.457235529 ∙  𝑅ଶ ∙ 𝑇௖௜ଶ𝑃௖௜ ∙ ቎1+𝑚௜ ∙ ቌ1 −ඨ 𝑇𝑇௖௜ቍ቏ଶ (Eq. C21) 

𝑏௜ = 𝛺௕ ∙ 𝑅 ∙ 𝑃௥௜𝑇௥௜ = 0.0777960739 ∙  𝑅 ∙ 𝑇௖௜𝑃௖௜  (Eq. C22) 
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where 𝛺௔  and 𝛺௕  are independent with respect to the EoS, and 𝑃௥௜ and 𝑇௥௜  are the reduced pressure and temperature of component i, respectively [6]. The factor 𝑚௜ depends on the acentric factor (𝜔௜), as reported in Equation C23 and Equation C24 [7]. 
if 𝜔௜ ≤ 0.491 𝑚௜ = 0.37464+ 1.54226 ∙ 𝜔௜ − 0.26992 ∙ 𝜔௜ଶ (Eq. C23) 
if 𝜔௜ > 0.491 𝑚௜ = 0.379642 + 1.48503 ∙ 𝜔௜ − 0.164423 ∙ 𝜔௜ଶ +  +0.016666 ∙ 𝜔௜ଷ (Eq. C24) 

The critical properties, 𝑇௖௜ , 𝑃௖௜ and 𝜔௜ , are the critical temperature, critical pressure and acentric factor respectively, which are shown in Table C3 [8]. 
Table C3. Critical properties for each species. 
Species 𝑻𝒄, 𝒊 𝑷𝒄, 𝒊 𝑽𝒄, 𝒊 𝝎𝒊  (K) (MPa)  (-) 

H2 33.19 1.313 0.064147 -0.215993 
N2 126.2 3.4 0.08921 0.0377215 

NH3 405.7 11.28 0.07247 0.252608 
The factor 𝛿௜௝  and 𝑘௜௝  represent the binary interaction parameters between the different gas species. The first one is usually zero, while the second one can be calculated using Equation C25, whose results are shown in Table C4 

𝑘௜௝ = 1 − 8 ∙ ඥ𝑉௖௜ ∙ 𝑉௖௝(𝑉௖௜ଵ/ଷ + 𝑉௖௝ଵ/ଷ)ଷ (Eq. C25)  
Table C4. Binary interaction parameters of each species. 𝒌𝒊𝒋 H2 N2 NH3 

H2 0 0.6495 0.8328 
N2 0.6495 0 0.5536 

NH3 0.8328 0.5536 0 
  



Appendices and Supplementary Material | 203 

 

 Viscosity The viscosity of the gas mixture was calculated using the Wilke method [9], shown in Equation C26 to Equation C28: 
𝜇௠௜௫ = ෍ 𝜇௜ ∙ 𝑦௜∑ ൫𝑦௜ ∙ 𝜙௜௝൯ே௝ୀଵ

ே
௜ୀଵ  (Eq. C26) 

𝜇௜ = 𝐶ଵ ∙ 𝑇஼మ1 + 𝐶ଷ𝑇 + 𝐶ସ𝑇ଶ (Eq. C27) 
𝜙௜௝ = ቂ1+ ൫𝜇௜ 𝜇௝⁄ ൯ଵ ଶ⁄ + ൫𝑀௜ 𝑀௝⁄ ൯ଵ ସ⁄ ቃଶൣ8 ∙ ൫1 +𝑀௜ 𝑀௝⁄ ൯൧ଵ ଶൗ  (Eq. C28) 

where 𝜇௜  is the viscosity of the single gas calculated with the following equation, retrieved from Perry’s Chemical Engineers’ Handbook [8], together with the specific coefficients shown in Table C5. Additionally, 𝑦௜ and 𝑀௜ are the molar fraction and molar mass of the single gas, respectively.  
Table C5. Specific coefficients in the viscosity equation for each species. 

Species 𝑪𝟏 𝑪𝟐 𝑪𝟑 𝑪𝟒 

H2 1.797∙10-7 0.6850 -0.59 140 
N2 6.5592∙10-7 0.6081 54.714 0 

NH3 4.1855∙10-8 0.9806 30.8 0    
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 Specific heat The specific heat of the gas mixture is calculated according to Equation C29 from Perry’s Chemical Engineers’ Handbook [8]: 
𝑐௣, ௠௜௫ = ෍𝑦௜ ∙ 𝑐௣,௜ே

௜ୀଵ  (Eq. C29) 
where 𝑐௣, ௜ is the specific heat capacity of the single species computed according to the correlation (Equation C30) found in the same source [8]. Specific coefficients of each species are reported in Table C6. 

𝑐௣,௜ = 𝐶ଵ + 𝐶ଶ ∙ ቈ 𝐶ଷ 𝑇⁄𝑠𝑖𝑛ℎ(𝐶ଷ 𝑇⁄ )቉ଶ + 𝐶ସ ቈ 𝐶ହ 𝑇⁄𝑐𝑜𝑠ℎ(𝐶ହ 𝑇⁄ )቉ଶ (Eq. C30)  
Table C6. Specific coefficient of each species in the specific heat equation. 

Species 𝑪𝟏∙10-5 𝑪𝟐∙10-5 𝑪𝟑∙10-3 𝑪𝟒∙10-5 𝑪𝟓 

H2 567.6 0.2761 0.0956 2.466 0.0376 
N2 909.79 0.29105 0.0816 1.7016 0.00103 

NH3 882 0.33427 0.4898 2.036 0.2256  
 Heat of reaction The heat of reaction was calculated according to Equation C31 from Perry’s Chemical Engineers’ Handbook [8]:  

∆𝐻௥(𝑇) = ∆𝐻௥൫𝑇௥௘௙൯+න ∆𝑐௉ 𝑑𝑇்
்ೝ೐೑  (Eq. C31) 

where reference the temperature used was 298 K, and the standard heat of reaction and the change in specific heat capacity are defined in Equation C32 and Equation C33, respectively. Here, 𝜈௜  represent the stoichiometric number, 𝐻௙,்ೝ೐೑  is the standard enthalpy of formation, and 𝑐௣,௜ is the specific heat capacity, all related to species i. 
∆𝐻௥,்ೝ೐೑ = ෍ 𝜈௜ ∙ 𝐻௙,்ೝ೐೑௜  (Eq. C32)∆𝑐௉ = ෍ 𝜈௜ ∙ 𝑐௣,௜௜  (Eq. C33)
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 Thermal conductivity The thermal conductivity of the gas mixture was calculated according to the general equation of Wassiljewa [9], which is expressed as reported in Equation C34: 
𝜆௠௜௫ = ෍ 𝑦௜ ∙ 𝜆௜∑ 𝐴௜௝ ∙ 𝑦௝ே௝ୀଵ

ே
௜ୀଵ  (Eq. C34) 

where 𝜆௜  is the thermal conductivity of each species, calculated using Equation C35 from Perry’s Chemical Engineers’ Handbook [8], where the single coefficients are reported in Table C7: 
𝜆௜ = 𝐶ଵ ∙ 𝑇஼మ1+ 𝐶ଷ𝑇 + 𝐶ସ𝑇ଶ (Eq. C35)  

Table C7. Specific coefficient of each species in the thermal conductivity equation. 
Species 𝑪𝟏 𝑪𝟐 𝑪𝟑 𝑪𝟒 

H2 2.653∙10-3 0.7452 12 0 
N2 3.3143∙10-4 0.7722 16.323 373.72 

NH3 9.66∙10-6 1.3799 0 0  while 𝐴௜௝ according to Mason and Saxena study [9] turns to be exactly the same as 𝜙௜௝.   
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Appendix D  

Polyol reduction method The polyol reduction method is a chemical process developed for the synthesis of nanoparticles, particularly metal nanoparticles. This method involves the reduction of metal salts precursors in the presence of a polyol, which serves as reducing agent, as solvent and as surfactant. This synthesis method begins with the preparation of a solution containing all metal precursor salts required for the desired material to be synthesized. These salts were dissolved in ethane-1,2-diol, while the concentration of ruthenium chloride is ϐixed at 4.7 g ml-1. For each material, the prepared solution was placed in a three-neck round-bottom ϐlash. A K-type thermocouple was introduced through one side neck to measure the temperature of the system, while the second side neck served as the inlet of a nitrogen ϐlow of approximately 10 ml min-1, maintaining an inert atmosphere and removing volatile impurities. The middle neck was connected to a 400 mm Graham condenser, equipped with a gas bubbler, used to cool down and condense the vapors, recycling them as liquids back into the synthesis vessel.   
 

Figure D1. Schematic representation of the polyol synthesis method steps.  The reaction vessel was heated to 110 °C using a Pilz® 80 W electric mantel (Winkler AG, Germany) connected to a HM-RX1003SO temperature control box (Mohr & co®. GmbH, Germany) equipped with a JUMO 702031/8-2000-23 PID controller (ISOHEAT® GmbH, Germany). The system was maintained at this temperature for 2 hours to obtain a homogeneous dark colloidal solution. As the temperature rises, the polyol undergoes decomposition, generating reactive species (such as acetaldehyde for ethane-1,2-diol) which act as reducing agents. These reducing agents facilitate the reduction of the metal precursor ions, leading to the nucleation and growth of the desired particles [10–12]. The obtained mixture was then allowed to cool down naturally.  
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Afterward, a potassium hydroxide solution was added to the mixture through a syringe pump using a ϐlowrate of 2 ml min-1. After this step, the resulting gel was aged for 10 minutes, washed ϐive times with ultrapure water, and separated using a 5810R centrifuge (Eppendorf, Germany) to recover the particles and remove liquid residues from the solid phase.  Finally, the catalyst was dried at 120 °C for 12 hours and then calcined at 550 °C for 4 hours using a heating ramp of approximately 2 °C min-1.   
TEM micrograph of Ru-based catalysts described in Chapter 7. TEM micrographs of the samples PR-2 and PR-4 were collected. However, the images do not show relevant distinguishable features.  

  
Figure D2. TEM micrograph of the catalysts (left) Ru/CeO2 and (right) Cs-Ru/CeO2synthesized via the polyol reduction method.   
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