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RÉSUMÉ 
 
Remplacer les combustibles fossiles par des sources d’énergie renouvelables constitue une 

stratégie prometteuse pour lutter contre le réchauffement climatique. Toutefois, la nature 

intermittente des énergies renouvelables complique leur stockage et leur transport. L’hydrogène 

vert (H2), produit à partir d’électricité renouvelable, représente une solution de stockage 

prometteuse. Cependant, sa forte inflammabilité et l’énergie nécessaire à sa liquéfaction ou à sa 

compression posent de sérieux défis. La conversion de l’hydrogène vert en ammoniac constitue 

une alternative plus sûre et plus pratique, réduisant jusqu’à trois fois les coûts de stockage et de 

transport, car l’ammoniac peut être liquéfié dans des conditions plus douces. Le procédé Haber-

Bosch (HB) est largement utilisé pour la production d’ammoniac, mais il nécessite des conditions 

extrêmes (100–300 bar, 450–600°C) et n’est économiquement viable qu’à grande échelle (1000–

5000 tonnes/jour). 

Dans cette thèse, nous avons introduit la technologie de synthèse d’ammoniac par bouclage 

chimique assisté par chauffage micro-ondes (MHCLAS). En intégrant le chauffage micro-ondes 

(MW) à la synthèse d’ammoniac par bouclage chimique (CLAS), nous avons obtenu une 

production d’ammoniac à pression atmosphérique et à des températures de masse aussi basses que 

150°C. La méthode CLAS divise la synthèse en deux étapes : la nitruration et l’hydrogénation. 

Lors de la nitruration, un porteur d’azote (NC) spécialement conçu est exposé à un flux de N2, 

facilitant sa dissociation et la formation de nitrures. Ensuite, le NC nitruré réagit avec H2 pour 

produire de l’ammoniac et régénérer le NC, complétant ainsi le cycle. Cette méthode évite 

l’adsorption compétitive de N2 et H2 sur les catalyseurs, une limite majeure du procédé HB. Pour 

réduire davantage la température de réaction, nous avons développé un nouveau NC et mis en 

œuvre un chauffage MW sélectif pour maximiser la production en maintenant une température 

gazeuse plus basse que celle du solide. 

Dans le premier article, nous avons examiné la littérature sur la cinétique des réactions sous 

chauffage MW, en nous concentrant sur les écarts d’énergie d’activation, de modèles réactionnels 

et de facteurs préexponentiels par rapport au chauffage conventionnel. Certains chercheurs 

attribuent ces différences à des effets non thermiques, mais nous avons identifié des écarts dus aux 

points chauds, aux gradients thermiques gaz-solide et aux limites des thermocouples. Le deuxième 

article a approfondi ces effets par modélisation multiphysique à l’échelle microscopique. Nous 
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avons constaté que des vitesses de gaz plus élevées et des réactions exothermiques accentuaient 

les gradients thermiques, et que les thermocouples sous-estimaient les températures des solides. 

Les lits fixes de plus de ~3 cm de diamètre montraient également une non-uniformité accrue. Nous 

avons enfin montré que la profondeur de pénétration MW augmentait avec la porosité du lit, 

justifiant l’utilisation de lits fluidisés assistés par MW. 

Dans le troisième article, nous avons sélectionné, synthétisé et optimisé des NCs pour maximiser 

la production d’ammoniac sous chauffage MW. Les NCs Mn-Fe et Mn-Fe-BaH2, produits par des 

méthodes mécaniques ou de coprécipitation, ont facilité le transfert de l’azote entre 400–700°C 

(nitruration) et 150–350°C (hydrogénation), sous pression atmosphérique. Le chauffage MW a 

permis de maintenir de basses températures dans la phase gazeuse, réduisant la décomposition de 

l’ammoniac. Le NC Mn-Fe-BaH2 a atteint un taux de production de ~36 000 µmol/g·h, surpassant 

les valeurs de la littérature. 

Dans le quatrième article, nous avons réalisé une analyse cinétique détaillée en utilisant le NC Mn-

Fe-BaH2. Les réactions de nitruration et d’hydrogénation, menées dans un lit fluidisé chauffé par 

MW, ont montré de faibles énergies d’activation (27,3 kJ/mol et 25,5 kJ/mol). La nitruration suivait 

un modèle de contraction, tandis que l’hydrogénation était mieux décrite par le modèle d’Avrami-

Erofeev. 

Enfin, dans le cinquième article, nous avons simulé des réacteurs MHCLAS à l’échelle laboratoire 

et pilote avec COMSOL Multiphysics. À 565°C (nitruration) et 350°C (hydrogénation), environ 

30 g d’ammoniac ont été produits par kg de NC. Cependant, la profondeur de pénétration des MW 

limitait l’agrandissement des réacteurs. Une évaluation technico-économique a été menée, 

proposant un design à guides d’ondes multiples pour augmenter le diamètre du réacteur de 15 à 50 

cm, permettant d’utiliser jusqu’à 800 kg de NC et de produire environ 2 tonnes 

d’ammoniac/jour/réacteur. 
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ABSTRACT 
 
Replacing fossil fuels with renewable energy helps combat global warming, but the intermittent 

nature of renewables makes their storage and transport challenging. Green hydrogen (H2), 

produced via renewable electricity, is a promising energy storage solution. However, its high 

flammability and the energy required for liquefaction or compression pose significant challenges. 

Converting green H2 into ammonia provides a safer, more practical alternative, reducing storage 

and transportation costs by up to three times since ammonia can be liquefied under milder 

conditions. The Haber-Bosch (HB) process is a widely used method for ammonia production. 

However, it requires extreme operating conditions (100–300 bar, 450–600°C) and is economically 

viable at large scales (1000–5000 tonnes/day). 

In this thesis, we introduced microwave (MW) heating-assisted chemical looping ammonia 

synthesis (MHCLAS) technology. By integrating MW heating with chemical looping ammonia 

synthesis (CLAS), we achieved ammonia production at atmospheric pressure and bulk 

temperatures as low as 150°C during the ammonia synthesis stage. CLAS divides the ammonia 

synthesis process into two distinct stages: nitridation and hydrogenation. In the nitridation stage, a 

specially designed nitrogen carrier (NC) is exposed to a nitrogen gas (N2) stream, facilitating 

nitrogen molecule dissociation and the formation of NC nitrides. Subsequently, in the 

hydrogenation stage, the nitrided NC reacts with H2 gas, producing ammonia while regenerating 

the nitrogen-depleted NC, thus completing the cycle. This approach addresses the competitive 

adsorption of N2 and H2 on the catalyst surface, a major limitation of the HB process, by allowing 

the independent dissociation of N2 and H2. To further decrease the reaction temperature, which is 

crucial for preserving ammonia and preventing its decomposition, we developed a new NC. We 

implemented selective MW heating to maximize the ammonia production rate by lowering the gas 

phase temperature compared to the solid phase. 

In the first article, we reviewed literature on reaction kinetics under MW irradiation, focusing on 

discrepancies in activation energy, reaction models, and pre-exponential factors compared to 

conventional heating. While some attribute these differences to nonthermal MW effects, others 

point to inaccurate temperature measurements. We found that hot spot formation, gas-solid 

temperature gradients, and thermocouple limitations often cause such discrepancies. For further 

investigation, in the second article, we used Multiphysics modeling to study MW heating effects 
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on gas-solid temperature gradients at the microscale. We found that higher gas velocity and 

exothermic reactions increased temperature differences between the gas and solid phases. Probe 

placement significantly affected measurements, revealing that thermocouples can underestimate 

solid-phase temperatures. We also confirmed that fixed beds larger than ~3 cm show greater non-

uniformity due to hot spots. Finally, we found that MW penetration depth improves with higher 

void fractions, supporting the use of MW-assisted fluidized beds, leading to our next study on 

MHCLAS proof of concept. 

In the third article, we focused on selecting, synthesizing, and optimizing NCs to enhance ammonia 

production under MW heating. We developed Mn-Fe and Mn-Fe-BaH2 NCs via mechanical and 

coprecipitation methods. These NCs facilitated nitrogen transfer from a nitridation step (400–

700°C) to a hydrogenation step (150–350°C), both at atmospheric pressure. MW heating enabled 

lower gas-phase temperatures, decreasing ammonia decomposition rate, and improving efficiency. 

The Mn-Fe-BaH2 NC, especially, achieved a production rate of ~36,000 µmol/g·h, outperforming 

both literature values and Mn-Fe alone, while also acting as an effective MW absorber. This proof 

of concept led to our next study on MHCLAS kinetics. 

In the fourth article, we performed a detailed kinetic analysis of the MHCLAS process, focusing 

on intrinsic reaction models for nitridation and hydrogenation using Mn-Fe-BaH2 as the nitrogen 

carrier. Conducted in a MW-heated fluidized bed (300–630°C), the study confirmed nitridation 

through NC weight gain and nitride formation, while hydrogenation produced ammonia at 

atmospheric pressure and temperatures as low as 150°C. Selective MW heating and moderate N–

NC bonding led to low activation energies (27.3 kJ/mol for nitridation, 25.5 kJ/mol for 

hydrogenation). The nitridation followed a contracting model, and the Avrami-Erofeev model best 

described hydrogenation. 

In the fifth article, we applied the developed kinetic models to simulate MHCLAS reactors at lab 

and pilot scales using COMSOL Multiphysics. At optimal conditions (565°C nitridation, 350°C 

hydrogenation), about 30 g of ammonia was produced per kg of NC per cycle. However, MW 

penetration depth emerged as a scale-up limitation. In the final phase, we performed a techno-

economic assessment and proposed a multi-waveguide design to expand reactor diameter from 15 

to 50 cm, enabling up to 800 kg of NC and ~2 tons of ammonia/day per reactor.  
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CHAPTER 1     INTRODUCTION 

1.1. Motivation 

Progress in renewable energy harvesting technologies can decrease their implementation costs in 

the future. These advancements make renewable energy a practical and efficient alternative to 

fossil fuels for future energy demands [1,2]. However, despite these developments, the shift from 

fossil fuels to renewable sources is slow and insufficient to achieve the targets set by the Paris 

Agreement. This agreement calls for stricter regulations to cut carbon emissions, aiming for an 

11% reduction between 2015 and 2050. Nevertheless, current trends indicate that global average 

temperatures increased by approximately 3°C, surpassing the agreement’s goal of limiting the 

increase to 1.5°C [1,2]. 

Despite significant advancements in renewable energy technologies over the past decade, a key 

challenge remains that renewable energy transportation limits the global transition to renewables 

[3,4]. Although batteries offer partial solutions, they are not suitable for large-scale energy 

transportation from regions with abundant renewable energy [5]. In this case, liquid energy carriers 

are more suitable, as they can be efficiently transported by pipelines or shipping [5]. Examples 

include liquid H2 [6], liquid organic H2 carriers [7], carbon dioxide (CO2) based chemicals [8], and 

ammonia (NH3) [9]. Each of these energy carriers has its advantages and disadvantages. For 

instance, liquefying hydrogen is highly energy-demanding [6], CO2-based chemical products such 

as methanol synthesis, are sensitive to impurities in the CO2 stream [5,8]. 

Among these options, NH3 is a promising renewable energy carrier [5,9–11]. It contains more 

hydrogen than methanol [9,12], and it is carbon-free [13]. In addition, ammonia storage and 

transportation costs are three times less than those of liquid hydrogen [13]. In addition, ammonia 

can be liquefied at ambient temperature with a pressure of about 10 bar (or at -30°C under 

atmospheric pressure). Moreover, despite the liquid hydrogen, ammonia transportation and storage 

infrastructures are well established  [5]. 

NH3 is the second largest produced chemical in the world and its annual production is between 

170 and 300 million tonnes [9]. In 2023, global ammonia production was 240 million tonnes per 

year, and this is estimated to increase to around 300 million tonnes by 2030. Other applications of 

ammonia are the fertilizers production industry, refrigerants, pharmaceuticals production, and the 
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textiles industry. The fertilizer production sector is the largest consumer of produced ammonia, 

i.e., more than 85%, which provides food for nearly half of the world’s population [9,14].

The well-established Haber-Bosch (HB) process for ammonia production operates under extreme 

conditions, such as pressures of up to 300 bar and temperatures ranging from 400°C to 600°C. 

These operating conditions make it economically feasible only for large-scale production, typically 

between 1000 and 5000 tonnes per day [15]. However, for renewable energy/green hydrogen 

storage and decentralized ammonia production, a production rate of just 5 to 100 tonnes per day is 

required. This caused an increasing demand for ammonia production technologies that can operate 

under milder conditions. Some promising alternatives include plasma-assisted ammonia synthesis 

[16,17], microwave (MW)-assisted catalytic synthesis [18,19], electrocatalysis, photocatalysis, 

and conventionally heated chemical looping ammonia synthesis [20]. Currently, these 

technologies are still in their early stages of development and showed low ammonia production 

rate and/or low energy efficiency compared to the HB process.  

In this study, we developed a microwave heating-assisted chemical looping ammonia synthesis 

(MHCLAS) technology. This innovative process operates under atmospheric pressure and at 

temperatures as low as 150°C. The process consists of two distinct stages: nitridation and 

hydrogenation. 

In the nitridation stage, a specially designed nitrogen carrier (NC) is exposed to a nitrogen (N2) 

stream under MW irradiation, resulting in the formation of a nitrided NC. In the subsequent 

hydrogenation stage, the fixed nitrogen atoms within the NC structure, i.e., NC nitrides, are 

exposed to a H2 stream, producing ammonia and regenerating nitrogen-depleted NCs. 

This separation of nitrogen and hydrogen activation stages addresses the thermodynamic 

limitations associated with conventional catalytic ammonia synthesis. In the HB process, breaking 

the strong nitrogen-nitrogen bonds in N2 gas requires high temperatures, which can also promote 

ammonia decomposition. To counter this, the HB process operates at pressures of around 200 bar. 

Our approach overcomes these challenges through two key innovations: 

1. Chemical looping ammonia synthesis (CLAS) eliminates the need for simultaneous

nitrogen and hydrogen activation, avoiding the thermodynamic constraints.
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2. MW heating selectively heats the solid phase, keeping the gas phase at a lower temperature. 

This targeted heating suppresses ammonia decomposition during the hydrogenation stage. 

By combining these strategies, MHCLAS offers a promising alternative to traditional ammonia 

synthesis methods, addressing the challenges of high temperature and pressure while enhancing 

process efficiency. 

 

1.2. Objectives 

The general objective of this project is to develop the MHCLAS technology. To achieve this, we 

identified four key sub-objectives: 

1. To assess temperature distribution in gas-solid reactive and non-reactive systems 

under MW irradiation 

In this sub-objective we focused on optimizing the temperature difference between gas and 

solid phases during MW irradiation. By maintaining a lower gas-phase temperature, 

secondary gas phase reactions such as ammonia decomposition can be suppressed, and 

energy consumption can be decreased. In addition, we investigated the impact of reaction 

exothermicity and endothermicity on the system's temperature distribution under MW 

heating. 

2. To develop a NC and MW absorber for ammonia production using MHCLAS 

In this sub-objective, we selected and optimized NCs to maximize the ammonia production 

rate and enhance interaction with MWs. This stage also involved establishing the proof of 

concept for the MHCLAS technology. 

3. To evaluate the kinetics of nitridation and hydrogenation stages in MHCLAS 

To advance the development of MHCLAS, we studied the reaction kinetics of the 

nitridation and hydrogenation stages. By eliminating/minimizing external and internal 

mass transfer limitations, we determined nearly intrinsic kinetic parameters, which are 

independent of reactor type and hydrodynamic conditions. These kinetic insights provide 

a solid foundation for subsequent reactor modeling and process scale-up. 

4. To model and simulate MW-heated reactors for MHCLAS technology 

Based on the findings from previous sub-objectives, we developed a pilot-scale reactor 
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model to scale-up the MHCLAS technology. This final step aims to facilitate the transition 

from laboratory-scale development to industrial-scale implementation. 
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CHAPTER 2     LITERATURE REVIEW 

 

2.1. Conventional ammonia synthesis process (HB process)   

In 1908, Fritz Haber introduced a method for synthesizing ammonia by reacting H2 and N2 under 

high pressure and elevated temperatures. Later, Carl Bosch adapted and scaled this method for 

industrial application, leading to the construction of the first industrial ammonia production plant 

in 1911. This process, widely known as the Haber-Bosch (HB) process, involves the reaction of 

N2 and H2 in a 1:3 molar ratio over an iron-based catalyst, as shown in Eq. (2. 1). Since the reaction 

is exothermic, lower temperatures and higher pressures are optimal thermodynamically for 

maximizing ammonia production [21].  

3𝐻2 + 𝑁2 ↔ 2𝑁𝐻3 ∆𝐻 = −92.4 𝐾𝐽/𝑚𝑜𝑙  (2. 1) 

Figure 2. 1 illustrates the flow diagram of the HB process, which has several critical steps. The 

required H2 for ammonia synthesis is generated through steam methane reforming, while 

secondary reformers, shift reactors, methanation reactors, and CO2 adsorbers ensure the 

purification of H2 [21] 

 

 

Figure 2. 1: HB process flow diagram [22]. 

The HB process operates under demanding conditions, with temperatures ranging from 400 to 

600°C and pressures between 100 and 300 bar, to activate N2 and drive the reaction toward 

ammonia production. Iron-based catalysts, promoted with rhodium, play a vital role in facilitating 

N2 dissociation and ammonia formation [23]. Despite the implementation of extreme operating 
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conditions and catalysts, the maximum ammonia yield remains limited to approximately 25±5%. 

To address this limitation, recycling unreacted H2 and N2 back into the ammonia synthesis reactor 

is essential. In addition, competitive adsorption of H2 and N2 on the catalyst's active sites can lead 

to hydrogen poisoning, which complicates process optimization and hinders achieving higher 

ammonia production rates [23]. 

The HB process is essential for ammonia production for various applications, but it comes with 

significant environmental and resource costs. It consumes approximately 5% of the global natural 

gas supply and 2% of global energy (30-50 GJ per ton of ammonia). In addition, the process is 

responsible for 1% of global CO2 emissions, releasing about 2.3 tonnes of CO2 per ton of ammonia 

[23]. Approximately 70% of the H2 required for ammonia synthesis is derived from natural gas 

steam reforming, while coal (22%), fuel oil (4%), naphtha reforming (1%), and gasification 

account for the remaining supply [23]. Moreover, due to its harsh operating conditions and the 

need for high-purity feedstock to prevent catalyst deactivation [24,25], the HB process is 

economically viable only on a large scale, typically with production rates ranging from 1000 to 

5000 tonnes of ammonia per day. However, green ammonia plants, designed to store intermittent 

renewable energy, typically operate at smaller scales, producing around 5-100 tonnes of ammonia 

per day. This makes the HB process unsuitable for green H2 storage applications powered by 

renewable energy [22,23,26]. 

 

2.2. MW heating-assisted catalytic ammonia synthesis 

MW heating-assisted catalytic ammonia synthesis is a method reported in literature as an 

alternative approach to conventional ammonia production. While it is similar in principle to the 

traditional HB process. However, this method utilizes MW heating instead of conventional 

heating. In conventional heating, the gas and solid phases typically reach the same temperature. In 

contrast, MW heating is selective, resulting in a higher solid-phase temperature compared to the 

gas phase. This temperature gradient suppresses ammonia decomposition, enabling the reaction to 

proceed under more moderate conditions than the HB process [18,19,27–30]. 

Different catalysts, such as CsRu/CeO2 [27] and Ru/MgO [19], have been synthesized for MW-

assisted catalytic ammonia synthesis. These reactions typically operate at lower bulk temperatures 

(ranging from 280°C to 400°C) compared to conventionally heated catalytic ammonia synthesis 
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due to the selective heating effects of MW. However, since the reaction follows the same 

fundamental principles as the HB process, it still requires operating pressures between up to 0.65 

MPa. The reduced pressure observed in this study is attributed to the lower operational temperature 

achieved during the reaction, which reflects the bulk temperature, a combination of gas-phase and 

solid-phase temperatures [18,19,27–30]. Implementing MW heating for exothermic reactions, e.g., 

ammonia synthesis reaction, can help achieve the temperature needed to overcome the activation 

energy barrier and compensate for energy losses from hot solid particles to the cooler gas phase. 

Although MW-assisted catalytic ammonia synthesis showed a higher ammonia production rate 

compared to the conventional HB process, certain challenges persist. Key concerns include the 

competitive adsorption of N2 and H2 and hydrogen poisoning of the catalyst surface, which can 

limit the efficiency and scalability of this technology.  

2.3. Electrocatalysis, photocatalysis, and plasma-assisted ammonia synthesis  

Electrocatalytic ammonia synthesis (EAS) is an environmentally friendly technology with low 

energy requirements. Unlike the HB process, EAS operates under atmospheric pressure and 

applies water (H2O) as the H2 source instead of fossil fuels [31]. In addition, renewable energy 

sources such as wind, solar, and hydropower can provide the necessary electricity for the process 

[31]. In recent years, significant research efforts have focused on enhancing the conversion 

efficiency and selectivity of the EAS reaction. However, despite these advancements, EAS still 

requires further development to compete with the industrial-scale HB process [32–34]. For even 

the most active catalysts, the ammonia production rate is approximately 10 −7 mol. s −1. g −1 [35], 

which is an order of magnitude lower than the rate achieved by the HB process 5 ×10 −6 mol. s −1. 

g −1) [32]. The low selectivity of ammonia formation in EAS is primarily due to the H2 evolution 

reaction (HER), which competes with the nitrogen reduction reaction (NRR) and is 

thermodynamically more favorable [32,36]. Due to the low NH3 production rate in EAS, a large 

electrode surface area and a significant amount of catalyst are required to achieve meaningful 

outputs [32,37]. In addition, ammonia quantification is typically performed using indirect methods. 

These approaches involve collecting the absorption or electrolyte solution after a set period (e.g., 

one hour) and analyzing it with various measurement techniques. However, for more detailed 
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insights into reaction kinetics, the development of online detection methods for real-time ammonia 

monitoring is essential [32]. 

Harnessing abundant solar energy for nitrogen fixation is highly desirable but technically 

challenging. The photochemical NRR applies solar energy to drive this process [38,39]. This 

method uses light to generate photoexcited charges, which produce electron-hole pairs that transfer 

to active sites on the catalyst surface. The excited electrons then react with nitrogen to synthesize 

ammonia, with protons sourced from water. However, similar to the challenges faced by EAS, 

competition between the NRR and the HER complicates nitrogen activation [38,39]. 

Photocatalytic ammonia synthesis has a significantly lower production rate compared to the HB 

process and EAS, at approximately 10 −9 mol. s −1. g −1 [38,39] 

Plasma processes, one of Earth's oldest natural phenomena (e.g., lightning), occur when gas is 

ionized by sufficient energy, such as heat [40,41]. Plasma can also be generated artificially by 

passing an electrical current through gases [40,41]. Among the most extensively studied 

applications of plasma-assisted reactors is the direct synthesis of ammonia from N2 and H2 [40,41]. 

However, due to its high energy consumption, plasma-assisted ammonia synthesis is not a viable 

replacement for the HB process. Thermochemical methods for ammonia synthesis are significantly 

more energy-efficient than plasma-based approaches, making them more practical options for 

green ammonia production using intermittent renewable energy in the future [42]. Furthermore, 

since the synthesis of ammonia from N2 and H2 is an exothermic reaction, utilizing thermal plasma 

for molecular activation is energetically unfavorable [42]. 

2.4. Chemical looping ammonia synthesis 

Chemical looping technology has been extensively studied in the literature, primarily for 

applications such as fossil fuel conversion processes, including combustion, gasification, and 

reforming [43–47]. In recent years, there has been growing interest in applying chemical looping 

to ammonia synthesis [44–48]. This innovative approach breaks down the ammonia synthesis 

reaction (N2 + 3H2 → 2NH3) into two or three independent sub-reactions, enabling separate control 

of the nitrogen activation and ammonia formation stages [48–52]. By decoupling these steps, 

chemical looping ammonia synthesis (CLAS) overcomes key challenges associated with 

traditional catalytic methods, such as the competitive adsorption of reactants on the catalyst 
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surface, which often limits production rates. In addition, this approach avoids the thermodynamic 

constraints of ammonia synthesis and significantly decreases the required operating pressure, 

allowing ammonia production at atmospheric pressure in most cases. The literature identifies four 

main types of CLAS processes, as presented in Figure 2. 2: (i) water chemical looping ammonia 

synthesis (H2O-CLAS), (ii) electrolysis chemical looping ammonia synthesis (H2O-CELAS), (iii) 

hydrogen chemical looping ammonia synthesis (H2-CLAS), and (iv) Alkali/Alkaline-Earth-Metal-

Hydride Chemical Looping ammonia synthesis (AH-CLAS) [48]. 

Figure 2. 2: Types of CLAS technology: (a) H2O-CLAS, (b) H2O-CELAS, (c) H2-CL, and (d) AH- CLAS 

[48,53]. 

2.4.1. H2O-CLAS and H2O-CELAS 

The H2O-CLAS method typically involves a sequence of nitridation, oxidation, and metal 

hydrolysis within a chemical looping system. During this process, a metal undergoes nitridation in 

a N2 atmosphere, forming a metal nitride (MeNy). Subsequently, steam reacts with the metal 

nitride, hydrolyzing it to produce NH3 and a metal oxide (MeOx). The cycle concludes with the 

reduction of the metal oxide back into its metallic form (Me), enabling the loop to restart [48]. 

In some cases, the nitridation and reduction of MeOx can be combined into a single step, reducing 

the process to just two stages. For example, the AlN/Al2O3 pair has been utilized for CLAS. In the 

first stage, Al2O3 reacts with active carbon (C) and N2 gas, forming aluminum nitride (AlN) and 

carbon monoxide (CO). During the second stage, hydrolysis, AlN reacts with steam to produce 

ammonia (NH3) and regenerate Al2O3, completing the cycle [54,55]. Although directly introducing 

H2O into the system to supply hydrogen for ammonia production appears advantageous, the high 
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temperatures required for NC reduction, i.e., T> 1000°C, pose significant challenges due to the 

strong stability of the Me-O bond. These include elevated energy consumption and an increased 

risk of NC sintering, making the process less efficient [54,55]. 

Different single metals, such as chromium (Cr), calcium (Ca), molybdenum (Mo), zinc (Zn), 

magnesium (Mg), and manganese (Mn), have been employed in CLAS [3,56,57]. Their selection 

is largely based on their thermodynamic suitability for the different stages of the CLAS process, 

including nitridation, hydrolysis, and reduction. In addition, researchers considered some factors 

in practical considerations such as melting point, toxicity, and cost to identify the most suitable 

metals for the process [3].  

The selection of a reducing agent for the reduction stage is crucial. Based on the thermodynamic 

properties of the NCs, C, methane (CH4), and H2 are commonly applied to reduce metal oxides or 

hydroxides effectively. However, the use of carbon-based reducing agents has a significant 

drawback: it leads to the emission of greenhouse gases, posing environmental concerns [58]. 

The reaction temperatures for various stages of the H2O-CLAS process typically range between 

200°C and 1000°C. However, studies have shown that utilizing bimetallic NCs can reduce the 

required reaction temperatures. For instance, Michalsky et al. [56] investigated Mn and Mo as NCs 

in a solar-driven H2O-CLAS process for ammonia production. Figure 2. 3 illustrates the 

thermodynamic equilibrium for nitridation, hydrogenation, and oxidation of Mn and Mo in the 

H2O-CLAS system at atmospheric pressure. The shaded regions in the figure represent exothermic 

reactions, indicating thermodynamically favorable conditions for product formation within the 

colored area [58]. To enhance nitrogen fixation at temperatures above 700°C, the metal nitride 

must exhibit greater stability than Mo2N. Simultaneously, to avoid extremely high reaction 

temperatures, such as 1200°C, the metal oxide should be less stable than MnO [58]. Consequently, 

a Mn-Mo composite emerges as a promising candidate for use as a NC in ammonia production 

[58]. 

The H2O-CELAS process operates on a principle similar to H2O-CLAS, but with a key difference 

in the reduction stage. Instead of a traditional reduction method, electrolysis is used to reduce the 

oxide or hydroxide phase of NC. Lithium (Li) has been employed as a key element in the H2O-

CELAS approach [59]. Lien et al. [59] utilized Li in a three-stage H2O-CELAS. The stages include: 
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(i) electrolysis of lithium hydroxide (LiOH), (ii) nitridation of Li, and (iii) ammonia synthesis from 

lithium nitride (Li3N), and regeneration of LiOH to complete the cycle [55]. 

 

Figure 2. 3: Ammonia synthesis thermodynamic calculations by CLAS based on (a) Mn-nitride and (b) 

Mo-nitride [58]. 

While many studies have focused on the selection of NCs, others have explored the impact of 

various promoters on enhancing NC performance. Developing NCs with minimal activity for 

ammonia decomposition is critical to improving ammonia production selectivity. For instance, Wu 

et al. [60] demonstrated that mixing zirconium dioxide (ZrO2) with AlN effectively inhibits 

ammonia decomposition, thereby increasing the ammonia production rate. 

 

2.4.2. H2-CLAS and AH-CLAS 

In H2-CLAS and AH-CLAS systems, the process involves two sequential steps instead of the three 

steps observed in H2O-CLAS and H2O-CELAS (refer to Figure 2. 4). During the first step, the 

prepared NCs are subjected to an N2 stream, leading to the incorporation of nitrogen atoms into 

the lattice structure of the NCs. In the second step, the nitrided NCs are exposed to H2, resulting 

in ammonia production and completing the cycle. Notably, the reduction of oxides or hydroxides 

is absent in these systems, which lowers the reaction temperature to approximately 700°C, 

compared to the higher temperatures of up to 1200°C required for H2O-CLAS [48,61]. 
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Figure 2. 4:The schematic diagram of (a) H2-CLAS, (b) AH-CLAS ammonia synthesis [62]. 

The key distinction between H2-CLAS (Figure 2. 4a) and AH-CLAS (Figure 2. 4b) lies in the type 

of applied NCs. H2-CLAS implements a variety of NCs, including single-metal, bimetallic, and 

multimetallic, which are based on transition metals [48,63]. Conversely, AH-CLAS employs metal 

hydrides as NC in both nitridation and hydrogenation reactions [48]. 

Various metal nitrides, such as Ca3N2, Sr2N, Mo2N, and MnxNy, are reported for use in H2-CLAS 

[48,63]. Nitridation and hydrogenation of these compounds typically occur at temperatures 

exceeding 500°C. While this is significantly lower than the temperature needed for H2O-CLAS, 

the hydrogenation stage at temperatures above 350°C poses a risk of ammonia decomposition. 

Elevated temperatures are associated with the energy demands for nitrogen activation and the 

reduction of thermodynamically stable metal nitrides. For example, Mohammadi et al. [64] 

demonstrated that Mn activated nitrogen at atmospheric pressure and approximately 700°C, 

forming Mn-nitride. In the subsequent step, exposing the Mn-nitride to a H2 stream produced 

ammonia at around 500°C [64]. 

Hua et al. [65] proposed a novel approach for ammonia synthesis using a Fe-based NC. Their study 

evaluated the thermodynamic feasibility of Fe as NC for ammonia production. They identified 

optimal conditions for the nitridation stage as temperatures between 200–500°C, pressures of 5–

20 bar, and a molar ratio of Fe to N2 of 8:1. For the hydrogenation stage, the best operating 

conditions were reported to be temperatures of 200–400°C, pressures below 5 bar, and a NC to H2 

molar ratio of 2:3 [65]. Typically, high temperatures are required for N2 activation, while lower 

temperatures suffice for the hydrogenation step [65]. Fe exhibits weaker interactions with nitrogen 
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compared to early transition metals such as Mn, necessitating pressures above atmospheric levels 

when Fe is used as a single-metal NC. According to the Sabatier principle, ideal metal nitrides for 

CLAS should exhibit moderate bond strength with nitrogen atoms. Early transition metals, such 

as Mn, form nitrides that are thermally stable, making ammonia production through hydrogenation 

of these nitrides challenging. Conversely, late transition metals achieve high ammonia yields at 

temperatures between 200–400°C, although N2 activation at atmospheric pressure on these 

materials remains difficult due to their low nitrogen adsorption energy [66]. For instance, Mn 

demonstrates a strong capacity for nitrogen activation at ambient pressure by forming and 

transitioning between various nitride phases. However, Fe-based NCs perform more effectively in 

reactions with H2 to produce ammonia. As a result, combining Mn and Fe nitrides emerges as a 

logical strategy to meet the Sabatier principle [66]. Table 2. 1 provides details on the nitridation 

and hydrogenation reactions of Mn-based and Fe-based NCs. Another study highlighted that the 

hydrogenation temperature of Mn-nitride (Mn6N2.58) decreased from 550°C to 400°C with the 

introduction of Li. This demonstrates that Li can influence the metal-nitrogen bond energy, thereby 

enhancing the hydrogenation process of metal nitrides [53].  

Table 2. 1:Fe, Mn-based NCs nitridation and hydrogenations reactions [65]. 

Nitridation Hydrogenation 

8𝐹𝑒 + 𝑁2(𝑔) = 2𝐹𝑒4𝑁 2𝐹𝑒4𝑁 + 3𝐻2(𝑔) = 2𝑁𝐻3(𝑔) + 8𝐹𝑒 

4𝐹𝑒 + 𝑁2(𝑔) = 2𝐹𝑒2𝑁 2𝐹𝑒2𝑁 + 3𝐻2(𝑔) = 2𝑁𝐻3(𝑔) + 8𝐹𝑒 

2𝐹𝑒4𝑁 + 𝑁2(𝑔) = 4𝐹𝑒2𝑁 4𝐹𝑒2𝑁 + 3𝐻2(𝑔) = 2𝑁𝐻3(𝑔) + 2𝐹𝑒4𝑁 

8𝑀𝑛 + 𝑁2(𝑔) = 2𝑀𝑛4𝑁 5/6𝑀𝑛3𝑁2 + 𝐻2(𝑔) = 1/2𝑀𝑛5𝑁2 + 2/3𝑁𝐻3(𝑔) 

10/3𝑀𝑛4𝑁 + 𝑁2(𝑔) = 8/3𝑀𝑛5𝑁2 8/9𝑀𝑛5𝑁2 + 𝐻2(𝑔) = 10/9𝑀𝑛4𝑁 + 2/3𝑁𝐻3(𝑔) 

3/2𝑀𝑛5𝑁2 + 𝑁2(𝑔) = 5/2𝑀𝑛3𝑁2 2/3𝑀𝑛4𝑁 + 𝐻2(𝑔) = 8/3𝑀𝑛 + 2/3𝑁𝐻3(𝑔) 

 

The catalytic performance of NCs plays a pivotal role in enhancing the ammonia production rate. 

Studies have shown that TMs enhance the catalytic activity of NCs by changing the bond energies 

between intermediate products and the NC. For example, Liu et al. [67] conducted a density 

functional theory (DFT) analysis to explore the influence of nickel (Ni) and Fe on a manganese 

nitride (Mn4N) support for nitrogen activation. Their findings revealed that the addition of Ni and 

Fe significantly improved the catalytic efficiency of the NCs [67]. 

In the AH-CLAS process, the first stage involves the nitridation of a metal hydride in an N2 

atmosphere, resulting in the formation of imides (Eq. (2. 2)). In the subsequent stage, the imides 
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are reduced back to the metal hydride state in the presence of H2, producing NH3 and completing 

the cycle (refer to Figure 2. 4b) (Eq. (2. 3)) [48]. 

Step 1- nitridation 

4

𝑥
𝐴𝐻𝑥 + 𝑁2 → 2𝐴2/𝑥𝑁𝐻

+ 𝐻2 

(x: Valence of A) (2. 2) 

Step 2- hydrogenation 

2𝐴2/𝑥𝑁𝐻 + 4𝐻2 →
4

𝑥
𝐴𝐻 + 2𝑁𝐻3 (2. 3) 

The concept of using the AH-CLAS method for ammonia synthesis originated from studies on 

NH3 production catalyzed by Co-BaH2. In these investigations, BaH2 and Co-BaH2 exhibited 

significant weight gain when heated under an N2 flow in a TGA, indicating that BaH2 acts as a 

nitrogen storage material. Subsequently, the nitrided Co-BaH2 and BaH2 were exposed to a H2 

stream using H2-TPR analysis, and NH3 signals were observed at temperatures exceeding 200°C 

(see Eq. (2. 4) and (2. 5)) [68]. 

𝐵𝑎𝐻2 + 1/2𝑁2 → 𝐵𝑎𝑁𝐻 + 1/2𝐻2 (2. 4) 

𝐵𝑎𝑁𝐻 + 2𝐻2 → 𝐵𝑎𝐻2 + 𝑁𝐻3 (2. 5) 

The overall reaction: 𝑁2 + 3𝐻2 → 2𝑁𝐻3 (2. 6) 

Many alkali hydrides and imides likely function similarly to the BaH2-BaNH system in facilitating 

CLAS [53]. For example, the LiH/Li2NH pair has been identified as a promising candidate for 

AH-CLAS ammonia synthesis due to its favorable thermodynamics during the nitridation and 

hydrogenation stages [53]. In addition, Chen et al. [68] studied Li3N using TGA and reported that 

nitridation and hydrogenation reactions began at approximately 100°C and 170–210°C, 

respectively. 

The energy efficiency of the AH-CLAS process largely depends on the thermodynamics of the 

nitridation and hydrogenation stages. Gao et al. [53] analyzed the Gibbs free energy variations for 

these stages across different alkali hydrides and imides (A = Ba, Ca, Mg, K, Li, and Na) under 

atmospheric pressure and temperatures up to 450°C (refer to Figure 2. 5). Their findings revealed 

that neither potassium (K) nor sodium (Na) forms imides, making them ineffective for rapid 

nitrogen fixation. In addition, while the hydrogenation of KNH2 or NaNH2 to ammonia is 

thermodynamically favorable at lower temperatures, magnesium (Mg) forms only one imide 
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(MgNH), and Mg3N2 is highly stable, making hydrogenation under mild conditions significantly 

more difficult [53]. 

 

Figure 2. 5: The nitridation and the hydrogenation stages in the AH-CLAS thermodynamics [53]. 

 

The MgH2/Mg3N2 system exhibits a large thermodynamic gap between nitridation and 

hydrogenation, further complicating the process [53]. As illustrated in Figure 2. 5, the 

thermodynamic favorability of AH/ANH pairs for the AH-CL process follows this order: 

LiH/Li2NH > BaH2/BaNH > CaH2/CaNH > MgH2/MgNH (Mg3N2) [53]. 

Studies have shown that incorporating certain TMs such as Ni, Co, and Pd into NCs can enhance 

their catalytic performance for ammonia synthesis. For example, as illustrated in Figure 2. 6a, the 

addition of Ni and Co to BaH2 lowered the nitridation temperature from 300°C to approximately 

200–250°C [69]. Furthermore, ammonia production was achieved at a low temperature of around 

100°C and a pressure of 1.0 bar using a Ni-BaH2/Al2O3 NC [48]. 

To better understand and differentiate the roles of chemical looping and the catalytic influence of 

various TM-AH systems, researchers compared NCs and catalysts in both chemical looping and 

conventional ammonia synthesis methods (using a H2 to N2 ratio of 3:1 in a tubular reactor). These 

experiments highlighted the catalytic impact of specific NCs. In addition, it was observed that the 

ammonia production rate by CLAS technology is significantly higher than catalytic approaches 

[69,70] (refer to Figure 2. 6b). Table 2. 2  summarizes the ammonia production rates of several 

TM-AH systems in both the CLAS process and conventional catalytic ammonia synthesis at 
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equivalent temperatures. The findings underscore the catalytic contribution of certain NCs and the 

effectiveness of the chemical looping process in boosting ammonia production rates. 

 

(a) 

 

(b) 

Figure 2. 6: (a) TMs effect on nitridation of BaH2 [53,69], (b) The CLAS and catalytic ammonia synthesis 

production rate comparison [70]. 

 

Table 2. 2: Ammonia production rate different NCs in the CLAS (P=1 bar) & catalytic process (P=10 

bar) at 300°C. LiH production rate was measured at 350°C [49]. 

Samples Chemical looping (µmolg-1h-1) Catalytic process (µmolg-1h-1) 

50% Ni-LiH 1533±50 Undetectable 

LiH 105±8 Undetectable 

BaH2 198±11 Undetectable 

50% Ni-BaH2 3125±80 20±3 

20 % Ni-BaH2 2033±50 48±5 

20% Co-BaH2 1866±92 576±20 

20% Fe-BaH2 1703±70 384±13 

The reactivity of certain metals can change when combined with AHs. For example, palladium 

(Pd) typically exhibits relatively low activity for N2 activation due to its low adsorption energy (En 

= 0.91 eV). However, Yan et al. [71] demonstrated that LiH enhances Pd's reactivity by forming 

lithium-palladium hydrides, such as Li2PdH2 and LiPdH0.7 (collectively referred to as [Li−Pd−H]). 

These compounds significantly improve the NH3 production rate in the CLAS process [71]. 

Composite NCs enhance both nitridation and hydrogenation reactions. As previously noted, early 

TMs play a significant role in nitrogen fixation, while AHs strongly influence the hydrogenation 

kinetics. Feng et al. [72] introduced a multifunctional composite for the CLAS process. In their 
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research, nitrogen fixation occurred over Mn4N–AH under a nitrogen stream, resulting in the 

formation of Mn2N and an alkali amide (ANH). Switching to a H2 stream facilitated the 

hydrogenation of the nitride phases and the reformation of Mn4N and AH. Their findings indicated 

that the multifunctional Mn-AH NC improved the ammonia synthesis rate [71]. 

As depicted schematically in Figure 2. 7, the Mn4N–AH NC offers three unique features: (i) both 

the imide (ANH) and Mn nitride function as NCs, (ii) Mn nitride acts as a NC with catalytic 

properties, enhancing the kinetics of nitrogen fixation and the hydrogenation of the imide, (iii) 

hydrides improve the kinetics of nitrogen dissociation and the subsequent hydrogenation of Mn 

nitride, leading to ammonia production [72]. 

 

Figure 2. 7: Schematic diagram of the CLAS mediated by the MnNx–ANH NC. AH stands for BaH2 

/LiH, and ANH denotes BaNH/Li2NH [72]. 

 

Chang et al. [73] highlighted that Mn, as an early TM, undergoes nitridation to form bulk nitride 

phases. However, it demonstrated negligible catalytic activity due to its strong affinities for 

elements such as nitrogen, oxygen, hydrogen, and carbon, which hinder the conversion of these 

atoms into desired products. The catalytic activity of Mn-nitride can be significantly enhanced, by 

an order of magnitude, with the addition of AHs [73]. Among AHs, the order of catalytic 

promotion is BaH2 > LiH > KH > CaH2 > NaH [73]. 

Wang et al. [74] further explored this improvement, reporting that negatively charged hydrogen 

atoms in LiH act as potent reducing agents, effectively removing activated nitrogen atoms from 

Mn-nitride. This enhancement improves catalytic activity and increases the ammonia production 

rate [74]. Similarly, Laassiri et al. [75] systematically investigated the potential of Mn-nitride-

based materials for ammonia synthesis. They synthesized A-Mn-N NCs (A = Li, K, Fe, Co) and 

evaluated their reactivity by measuring ammonia production rates under H2/N2 streams. Their 

findings showed that most lattice nitrogen released during the synthesis stage reverted to N2 rather 
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than forming NH3. However, incorporating Li into the NC notably improved ammonia production 

[75]. 

Table 2. 3: NC/catalyst synthesis methods reported in the literature. 

No. NC Synthesis procedure Ref. 

1 A-Mn-

N(A=Li, Co, 

Fe, and K) 

• A-Mn-O (A = Li, Co, Fe, and K) were synthesized by applying the 

coprecipitation method.  0.3 g of A-Mn-O and 1.0 g of NaNH2 were mixed 

in an autoclave at 240°C for 36 hours, and then the solid was filtered and 

washed. Finally, it dried at the ambient temperature. 

[75]  

2 Ca3N2-Sr2N • Produced by heating Ca and Sr under a nitrogen stream and mixing them 

using mortar. 

[77]  

3 Mn-Fe/ Al2O3 • A certain amount of Mn powder, Fe powder, and alumina were mixed in a 

mortar. 

[78]  

4 PECVD-

MnNx 

• The MnCl2 evaporated at 500°C and mixed with ammonia gas. Then, the 

plasma ignited. After the reaction, MnNx was found on the walls of the 

quartz tube. 

[79]  

5 Mn-LiH • LiH and MnCl2 with a molar ratio of 7:1 were ball-milled at 200 rpm for 3 

hours. The remaining black solid was washed with THF three times for 

LiCl removal. Then, the solid was dried overnight under a vacuum. 

[79]  

6 PECVD-

MnNx-LiH 

• PECVD-MnNx and LiH were ball-milled for 3 hours at 200 rpm. [79]  

7 MnNx -AHs • Mn4N were ball-milled with corresponding alkali/alkaline metal hydrides 

for 3 hours at 200 rpm under an Ar atmosphere and a molar ratio of 1:5. 

[79]  

8 Mn4N–BaH2 • Ammonia was added to 100 mg barium and 42.7 mg Mn4N at ambient 

temperature. After the impregnation and ammonia removal, Mn4N–

Ba(NH2)2 solid was hydrogenated at 200°C to produce Mn4N–BaH2. 

[80]  

9 MgO or 

Al2O3-

supported 

Ni–BaH2 

• 70% Ni/support catalyst added to a solution of barium–ammonia, and 

barium converted to barium amide. Ammonia was removed. The solid 

was exposed to a hydrogen stream at 300°C for 2 hours to produce BaH2. 

[81]  

10 TM (V, Cr, 

Mn, Fe, Co, 

Ni)–LiH 

• TM chloride and LiH were ball-milled at 200 rpm and 3 hours with a 7:1 

molar ratio. Then, the solid was washed by THF. 

[81]  

11 Co3Mo3N • NC produced by nitridation of CoMoO4.nH2O that was synthesized by 

mixing cobalt nitrate and ammonium heptamolybdate solutions.  

[82]  

 

Some studies have also explored mechanochemical methods for ammonia synthesis, such as ball 

milling NCs during nitridation and hydrogenation stages [76]. This process creates highly active, 

low-coordinated defects through repeated collisions, facilitating N2 activation. Since the 

hydrogenation stage is commonly endothermic, increasing the rotation speed or temperature boosts 

ammonia yield [76]. However, scaling up these processes remains a significant challenge [76]. 
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Table 2. 3 summarizes the various NC synthesis methods reported in the literature, highlighting 

advancements in catalytic performance and innovative approaches for improving ammonia 

production rates. 

2.5. Nonconventional heating methods 

2.5.1. Induction and joule heating 

Induction heating systems operate by applying alternating voltage to a coil, generating an 

alternating current (AC). This AC produces a magnetic field with a frequency matching that of the 

current. The magnetic field induces eddy currents in conductive materials, such as rods or particles 

within the coil, as well as nearby conductive objects. These eddy currents, flowing in the opposite 

direction to the coil current, generate heat through resistive heating [83]. 

To implement induction heating in reactors, a coil is positioned around the reactor bed, and 

magnetic or conductive particles/rods are placed inside the reactor [84]. In fixed-bed reactors, 

multiple coil turns are necessary to achieve a uniform magnetic field distribution throughout the 

bed. When transitioning to fluidized bed reactors, fewer coil turns can be used to deliver the same 

total power. However, challenges such as reduced coil lifetime and thermal fatigue of the reactor 

body remain significant issues [85]. 

In contrast, the Joule or resistive heating method relies on the electrical resistance of the material 

to convert electrical energy into heat [86]. At a fixed voltage, using a material with lower electrical 

resistance increases the current flow, thereby enhancing the heating power [87]. Various factors 

influence the electrical resistance of the bed, including superficial gas velocity, temperature, 

pressure, granular material composition, particle size distribution, interparticle forces, and contact 

resistance between particles. Joule heating offers a more uniform temperature distribution 

compared to induction heating. However, designing solid particles to interact efficiently with 

electricity, as well as optimizing reactor and electrode designs, present significant challenges [87]. 

2.5.2. Microwave heating 

Electromagnetic (EM) waves represent a form of energy that propagates at the speed of light in a 

vacuum. These waves comprise electric (𝐸⃗ ) and magnetic (𝐻⃗⃗ ) fields, which oscillate perpendicular 

to each other and to the direction of wave propagation [88–90]. EM waves are categorized by their 

wavelength, with the spectrum ordered from longest to shortest wavelength (or lowest to highest 
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frequency) as follows: (i) radio waves, (ii) MWs, (iii) infrared radiation, (iv) visible light, (v) 

ultraviolet radiation, (vi) X-rays, and (vii) gamma rays [88–90]. 

MWs occupy a specific region of the EM spectrum, with frequencies ranging from 0.3 GHz to 300 

GHz and corresponding wavelengths between 100 cm and 0.1 cm [88,91]. In North America, 

industrial applications are limited to specific frequencies—0.915 GHz, 2.450 GHz, 5.800 GHz, 

and 22.00 GHz—to prevent interference with other applications. For laboratory settings, the 2.45 

GHz frequency is commonly utilized due to its suitability for materials heating. At this frequency, 

the penetration depth, defined as the depth at which the electrical field strength falls to 38% of its 

surface value, is generally sufficient for most reaction systems [92]. 

MWs are widely utilized for their ability to heat materials efficiently, with domestic MW ovens 

being the most familiar example, used for cooking and heating food. Beyond household 

applications, recent studies have explored the use of MW heating in processing various organic 

and inorganic materials, including ceramics, minerals, and polymers [93–96]. 

MW systems typically comprise three main components: an MW source to generate radiation, an 

applicator to deliver the energy to the target materials, and a control system to regulate and monitor 

the power output. Among MW generators, the magnetron is the most used, especially in MW ovens 

and radar systems, due to its high efficiency, compact design, and low cost. Operating at a standard 

frequency of 2.45 GHz, the magnetron converts electrical energy into MW radiation [88]. The 

heating of materials via MW radiation can be precisely controlled by adjusting the exposure time 

and power level. This versatility makes MW systems valuable in a wide range of industrial and 

laboratory applications [88]. 

Maxwell’s equations describe the excitation and propagation of EM waves [92]. The permittivity, 

also known as the dielectric constant, quantifies how dielectric materials respond to an electric 

field (refer to Eq. (2. 7)). In the context of dielectric materials, the magnetic field’s contribution to 

MW heating is considered negligible. As a result, heating in such materials is driven solely by the 

electric field [88]. A critical parameter in assessing a material’s ability to absorb MW energy is 

the loss tangent (𝑡𝑎𝑛𝛿), refer to Eq. (2. 8). This property reflects the efficiency of MW heating in 

materials and plays a key role in determining their suitability for MW heating-based applications 

[88]. 
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𝜀∗ = 𝜀′ − 𝑗𝜀′′ (2. 7) 

𝑇𝑎𝑛 𝛿 =
𝜀′′

𝜀′
 (2. 8) 

The complex permittivity (𝜀∗ ) characterizes the interaction between a material and an electric 

field. It comprises two components: the dielectric constant (𝜀′), which measures a material's ability 

to store electrical energy, and the dielectric loss factor (𝜀′′), which represents energy dissipation 

as heat. The angle 𝛿 denotes the phase difference between the alternating electric field and the 

polarization response of the material. 

It is important to note that a material's dielectric properties are not constant; they vary based on 

factors such as temperature, frequency, purity, and chemical composition [88]. Table 2. 4 provides 

an overview of the dielectric properties of various materials, highlighting their different responses 

under MW irradiation. 

Table 2. 4: The dielectric properties of different materials [88]. 

Material 𝜺′ 𝜺′′ 𝒕𝒂𝒏𝜹 T (°C) f(GHz) 

Air 1.01 0.00 0.0000 25 NA 

Glass  4.82 0.03 0.0054 25 3 

Distillated water 78.00 12.00 0.1538 25 2.45 

Quartz 4.00 0.001 0.0003 20 2.45 

Methanol 32.60 21.48 0.6589 25 2.45 

Polyethylene (PE) 2.26 0.01 0.0009 NA 0.915 

Zinc oxide 3.00 3.00 1.0000 25 NA 

Ethanol 24.30 22.86 0.9407 25 2.45 

Aluminum oxide 

(Al2O3) 

9.00 0.01 0.0007 25 NA 

SiC (d=500 µm) 30.00 11.00 0.3700 25 2.45 

Carbon active (d=20 

µm) 

130.00 60.00 0.4600 25 2.45 

SiC tube 10.00 0.40 0.0400 25 2.45 

The complex permeability (𝜇∗) characterizes how materials respond to a magnetic field, capturing 

both the storage and dissipation of magnetic energy (refer to Eq. (2. 9)). The magnetic loss tangent 

(𝑇𝑎𝑛µ𝛿), measures the efficiency with which magnetic materials convert an alternating magnetic 

field into heat [90]. These properties are crucial in understanding and optimizing the performance 

of materials in applications involving magnetic fields and heating. 
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𝜇∗ = 𝜇′ − 𝑗𝜇′′ (2. 9) 

𝑇𝑎𝑛 𝛿𝜇 =
𝜇′′

𝜇′
 (2. 10) 

Magnetic permeability (𝜇′) quantifies a material's ability to support the formation of a magnetic 

field, while the magnetic loss factor (𝜇′′) represents energy losses due to resonance and relaxation 

phenomena under an alternating magnetic field. These properties influence the penetration depth 

of EM waves into the material. Specifically, higher permeability reduces the penetration depth, 

limiting the extent to which EM energy can penetrate the material [90].  

We can use Eq. (2. 11) to estimate the power dissipated (𝑃) within materials as EM energy is 

converted into heat [91]. Furthermore, the rate at which a material heats under MW irradiation can 

be described by Eq. (2. 12). 

𝑃 =
1

2
𝜎|𝐸⃗ |

2
+ 𝜋𝑓𝜀0𝜀𝑟

′′|𝐸⃗ |
2
+ 𝜋𝑓𝜇0𝜇𝑟

′′|𝐻⃗⃗ |
2
 (2. 11) 

∆𝑇

∆𝑡
=

𝑃

𝜌𝑐𝑝
 (2. 12) 

where 𝜎 represents the electrical conductivity, 𝐸⃗  is the electric field strength, 𝑓 denotes the 

frequency, 𝜀0 is the permittivity of free space, 𝜇0 is the permeability of free space, 𝐻⃗⃗  indicates the 

magnetic field strength, 𝑇 is the temperature, 𝑡 is the time, 𝜌 is the material density, and 𝐶𝑝 is the 

specific heat capacity of the material. 

Eq.(2. 11) identifies three distinct mechanisms contributing to MW heating: Joule (or resistive) 

loss, dielectric loss, and magnetic loss) [91]. Joule loss, represented by the first term, is the 

predominant heating mechanism in materials with high electrical conductivity, such as metals [91]. 

This process is driven by eddy current losses generated in an alternating magnetic field and is 

directly related to the material's electrical conductivity. Dielectric loss, described by the second 

term, arises from the polarization of the material, which may involve various types of polarization, 

including electronic, atomic, dipolar, ionic, or interfacial polarization. Magnetic loss, represented 

by the third term, occurs due to mechanisms such as eddy currents, hysteresis, electron spin 

resonance, and domain wall motion in response to an oscillating magnetic field [91]. 

As illustrated in Figure 2. 8, the electric field component of an EM wave can be absorbed, 

transmitted, or reflected by different substances. Consequently, the interaction between MWs and 
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materials is typically classified into three categories: (i) Absorbing materials: These materials, 

which range from conductors to insulators, exhibit high dielectric loss, making them capable of 

absorbing EM energy and converting it into heat. They are often referred to as lossy dielectrics. 

(ii) Transparent materials: Characterized by low dielectric loss factors, materials such as ceramics, 

glass, quartz, and air exhibit minimal MW absorption. They allow MWs to pass through with little 

to no interaction. (iii) Opaque materials: Highly conductive materials, such as metals, fall into this 

category. They reflect EM waves rather than allowing absorption or transmission [88]. 

 

Figure 2. 8: Interaction of different materials with EM waves [88]. 

 

The EM field penetration depth refers to the distance from an object's surface where the EM field 

strength decreases to 38% of its initial value at the surface. This depth can be determined using 

Eq. (2. 13) [91]. Similarly, the power penetration depth represents the distance from the surface at 

which the power density drops to 38% of its surface value. Notably, the power penetration depth 

is half the value of the electromagnetic field penetration depth. Table 2. 5 provides the penetration 

depths of MWs for various materials. 

𝑑 = [
𝜔2𝜀′𝜇′

2
(√1 +

𝜎2

𝜔2𝜀′2
− 1)]

−1
2

    , 𝐷𝑝 =
𝑑

2
 (2. 13) 

Where 𝑑 is the penetration depth of the EM field, 𝜔 is the angular frequency, and 𝐷𝑝 is the power 

penetration depth. 

MW heating offers rapid processing, significantly reducing both heating time and energy loss, 

which leads to lower overall energy consumption. In conventional heating, heat is supplied 

externally, and the gas phase typically reaches the same temperature as the catalyst or solid 

particles. This uniform heating can promote gas-phase secondary reactions, potentially lowering 

the yield of desired chemicals. In contrast, MW heating generates heat directly within the catalyst 

or solid particles due to the interaction between EM waves and the dielectric material loaded in 
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fixed-bed or fluidized-bed reactors. Since MWs do not directly heat the gas phase, owing to the 

minimal interaction between MWs and gas-phase components, a significant temperature gradient 

develops between the solid particles and the gas phase. This suppresses unwanted gas-phase side 

reactions and enhances reactor performance, leading to higher production rates of desired 

chemicals [97]. 

Table 2. 5: The penetration depth of MWs inside some studied substances at 2.45 GHz [91]. 

Material Dp (µm) T (°C) MW heating capability 

Alumina (Al2O3) 

13.0 ×106 Ambient temperature Transparent 

5.0×106 590 Transparent 

0.8×106 980 Nearly transparent 

0.2×106 1340 Nearly transparent 

Hematite (Fe2O3) 
10.0×106 Ambient temperature Transparent 

45.0×103 600 Absorber 

Magnetite (Fe3O4) 80.0 Ambient temperature Absorber 

Water (liquid H2O) 300×104 Ambient temperature Absorber 

Graphite (dp=20-80 µm) 2.0×104 Ambient temperature Absorber 

Silicon Carbide (SiC) 1.9×104 Ambient temperature Absorber 

Magnesium (Mg) 2.2 Ambient temperature 

Reflective for the bulk of 

metals 

Absorbers for fine particles 

Iron (Fe) 1.3 Ambient temperature 

Copper (Cu) 2.7 Ambient temperature 

Aluminum (Al) 1.7 Ambient temperature 

Nickel (Ni) 2.5 Ambient temperature 

MW heating is also highly efficient, with electrical-to-MW energy conversion efficiencies of 80–

90% and MW-to-thermal energy conversion efficiencies of 70–90%. These efficiencies make MW 

irradiation a cost-effective heating method for industrial processes. Furthermore, the use of 

renewable electricity to generate MWs can enhance the sustainability of the process [91]. 
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CHAPTER 3     COHERENCE OF CHAPTERS 

 

In this thesis, we developed an innovative microwave heating-assisted chemical looping ammonia 

synthesis (MHCLAS) technology designed to operate under atmospheric pressure and at a 

temperature range of 350-630°C for the nitridation stage and 150-350°C for the hydrogenation 

stage. We started with a comprehensive literature review, thermodynamic analysis, and the 

selection of NCs. Across Chapters 4 to 9, we systematically detailed the strategy for developing 

and validating the MHCLAS technology, addressing the specific sub-objectives defined for this 

study. 

✓ Chapter 4: In this chapter, published as a review paper in Frontiers in Chemical 

Engineering, we explored gas-solid reactions kinetic under MW irradiation. The study 

emphasized the advantages and limitations of MW heating in such reactions, proposed 

strategies for conducting effective kinetic studies under MW heating and discussed 

potential reasons for discrepancies between kinetic parameters obtained using MW and 

conventional heating approaches. 

 

✓ Chapter 5: In this chapter published as a research article in I&EC Journal, we conducted 

a modeling and simulation study, validated by experimental results, to examine the 

temperature gradient between gas and solid phases under MW heating. The findings 

revealed that selective MW heating results in lower gas-phase temperatures, which is 

critical for minimizing ammonia decomposition during the hydrogenation stage. 

Parameters such as superficial gas velocities, reaction exothermicity and endothermicity, 

and temperature measurement techniques were analyzed. In addition, we proposed a 

potential optimal reactor type for studying reaction kinetics under MW irradiation. 

 

✓ Chapter 6: Published as a research article in the Journal of Energy Conversion and 

Management, this chapter details the development and performance evaluation of various 

NCs under conventional and MW heating. This proof-of-concept study utilized insights 

from earlier chapters. We developed NCs that were both reactive in CLAS nitridation and 
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hydrogenation reactions and exhibited strong interactions with MWs, demonstrating the 

feasibility of the MHCLAS approach.  We employed different techniques including 

thermogravimetric analysis (TGA), temperature-programmed reduction (TPR), ion-

selective electrode (ISE), x-ray diffraction (XRD), and scanning electron microscopy with 

energy dispersive spectroscopy (SEM-EDS) to investigate/justify the nitridation and 

hydrogenation reactions conducted over different Mn, Fe, and Ba-based NCs.  

 

✓ Chapter 7: In this chapter, submitted as a research paper in Journal of Fuel, we performed 

a detailed intrinsic kinetic study to evaluate the kinetics of the nitridation and 

hydrogenation stages. By minimizing the effects of external and internal mass transfer, we 

proposed intrinsic kinetic models that can serve as a foundation for further development of 

MHCLAS technology. We also discussed reaction models for nitridation and 

hydrogenation, enhancing our understanding of the MHCLAS reactions. 

 

✓ Chapter 8: In this chapter, submitted as a research article to Journal of Hydrogen Energy, 

we applied the kinetics developed in Chapter 7 to model and simulate MW-heated fluidized 

bed reactors for both nitridation and hydrogenation stages. The study examined EM field 

distributions, temperature distributions, and gas/solid reactions conversions, providing 

critical insights for scaling up MHCLAS technology. These findings mark a significant 

step toward the industrialization of the MHCLAS process. This project showed the 

potential of MHCLAS as an efficient and sustainable solution for renewable energy 

storage. 

 

✓ Chapter 9: In this chapter, we conducted a preliminary/general techno-economic 

assessment, highlighting potential challenges in scaling up the MHCLAS reactor, such as 

the limitation of MW penetration depth. These findings provide valuable insights into the 

key constraints that must be addressed for the successful industrialization of MHCLAS 

technology. 
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Abstract 

Microwave (MW) heating is rapid, selective, and volumetric, and it is a compelling non-

conventional heating approach for driving chemical reactions. The effect of MW irradiation on the 

kinetics of thermal/catalytic reactions is still under debate. A group of researchers reported that the 

effect of MW heating on reaction kinetics is highlighted through the non-thermal effects of MWs 

on kinetic parameters and reaction mechanisms in addition to the thermal effect. However, another 

group attributed the observations to the thermal effect only. In the present work, we summarized 

and critically synthesized available information in the literature on the subject. It can be concluded 

that MW heating has solely the thermal effect on gas-solid reactions, and the variations of kinetic 

parameters are related to the direct and indirect impacts of that. Temperature measurement 

limitations, physical structure variation, and non-uniform temperature distribution are the primary 

sources of the discrepancy in previous studies. In ionic liquid-solid reactions, the presence of 

electromagnetic fields can affect the movement of ions/polar molecules which can be considered 

a non-thermal effect of MWs. However, the effect of MW absorption by solid/catalyst, and the 

formation of hot spots must be taken into account to avoid potential discrepancy. Therefore, further 

theoretical/experimental studies are required to clarify the effect of MWs on liquid-solid reactions. 

In addition, developing reliable temperature measurement methods and isothermal reaction 

domain are required for an accurate kinetic study during MW irradiation. 
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4.1. Introduction 

Compared to conventional heating, microwave (MW) heating is an effective heat supply approach 

for chemical and material processes. Electromagnetic (EM) properties of materials, including 

permittivity, permeability, penetration depth, and electrical conductivity play critical roles in 

absorbing MWs and their conversion to thermal energy [1,2]. In the conventional heating of a 

multi-phase system, an external source supplies heat, and the whole system, including solid 

particles, gas/liquid, and reactor walls, are at similar temperatures. Therefore, non-desired 

secondary reactions likely occur in the fluid phase, reducing the desired chemicals' production rate 

and process efficiency [3]. In the MW heating approach, however, heat is generated in the body of 

certain phases (commonly solid particles) owing to the high penetration depth of MWs and their 

interaction with dielectric material loaded in the reactors. MWs cannot directly heat the gas phase 

due to their negligible interactions with this phase [3,4]. Therefore, a considerable temperature 

gradient between the solid particles (either inert or catalyst) and fluid suppresses the fluid-phase 

side reactions, favors the production of desired chemicals, and likely leads to higher selectivity 

and conversion [3–6]. The rapid and selective features of MW heating also decrease the treatment 

time and energy loss during the process [2]. The effects of MW irradiation on various multiphase 

(gas/liquid-solid phases) reaction systems are presented in Table 4.1.  

Despite the applications of MW heating in multiphase systems, its effect on the kinetics of these 

reactions is still under debate. The main discrepancy is the presence of non-thermal effects, i.e., 

the interaction of MWs with materials at atomic/subatomic level and electron donation 

enhancement, in addition to the thermal effects, i.e., selective heating and formation of hotspots. 

In the present communication, we reviewed the impacts of MW heating on the reaction kinetics of 

multiphase reactions reported in the literature. We critically compared the experimental procedures 

in various references to propose the potential sources of discrepancy in the kinetic results. 
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Table 4.1: Impact of MW heating on multiphase reactions. 

No. Process 

Reactor 

ID 

(mm)/ 

sample 

amount 

(g or 

ml) 

Temperature 

measurement 

technique 

Heating 

approach 

MW effect 

Ref. 

Conversion Selectivity Reaction 

Temp. 

1 Methane 

decomposition 

22 mm Pyrometer Direct ↑a ↑ NAb [7] 

2 Methane oxidation 5 mm Pyrometer 

+metallic

thermocouple

Direct ↑ ↑ ↓c [8] 

3 Methane dry reforming 5-30 mm Pyrometer Hybrid ↑ ↑ NA [9] 

4 Methane 

dehydroaromatization 

8 mm IR Direct ↑ NA ↓ [10] 

5 Methanol steam 

reforming 

24 mm Fiber optic 

probe 

Direct ↑ ↑ ↓ [11] 

7 H2S decomposition 2 g Metallic 

thermocouple 

Direct ↑ NA NA [12] 

8 CO oxidation 0.1 g Fiber optic 

probe 

Direct ↑ NA NA [13] 

9 Propane oxidation 16 mm Pyrometer Hybrid ↑ NA ↓ [14] 

10 n-butane oxidation 24 mm Pyrometer Hybrid ↑ ↑ NA [3] 

11 SO2 reduction 20 mm Metallic 

thermocouple 

Direct ↑ NA NA [15] 

12 Ethane valorization 8 mm Pyrometer Hybrid ↑ ↑ ↓ [6] 

16 Upgrading stranded 

shale gas to aromatics 

10 mm Pyrometer Direct ↑ NA ↓ [16] 

17 Synthesis of 

phytosterol esters 

200 ml NA Hybrid ↑ NA ↓ [17] 

18 Sodium 

tetrahydridoborate 

(NaBH4) hydrolysis 

15 mm NA Hybrid ↑ NA ↓ [18] 

a: increasing, b: not applicable, c: decreasing 

4.2. Kinetics of gas/liquid-solid reactions 

According to the literature, MW heating has mainly thermal effects on reaction kinetics. For 

instance, hot spots generated during the MW treatment of solid beds enhance the reaction rate as 

their temperature is significantly higher than the average bed (or bulk) temperature [1,4]. These 

hot spots can form microcracks inside the solid materials, and enhance internal mass transfer. For 
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instance, Amini et al. [4] reported that MWs selectively heat some components of iron oxide 

minerals, generating a temperature gradient between different components within an ore particle. 

Accordingly, micro-cracks are generated through the ore, enhancing gas diffusion into the ore, and 

improving the apparent kinetics of the reduction reaction [4]. 

In some discrepant cases, the non-thermal effect of MWs is also reported as a driving force in 

accelerating reactions [19]. For instance, Omran et al. [4] reported a decrease in the activation 

energy (𝐸) in Eq.(4.1)) during carbothermic reduction of zinc oxide and zinc ferrite which occurs 

at a lower temperature compared to conventional heating. Also, Fukushima et al. [20] studied the 

reduction of CuO to Cu2O under MW heating. They reported that, compared to the conventional 

heating, 𝐸 decreases to 2/3 and 1/3 under E-field and H-field, respectively due to the non-thermal 

effect of MWs which likely enhances the electron donation and micro-plasma formation. In 

contrast, others believe that decreasing the activation energy is due to underestimating hot spots 

temperatures [1,3]. Accordingly, the measured temperature was the bulk temperature, while 

catalyst/solid particles had noticeably (50 to 300°C) higher temperatures owing to selective heating 

via MWs [1–3,21]. Eq. (4.1) shows the general equation for reaction rate and its parameters. 

𝑅𝑖 = 𝑘0exp (
−𝐸

𝑅𝑇
)𝑓(𝐶𝑖) 

(4.1) 

where 𝑅𝑖 is the reaction rate of component 𝑖, 𝑘0 is the pre-exponential factor, 𝑅 is the universal 

gas constant, 𝑇 is the absolute temperature, and 𝐶𝑖 is the concentration of component 𝑖. 

In the case of 𝑘0, both the increase [22,23] and decrease [24–26] have been reported under MW 

heating. However, 𝑘0 is known as collision frequency that should not decrease under MW heating 

[21]. In MW transparent fluids, no change is expected in the 𝑘0 compared to the conventional 

heating approach. The Effects of MW heating on the kinetic parameters of some thermal/catalytic 

reactions for gas/liquid-solid systems are presented in Table 4.2. Reactor diameter/sample amount, 

temperature measurement technique, and heating approach (direct: directly heating the sample via 

MWs, or hybrid: mixing the sample with MW receptor materials, such as silicon carbide (SiC) and 

activated carbon to heat the sample indirectly) are investigated in this paper.   
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Table 4.2: kinetic studies of gas/liquid-solid systems under MW irradiations. 

Process 

Reactor 

ID 

(mm)/ 

mass 

(g) 

Temperature 

measurement 

technique 

Changes compared to 

conventional heating Rate 

controlling 

mechanism 

Heating 

approac

h 

Ref. 
𝑬 𝑲𝟎

Methanol 

reforming 

8 mm Metallic thermocouple 

(top of the bed) 

No 

chang

e 

No change No change Hybrid [27] 

Thermal pyrolysis 

of bamboo 

sawdust 

45 mm Grounded metallic 

thermocouple (center of 

the bed) 

↓ ↓ NA Hybrid [24] 

Char steam 

gasification 

20 mm Grounded metallic 

thermocouple (center of 

the bed) 

↓ ↓ No change 

(SCMa, VRMb) 

Direct [25] 

Iron production 

via hydrogen-

reduction of 

Iron(II) sulfide –

calcium oxide 

(FeS-CaO) 

mixture 

35 mm Radiation thermometer ↓ NA • Conventional:

reaction rate-

limiting, and

then diffusion

rate limiting.

• MW heating:

gas diffusion

rate-limiting

Direct [4] 

Reduction of 

chromium ore 

fines containing 

coal 

65 mm Metallic thermocouple ↓ NA No change Direct [26] 

Carbothermic 

reduction of zinc 

oxide and zinc 

ferrite 

NA Metallic thermocouple 

on top of the sample 

↓ NA NA Hybrid [28] 

Pyrolysis of waste 

printed circuit 

boards 

40 g 

sample 

in MW-

TGA 

Metallic thermocouple ↓ ↓ Under MW 

heating, reaction 

order decreased 

Hybrid [29] 

Pyrolysis of 

lignocellulosic 

biomass 

Quartz 

crucible 

(3-5 g) 

Metallic thermocouple ↓ ↓ NA Hybrid [30] 

Reduction of 

copper oxide 

(CuO) 

Pelletize

d 

particles 

(8×2 

mm) 

IRc thermometer ↓ ↓ NA Direct [20] 

Pyrolysis of wood 

sawdust for 

phenolic rich 

compounds 

NA IR thermometer ↓ NA NA Hybrid [31] 

Paper cups 

pyrolysis 

15 Metallic thermocouple No 

chang

e 

No change At a high 

heating rate, 

decomposition 

of cellulose was 

direct from 

feedstock to 

products rather 

than producing 

intermediates 

Hybrid [32]



39 

Table 4.2 (cont’d): kinetic studies of gas/liquid-solid systems under MW irradiations. 

 NaBH4 

hydrolysis 

15 NA ↓ ↓ By increasing 

heating rate 

under MW 

irradiation 

reaction order 

decreased 

Direct [18] 

Synthesis of 

phytosterol esters 

200 ml NA ↓ ↑ NA Direct [42] 

a: shrinking core model, b: volume reaction model, c: infrared 

4.3. Potential sources of discrepancy 

Variations of reaction kinetic parameters in multiphase reactions under MW heating compared to 

conventional heating have potential reasons, such as reactor diameter/sample amount in a kinetic 

study [33], heating approach (direct or hybrid) [34], temperature measurement [34,35], physical 

structure variation due to materials exposure to MWs [4], and interaction of MWs with polar 

molecules and free radicals [36]. These sources are discussed below. 

4.3.1. Effects of reactor diameter/sample amount and heating approach  

The uniform temperature distribution in the reaction domain is essential to increase the accuracy 

of estimated kinetic parameters. Temperature non-uniformity in the bed is observed on both the 

macro-scale and micro-scale. The macro-scale temperature gradient of the bed is changed by 

variation of the sample’s location in the cavity, the ratio of the waveguide to cavity impedances, 

and materials properties (affecting penetration depth). The main reason for the micro-scale 

temperature non-uniformity/hot spots is the difference in dielectric properties of materials in the 

bed [1,37]. 

Smaller reactor sizes and a few grams of solid mass are preferred to have a more uniform 

temperature distribution (see Figure 4.1), while effects of external and internal mass transfer 

limitations are eliminated/minimized either by increasing gas/liquid velocity or decreasing particle 

size, respectively [33]. To provide a uniform temperature distribution, we recommend applying a 

reactor diameter smaller than 10 mm (around 1/12 of MW wavelength at a frequency of 2.45 GHz), 

in fixed bed reactors adopted for intrinsic kinetic studies. In addition, employing fluidized bed 

reactors is another solution for an accurate kinetic study due to minimizing temperature non-

uniformity [38,39]. Impedance matching between the waveguide and cavity eliminates microwave 

reflection and minimizes the bed's macro-scale temperature gradient. 
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Heating of materials with weak MW interactions, e.g., plastics and biomass, in MW heating 

systems is challenging [34]. Therefore, the hybrid heating approach is typically applied. However, 

due to variations in dielectric properties, it forms hot spots at MW receptors in the bed. For 

instance, pyrolysis of 40 g waste printed circuit board in an MW-thermogravimetric analyzer 

resulted in both macro and micro scales hot spots during MW-assisted hybrid heating [29]. Also, 

MW-assisted pyrolysis of bamboo sawdust in a fixed bed reactor with a diameter of 45 mm (around 

1/3 of the MW wavelength at 2.45 GHz) resulted in the formation of macro-scale hot spots [24]. 

Figure 4.1: Effect of the internal reactor diameter (15 and 70 mm) on temperature distribution in a mixture 

of paper cups and graphite (adapted from ref. [33]). 

4.3.2. Effect of temperature measurement  

Most MW reactors work based on temperature control mode, where the sample is heated to and 

kept at the desired temperature by coupling the feedback from an appropriate temperature 

measurement technique to the impedance tuner in the MW waveguide [35,40]. However, accurate 

temperature measurement of the gas/liquid and solid phases under MW heating is one of the critical 

issues in kinetic studies [35,40]. If the temperature is underestimated, the kinetic results show a 

fake enhancement. 

Currently, no technique can accurately measure the gas/liquid and solid local temperatures during 

MW heating [41]. Various techniques, including grounded and shielded metallic thermocouples 

[35], fiber optic probes [40], IR [35], polymeric [35], molecular [35], and air thermometers [21], 
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as well as radiometry methods [41] are employed in MW heated reactions. For kinetic studies, we 

need at least one contact sensor, e.g., thermocouple and fiber optic probe, or some other MW 

transparent sensors, to track the temperature changes during MW treatment of multiphase systems 

[35]. Critical remarks regarding different temperature measurement techniques for MW heating 

systems are summarized in Table 4.3.  

Table 4.3: Temperature measurement techniques in MW processing. 

Technique Main remarks Ref. 

Polymeric thermometer • Limited for measuring the solid surface temperature

• Inaccurate for gas-phase temperature measurement, especially during

a reaction

[18] 

Molecular thermometer • Unsuitable for gas-solid reactions [35] 

Metallic thermocouple • Interference with MWs

• Spark formation

• The difficulty in measuring local hot-spots temperature

[35] 

Fiber optic probes • More accurate than IR and metallic thermocouples

• Immune to interference with MWs (depends on its design)

• Limited temperature range (0-300°C)

• Fragile

• Expensive

[40] 

IR-thermography • Inaccurate due to the emissivity change during the reactions [35] 

Radiometry method • Antenna made of planar printed steel that causes Interference with

MWs

[41] 

Air thermometer • No interference with MWs

• The difficulty in measuring local hot-spots temperature

• Fragile

[21] 

4.3.3. Effect of MWs interactions with polar molecules and free radicals 

The activation energy is a characteristic of a chemical reaction implying the minimum required 

energy to initiate the reaction between reactants. Thus, a deep insight into the interactions (e.g., 

vibrations, disassociations, etc.) at an atomic scale under MW irradiation is essential to investigate 

their dependency on MWs. 

Patil et al. [42] reported that the reaction rate constant for microwave-assisted transesterification 

of oil on BaO catalyst is 98 times higher than conventional reaction. Although they provided no 

discussion/justification, it seems they ignored the potential interaction between BaO catalyst and 

microwaves that leads to a higher temperature at the catalyst surface compared to the bulk 

temperature (i.e., hot spot formation). Barium oxide is a non-polar dielectric material with potential 

defects, including vacancies and interstitials, which couple with microwaves to convert its energy 

into heat [43]. Khujaev et al. [44] reported that the complete dissolution of BaO in HCl under 
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microwave irradiation at 385 W takes less than 2.5 min, whereas it requires more than 20 min in 

conventional heating methods, indicating a significant interaction between microwaves and BaO. 

Accordingly, a higher reaction rate during microwave transesterification is attributed to the higher 

local temperature at the catalyst surface compared to the measured temperature, i.e., the bulk 

temperature, whereas the catalyst temperature is the same as the bulk temperature during 

conventional heating [44]. 

In addition, in liquid-solid MW heating-assisted reaction systems, MWs interactions can 

potentially affect ions and polar molecules. These interactions might result in a variation of kinetic 

parameters compared to conventional heating. For instance, the activation energy of Sodium 

tetrahydridoborate (NaBH4) hydrolysis under MW heating (46.8 kJ/mol) is lower than that 

obtained under the conventional heating approach (66.9 kJ/mol) [18]. The authors attributed this 

to the interaction between MW electric field and OH- ions that accelerate hydrolysis which was 

confirmed by a high-level pre-exponential factor (2.08×103 L/mol.min) under MW irradiation. In 

the study by Yang et al. [45], accelerating ions under MW heating was also reported. However, 

the MW absorption capability of the solid/catalyst was ignored in these studies. If the solid absorbs 

MWs, the improved kinetics in a liquid-solid system under MW irradiation is likely attributed to 

the formation of hot spots in the solid component, which provides a higher local temperature 

compared to the bulk. Moreover, the formation of intermediate products with MW interaction, 

which is locally heated, affected reaction kinetics by their rotation [32].  

Unlike the gas phase, which is relatively transparent to MWs, liquid materials containing polar 

molecules or ions interact with MWs. Accordingly, a liquid ion’s dipolar/rotational movement on 

a solid's surface can change the reaction pathway/mechanism [18]. However, further 

theoretical/experimental works are needed to study the interaction of ions and polar intermediate 

with MWs in liquid-solid systems.  

4.4. Future study 

The development of new temperature measurement techniques, preferably non-intrusive ones, e.g., 

wireless thermometers, for local temperature measurement in MW systems is essential. In addition, 

the morphology variation of solid materials should be monitored under MW heating processes. 

Applying computational approaches like density functional theory (DFT), to investigate the effect 

of EM field on polar molecules in solid-liquid systems and consequently its impact on reaction 

kinetics/mechanism is an important concept that needs to be covered in future studies. 
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4.5. Conclusion 

The effect of MW heating on the kinetic parameters of gas/liquid-solid reactions was reported in 

the literature. Underestimation and even sometimes overestimation of the reaction temperature in 

the reaction domain due to hot spots formation at micro and macro scales, and difficulty in 

measurement of these temperatures are the main sources of discrepancy in MW heating kinetic 

studies. Therefore, to the best of the authors’ knowledge, there is no evidence in the literature 

confirming the presence of the non-thermal effect of MWs on the kinetics of gas-solid reactions, 

by now. Fixed bed reactors with a smaller diameter, e.g., 10 mm or operation under fluidized bed 

mode are suggested for kinetic studies to avoid noticeable temperature gradients within the reactor. 

However, changing the morphology of solid materials under MW heating can affect apparent 

kinetic parameters when the internal mass transfer controls the reaction rate. In liquid-solid 

systems with ions and polar molecules, electromagnetic fields likely accelerate the molecule's 

movement, which might affect the reaction rate; however, the interaction of MWs with 

solid/catalyst should also be considered for potential hot spot formation to avoid an inaccurate 

kinetics evaluation. 
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Abstract 

Research studies have shown that selective heating of different phases in gas-solid systems 

exposed to microwave (MW) irradiations leads to a temperature gradient between gas and MW 

absorber solids. This can suppress undesired secondary gas-phase reactions and yield apparent 

kinetic improvements and energy savings. However, the effects of reaction 

exothermicity/endothermicity, gas velocity, temperature probe location at the micro-scale, and 

MW penetration depth in fixed beds on the temperature difference between solid and gas phases 

exposed to MWs and temperature distribution in the fixed beds are poorly understood. 

Highlighting these effects was targeted in this study and accomplished with the help of 

multiphysics simulations by COMSOL Multiphysics (5.6). The corresponding COMSOL model 

was initially verified and validated by data collected from literature and those obtained 

experimentally by the authors in this study. Simulation results from the verified and validated 

model indicated that the temperature gradient between gas and MW absorber solid increases by 

increasing the gas velocity or switching from an endothermic reaction to a no-reaction and/or 

exothermic reaction. In addition, the collected results show non-uniform temperature distribution 

in a fixed bed reactor made of MW absorber particles irradiated by MWs due to the limited 

penetration depth of MWs and hot spot formation. This operational deficiency makes the large-

scale design of this type of reactor very challenging for MW heating-assisted reactions. 
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5.1. Introduction 

Chemical and metallurgical industries significantly contribute to global warming since they 

produce a large amount of carbon dioxide (CO2) annually [1–4]. One of the main sources of 

produced CO2 is the combustion of fossil fuels to supply their required energy/feedstocks. This 

problem can partly be tackled by applying process electrification integrated with renewable 

electricity. Electromagnetic waves (EMWs) from renewable energy sources can help decrease the 

rate of CO2 emissions compared to the conventional heating approach supplied by fossil fuels or 

even renewable energy [5,6]. Applying EMWs can enhance reaction selectivity/yield. It can, 

hence, result in a lower energy consumption/carbon footprint for the separation process and the 

overall process, accordingly. EMWs contain electrical (𝐸) and magnetic (𝐻) fields with 

propagation speeds similar to light in a vacuum and oscillating perpendicular to each other [7–9]. 

Microwave (MW) is a certain type of electromagnetic (EM) wave having a wavelength in the range 

of 1 m to 1 mm and a frequency in the range of 300 MHz to 300 GHz [7,10]. For laboratory trials, 

a frequency of 2.45 GHz is preferred since the penetration depth, i.e., the depth in an object at 

which electric field strength reaches 37% of its value at the surface of the object, achieved under 

this frequency, is adequate for most reactive conditions. In addition, 2.45 GHz is among the 

allowed frequencies in North America for industrial/laboratory applications to prevent interference 

with other applications [11]. 

As schematically depicted in Figure 5.1, heat transfer in the conventional heating approach is from 

the surface of a solid object to its core due to the shallow penetration depth of infrared waves 

[7,10]. However, materials are not following the same phenomena when exposed to MWs. A 

higher penetration depth of MWs in materials compared to that of infrared waves results in their 

volumetric heating [12–14]. In the MW heating approach, because of heat loss from the surface, 

the central temperature is commonly higher compared to the surface temperature, which leads to 

heat transfer from the center of the object to its surface [7,15]. In addition, volumetric heating by 

MWs happens when the solid particle size of a MW absorber material is optimally smaller than 

the MW’s penetration depth [7]. 
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Figure 5.1: Schematic representations of temperature distributions in a MW receptor particle heated by MW 

heating and conventional heating approaches. 

Materials exposed to MW heating can be categorized into three main groups. They are (i) 

transparent materials through which MWs pass with negligible interaction, (ii) reflective materials, 

which MWs reflect from their surfaces due to the small penetration depths of EMWs inside these 

materials, and (iii) MW absorber materials with a high dielectric loss factor, which represents the 

materials’ capability of converting EMW energy to heat. Since in gas-solid systems, the gas phase 

is transparent to MWs, and the solid phase is commonly designed to be MW absorbers, EMWs 

directly interact with solid materials which results in their selective and rapid heating. The selective 

and rapid heating characteristics of the MW heating approach decrease the processing time and 

energy consumption [10,16]. 

While the MW heating approach is rapid, it also yields a higher selectivity and reaction rate 

compared to conventional heating owing to the selective heating and hot-spot formation [17,18]. 

Different dielectric properties of gas and solid result in the selective MW heating of solids and, 

thus, the formation of a temperature difference between the gas and solid phases. This temperature 

difference, with a lower gas phase temperature in comparison with the solid phase temperature, 

can result in the suppression of secondary (undesired) reactions if they happen in the gas phase 

[18]. Researchers believe that decreasing the activation energy in gas-solid catalytic/non-catalytic 

reactions is owing to the underestimation in hot-spot temperatures rather than non-thermal effects, 

and the intrinsic activation energy of the reaction does not change under MW irradiation [10]. In 

addition, both the increasing and decreasing of the pre-exponential factor of reaction kinetics under 

MW irradiation were reported in literature. However, since MWs can potentially improve agitation 
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and the pre-exponential factor represents the collision frequency in a specific reaction, its reduction 

under MW heating is questionable [10,19,20]. Moreover, no theoretical proof and accurate 

experimental observations were reported to accurately answer the MW effect on chemical reaction 

improvement [19,20]. Interested readers are encouraged to check out the recent review by Adavi 

et al. [21] for further details. 

To maximize MW absorption by MW responsive materials and temperature uniformity throughout 

the cavity (i.e., a metallic structure applied to confine EMWs) and to prevent MW reflection to the 

waveguide, a 3-stub tuner can be applied in the waveguide. The 3-stub tuner helps with impedance 

matching between the waveguide and MW cavity. The impedance of EMWs is the ratio of the 

transverse components of the electrical field to those of the magnetic field. Transverse components 

are those perpendicular to the direction of EMWs propagation [21]. The impedance of the cavity 

can be affected by variations in voidage, diameter, and height of the loaded sample (i.e., the gas-

solid mixture in a gas-solid reactor, also called the bed), as well as its electrical conductivity. 

Decreasing the electrical conductivity of the bed and increasing its voidage increase the impedance 

of the bed by changing the effective properties of the MW absorber bed (refer to Section 5.2.2.1). 

Therefore, its impedance can be closer to the impedance of air, i.e., 377 ohms, often present in the 

waveguide. In addition, increasing bed dimensions in the cavity can change the electromagnetic 

field distribution in the bed and, hence, the impedance of the cavity. A smaller bed diameter and 

height are recommended for beds with a smaller penetration depth to prevent MW reflection to the 

waveguide. However, for materials with a high penetration depth, a higher bed diameter and height 

are applicable [22].  

One of the main challenges in MW heating-assisted systems is the accurate measurement of the 

solid and gas temperatures. Currently, no technique is reported in literature to effectively measure 

the local temperatures of gas and solid phases under MW heating [17]. This limitation has a crucial 

influence on the gas-solid reactive systems since the temperature of the hot spots on the solid 

surface are vital factors to explain the absence or presence of non-thermal effects of MWs 

[17,23,24]. Available techniques for temperature measurements in MW heated systems are metallic 

thermocouple [17,25–27], infrared (IR) thermography  [17,28], pyrometer [28,29], fiber optic 

probe [28,29], air thermometer [30], radiometry method [17,31], polymeric thermometer [17], 

wireless thermocouple [32], and Raman spectroscopy [28,33].  



51 

 

Applications of the MW heating approach for endothermic reactions have been extensively 

investigated in literature. However, there is limited information about the effect of the MW heating 

approach on the local temperature difference between solid and gas phases in exothermic reaction 

systems. Therefore, micro-scale temperature measurement/estimation is essential in MW heated 

systems to understand the effects of process parameters, e.g., superficial gas velocity (𝑈𝑔)  and 

reaction heat (𝑄̇𝑟𝑥𝑛) on the local temperature difference between gas and solid phases. In addition, 

MW heating has been extensively employed in lab-scale fixed-bed reactors. Dissipated power 

distributions in these reactors and MWs penetration depth under different bed voidages are, 

however, not reported in detail in literature. This information is crucial to understand sources of 

discrepancies between kinetic parameters obtained under conventional and MW heating 

approaches.  

To investigate the effects of 𝑄̇𝑟𝑥𝑛, 𝑈𝑔, and temperature measurement probe location at micro-scale 

on the temperature gradient between gas and solid phases, as well as the estimation of microwave 

penetration depth and temperature distribution in fixed beds heated by MWs, a multiphysics model 

was initially developed in COMSOL Multiphysics (5.6) (Section 5.2). Upon verifying and 

validating the model with available data from literature and those collected in this study (Section 

5.5.1), numerical simulations (details in Section 5.5.3) were accomplished to estimate the 

temperature gradient between gas and solid phases (i) in the reactive (with different possibilities 

for the heat of reaction) and/or non-reactive gas-solid systems (Section 5.5.3), (ii) at different 

temperature probe locations from the particle surface 𝑑 (Section 5.5.4), and (iii) at different 𝑈𝑔 

(section 5.5.5). In addition, power dissipation/temperature distribution and MW penetration depth 

under different bed voidages in a MW-heated fixed-bed reactor are reported in Section 5.5.6. 

 

5.2. Model Development 

COMSOL Multiphysics can help investigate temperature distribution in MW-heated gas-solid 

systems on the micro-scale, which is limited to being measured experimentally due to the lack of 

proper measurement techniques. In this section and Section 5.3, COMSOL Multiphysics modeling 

and simulation details, including assumptions, governing equations, simulated geometries, 

boundary conditions, and grid independency analysis are reported.  
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5. 2.1. Assumptions 

The general assumptions made in this study to develop a model that can estimate micro-scale 

temperature distribution in MW heating gas-solid reactive/non-reactive systems are reported in the 

following list:  

(i) Silicon carbide (SiC) is considered as MW absorber and catalyst support, and the 

properties of the catalyst are assumed to be similar to SiC.  

(ii) Manganese nitridation reaction is considered as the model for the exothermic reaction. 

(iii) Hydrogenation of the manganese nitride reaction is applied as the model for the 

endothermic reaction.  

(iv) Fluid properties are calculated as a function of temperature, and they are applied from 

the available values in the database of COMSOL Multiphysics. 

(v) MW receptor properties, including permittivity, permeability, heat capacity, thermal 

conductivity, and density, are considered constant.  

(vi) We neglected the magnetic heat loss in the MW absorber, and solely the electrical 

component of MWs is considered for the MW receptor heating.  

 

5.2.2. Governing equations 

As presented in Figure 5.2, a set of equations with suitable boundary conditions should be solved 

to model and simulate the gas-solid reactive/non-reactive system. Initially, Maxwell’s equation 

was solved to calculate the electromagnetic field distribution. Then, the Navier stocks, continuity, 

energy balance, and mass balance equations were solved simultaneously. For the calculation of 

local gas velocity 𝑢⃗ , the Navier stocks and continuity equations were solved. The calculated 𝑢⃗  

was subsequently applied to mass and energy balance equations to estimate chemical species 

compositions and local temperatures, respectively. In the following, the temperature distribution 

was applied to the Navier stocks equation for the calculation of gas properties. The mentioned 

equations are presented in detail in Sections 5.2.2.1–5.2.2.4.   
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Figure 5.2: Employed equations and their corresponding relationships to estimate local temperatures in a 

MW heated gas-solid system in this study.   

5.2.2.1. EM wave equation (Maxwell equation) 

The EMW (Maxwell) equation, Eq. (5.1), was applied and solved for the local electromagnetic 

field calculation [5]. 

𝛻 × 𝜇𝑟,𝑒𝑓𝑓
−1 (𝛻 × 𝐸⃗ ) − (

𝑐

𝜔
)
2

(𝜀𝑟,𝑒𝑓𝑓 −
𝑗𝜎𝑒𝑓𝑓

𝜔𝜀0
) 𝐸⃗ = 0 

(5.1) 

where 𝐸⃗ , 𝜇𝑟, and 𝜀𝑟 are the electrical field strength, the relative permittivity, and the relative 

permittivity, respectively. 𝜎,  𝜔,  and 𝜀0 show the electrical conductivity, angular frequency, 

absolute permeability in free space, respectively. Subscript 𝑒𝑓𝑓 shows effective parameters. 𝜎𝑒𝑓𝑓 

and 𝜀𝑟,𝑒𝑓𝑓 can be calculated by Eqs. (5.2) and (5.3) as follows: 

𝜎𝑒𝑓𝑓 = 𝜀𝜎𝐹 + (1 − 𝜀)𝜎𝑠 (5.2) 

𝜀𝑟,𝑒𝑓𝑓 =   𝜀𝜀𝑟,𝐹 + (1 − 𝜀)𝜀𝑟,𝑠 (5.3)

where 𝜀 represents the bed voidage, and subscripts 𝑠 and 𝐹 refer to solid and fluid phases, 

respectively. Power dissipation (𝑄̇𝑀𝑊) can be estimated as a function of 𝐸⃗  by applying Eq. (5.4) 

[10]. 

𝑄̇𝑗,𝐸𝑀𝑊 = 0.5𝜎𝑒𝑓𝑓|𝐸⃗ |
2
+ 𝜋𝑓𝜀0𝜀𝑟,𝑒𝑓𝑓

′′ |𝐸⃗ |
2 (5.4) 

where 𝑓 is the frequency. 
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5.2.2.2. Momentum balance 

The Navier stocks, Eq. (5.5), and continuity, Eq. (5.6), equations were applied for estimations of 

𝑢⃗  and the pressure profile [5]. 

𝜌𝑔(𝑢⃗ ∙ ∇)𝑢⃗ = ∇ ∙ [−𝑝𝐼 + 𝐾⃗⃗ ] (5.5) 

𝜌𝑔∇ ∙ 𝑢⃗ = 0 (5.6) 

where 𝑝 is the pressure, 𝐼  is the unit vector, 𝜌𝑔 is the gas density, and 𝜇 is the gas viscosity. 𝐾⃗⃗  is

the viscous momentum transfer term, which can be estimated as follows [34]: 

𝐾⃗⃗ = 𝜇(∇𝑢⃗ + (∇𝑢⃗ )𝑇) (5.7) 

5.2.2.3. Mass balance 

The mass balance equation, Eq. (5.8), was applied and solved to calculate the local composition 

of chemical species [35]. 

∇ ∙ 𝑗 𝑖 + 𝜌(𝑢⃗ ∙ ∇)𝑤𝑖 = 𝑅𝑖 (5.8) 

where 𝑗 𝑖 is the diffusive mass transfer flux of species 𝑖, 𝑤𝑖 is the mass fraction of species 𝑖, 𝑅𝑖 is 

the reaction rate of species 𝑖, and 𝐷𝑖 is the diffusion mass transfer coefficient of species 𝑖. 𝑗 𝑖 can 

be calculated as follows [35]: 

𝑗 𝑖 = −(𝜌𝐷𝑖
𝑚∇𝑤𝑖) (5.9) 

where 𝐷𝑖
𝑚 is the diffusion mass transfer coefficient of species 𝑖 in the mixture that can be calculated

as follows [35]: 

𝐷𝑖
𝑚 =

1 − 𝑤𝑖

∑
𝑥𝑘

𝐷𝑖𝑘
𝑘≠𝑖

(5.10) 

where 𝑥𝑘 is the mole fraction of species 𝑘. 
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The reversible manganese nitridation and hydrogenation reactions, referring to assumptions (ii) 

and (iii), were considered as follows [12]: 

𝑀𝑛 + 𝑁2(𝑔) ⇌ 𝑀𝑛4𝑁 
∆𝐻𝑟 = (−0.0001 × 𝑇2 + 0.094 × 𝑇

− 263.25) 𝑘𝐽/𝑚𝑜𝑙 

(5.11) 

𝑀𝑛4𝑁 + 𝐻2(𝑔)

⇌ 𝑀𝑛

+ 𝑁𝐻3(𝑔) 

∆𝐻𝑟 = = (8 × 10−8 × 𝑇2 − 0.0675 × 𝑇

− 86.088) 𝑘𝐽/𝑚𝑜𝑙 

(5.12) 

where 𝑇 is the reaction temperature. 

 

5.2.2.4. Energy balance 

The energy balance equation, Eq. (5.13), was coupled with the mass balance, Navier Stocks, 

continuity, and Maxwell equations for the calculation of local temperature in the gas-solid system 

[35].  

𝜌𝑗𝐶𝑝,𝑗𝑢⃗ 𝑗 ∙ ∇𝑇𝑗 + ∇ ∙ 𝑞 𝑗 = 𝑄̇𝑗,𝐸𝑀𝑊 + 𝑄̇𝑟𝑥𝑛 (5.13) 

where 𝜌𝑗, 𝐶𝑝,𝑗, 𝑇𝑗, and 𝑞 𝑗 are the density, heat capacity, temperature, and conductive heat flux of 

phase 𝑗 (gas or solid). 𝑄̇𝑟𝑥𝑛 can be calculated as follows: 

𝑄̇𝑟𝑥𝑛 = ∆𝐻𝑟𝑅𝑖 (5.14) 

where ∆𝐻𝑟 is the reaction enthalpy change. 𝑞 𝑗 is calculated as follows [10]: 

𝑞 𝑗 = −𝑘𝑗∇𝑇𝑗 (5.15) 

where 𝑘𝑗 is the thermal conductivity of phase 𝑗. A summary of the governing equations and their 

relationships are presented in Figure 5.2. 
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5.3. Numerical simulation 

5.3.1. Geometry and model parameters 

We applied a SiC monolith (see Figure 5.3a.1) similar to what was employed in the study 

performed by Malhotra et al. [5] for verification and validation of the developed model by results 

reported in the same study. Monolith has 21 square channels with a size of 1.3 mm × 1.3 mm and 

a length of 15 mm. A cylindrical cavity with an inner diameter of 𝐷= 105mm and length of 𝐿=85 

mm equipped with a coaxial port located in the central height of the cavity, where the EM field is 

maximum, was employed. The mode type of the coaxial port is transverse electromagnetic (TEM) 

in which both electric and magnetic fields are transverse. A quartz tube with a diameter of 𝐷𝑏=10 

mm and height of 𝐿=85 mm was placed in the center of the cavity, and a monolith (for model 

verification and validation and subsequent parametric studies) or a single SiC particle (for 

parametric studies) was alternatively located at its central height (see Figure 5.3). 

Figure 5.3: a.1 and a.2 are schematic representations of the MW heating system and quartz tube, respectively 

adopted for model verification and validation and parametric studies in this work; b.1 is the multichannel 

monolith applied for model verification and validation from the work of Malhotra et al. [5], b.2 and b.3 are 

the multi-hole monolith and the single particle employed in the present work for subsequent parametric 

simulations, respectively.  

A multi-hole SiC monolith with a 𝐷=10 mm and 𝐻𝑏=15 mm with 19 circular holes having a 

diameter of 1 mm (see Figure 5.3b.2) was selected for the investigation of the MW heating effect 

on temperature distribution in gas-solid systems in comparison with a conventional heating 
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approach. A spherical particle that was 500 µm in size (see Figure 5.3b.3) was applied to study the 

effect of MW heating on the temperature gradient between solid and gas phases at the micro-scale. 

As shown in Figure 5.4a, to examine the effects of MW heating on temperature distribution in 

packed SiC particles, beds with a diameter range from 𝐷𝑏=10 to 60 mm and a length of 𝐻𝑏=30 

mm were heated under MW. In addition, a fixed bed with a 𝐷=1 m and 𝐻𝑏=1 m was applied to 

study the effect of 𝜀 on the penetration depth of MWs in the bed (see Figure 5.4b). Parameters that 

were employed for the COMSOL simulations in the present work are reported in Table 5.1. 

 
 

(a) 

 
 

(b) 

Figure 5.4: Schematic representation of MW heated packed SiC particles in this work; (a) 3D model of a SiC 

fixed bed, (b) 2D model of a SiC fixed bed.  

Table 5.1:  Model’s parameters of the present work. 
Parameter Value Reference 

SiC permeability, 𝜇𝑟,𝑆𝑖𝐶  [-] 1 * 

SiC permittivity, 𝜀𝑆𝑖𝐶 [F/m] 9.72-2.3j [5] 

SiC density, 𝜌𝑆𝑖𝐶  [Kg/m3] 3216 * 

SiC electrical conductivity, 𝜎𝑆𝑖𝐶  [S/m] 100 [5] 

SiC heat capacity, 𝐶𝑝 [J/kg.K] 690 * 

SiC thermal conductivity, 𝑘𝑆𝑖𝐶  [W/mK] 50 [5] 

Air permeability, 𝜇𝑟,𝐴𝑖𝑟  [-] 1 * 

Air permittivity, 𝜀𝐴𝑖𝑟  [F/m] 1 * 

Nitridation reaction rate, 𝑅1 [µmol/g.h] 2.84 × 108𝑒𝑥𝑝 (
−47150

𝑅𝑇
) (1 − 𝑋) [12] 
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Table 5.1 (cont’d): Model’s parameters of the present work. 

Hydrogenation reaction rate, 𝑅2

[µmol/g.h] 
1.57 × 109𝑒𝑥𝑝 (

−58240

𝑅𝑇
) (1 − 𝑋) [12] 

MW input power, 𝑃0 [W] 50-5000 [5] 

Superficial gas velocity, 𝑈𝑔 [m/s] 0-3 * 

* Corresponding values were employed from COMSOL Multiphysics’ database. 

5.3.2. Boundary conditions 

Impedance boundary condition was considered for the metallic cavity to decrease the 

computational cost, and a coaxial port was defined to supply MWs to the cavity. In addition, first-

order scattering boundary conditions were defined at the inlet and outlet of the tube to prevent 

reflection artifacts.  

The Navier Stocks equation was solved with a specific 𝑄𝑔 or 𝑈𝑔 at the inlet and zero-gauge 

pressure (𝑃=0) at the outlet of the quartz tube. The mass balance equation was also considered 

with pure 𝑁2 at the inlet and no mass flux at the outlet for the reactive system in the axial direction. 

The manganese nitridation and manganese nitride hydrogenation reactions were considered in the 

MW absorber domain. For energy balance, the gas was at 25 ˚C at the inlet of the tube with no 

heat flux conditions at the outlet. The quartz tube was exposed to room temperature, where it loses 

heat to the ambient. Natural heat convection from the quartz external wall (see Figure 5.3) and the 

radiative heat transfer from the monolith/particle are two additional heat loss sources from the 

monolith/particle to the environment. The natural convection heat transfer coefficient was 

estimated by Eq. (5.16) at the external surface of the quartz tube [36].  

𝑁𝑢𝐿 =
ℎ𝐿𝐿

𝑘𝑔
=

4

3
(

7𝑅𝑎𝐿𝑃𝑟

5(2 + 21𝑃𝑟)
)
0.25

+
4(272 + 315Pr)L

35(64 + 63𝑃𝑟)D
(5.16) 

where the 𝑁𝑢𝐿 shows the Nusselt number, ℎ𝐿 denotes the free convection heat transfer coefficient, 

𝑃𝑟 is the Prandtl number, and 𝑅𝑎𝐻 is the Rayleigh number. 
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5.3.3. Grid independency analysis 

For grid independency analysis, different number of cells were considered to identify the optimum 

cell number that helps minimize computational cost, while providing an acceptable accuracy of 

results. Meshing was applied to ensure that at least six grid cells per wavelength (around 12.2 cm 

in the air) in the MW cavity are employed. Cell sizes of extremely fine, extra fine, finer, fine, and 

normal, which are available in COSMOL’s settings, were considered for this analysis (see Figure 

5.5 for further details and their corresponding cell numbers). Free tetrahedral cells were considered 

in all domains, including bed, cavity, and waveguide. The absorbed power was considered as the 

reference value to investigate the effect of cell number or the corresponding cell size on the 

calculated results. The value of absorbed power was calculated by applying volume integration of 

heat loss per unit of volume on the MW absorber bed domain for different cell numbers in the grid 

independency analysis here. The optimized number of cells of 486,785 (see Figure 5.5) was 

considered for simulations of monolith 1 (Figure 5.3b.1), and its average mesh quality based on 

the volume versus length quality measure technique was 0.962. The volume versus length quality 

measure technique is based on the quotient of element volume and element edge length that is 

available in COMSOL Multiphysics. With the same procedure, 385,158 (mesh quality=0.953) and 

375,847 (mesh quality=0.971) cells were identified as the optimal ones for simulations of monolith 

2 (Figure 5.3b.2) and the single-particle (Figure 5.3b.3), respectively. 

 
Figure 5.5: Mesh independency results for SiC monolith 1 system for extremely fine (2,719,650 cells), extra 

fine (989,253 cells), finer (486,785 cells), fine (267,149 cells), and normal (162,798 cells) mesh sizes.  
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5.4. Experimental in this study 

A MW cavity with dimensions of 33×22.5×32.5 cm (depth × height × width) was applied in this 

study to validate the temperature of a SiC foam with 𝜀, 𝐷, and 𝐻𝑏 of 0.65, 4 cm, and 2 cm, 

respectively. The schematic representation of the adopted experimental setup in this study for the 

collection of additional experimental data for supplementary model validation is presented in 

Figure 5.6. The unit had a magnetron capable of supplying MWs with a frequency of 2.45 GHz 

and power of 1 KW. The SiC foam was placed in the MW cavity as depicted in Figure 5.6. A 

grounded metallic thermocouple (k-type with a diameter of 2 mm) was applied for measuring the 

local temperature of the upper surface of the SiC foam exposed to MW irradiations (see Figure 

5.6). Employing a grounded metallic thermocouple can reduce the risk of spark formation resulting 

from the interference of EMWs with the thermocouple during an experiment.  

 

Figure 5.6: Schematic representation of the adopted experimental setup in this study. 

 

5.5. Results and Discussion 

5.5.1. Model verification and validation 

The developed model was verified and validated successfully by employing simulation and 

experimental results obtained by COMSOL Multiphysics, metallic thermocouple, and IR camera 

readings reported in the study of Malhotra et al. [5]. Input MW power was fixed at 120 W, and gas 

with a temperature of 25 ˚C and a 𝑄𝑔 of 100 SCCM (𝑈𝑔=2 cm/s) was defined at the inlet of the 

quartz tube, like what was defined in Malhotra et al.’s model [5].  The gas and solid axial 

temperatures at the central line along the axis (refer to Figure 5.3) calculated in the developed 

model in this study are shown in Figure 5.7. They agree with the results from the Malhotra et al. 
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model for the same monolith, which can be regarded as model verification. Since the wall of the 

tube is in contact with air at 25 ˚C, the monolith's sidewall temperature, which is estimated in this 

work, is lower compared to the axial temperature (see Figure 5.7). These results are in good 

agreement with results measured by applying the IR camera in the Malhotra et al. study [5] (model 

validation). The rapid increase of the axial temperature in the interval, where the monolith was 

located, i.e., 𝑍=35-50 mm, indicates the selective heating of the monolith in the MW heated 

system.  

Figure 5.7: Developed model verification and validation by applying simulation and experimental results 

presented in the work of Malhotra et al. [5]. 

Malhotra et al. located a thermocouple 50 mm after the monolith to measure the gas phase 

temperature passed through the monolith [5]. Both experimental results [5] and those estimated 

from the developed model in this work indicate a rapid decrease in temperature, i.e., around 

90−180 K within 2−5 mm above the heated monolith's upper surface (model verification and 

validation). These results are consistent with available data in literature, where a decrease of 150 

K was detected by a pyrometer and an IR camera 2 mm above the monolith [37].  

For further model validation, the developed model was adopted to simulate the MW cavity 

described in Section 5.4 (see Figure 5.6). The predicted local temperatures over time by the model 

were validated by the acquired experimental results (see Section 5.4 for more details). For 

temperature evaluation by applying COMSOL Multiphysics, a point probe was located on the 

upper surface of the SiC foam similar to what was achieved experimentally. The predicted 
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temperatures by the model were compared to the experimental data and the results are shown in 

Figure 5.8, where good agreement is evident between the simulation and experimental results. 

Therefore, the developed COMSOL model was successfully validated based on the additional and 

independent experimental data confirming its comprehensiveness. A slight deviation between 

experimental and simulation results can be related to the limited ability of metallic thermocouples 

to accurately measure the local temperature under MW irradiations.  

 
Figure 5.8: Validation of developed model by applying experimental data obtained in this study. 

 

5.5.2. Comparison of conventional and MW heating approaches 

COMSOL simulations were attempted for monolith 2 (Figure 5.3b.2) in the quartz tube under non-

reactive conditions to compare the effects of conventional and MW heating approaches on gas and 

solid temperature distributions (see Figure 5.9 for results). To study the conventional heating 

approach effect on the temperature distribution in a gas-monolith system, the tube wall was either 

completely (Figure 5.9a) or partially along the axis of the monolith (Figure 5.9b) and kept at a 

constant temperature, i.e., 727 °C. In the conventional heating approach, heating is from the wall 

toward the tube center. Therefore, the wall temperature is higher than that along the axis of the 

tube. This temperature difference increases with 𝑄𝑔. At 𝑄𝑔=20 SCCM, relatively uniform local 

gas and solid temperatures exist along the axis (Figure 5.9a.1 and 5.9b.1). At 𝑄𝑔=100 SCCM, 

however, the local temperatures of the gas and solid phases along the axis were lower than those 

at near-wall locations (Figure 5.9a.2 and 5.9b.2).  



63 

 

A rapid gas temperature decrease above the monolith’s top surface and the temperature difference 

between gas and solid in monolith holes are observed in Figure 5.9c.1 and 5.9c.2. These indicate 

the MW heating approach’s effectiveness in suppressing the secondary reactions that can happen 

in the gas phase. However, in the conventional heating approach, the entire gas-solid system was 

heated, which increases the risk of gas phase secondary reactions [38,39]. 

 
Figure 5.9: Variations of local gas and solid (monolith 2) temperatures at different inlet 𝑸𝒈, (a) conventional 

heating approach and the whole wall was kept at a constant temperature of 727 °C and 𝑼𝒈=0.4, 2 cm/s, (b) 

conventional heating approach and only unit wall corresponding to the monolith height was kept at a 

constant temperature of 727 °C, while other parts are isolated, and 𝑼𝒈=0.4, 2 cm/s, (c) MW heating approach 

with 𝑼𝒈=0.4, 2 cm/s. 

 

As illustrated in Figure 5.9c, in the MW heating approach, increasing the gas flow rate from 20 

SCCM (𝑈𝑔=0.4 cm/s) to 100 SCCM (𝑈𝑔=2 cm/s) yields a slight temperature decrease (20-50 °C) 

in the monolith at a fixed inlet power and 100 sec into the simulation. However, a more pronounced 

temperature decrease (100-250 °C) in the monolith can be observed for the conventional heating 

approach (see Figure 5.9a and Figure 5.9b) for the same change in the 𝑄𝑔, inlet power, and 

simulation time. These findings reveal that in the range of 𝑄𝑔 explored here, the solid-phase 

temperature is less sensitive to the inlet gas flow rate at a fixed inlet power under the MW heating 

approach than the conventional heating approach.  
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5.5.3. Effect of reaction heat on the temperature gradient between gas and 

solid phases 

To investigate the effect of 𝑄̇𝑟𝑥𝑛 on the local temperature gradient between gas and solid phases 

heated by MWs, a spherical particle (rather than a monolith) was placed in the cavity (see Figure 

5.3). This evaluation was accomplished at different 𝑈𝑔 and a 𝑑 of 1 mm away from the particle 

surface at 100 sec into the simulation. Three cases, including endothermic, exothermic reaction, 

and no reaction, were considered. Irrespective of the heat of the reaction (endothermic, exothermic 

or no reaction), the MW heating approach can provide an appreciable temperature gradient 

between solid and gas phases (see Figure 5.10). By switching from endothermic reaction to no 

reaction to exothermic reactions, the temperature difference between gas and solid phases 

increases. The local temperature difference between solid and gas phases under no reaction 

conditions for 𝑈𝑔=3 m/s is 268 °C. For the assumed endothermic and exothermic reactions, 

referring to assumptions (ii) and (iii) in Section 5.2.2, the local temperature difference between gas 

and solid phases is 258 °C and 276 °C, respectively. There was additional heat generation inside 

the particle under exothermic reactions to what is provided by MW heating resulting in a higher 

temperature gradient between gas and solid phases because of higher solid temperature. This effect 

is expected to be intensified by increasing the particle size due to a lower particle surface area per 

its mass.   

Results presented in this section recommend that the MW heating approach can be applied for a 

wide range of reactions, including endothermic, e.g., steam and dry methane reforming, and 

exothermic reactions, e.g., methanol synthesis [17,40], while taking advantage of its thermal effect 

to enhance the desired product selectivity/yield.   
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Figure 5.10: Effect of 𝑸̇𝒓𝒙𝒏 at different 𝑼𝒈 on the temperature gradient between gas and the MW absorber

solid particle for endothermic reactions, no reaction, and exothermic reactions. 

5.5.4. Effect of temperature probe location at micro-scale on the temperature 

difference between MW absorber solid and gas phases 

To investigate the temperature probe location at the micro-scale effect on the temperature 

difference between gas and solid phases, the same MW absorber particle studied in the previous 

section (see Figure 5.3) at 100 sec into the simulation was considered. A non-reactive system was 

adopted, and 𝑈𝑔 was set at 0.5 m/s, while input power was adjusted to 400 W. The local temperature 

difference between MW heated solid and gas was estimated based on the temperature integral 

average on the particle surface and a virtual sphere at different 𝑑; the latter corresponded to the 

gas temperature (see Figure 5.11).  
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Figure 5.11: Temperature probe location at the micro-scale effect on the temperature difference between MW 

heated solid and gas phases. 

 

Results presented in Figure 5.11 indicate that the temperature probe location noticeably changes 

the calculated local temperature difference between gas and solid phases. For example, at 𝑑=50 

µm the temperature difference between the gas and solid is 36 °C, while it increases to 261 °C at 

𝑑=1000 µm. These results show the significant effect of local temperature measurement probe 

dimensions and their location on the local temperature difference that can be measured between 

gas and the MW absorber solid. Therefore, for measuring temperature accurately in MW heated 

systems, the thermometer’s size (especially diameter) and its location should be adjusted carefully 

[30,41]. 

5.5.5. Effect of superficial gas velocity on the temperature gradient between 

gas and solid phases 

A non-reactive system was considered to investigate the effect of 𝑈𝑔 on the temperature gradient 

between gas and the MW absorber solid particle. Air was considered as the passing fluid over the 

particle and the input power of the MW was set at 400 W, at 100 sec in the simulation. As 

mentioned in Section 5.3.1, the selected particle was 500 µm in size and it was placed in a quartz 

tube at the center of the MW cavity, where the electromagnetic field is at its maximum (see Figure 

5.3).  

The gas-phase temperature was calculated by the integral average of temperature on the sphere 

with a 1 mm distance from the particle surface. Solid and gas temperatures decrease with 𝑈𝑔 (See 
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Figure 5.12). However, the extent of temperature decrease in the gas phase is higher than that of 

the solid phase upon increasing 𝑈𝑔. For instance, by changing 𝑈𝑔 from 0.01 m/s to 1 m/s, the solid 

temperature decreases from 478 °C to 434 °C, while the gas temperature decreases from 416 °C 

to 147 °C. The different behaviors of gas and solid temperatures by increasing 𝑈𝑔 cause a nonlinear 

increase of the temperature gradient between gas and solid phases with 𝑈𝑔. Similar trends were 

reported in the study by Hamzehlouia et al. [18] when 𝑈𝑔 varied in the range of 3.4-10 cm/s for a 

MW-heated fluidized bed. Hence, in the case of gas-solid reaction systems with undesired 

secondary reactions in the gas phase, a higher 𝑈𝑔 results in greater suppression of these undesired 

reactions and increases the yield of the desired products.  

 
Figure 5.12: Effect of superficial gas velocity on the temperature gradient between gas and the MW absorber 

solid particle under MW irradiation.  

 

5.5.6. Effects of bed voidage on power dissipation and MW penetration depth 

in a fixed bed  

To investigate the effect of 𝜀 on the MW heating efficiency in fixed beds, a non-reactive system 

was considered. A quartz tube with a fixed bed of SiC particles was located in the middle of the 

cavity (see Figure 5.4a) and an input MW power of 5 kW was considered for this evaluation at 100 

sec into the simulation. By increasing 𝜀, power dissipation density is decreased (see Figure 5.13b; 

note for the color bar scales). In addition, due to impedance mismatching between the waveguide 

and cavity, we can observe a non-uniform power dissipation in the bed, while the pattern of power 

dissipation varies by changing 𝜀. The appearance of hot spots in the bed is the result of non-uniform 
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temperature distribution, which can cause particle (sometimes as a catalyst) sintering and the 

undesired species formation in reactive systems.  Solid mixing in dense fluidized bed reactors 

helps overcome the issues associated with hot spot formations in MW-heated beds [18].  

 
Figure 5.13: Effect of bed voidage on power dissipation (W/m3) in a MW heated fixed-bed reactor with a 

packed SiC MW absorber. 

Some studies reported that kinetic parameters change under MW heating due to the non-thermal 

effect of MW heating in addition to the thermal effect [21]. However, results presented in Figure 

5.13 show that non-uniformity in heat dissipation inside the reactor can result in the 

underestimation/overestimation of temperature. Temperature underestimation/overestimation in a 

MW-heated reactor can result in a lower or higher apparent activation energy compared to when 

the reactor is heated conventionally. These are sources of discrepancy for kinetic parameters 

comparison obtained under conventional and MW heating approaches. In addition, the presence 

of elements/compounds with different dielectric properties in the solid phase and applying hybrid 

heating, i.e., employing a MW absorber, such as SiC or activated carbon, for heating materials that 

have poor interactions with MWs, can result in micro-scale hot spots. They can, accordingly, affect 

apparent kinetic parameters [21]. 

Macro-scale hot spots, observed in the results discussed in this section, and the micro-scale hot 

spots discussed above can potentially change the physical structure of the solid phase during gas-

solid reaction kinetic studies. Variations of solid phase physical structure under MW heating can 
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affect apparent kinetic parameters. When the internal mass transfer is the reaction rate-limiting 

step, the appearance of micro-fractures inside solid particles can cause lower apparent activation 

energy compared to what can be obtained for conventional heating [21]. Therefore, minimizing 

micro- and macro-scale hot spots is a promising approach for estimations of intrinsic reaction 

kinetic parameters. Macro-scale hot spots can be partially eliminated by applying efficient solid 

mixing, like what can be achieved in well-mixed fluidized bed reactors [21].  

The bed’s dimensions have a direct effect on temperature non-uniformity under MW heating, and 

its optimization is essential for the impedance matching of the waveguide and MW cavity to 

maximize MW absorption. Results presented in  

Figure 5.14 indicates that decreasing the reactor diameter causes a less non-uniform temperature 

distribution in the packed SiC particles. Therefore, kinetic parameters obtained from reaction 

kinetic studies in thinner fixed bed reactors with greater control on temperature uniformity are 

preferred/more accurate.  

Figure 5.14: Reactor diameter effect on temperature distribution in the packed SiC particles. 

To study the effect of 𝜀 on the penetration depth of MWs, a 2D quartz tube with packed SiC 

particles was exposed to MWs (see Figure 5.4b). The relative electrical field strength was 

calculated based on the electrical field strength along the radial direction divided by the electrical 

field strength on the outer surface of the bed at the contact boundary of the waveguide and the bed. 
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The length at which the electrical field strength in the bed decreases to 37% of its value on the 

contact area of the waveguide and the bed was considered as the penetration depth of MWs in the 

bed.  Figure 5.15 shows by increasing 𝜀, the MW penetration depth is increased. For the geometry 

studied here, the penetration depth of MWs for 𝜀=0.4 is approximately 9 cm, while it reaches 52 

cm for 𝜀=0.9. These results indicate that because of the limited MW penetration depth in packed 

beds, these units should be designed carefully if they are planned to be heated by MWs.  

 
Figure 5.15: Effect of bed voidage on the MW penetration depth in the MW heated fixed-bed. 

 

The power dissipation distribution (see Figure 5.13) and penetration depth of MWs (see Figure 

5.15) calculated in this section can be applied to fluidized beds operating at various regimes, such 

as bubbling, turbulent, and fast fluidization regimes [42]. 

 

5.6. Conclusion 

In this study, a multiphysics model, which integrates mass, heat, and momentum balance, as well 

as Maxwell equations, developed in COMSOL Multiphysics (5.6) was initially verified and 

validated. It was subsequently applied for the estimation of micro-scale and macro-scale 

temperature distributions in MW-heated gas-solid systems, which are restricted to being measured 

experimentally. The new model helps reach the following conclusions:   

(i) The selective heating feature of the MW heating approach leads to a significant 

temperature gradient between gas and solid phases compared to the conventional 

heating approach. 
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(ii) The temperature gradient between gas and MW-heated solid phases increases by 

switching from an endothermic reaction to no reaction to an exothermic reaction in the 

gas-solid system. Hence, the MW heating approach can be effectively applied for a 

wide range of reactions irrespective of their heat of reactions. 

(iii) Temperature gradient between gas and solid phases increases by increasing the 

superficial gas velocity. 

(iv) Non-uniform power dissipation in fixed bed reactors can result in hot spot formations 

and non-uniform temperature distribution that can affect the estimated apparent kinetic 

parameters, which yield challenges in intrinsic kinetic studies on a lab scale. 

Applications of very thin fixed bed reactors or small dense fluidized bed reactors with 

an acceptable solid mixing are recommended under MW heating to help determine 

intrinsic reaction kinetic parameters. 

(v) MW penetration depth increases in a packed/fluidized bed reactor by increasing the bed 

voidage. Precautions should be taken to prevent (a significant) temperature gradient in 

an industrial-scale fixed bed reactor owing to the limited MW penetration depth in these 

units when heated by MWs. 
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Nomenclature 



72 

Acronyms 𝑝 Pressure [Pa] 

EMW Electromagnetic wave 𝑃𝑟 Prandtl number [-] 

FO Fiber optic 𝑅𝑎𝐻 Rayleigh number [-] 

IR Infrared 𝑅1 Nitridation reaction rate [µmol/g.h] 

MW Microwave 𝑅2

Hydrogenation reaction rate 

[µmol/g.h] 

RXN   Reaction 𝑄𝑗,𝐸𝑀𝑊 Heat dissipation density [W/m3] 

TEM Transverse electromagnetic 𝑞𝑗 Conductive heat flux [W/m2] 

Symbols 𝑇𝑗 Temperature of phase 𝑗  [K] 

𝐶𝑝,𝑗 Heat capacity of phase 𝑗 [J/kg.K] 𝑋 Solid phase conversion [-] 

𝑑 Temperature probe location [mm] 𝑥𝑘 Mole fraction of species 𝑘 [-] 

𝐷𝑏 Bed diameter [m] Greek letters 

𝐷 Cavity diameter [m] ∆𝐻𝑟 Reaction enthalpy [J/mol] 

𝐷𝑖
𝑚

Diffusion coefficient of species 𝑖 in 

the mixture [m2/s] 
𝜀𝑟 Relative permittivity [-] 

𝐸 Electrical field [V/m] 𝜀′′ Dielectric loss factor [-] 

𝐹 External force [N] 𝜀0 Permittivity in vacuum [-] 

𝐻𝑏 Bed height [m] 𝜇 Gas viscosity [Pa.s] 

𝑗𝑖 Definitive Mass flux [mol/m2.s] 𝜇𝑟 Relative permeability [-] 

𝑘𝑗

Thermal conductivity of phase 

𝑗 [W/m.K] 
𝜌 Gas density [kg/m3] 
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𝐿 Length [m] 𝜌𝑗 Density of phase 𝑗 [kg/m3] 

𝐿𝑏 Bed height [m] 𝜎 Electrical conductivity [S/m] 

𝑢 Gas velocity [m/s] 𝜔𝑖 Mass fraction of species 𝑖 [-] 

𝑈𝑔 Intel gas velocity [m/s] 

𝑁𝑢𝐻 Nusselt number [-] 
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Abstract 

Ammonia, a promising hydrogen carrier, holds significant potential for advancing the storage and 

transportation of renewable energy and facilitating the decarbonization of industry, transportation, 

and households. Conventional ammonia synthesis technologies, like Harber-Bausch technology, 

often operate under harsh operating conditions and/or with low production rates or encounter 

substantial thermodynamic limitations, impeding their scalability. In this study, we developed a 

new ammonia synthesis technology based on microwave heating-assisted chemical looping to 

minimize these challenges. We applied synthetic nitrogen carriers, i.e., Mn-Fe and Mn-Fe-BaH2 

synthesized by mechanical and/or coprecipitation approaches, to transport lattice nitrogen from a 

nitridation step (at atmospheric pressure and 400 °C) to a hydrogenation step (at atmospheric 

pressure and 150-350 °C), where ammonia was produced. The simultaneous application of 

microwave heating and chemical looping resulted in a lower gas-phase temperature compared to 

the solid phase within a gas-microwave absorber solid system. With this strategy, we minimized 

undesirable secondary gas-phase reactions, circumvented thermodynamic limitations associated 

with ammonia production, and achieved a significantly higher ammonia production rate compared 

to conventional heating methods. The Mn-Fe-BaH2 nitrogen carrier demonstrated a higher 

ammonia production rate, i.e., around 36,000 µmol/g.h under MW heating, surpassing previously 

reported values in literature and the Mn-Fe nitrogen carriers synthesized in this work. 
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Keywords: Chemical looping; Hydrogen carrier; Ammonia; Microwave heating; Nitrogen carrier; 

Nitridation.  

 

6.1. Introduction 

Progress in renewable energy technologies has highlighted a lack of appropriate energy carriers, 

which is restricting global advances toward renewable energy [1,2]. Batteries may cover some 

aspects of the problem [3]; however, they are less suitable for large-scale transportation from 

regions with abundant renewable energy sources, such as solar, wind, and hydropower [4]. The 

application of solid-state energy carriers, particularly metal hydrides, as direct renewable energy 

storage materials faces significant obstacles [5]. These challenges are primarily due to the high 

costs associated with the storage and transportation of metal hydrides, as well as their significant 

safety risks [6]. Furthermore, technical complexities, especially the limitations in mass transfer 

within solid materials during hydride formation, further hinder their practical application [7]. As a 

result, liquid energy carriers are generally preferred for bulk transport via pipelines or maritime 

routes [4]. Among these, ammonia (NH3) is a particularly promising candidate as a renewable 

energy carrier [8]. It contains 17.5 wt.% hydrogen (H2), i.e., 40% more than methanol, which is 

another common liquid energy carrier [9]. The storage cost of NH3 is three times lower than H2 

[10], and ammonia can provide more than 50% more energy than natural gas (NG) [11]. Ammonia 

can be liquefied by increasing the pressure to about 10 bar at room temperature or temperatures 

lower than -33 °C at atmospheric pressure. Unlike liquefied H2, the pipeline and shipping 

infrastructure for liquid ammonia in the industrial sector is well established [12,13]. Different 

ammonia synthesis technologies are Haber-Bosch (HB) [14], microwave (MW) heating-assisted 

catalytic ammonia synthesis in a single reactor [15], electrocatalysis [16], photochemical [16], 

plasma-assisted [17], and chemical looping ammonia synthesis (CLAS) [18]. 

HB technology operates at relatively harsh operating conditions, i.e., pressure ranging from 100 to 

300 bar and temperatures ranging from 400 to 600 °C, for nitrogen (N2) activation and shifting the 

reaction toward ammonia production [19,20]. The HB plants are economically efficient at large 

scale, i.e., an ammonia production rate of more than 1000 tonnes/day [21,22]. In addition, 

expensive iron-based catalysts are required to dissociate N2 molecules. Since green ammonia, i.e., 

ammonia produced by green H2 obtained from water electrolysis, synthesis plants need to operate 
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at a production rate of around 30-100 tonnes of ammonia/day to store intermittent renewable 

energy. HB technology is a less suitable candidate for green H2 storage when applying renewable 

energy [23].  

In MW heating-assisted catalytic ammonia synthesis in a single reactor, chemisorption 

competition between N2 and H2 on the surface of the catalyst can be observed [24,25]. In this 

technology, high-temperature hot spots required for nitrogen dissociation can result in ammonia 

decomposition [15].  

Electrocatalysis ammonia synthesis and photochemical technology are two eco-friendly 

technologies with low energy consumption [26,27]. These technologies can produce ammonia 

under atmospheric pressure [28]. However, their reaction rate is 10 to 100 times lower than that of 

the HB technology [29,30]. In addition, conventional catalytic ammonia synthesis technologies, 

e.g., HB, have a higher energy efficiency than plasma-assisted ammonia synthesis, and they are 

more feasible alternatives for green ammonia synthesis by applying intermittent renewable energy 

in the future [31].  

CLAS decouples ammonia synthesis reaction into two or three independent sub-reactions, 

typically conducted in two or three reactors operated sequentially, that allow independent control 

of N2 activation on nitrogen carrier (NC) and ammonia formation steps [32,33]. It circumvents the 

thermodynamic limitation of conventional catalytic ammonia production, i.e., the importance of 

harsh operating conditions to prevent ammonia decomposition and decrease operating pressure 

[34]. This technology also eliminates the competitive adsorption of reactants on the catalyst, which 

generally limits ammonia production in catalytic ammonia synthesis technologies [35]. Therefore, 

the CLAS technology synthesizes ammonia under considerably friendlier conditions, usually 

atmospheric pressure, compared to conventional catalytic technologies. Different types of CLAS 

technologies are (i) water chemical looping ammonia synthesis (H2O-CLAS), (ii) chemical 

electrolysis looping (H2O-CEL) [34], (iii) hydrogen chemical looping ammonia synthesis (H2-

CLAS), and (iv) alkali/alkaline-earth-metal-hydride chemical looping ammonia synthesis (AH-

CLAS) [32,36]. 

H2O-CLAS technology commonly consists of nitridation, oxidation, and metal hydrolysis in a 

chemical loop or cycle, typically accomplished in three reactors [37]. The literature reported a 

wide range of nitrogen/oxygen carriers, such as those containing chromium (Cr), calcium (Ca), 
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molybdenum (Mo), zinc (Zn), aluminum (Al), manganese (Mg), and manganese (Mn), for the 

H2O-CLAS technology [38,39].  Due to the high temperature of the reduction stage (i.e., > 1000 

°C) for a highly stable metal oxide reduction, applying a composite of two or more metals as a NC 

is a promising solution to decrease the reduction temperature. For instance, in the study by 

Michalsky et al. [40], the authors adopted Mn and Mo as NCs for solar-driven H2O-CLAS. The 

modification led to an NC-N bond that is weaker than the Mn-N bond but stronger than the Mo-N 

bond during the hydrogenation stage [40]. Moreover, in the reduction stage, the NC-O bond is less 

stable than the Mn-O bond, resulting in a lower reduction temperature. This selection is based on 

the Sabatier principle in catalytic systems. According to this principle, the strength of metal-O 

bonds must be balanced: they should not be so strong that they require excessively high 

temperatures to break, which could degrade the NC. Conversely, if the bonds are too weak, the 

system may lack the stability needed during the nitridation stage, ultimately hindering the ability 

to complete the cycle and efficiently produce ammonia [39]. 

The H2O-CEL technology, like the H2O-CLAS, applies H2O for the H2 supply in ammonia 

production. However, in the H2O-CEL, the reduction step of NCs is achieved through electrolysis. 

H2-CLAS has two stages, nitridation and hydrogenation [24]. In the former stage, a metal 

undergoes nitridation by producing nitrogen-rich metal nitride in the N2 atmosphere [41]. 

Subsequently, it is reduced to a metallic or nitrogen-depleted state and ammonia in the presence 

of a H2 stream [32,42]. Several metal nitrides, such as calcium nitride (Ca3N2) [43], molybdenum 

nitride (Mo2N) [44], Iron nitride (Fe2N) [42], strontium nitride (Sr2N) [43], and Manganese nitride 

(MnxNy) [45], are reported in literature as NCs for the H2-CLAS technology. However, nitridation 

and hydrogenation reactions for these NCs commonly occur at temperatures higher than 500 °C 

[32,43]. Barium hydride/barium amide (BaH2/Ba(NH2)2) and lithium hydride/ lithium amide 

(LiH/Li2NH) pairs are potential NCs for AH-CLAS ammonia synthesis due to their favorable 

thermodynamics, i.e., Gibbs free energy ∆𝐺 < 0, in the nitridation and hydrogenation steps [46]. 

In addition, doping transient metals, such as nickel (Ni), cobalt (Co), and palladium (Pd), to NCs 

can decrease nitridation and hydrogenation temperatures [47].  

Existing technologies, such as the HB process, MW heating-assisted catalytic ammonia synthesis 

in a single reactor, electrocatalytic, photocatalytic, plasma-assisted ammonia synthesis, and 

conventionally heated CLAS technologies, either have low production rates or require high 
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operational temperatures that cause ammonia decomposition under atmospheric pressure. Thus, 

introducing a new technology that operates at low temperatures, i.e., below 350 °C for 

hydrogenation stage, and atmospheric pressure is crucial. Minimizing the gas-phase temperature 

and developing a solid/catalyst that functions at lower temperatures can be key solutions to this 

problem.  

In this study, we introduced a MW heating-assisted CLAS (MHCLAS) technology (see Figure 

6.1). We also introduced a novel Mn-Fe-BaH2 NC that demonstrates a promising performance in 

ammonia production under MW irradiations. In the new technology, we exposed synthesized MW 

absorber-NC to MWs in a nitrogen stream, resulting in nitrogen molecule dissociation and the 

formation of nitride NCs within the 300-700 °C temperature range. We, then, exposed these 

nitrided carriers to H2 to yield ammonia and nitrogen-depleted carriers at temperatures as low as 

150 °C. This technology, which separates nitrogen dissociation from ammonia formation along 

with MW heating to maintain lower gas phase temperatures, overcomes thermodynamic barriers 

in conventional catalytic ammonia production at atmospheric pressure. It also offers several 

advantages, including decreased energy consumption, enhanced ammonia production rates, the 

ability to produce ammonia at atmospheric pressure and lower temperatures compared to 

conventional technologies, ammonia production decentralization, and the implementation of 

renewable electricity resulting in zero carbon emissions. These advantages make the MHCLAS 

technology a promising candidate for ammonia production decentralization. MW heating, known 

for its selective, rapid, and volumetric heating, directly heats MW absorber solid particles in the 

proposed technology, while maintaining lower gas-phase temperatures. This temperature 

difference minimizes undesired ammonia decomposition reactions.  In addition, the application of 

MW heating in the proposed technology enables process electrification, offering a promising 

avenue for applying renewable electricity to decarbonize and decentralize chemical processes.  

A schematic representation of the proposed technology, detailing potential energy and feedstock 

supply sources, nitridation and hydrogenation stages, a comparison between microwave and 

conventional heating, and applications of the resulting ammonia product, is illustrated in Figure 

6.1. 

We present experimental details, including the selection strategy for NCs, synthesis approaches of 

selected NCs, and procedures for the performance evaluation of synthesized NCs in Section 6.2. 
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In Section 6.3, we discuss the results obtained from the characterization of the synthesized NCs, 

the heating capabilities of the synthesized NCs under MW irradiation, and nitridation and 

hydrogenation performances of the synthesized NCs. 

 

 
Figure 6.1: A schematic representation of MHCLAS technology.  

 

6.2. Experimental  

 6.2.1. Nitrogen carrier selection 

A Mn-Fe composite has a different NC-N bond strength compared to Fe-N and Mn-N bonds. These 

composites are expected to exhibit a stability profile between Mn nitride and Fe nitride, rendering 

them promising candidates for diverse applications [48]. The Mn-N bond is stronger than the Fe-

N bond, and this phenomenon is associated with the number of d-electrons in the metal. The higher 

the number of d-electrons, the weaker the metal-N bond, with Mn having 5 d-electrons and Fe 

having 6. However, application a composite of both metals results in a NC-N bond that is weaker 

than the Mn-N bond but stronger than the Fe-N bond. This balance facilitates the hydrogenation 
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reaction at a lower temperature. Fe alone does not form a stable bond with nitrogen under 

atmospheric pressure [39]. 

The presence of Fe within the NC holds the potential to enhance its magnetic properties and elevate 

the heating efficiency under MW irradiation. This augmentation stems from the dual contribution 

of magnetic and electrical fields, collectively fostering an increase in the sample temperature. 

Benefiting from other compounds to improve the activity of synthesized NCs is important. In this 

regard, barium hydride (BaH2) exhibits a notable effectiveness in ammonia synthesis with the 

CLAS technology under conventional heating conditions [49]. Despite its efficacy in CLAS 

technology and the possession of a crystalline structure, BaH2 is not an ideal material for MW 

absorption. Materials with higher concentrations of defect sites demonstrate superior MW 

absorption capabilities, and increasing crystallinity tends to diminish MW heating efficiency. 

Nevertheless, there is potential improvement through the development of a composite material that 

incorporates Mn, Fe, and BaH2. This composite has the prospect of enhancing the overall 

performance of MHCLAS technology by a skillful balancing activity and MW heating capabilities, 

thus optimizing its utility in ammonia synthesis applications. 

 

 6.2.2. Synthesis of NCs 

6.2.2.1. Mn-Fe NCs synthesis  

We adopted mechanical and coprecipitation approaches to synthesize Mn-Fe NCs. In the 

mechanical approach, we mixed Mn powder and Fe powder, both from Sigma Aldrich, at a 4:1 

mass ratio in a mortar for 20 min. We prepared the mixed sample in an inert atmosphere with argon 

to prevent NC contamination by oxygen. The mechanical synthesis preactivated the NC and 

avoided any additional activation steps.   

For Mn-Fe NCs synthesis via the coprecipitation approach, we mixed iron nitrite solution 

(Fe(NO3)39.H2O, Sigma Alrich, purity ≥99.95%, CAS No.: 7782-61-8, 10 M) with manganese 

nitrate (Mn(NO3)24.H2O, Sigma Aldrich, purity ≥99.95%, CAS No.: 20694-39-7, 10 M) and 

sodium carbonate solution (Na2CO3, Sigma Alrich, purity ≥99.5%, CAS No.: 497-19-8, 10 M) as 

a precipitation agent with a mass ratio of 1:1.5:3, respectively. We optimized the synthesized NCs’ 

recipe, in particular, material ratios, in this study based on preliminary studies to maximize 

ammonia production rates, while ensuring efficient heating under MW irradiations. We gradually 
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added the precipitation agent to the mixture to maximize the homogeneity of the synthesized NC. 

We continuously stirred the solution, while preserving its temperature at 80 °C. We filtered and 

washed the produced suspension three times with deionized water and dried it at 120 °C overnight. 

We then calcined the dried NC for 3 hours at 500 °C in an electrical furnace. 

6.2.2.2. Mn-Fe-BaH2 NCs synthesis 

To synthesize the Mn-Fe-BaH2 NC by the coprecipitation approach, we prepared a 10 M sodium 

carbonate solution (Sigma Aldrich). We then added Barium fluoride (BaF2) powder (Sigma 

Aldrich, purity ≥98.0%, CAS No.: 7787-32-8, mesh: 325) to the solution, and stirred the mixture 

at 80 °C for 30 minutes. We subsequently introduced a mixture of 5 M iron nitrite solution (Sigma 

Aldrich) and 5 M manganese nitrate (Sigma Aldrich) in a gradual manner to ensure a homogeneous 

distribution. We adjusted BaF2:Mn(NO3)2:Fe(NO3)3:Na2CO3 mass ratio at 1:4:1:5, optimized 

based on the preliminary investigations attempted in this study. We finally filtered and washed the 

resulting suspension three times with deionized water, and dried the sample overnight at 120 °C. 

6.2.3. Characterization of synthesized NCs 

We analyzed the synthesized NCs by X-ray diffraction (XRD) analysis (Bruker D8 Advance) with 

Cu 𝐾𝛼 radiation to identify the synthesized phases and verification of Mn-Fe composite formation. 

The scanned range was from 10˚ to 90˚ with a 2θ rate of 10˚/min. Scanning electron microscopy 

with energy dispersive X-ray spectroscopy (SEM-EDS) analysis (JEOL JSM-7600F) was applied 

for the morphology study of synthesized NCs and analyzing the uniformity of elements in 

synthesized NCs. We applied inductively coupled plasma optical emission spectroscopy (ICP-

OES) analysis (Agilent 5110-SVDV) to study the elemental composition of synthesized NCs. Prior 

to this analysis, we diluted 0.1 g of NC in hydrochloric acid (HCL) (6M) and heated the resulting 

solution at 100 °C for 1 hour. 

 6.2.4. Experiment procedure 

In the case of NCs synthesized via the coprecipitation approach, we initially activated or reduced 

the NCs. We performed all tests with a NC having a particle size in the range of around 40 to 75 

µm. For coprecipitation-derived Mn-Fe and Mn-Fe-BaH2 NCs, we performed the 
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activation/reduction step in a laboratory-scale MW heating-assisted fluidized bed reactor (MHFB) 

setup at 900 °C for 45 minutes with a gaseous mixture of CH4 (10 vol.%, supplied from Canadian 

Air Liquid with 99.92% purity), H2 (5 vol.%, supplied by a Peak Scientific hydrogen generator, 

99.9999% H2 purity), and N2 (balance, supplied from Canadian Air Liquid with 99.99% purity). 

Subsequently, the H2 gas was passed through the reactor at 300 °C for another additional 60 min. 

During this stage, H2 and CH4 can reduce oxide phases into their metallic counterparts leading to 

the formation of BaH2 in the Mn-Fe-BaH2 NC.  

To investigate the mass variation of NC during the nitridation reaction, we employed a 

thermogravimetric analysis (TGA) instrument (TA Instruments Waters- TGA 550). For this 

characterization, we placed 10 mg of NC in a platinum pan and subjected it to a nitrogen stream 

at a flow rate of 40 ml/min and a heating rate of 5 °C /min, up to 800 °C. We recorded the mass 

gain of NC at 0.1 second intervals. 

We applied a temperature programmed reduction (TPR) analysis to measure the reduction in 

temperature of produced nitrided NCs and ammonia formation from nitrided NCs. For this 

analysis, we placed 0.3 g of NC in a U-shaped quartz tube and heated it at 10 °C/min from room 

temperature to 600 °C. The thermal conductivity detector (TCD) measured H2 consumption at 

different temperatures.  

To study the MW absorption and activity, we loaded 10 g of synthesized NCs leading to an 

approximately 3±1 cm bed height and exposed them to 1100 kW of MW irradiations in a 

laboratory-scale MHFB reactor. The reactor consisted of a 2.86 cm ID quartz reactor with a MW 

power set in the range of 110-1100 W that was placed in a metallic cavity (stainless steel 306). We 

monitored the temperature profile of the sample with a grounded, type K, metallic thermocouple 

(yielding the bulk temperature) positioned at the dense bed center along the axis (Figure 6.2). In 

addition, a pyrometer was employed to measure the solid phase temperature which is positioned 

in the center of the dense bed along the axis as depicted in Figure 6.2. To mitigate the risk of 

magnetron damage, spark formation, and arcing, we cooled the magnetron with an air stream and 

cold water circulated through MW-transparent tubes to absorb any excess MW irradiations in the 

cavity. To maximize safety precautions, we employed a MW detector to identify any MW leakage 

and safeguarded the experimental setup with a MW absorber shield. We adjusted the operating 

temperature in the MW heating setup by manipulating the MW power (110 to 1100 W). The bed 
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temperature stabilized at an equilibrium state, allowing for the occurrence of the reaction within a 

temperature tolerance of around ±5 °C. 

 

 
Figure 6.2: A schematic representation of the adopted laboratory-scale MHFB reactor. 

 

For CLAS experiments, we initially nitrided NCs by passing a pure nitrogen stream through the 

reactor with a superficial gas velocity of 𝑈𝑔 = 6.5 𝑐𝑚/𝑠. After completing the nitridation process, 

we cooled the reactor to room temperature. We then switched the inlet gas to H2, supplied by a H2 

generator, 20 vol.% balanced with Argon at 𝑈𝑔 = 7.0 𝑐𝑚/𝑠 to initiate the hydrogenation reaction. 

To compare the performances of MW and conventional heating methods in ammonia synthesis, 

we also adopted a laboratory-scale fluidized bed reactor (stainless steel reactor with a 2.86 cm ID) 

that was heated by induction heating. A schematic representation of the employed conventionally 

heated reactor is presented in Figure 6.3. The generated heat in the reactor wall by the induction 

heating was transferred to the bed inventory by conventional heat transfer mechanisms. We placed 

two type K metallic thermocouples at the dense bed center along the axis and on the reactor wall 

at the axial center to continuously monitor and control the temperature. We monitored temperature 

differences in axial and radial directions by displacing the inner metallic thermocouple. Results 

showed a negligible temperature difference in the bed in fluidization mode. We kept nitridation 
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and hydrogenation stage parameters the same as those with the MHFB setup. We initially exposed 

NC to the N2 stream to produce nitrided NC. In the next stage, we passed the H2 gas through the 

bed to produce ammonia. In Table 6.1, we summarized experimental parameters for performance 

evaluations of synthesized NCs under conventional and MW heating methods. 

We added a quartz wool at the reactor exit to ensure that all solids remain in the reactor during its 

operation. In addition, we monitored the weight change of loaded NCs by passing Ar gas through 

the reactor at a 𝑈𝑔 = 9.0 𝑐𝑚/𝑠. The monitored bed inventory variation revealed a negligible 

weight change. 

Figure 6.3: A schematic representation of the adopted laboratory-scale conventional heating-assisted 

reactor. 

To quantify the generated ammonia, we passed the resulting gas through two successive gas 

washers, each containing 400 ml of deionized water (Figure 6.2). To facilitate a complete 

dissolution of ammonia in the water, by forming ammonium hydroxide, we immersed the gas 

washers in an ice-water mixture to lower their temperature. We subsequently employed a pre-

calibrated ion-selective electrode (ISE) to determine an overall ammonia production. The ISE was 

designed to detect and measure the concentration of ammonium ions in the concentration range 

between 0.03 to 70,000 ppm at 22 ±2 °C. We adopted the second gas washer to ensure that we 

captured nearly all produced ammonia in the first gas washer. 
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Table 6.1: Experimental parameters for performance evaluations of synthesized NCs under conventional and 

MW heating methods.  

Parameter Value 

Reactor conditions 

Quartz inner reactor diameter (MW heating) 2.86 cm 

Stainless steel reactor inner diameter (conventional 

heating) 

2.86 cm 

Metallic thermocouple type Type K & grounded 

MW power 110-1100 W

Nitridation stage 

Initial NCs mass 5-10 g

Nitridation duration time 10 min 

𝑈𝑔−𝑁𝑖𝑡𝑟𝑖𝑑𝑎𝑡𝑖𝑜𝑛 6.5 cm/s 

Nitridation temperature 350-700 °C

Hydrogenation stage 

Hydrogenation duration time 5 min 

𝑈𝑔−𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑒𝑎𝑡𝑖𝑜𝑛 7.0 cm/s 

Hydrogenation temperature 150-350 °C

6.3. Results and discussion 

 6.3.1. Characterizations of synthesized NCs 

SEM and EDS mappings of the synthesized Mn-Fe NC through the mechanical approach are 

shown in Figure 6.4a. The mechanical approach yielded a non-uniform particle size, from 1 to 103 

µm as presented in Figure 6.4a.1, and elemental distributions of Mn (Figure 6.4a.2) and Fe (Figure 

6.4a.3). However, achieving a uniform particle size distribution, coupled with a homogeneous 

distribution of Mn and Fe elements, is anticipated to enhance the consistency of NC properties 

during nitrogen fixation and ammonia formation stages. The interaction between Mn and Fe metals 

plays a crucial role in modifying the surface energy of the synthesized NCs to decrease nitridation 

and hydrogenation stage temperatures. The bond between nitrogen and the Mn-Fe NC is stronger 

than the Fe-N bond but weaker than the Mn-N bond. At atmospheric pressure, Fe does not form a 

nitride phase due to the weakness of its bond with nitrogen, while Mn-N requires higher 

temperatures (i.e., T> 500 °C) for reduction during the hydrogenation stage. However, combining 

Mn and Fe in the NC composite enables the formation of a NC-N bond that can be reduced at a 

lower temperature under a H2 atmosphere due to the synergy of both metals [39].  
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SEM-EDS results of the coprecipitation approach for the Mn-Fe NC presented in Figure 6.4b.2 

and  Figure 6.4b.3 indicate a uniform elemental distribution of Mn and Fe in the NC. The more 

uniform distribution and, hence, the interaction between Mn and Fe results in the production of a 

nitrided NC that is less stable than manganese nitride and more stable than iron nitride.  

 
Figure 6.4: (a) SEM micrograph and EDS mappings of Mn and Fe in Mn-Fe: mechanical NC: (a.1) SEM 

micrograph, (a.2) Mn EDS mapping, and (a.3) Fe EDS mapping. (b) SEM micrograph and EDS mappings 

of Mn and Fe in Mn-Fe: coprecipitation NC: (b.1) SEM micrograph, (b.2) Mn EDS mapping, and (b.3) Fe 

EDS mapping. 

 

The mean particle size (MPS) of the synthesized NCs was calculated by applying Digimizer image 

analyzer software. Accordingly, we considered 100 particles in each micrograph. The MPS of the 

synthesized NC by the coprecipitation approach was 2.1 µm (0.5-3 µm), refer to. Figure 6.4b.1. 

However, we measured a MPS of 20 µm for the NC synthesized by applying the mechanical 

approach (1-103 µm). The non-uniform particle size along with the weak interaction between Mn 

and Fe metals in the NC synthesized by the mechanical approach may thus result in the non-
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uniformity of nitrogen fixation in the nitridation stage and a lower ammonia formation in the 

hydrogenation stage. However, the implementation of the coprecipitation approach improves Mn 

and Fe element distribution in the NC, which can result in a higher ammonia formation.  

In the coprecipitation approach, the formation of a high degree of supersaturation during the 

crystallization reaction leads to the generation of primary nuclei within the synthesis solution [50]. 

These solid particles serve as active sites for secondary nucleation, thus facilitating the subsequent 

formation of larger particles [51]. The elevated mixing rate employed during the crystallization 

reaction plays a crucial role in promoting the creation of particles characterized by enhanced 

elemental uniformity. In addition, in the synthesis of the Mn-Fe-BaH2 NC, we strategically 

incorporated BaF2 particles through doping as secondary nucleation sites to initiate the nucleation 

phenomena within the synthesized NC. 

BaH2 attracted attention as a prospective NC for ammonia synthesis through chemical looping 

technology [46]. Its crystalline structure, however, poses challenges in achieving effective heating 

when subjected to MW irradiation. The application of BaH2 within the Mn and Fe composite, 

synthesized through a coprecipitation approach, has also demonstrated a homogeneous elemental 

distribution within the NC (see Figure 6.5). Figure 6.5a.1-6.5a.4 shows the elemental distribution 

of Mn, Fe, and barium (Ba). Notably, Figure 6.5a.5 reveals the presence of sodium (Na) and 

fluorine (F) elements in the NC due to the NC synthesis procedure. Due to the high level of fluoride 

electronegativity, the presence of this element with 6 wt.% could potentially increase the nitrogen 

dissociation rate in the nitridation step. Studies in the literature report that the presence of fluoride 

in the structure of the NC enhances the electron-donating ability of the catalyst, thereby promoting 

ammonia synthesis [52]. 
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Figure 6.5: SEM micrograph and EDS mappings of the synthesized Mn-Fe-BaH2 NC by the 

coprecipitation approach: (a.1) SEM micrograph, (a.2) Mn EDS mapping, (a.3) Fe EDS mapping, (a.4) Ba 

EDS mapping, and (a.5) EDS spectrum. 

 

We adopted the ICP-OES analysis to measure the elemental distribution of NC synthesized by 

applying the coprecipitation approach. Mn, Fe, and Ba concentrations of synthesized NCs 

measured by ICP-OES analysis are reported in Table 6.2. In the mechanically synthesized Mn-Fe 

NC, Mn accounted for approximately 79 wt.%, with Fe comprising about 21 wt.%. Conversely, 

the coprecipitation approach yielded a Mn-Fe NC with 41 wt.% Mn and 23 wt.% Fe, with the 

remaining being attributed to oxygen. The synthesized Mn-Fe-BaH2 NC by coprecipitation 

approach is comprised of approximately 34 wt.% Mn, 5.6 wt.% Fe, and 29 wt.% Ba, with the 

remainder being oxygen, Na, and F, thus confirming the surface composition that was obtained by 

EDS analysis (Figure 6.5a.5).  
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Table 6.2: A summary of the elemental analysis of synthesized NCs by ICP-OES. 

NC Mn (wt.%) Fe (wt.%) Ba (wt.%) Balance 

Mn-Fe: Mechanical 79.1 20.9 0.0 - 

Mn-Fe: Coprecipitation 41.0 23.0 0.0 O 

Mn-Fe-BaH2: 

Coprecipitation 
34.2 5.6 29.0 O, Na, F 

The results of the XRD analysis confirmed the formation of Mn, Fe, and Ba-based NCs for the 

coprecipitation and mechanical approaches (see Figure 6.6). They indicate that when synthesized 

by the coprecipitation approach, the NC contains oxide phases, while the NC contains Mn and Fe 

in their metallic forms when it is synthesized by the mechanical approach. The latter finding 

confirms that mechanically mixed Mn-Fe metals were not contaminated by oxygen during the 

mixing. 

Figure 6.6: XRD patterns of synthesized NCs (a) Mn-Fe: mechanical, (b) Mn-Fe-based: coprecipitation, (c) 

Mn-Fe-Ba-based: coprecipitation.  
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 6.3.2. MW heating capability of synthesized NCs 

To investigate the heating rate of synthesized NCs under MW irradiation, we employed an 

experimental setup (see Figure 6.2) of 10 g of activated NC and injected nitrogen into the reactor 

as a reactive and fluidization agent. We measured the resulting bulk temperature (Tb) increase by 

applying a grounded metallic thermocouple.   

The observed heating rate of the synthesized NCs exhibited a notable dependence on the dielectric 

properties of the synthesized materials. Bulk temperature measurement results of synthesized NCs 

exposed to MW irradiations are illustrated in Figure 6.7, where all three NCs showed a heating 

capability under MW irradiations. We observed heating rates of approximately 22 °C/sec, 12 

°C/sec (before reaching equilibrium temperature), and 4 °C/sec for Mn-Fe-coprecipitation, Mn-Fe-

BaH2 coprecipitation NCs, and Mn-Fe-mechanical, respectively. The Mn-Fe NC synthesized by 

the coprecipitation approach showed the best heating capability under MW irradiation among the 

synthesized NCs. Electrical field dissipation, magnetic field dissipation due to the presence of Fe, 

and Joule heating are heating mechanisms that contribute to the NCs-MW absorbers' heating 

process [53]. 

Figure 6.7: Bulk temperature of synthesized NCs under MW irradiation as a function of time (MW power: 

1100 W).  

The presence of a thin oxide layer on the surface of powdered metals was reported to significantly 

enhance particle heating under MW irradiation [54]. This phenomenon explains the higher heating 
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rate of Mn-Fe NC synthesized via the coprecipitation method compared to the mechanical 

approach. In addition, the crystalline structure of BaH2 and its limited interaction with MWs result 

in a lower heating rate for Mn-Fe-BaH2 NC synthesized through coprecipitation, compared to Mn-

Fe NC synthesized by the same method. Although BaH2 is not an effective MW absorber, it is a 

promising NC. By incorporating BaH2 with Mn and Fe elements, we synthesized a NC with an 

enhanced MW heating capabilities and improved activity. 

When the particles in the bed reach an equilibrium bulk temperature, where the dissipated heat 

within the particles equals the heat transferred to the gas phase and surrounding environment, the 

bulk temperature remains constant. In the case of Mn-Fe-BaH2 NC, we achieved the equilibrium 

bulk temperature after 50 seconds, at a bulk temperature of around 540 °C. This trend aligns with 

findings reported in the literature [54]. 

The application of a dense fluidized bed in conjunction with MW irradiations favors the 

temperature uniformity experienced by the MW absorber bed inventory during exposure to MW 

irradiations. In addition, one can adjust/enhance the MW penetration depth within the bed by 

adjusting the bed voidage [55] to maximize MW absorption by the bed inventory. These 

advantages underscore the importance of considering fluidized beds as a promising reactor type 

for optimizing MW-driven processes. 

6.3.3. Nitridation stage 

The initial stage in the CLAS involves nitrogen fixation and the generation of lattice nitrogen. The 

nitridation reaction mechanism begins with the adsorption of N2 molecules onto the surface of the 

NC, followed by their dissociation into nitrogen atoms. These nitrogen atoms subsequently diffuse 

into the NC structure, resulting in the formation of nitrided phases [56,57]. Studies have shown 

that the presence of Fe atoms within the NC structure decreases the diffusion energy barrier, 

thereby promoting the formation of the nitrided phase [43]. We subjected activated NCs to a 

nitrogen stream under conventional heating by applying a TGA, conventionally heated fluidized 

bed reactor, and under MW heating by employing a MHFB reactor. TGA results indicated a 

significant weight increase in synthesized NCs by mechanical and coprecipitation approaches 

under a N2 stream (Figure 6.8). This confirms that nitridation was taking place on the synthesized 

NCs. We observed a minimal weight gain for Fe, which agrees with thermodynamic investigations 
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for the nitridation stage. Studies suggest that the Fe-N bond is weak, making the thermodynamic 

feasibility of the iron nitride phase formation unlikely under atmospheric pressure. Nonetheless, 

the literature indicates that elevating the pressure, up to 5 bars, may enhance the development of 

iron nitride phases [49]. 

Results presented in Figure 6.8 show that Fe powders exhibited a negligible weight gain when 

subjected to a N2 stream, primarily due to the instability of the Fe-N compound at atmospheric 

pressure and elevated temperatures. However, the presence of Fe within the NC could decrease 

the stability of Mn-N, thereby facilitating the hydrogenation stage. The bond between nitrogen and 

the Mn-Fe composite is stronger than that with Fe alone, allowing nitrogen atoms to be stabilized 

more effectively. The weaker NC-N bond compared to the Mn-N bond, however, requires less 

energy and a lower temperature for nitrogen reduction during the hydrogenation stage [39]. The 

synthesized Mn-Fe NC by mechanical approach showed a weight gain of up to 6.5 wt.% when 

heated to 800 °C due mainly to the presence of Mn. In contrast, the synthesized Mn-Fe NC by the 

coprecipitation approach exhibited a non-monotonous trend and weight gain of 5.5 wt.% upon 

heating to 800 °C. For this sample, the nitridation rate decreased at temperatures above 600 °C, 

due likely to residual oxide phases within the NC. In the presence of residual oxide phases in the 

NC structure, some reaction sites were already occupied by oxygen, thus decreasing the amount 

of nitrogen that could react during the nitridation stage. This residual oxygen came from unreacted 

oxygen left over from the activation stage, where a mixture of CH4 and H2 streams was applied to 

reduce oxide phases. The oxide phases, mainly MnO, remain stable under the H2 stream and 

contribute to the heating of solid particles during MW irradiation [58]. In addition, the inclusion 

of BaH2 in the NC resulted in a significantly higher fixed nitrogen content, reaching up to 7.5 wt.% 

when the sample was heated to 800 °C under identical conditions.  
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Figure 6.8: Nitridation performances of synthesized NCs and elemental Fe in TGA. 

Results of the comparative analysis of weight gain by synthesized NCs subjected to conventional 

and MW heating at identical bulk temperatures (350, 400, and 700 °C) are presented in Figure 6.9. 

They highlight that the application of the MW heating method led to higher nitrogen content in the 

NCs compared to samples treated under the conventional heating method. We can attribute this to 

a higher solid phase temperature than the bulk temperature under MW irradiation. In the 

conventional heating method, the bulk temperature is often very similar to the temperatures of 

solid and gas phases. However, under MW irradiations, the solid phase temperature measured by 

the pyrometer reached 415, 480, and 850 °C for corresponding bulk temperatures of 350, 400, and 

700 °C, respectively. 

The MW heating method introduces the possibility of generating micro-scale hot spots on the 

surface of solid NCs, thereby enhancing the dissociation of nitrogen molecules. The nitridation 

stage is classified as an exothermic reaction. Despite its exothermic nature, the MW heating 

method offers advantages, such as the formation of micro-scale hot spots facilitating nitrogen 

dissociation, lower energy consumption, rapid heating, and volumetric heating [55]. As presented 

in Figure 6.9, we recorded a higher weight gain for the Mn-Fe-BaH2 NC compared to other NCs 

indicating a significant enhancement in nitrogen fixation attributed to the presence of BaH2 within 

the NC structure. In addition, an increase in nitridation temperature from 400 to 700 °C resulted 
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in a small increase in the NCs' weight gain in Mn-Fe-BaH2 NC (refer to Figure 6.9b and Figure 

6.9c).  

Figure 6.9: Weight gain of synthesized NCs in the nitridation stage under conventional and MW 

heating for (a) Tb=350 °C, (b) Tb=400 °C, and (c) Tb=700 °C after 20 min of nitridation.  

SEM and EDS results of collected samples after nitridation under MW irradiation are presented in 

Figure 6.10. The presence of small Mn particles in the domain of Fe particles increases the 

presence of nitrogen elements in these areas. This phenomenon is attributed to the comparatively 

weak bond strength between Fe and nitrogen. These results confirm that under atmospheric 
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pressure, Fe under both conventional heating (refer to TGA results in Figure 6.8) and MW heating 

(Figure 6.10) has a lower nitrogen fixation compared to other composite NCs. The weak 

involvement of Fe in the nitridation stage shows the inefficiency of the Mn-Fe NC synthesized by 

the mechanical approach to form uniform nitrogen distribution.  

 
Figure 6.10: SEM analysis and EDS mappings of the nitrided Mn-Fe: mechanical NC under MW heating 

at Tb = 400 °C: (a.1) SEM image, (a.2) Mn EDS mapping, (a.3) Fe EDS mapping, and (a.4) nitrogen EDS 

mapping. 

 

The coprecipitation-based synthesis of NCs, in contrast to the mechanical synthesis approach, 

yielded a uniform distribution of nitrogen elements due to a more moderate bonding between the 

NC and nitrogen. This could be attributed to the homogeneity between different elements in the 

coprecipitation NC synthesis approach. We presented SEM and EDS results of the synthesized 

Mn-Fe-BaH2 NC through the coprecipitation approach nitrided under MW heating in Figure 6.11. 

A uniform elemental distribution of Mn, Fe, and Ba is discernible within the nitride phase of the 

Mn-Fe-BaH2 NC. BaH2 is effective in enhancing the nitrogen fixation rate, consequently 

contributing to the formation of the nitride state in the synthesized NC. This increase yields a 

superior level of nitrogen fixation when compared to Mn-Fe NCs. The production of barium amid 
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(BaNH) and Mn3N2 as a result of BaH2 and Mn nitridation could be the main reason for the higher 

nitrogen fixation when applying the Mn-Fe-BaH2 NC (see Figure 6.12).  

 
Figure 6.11: (a.1) SEM analysis, and EDS mappings of (a.2) Mn, (a.3) Fe, (a.4) Ba, and (a.5) nitrogen 

elements of the synthesized Mn-Fe-BaH2 NC by coprecipitation approach nitrided under MW heating at 

Tb=400 °C. 

 

We presented the XRD analysis results of nitrided Mn-Fe: mechanical, Mn-Fe: coprecipitation 

NCs, and Mn-Fe-BaH2: coprecipitation treated under MW irradiation at Tb=400 °C in Figure 6.12. 

The results of Figure 6.12a (for Mn-Fe-mechanical NC) indicate the predominant formation of 

manganese nitrides (Mn4N) as the primary nitride phase within the NC structure. In addition, the 

iron nitride was not detected, which suggests a limited interaction between Mn and Fe, resulting 

in the exclusive formation of Mn4N.  

The results presented in Figure 6.12b highlight the formation of iron nitride (Fe8N) during the 

nitridation process, indicating the active involvement of iron in the nitridation reaction for Mn-Fe: 

coprecipitation while Mn4N and MnN0.388 were the predominant manganese phases in the NC. 

Figure 6.12c shows the nitrided Mn-Fe-BaH2 NC, verifying the formation of Mn4N, Mn3N2, and 

BaNH. Incorporating Ba into the NC structure promoted the formation of Mn3N2 as the dominant 

manganese nitride phase, which was absent in both Mn-Fe: mechanical and Mn-Fe: coprecipitation 

methods. This contributes to the greater weight gain of Mn-Fe-BaH2 at lower temperatures (i.e., 

Tb<400 °C). In addition, the presence of MnO in the NC, produced via coprecipitation, represents 

the oxide phase that remains after the activation stage. MnO is a well-known MW absorber, and 
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its inclusion in the NC structure enhances its heating efficiency under MW irradiation [58]. MnO 

remains stable under hydrogenation operation conditions in an H2 stream. In addition, it has been 

reported that stable oxides can promote single-metal nitrides, thereby improving ammonia 

production properties [35]. 

Figure 6.12: XRD pattern of the nitrided, (a) Mn-Fe: mechanical, (b) Mn-Fe: coprecipitation, and (c) 

Mn-Fe-BaH2: coprecipitation (nitridation at Tb=400 °C under MW irradiation).  

 6.3.4. Hydrogenation stage 

The hydrogenation of nitrided NCs leads to the generation of ammonia and the production of 

nitrogen-depleted NCs. R1 and R2 describe the hydrogenation of nitrided Mn-Fe and Mn-Fe-BaH2 

NCs, where 𝑎 is the number of nitrogen atoms that are involved in the reaction. 

𝑭𝒆𝒙𝑴𝒏𝒚𝑵𝒛(𝒔)
+ 𝟏. 𝟓𝒂𝑯𝟐(𝒈)

→ 𝑭𝒆𝒙𝑴𝒏𝒚𝑵𝒛−𝒂(𝒔)
+ 𝒂𝑵𝑯𝟑(𝒈) (R1) 

𝑭𝒆𝒙𝑴𝒏𝒚𝑵𝒛𝑩𝒂𝑵𝑯(𝑺) + 𝟏. 𝟓𝒂𝑯𝟐(𝒈)
→ 𝑭𝒆𝒙𝑴𝒏𝒚𝑵𝒛−𝒂𝑩𝒂𝑯𝟐(𝑺)

+ (𝒂 + 𝟏)𝑵𝑯𝟑(𝒈) (R2) 

We investigated the hydrogenation performances of NCs leading to ammonia production under 

both conventional and MW heating conditions in different instruments/units, including the H2-

TPR, and conventional heating and MHFB reactors. 

The results of H2-TPR analyses of nitrided NCs are shown in Figure 6.13. They indicate that 

nitrided Mn-Fe-BaH2 exhibited a lower hydrogenation temperature compared to nitrided Mn-Fe 
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by mechanical and coprecipitation approaches. The hydrogenation of nitrided Mn-Fe-BaH2 started 

at around 70 °C and its maximum was at 270 °C. This observation is attributed to a more moderate 

bond between nitrogen and NC, i.e., NC-N, in the case of synthesized Mn-Fe-BaH2 by the 

coprecipitation approach. In the case of synthesized Mn-Fe by the coprecipitation approach, 

hydrogenation started at approximately 180 °C and maximized at about 350 °C. For synthesized 

Mn-Fe by the mechanical approach, hydrogenation started at around 280 °C and reached its 

maximum at 375 °C. These findings align with those reported in the study by Wang et al. [45], 

where the TPR analysis of nitrided MnFeAl NC produced by mechanical approach indicated an 

H2-TPR peak occurring around 350-420 °C. The incorporation of Fe and BaH2 compounds within 

the NC framework resulted in a decrease in the required hydrogenation temperature due to the 

formation of a less stable NC-N bond compared to the highly stable Mn-N bond. Consequently, 

the hydrogenation reaction can be conducted at a lower temperature, mitigating the risk of 

ammonia decomposition. 

Figure 6.13: H2-TPR analyses of synthesized NCs in this study nitrided before the hydrogenation step 

(nitridation at Tb=400 °C under MW irradiation).  

We employed the conventional heating reactor described in Section 6.2.3 to investigate the 

hydrogenation performances of synthesized NCs under conventional heating conditions. To assess 

the impact of MW heating on ammonia production rates, we compared results obtained from the 

MHFB setup (described in Section 6.2.3) with those from the conventional heating reactor. We 

compared ammonia production rates, calculated based on Eq. (6.1), for various NCs heated by 

conventional and MW heating methods in Figure 6.14. The nitridation temperature was set to Tb 
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= 400 °C for both conventional and MW heating approaches. In the conventional approach, the 

temperatures of the solid and bulk phases are equal, whereas under MW heating, the solid 

temperature reached 505 °C in the nitridation stage. In addition, during the hydrogenation stage, 

the reaction was conducted at Tb = 350 °C, corresponding to a solid temperature of 415 °C under 

MW irradiation. Results indicated that for all tested NCs, the application of MW heating 

significantly enhanced the ammonia production rate compared to the conventional heating method. 

For instance, the ammonia production rate for the Mn-Fe-BaH2 NC under conventional heating 

was 11391 µmol/g.h, while it was 35793 µmol/g.h with MW heating. The difference between the 

ammonia production rate under MW and conventional heating conditions decreased from the Mn-

Fe-BaH2 NC synthesized by the coprecipitation approach to the Mn-Fe NC synthesized by the 

mechanical approach. The Mn-Fe-BaH2 NC exhibited the highest ammonia production rate among 

the studied NCs. This could be attributed to the presence of BaH2 in its composition. The presence 

of BaH₂ enhances the electron-donating capability of NCs during both the nitridation and 

hydrogenation reactions. During the hydrogenation stage, the hydrogen atoms within the NC 

structure, e.g., BaNH, enable hydrogenation to occur at lower temperatures or result in higher 

ammonia production rates at the same temperature. This effect explains the increased ammonia 

production rate observed for Mn-Fe-BaH2 NC. 

𝑷𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝒓𝒂𝒕𝒆 =
𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒑𝒓𝒐𝒅𝒖𝒄𝒆𝒅 𝒂𝒎𝒎𝒐𝒏𝒊𝒂 

𝑵𝑪 𝒘𝒆𝒊𝒈𝒉𝒕 × [𝑯𝒚𝒅𝒓𝒐𝒈𝒆𝒏𝒂𝒕𝒊𝒐𝒏 𝒕𝒊𝒎𝒆] 

(6.1) 

Figure 6.14: Ammonia production rates of synthesized NCs tested under MW irradiation and conventional 

heating conditions (nitridation at Tb=400 °C and hydrogenation at Tb=350 °C) and Ni-BaH2 NC tested 

under conventional heating conditions from the study by Gao et al. [59].  
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When comparing our results with those reported in literature, e.g., in the study by Gao et al. [59] 

when adopting the Ni-BaH2 NC, the Mn-Fe-BaH2 NC prepared in this study and tested under MW 

heating conditions led to a considerably higher ammonia production rate, see Figure 14. Gao et al. 

[59] prepared the Ni-BaH2 NC by the ball milling approach and were able to achieve an 

approximate 9300 µmol/g.h based on hydrogenation time under conventional heating at 300 °C.  

The predominant factor contributing to the higher rate of ammonia production under MW 

irradiation compared to conventional heating is the lower gas phase temperature in the MW heating 

system. Despite conventional heating, where both gas and solid phases are uniformly heated to the 

reaction temperature, MW irradiations selectively heat solids, maintaining a lower temperature in 

the gas phase. This selective heating decreases the risk of post-formation ammonia decomposition. 

The temperature difference between gas and solid phases can vary with variables, such as bed 

hydrodynamics, operating temperature, particle diameter, and electromagnetic properties.   

Challenges in independent monitoring of gas and solid phase temperatures are the main reason for 

the discrepancy between results obtained under MW heating and those obtained under 

conventional heating. A grounded metallic thermocouple for temperature measurement during 

MW irradiations measures the temperature pertaining to the gas-solid mixture that is generally 

higher than the gas phase but lower than the solid phase temperature. This phenomenon leads to 

the underestimation of the solid phase temperature, consequently resulting in a higher observed 

ammonia production rate under MW irradiations when compared to conventional heating with 

similar bulk temperatures. In addition, the introduction of MW heating induces the formation of 

hot spots at both micro and macro scales. Micro-scale hot spots arise from variations in the 

dielectric properties of different elements within the synthesized NCs, increasing the ammonia 

production rate by facilitating nitrogen dissociation. However, macro-scale hot spots emerge due 

to limitations in penetration depth, wave dissipation, impedance mismatching between bed and 

cavity, and non-uniform electrical field intensity. 

The influence of temperature on the ammonia production rate of the Mn-Fe-BaH2 NC under MW 

irradiations is presented in Figure 6.15. The ammonia production rate was measured at Tb= 350, 

300, 250, 200, and 150 °C which corresponds to Ts= 420, 360, 290, 240, and 180 °C, respectively. 

Results show that under MW heating conditions, ammonia synthesis is achievable even at 

temperatures as low as Tb= 150 °C for the Mn-Fe-BaH2 NC. We observed a higher ammonia 
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production rate upon increasing the hydrogenation temperature (Figure 6.15), which is primarily 

attributed to the increase in the reaction rate with the operating temperature. The rate of 

hydrogenation reaction experiences an increase with the temperature. The application of MW 

heating, coupled with the temperature difference between gas and solid phases, yields a higher 

temperature at the active sites of the solid phase. A lower temperature in the gas phase suppresses 

the ammonia decomposition reaction, thus increasing the overall ammonia production rate. 

In conventional ammonia synthesis methods, such as the HB technology, ammonia production 

typically reaches thermodynamic equilibrium. At atmospheric pressure and temperatures above 

250 °C, the produced ammonia tends to undergo complete decomposition. However, the coupled 

implementation of MW heating and CLAS technology enables ammonia production at 

atmospheric pressure while significantly reducing the risk of decomposition. MHCLAS 

technology divides the ammonia synthesis reaction into two sequential steps: nitridation and 

hydrogenation. This approach overcomes the thermodynamic limitations of conventional ammonia 

synthesis. However, in conventional CLAS, the hydrogenation stage operates at temperatures as 

high as 500 °C, which raises the risk of ammonia decomposition. The introduction of the new Mn-

Fe-BaH₂ NC, operating effectively within a bulk temperature range of 150 to 350 °C, minimizes 

the decomposition risk of synthesized ammonia, providing a more stable and efficient alternative. 

The application of the Mn-Fe-BaH2 NC, synthesized by the coprecipitation approach, has 

demonstrated a notable decrease in the hydrogenation reaction temperature compared to 

conventional NCs reported in literature. Comparable results are reported in the study by Hattori et 

al. [60] on catalytic ammonia synthesis by employing BaH2-BaO/Fe/CaH2 catalyst under 

conventional heating. However, by integrating chemical looping with MW heating for Mn-Fe-

BaH2 NC in the present study, the ammonia production rate was approximately ten times higher 

than that observed in Hattori’s study. 
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Figure 6.15: Effect of temperature on the ammonia production rate for the Mn-Fe-BaH2 NC under MW 

heating conditions (nitridation at Tb=400 °C). 

6.4. Conclusion  

In this study, we formulated three NCs mainly composed of Mn and Fe for application in 

MHCLAS technology to produce ammonia. The technology operated at atmospheric pressure and 

temperatures ranging from 350 to 700 °C for the nitridation reaction and 150 to 350 °C for the 

hydrogenation stage. We synthesized NCs by mechanical and coprecipitation approaches, which 

included Mn-Fe NCs synthesized by the two approaches and the Mn-Fe-BaH2 NC synthesized by 

the coprecipitation approach. We had uniform NCs in terms of size and elemental distribution by 

the co-precipitation approach and they outperformed nitridation and overall ammonia production 

compared to the mechanical approach. 

The application of selective MW heating led to a temperature difference between gas and solid 

phases, which suppressed undesirable gas-phase reactions, like ammonia decomposition. It, hence, 

resulted in an increased ammonia production for both Mn-Fe and Mn-Fe-BaH2 NCs compared to 

conventional heating conditions. We achieved a maximum ammonia production rate of 35793 

µmol/g.h with nitridation at 400 °C and hydrogenation at 350 °C. Under MW heating conditions, 

the ammonia production by the Mn-Fe-BaH2 NC was initiated at temperatures as low as 150 °C.  

The presence of BaH2 in the NC structure caused ammonia production at a lower temperature, i.e., 

as low as 150 °C.  The findings of this study will pave the way for the scale-up of an effective 

ammonia production technology by integrating selective MW heating with a novel Mn-Fe-BaH2 

NC and chemical looping concept and its decentralization. 
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Abstract 

Microwave heating-assisted chemical looping ammonia synthesis (MHCLAS) has emerged as a 

promising alternative to conventional ammonia production technologies, e.g., Haber-Bosch. 

Kinetic studies associated with the MHCLAS are very limited in literature. In this study, we 

investigated the stability and kinetic behavior of Mn-Fe-BaH2 nitrogen carriers (NCs) in a 

microwave heating-assisted fluidized bed reactor. Preliminary assessments demonstrated that 

ammonia production remained consistent at a nitridation bulk temperature of 565 °C and a 

hydrogenation temperature of 320 °C. For the kinetic studies, we focused on two sequential 

reactions of nitridation and hydrogenation. We performed the nitridation reaction in a temperature 

range of 300 to 630 °C, where weight gain and the formation of nitride phases confirmed the 

reaction progression. We adopted the corresponding information in the kinetic study. We 

conducted the subsequent hydrogenation of the nitrided NC in the same reactor. It yielded a higher 

ammonia production at atmospheric pressure compared to those reported in literature under 

conventional heating. The unique selective heating properties of microwaves, combined with 

moderate bonding between the NC and nitrogen atoms, resulted in low apparent activation energies 

for both reactions, i.e., 25.6 and 23.7 kJ/mol for the nitridation and hydrogenation reactions, 

respectively. The nitridation reaction followed the contracting kinetic models, while the Avrami-

Erofeev-3 kinetic models most effectively describe the hydrogenation reaction. The reaction 

models developed for the nitridation and hydrogenation stages in this work are independent of 
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reactor hydrodynamics or type, making them important for advancing reactor modeling and 

MHCLAS technology scaling up in the future. 

Keywords: Microwave; Hydrogen storage; Ammonia synthesis; Chemical looping; Nitridation 

kinetic; Hydrogenation kinetic. 

 

7.1. Introduction  

Ammonia serves as an excellent hydrogen (H2) carrier, enabling the safe and effective 

transportation and storage of H2 under mild conditions. Unlike liquid H2, which requires extreme 

conditions, ammonia can be stored at atmospheric pressure and relatively moderate temperatures 

as low as -33°C [1–4]. This capability yields a threefold decrease in costs associated with H2 

storage as a promising renewable energy carrier when comparing it with conventional H2 storage 

approaches, e.g., liquid H2 storage approaches. Consequently, recent studies have focused on 

various technologies for ammonia production by employing environmentally friendly green H2 

[5]. 

Haber-Bosch (HB) technology, i.e., a conventional technology for ammonia production practiced 

at commercial scale, operates under harsh operating conditions, typically at pressures and 

temperatures of 100-300 bar and 400-600 °C, respectively [6–8]. Ammonia synthesis through 

electrocatalysis and photocatalysis exhibits a relatively low production rate and challenges in the 

accurate quantification and purification of ammonia [9–11]. While plasma-assisted ammonia 

synthesis has widely been explored for nitrogen (N2) dissociation, its viability is limited by the 

exothermic nature of ammonia production reaction, making it less favorable as the primary 

candidate [1,12,13]. Researchers implemented microwave (MW) heating for a single-stage 

catalytic ammonia synthesis. Due to the selective heating properties of MWs, they helped obtain 

a higher ammonia production rate compared to conventional heating methods [3,14]. However, 

competitive adsorption of N2 and H2 molecules on the catalyst surface remains the main issue for 

ammonia synthesis under MW heating [15].  

Chemical looping ammonia synthesis (CLAS) consists of either two, i.e., nitridation and 

hydrogenation, or three, i.e., reduction, nitridation, and hydrogenation, sequential reactors, has 

shown promising results in enhancing ammonia production under atmospheric pressure. Various 
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ammonia synthesis scenarios exist within CLAS, such as water (H2O)-CLAS [3], H2-CLAS 

[10,14], and alkali/alkaline hydride (AH)-CLAS [16–18]. The H2O-CLAS involves high 

temperatures, reaching up to 1000 °C, necessary for the reduction of oxidized nitrogen carriers 

(NCs) [19]. The temperature ranges for the H2-CLAS and AH-CLAS technologies for the 

nitridation (200-750 °C) and the hydrogenation stages (150-700 °C) depend on the specific type 

of NC that was involved in these reactions [2,3,10,19]. Various NCs have been utilized in H2-

CLAS, such as manganese (Mn), cobalt-molybdenum (CoMo), iron (Fe), barium hydride (BaH2), 

lithium hydride (LiH), and calcium hydride (CaH2) [3]. In our recent study [20], we demonstrated 

that synthesized Mn-Fe-BaH2 NC in the study had a promising performance in ammonia 

production among the highlighted NCs when adopted in a MW heating-assisted chemical looping 

ammonia synthesis (MHCLAS) technology. A schematic representation of the proposed 

MHCLAS technology is presented in Figure 7.1. In the first step, i.e., nitridation, the developed 

NC goes under the nitridation reaction, and nitrogen atoms are fixed in the NC structure. In the 

second step, i.e., hydrogenation, the nitrided NC is exposed to a H2 stream, producing ammonia 

and nitrogen-depleted NC. The synthesized Mn-Fe-BaH2 NC exhibited strong interaction with 

MWs, enabling direct and efficient heating by MWs. The selective heating properties of MWs 

resulted in a lower gas-phase temperature compared to the solid phase, thus effectively suppressing 

the ammonia decomposition reaction. It led to high rates of ammonia production under both 

conventional, i.e., 11000 µmol/g.h at 350 °C, P=1 atm, and MW, i.e., 36000 µmol/g.h at 350 °C, 

P=1 atm, heating conditions [20].  

 

Figure 7.1: Schematic representation of nitridation and hydrogenation reactions under MW heating [20].  
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Studying nitridation and hydrogenation kinetics of Mn-Fe-BaH2 NC as a promising NC, in 

particular, under MW heating, is essential for the successful scale-up of MHCLAS technology. To 

the best of the authors’ knowledge, there are very limited studies on the kinetics of ammonia 

synthesis through the CLAS technology, and one can also identify a research gap in the kinetics 

of MHCLAS. In particular, most studies on the kinetics of CLAS under conventional heating 

focused on model-free approaches for estimating activation energies of involved reactions. These 

approaches fail to provide reaction models/mechanisms, and there is a significant gap in the data 

concerning the kinetics of MHCLAS technology in ammonia synthesis, both based on the model-

free and model-fitting approaches [21]. 

In this work, we studied apparent and intrinsic kinetics of nitridation and hydrogenation reactions 

for Mn-Fe-BaH2 NC under MW heating based on gas-solid bulk (𝑇𝑏) and solid (𝑇𝑠) temperatures, 

while minimizing the effects of external and internal mass transfer resistances for the intrinsic 

kinetics. 𝑇𝑏 refers to the temperature of the gas and solid phases mixture, whereas 𝑇𝑠 specifically 

denotes the temperature of the solid phase. Due to the selective heating effect of microwaves, the 

solid temperature is typically higher than the bulk temperature. We evaluated the kinetic 

parameters by applying data from a grounded metallic thermocouple to measure 𝑇𝑏 and a 

pyrometer/IR camera for 𝑇𝑠. For the nitridation reaction kinetics, we measured NC mass gain. For 

the hydrogenation reaction kinetics, we quantified ammonia production during the hydrogenation 

stage by employing a calibrated ion-selective electrode (ISE). In Section 7.2, we detailed the 

adopted experimental methodology for kinetic study, including materials and NC characterization 

(Section 7.2.1), experimental setup and procedure (Section 7.2.2), and ammonia quantification 

(Section 7.2.3), as well as the development of kinetic models (Section 7.2.4). In Section 7.3, we 

presented results of temperature uniformity evaluation in MW heated fluidized bed reactor 

(Section 7.3.1), analysis of NC stability (Section 7.3.2), mass transfer limitations (Section 7.3.3), 

kinetics of nitridation (Section 7.3.4) and hydrogenation reactions (Section 7.3.5), kinetic models 

performance evaluation (Section 7.3.6), and NC performance comparison (Section 7.3.7). 

7.2. Experimental methodology 

7.2.1. Materials and NC characterization 

In this study, we applied Mn-Fe-BaH2 NC produced by adopting the coprecipitation approach. A 

mixture of barium fluoride (BaF2), manganese nitrate (Mn(NO3)2), iron nitrate (Fe(NO3)3), and 
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sodium carbonate (Na2CO3) was prepared in a molar ratio of 1:4:1:5, which was already optimized 

for highest activity in our previous study [20]. The resulting mixture was dried at 120  °C. 

Subsequently, the NC was activated under MW irradiation at 𝑇𝑏=900  °C in a gas mixture 

consisting of 10 vol.% methane (CH4), 5 vol.% H2, and N2 as the balance gas for 45 minutes. 

Following this, the gas flow was switched to hydrogen at 𝑇𝑏=300 °C for an additional 60 minutes. 

Please refer to Adavi et al. [20] for detailed information on the synthesis procedure of this NC.  

The Mn-Fe-BaH₂ NC demonstrated the highest ammonia production rate compared to those 

reported in the literature and those tested by the authors in their previous study, highlighting its 

potential for further process development [20]. We adopted N2 gas (99.99% purity, supplied by 

Canadian Air Liquide), Argon (Ar) gas (99.99% purity, supplied by Canadian Air Liquide), and 

deionized water.  

The synthesized NC had a mean particle size of around 35 µm, following the results of its particle 

size distribution (PSD) measurement with a particle size analyzer, Mastersizer 3000 (refer to 

Figure 7.2). To obtain detailed information on the chemical composition of the NC, we digested it 

with 6 M hydrochloric acid (HCl) at 100 °C and analyzed it with an inductively coupled plasma 

optical emission spectroscopy (ICP-OES), Agilent 5110-SVDV. The normalized composition 

before reduction and nitridation of the NC was 50 wt.% Mn, 8 wt.% Fe, and 42 wt.% barium (Ba). 

We performed scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-

EDS), JEOL JSM-7600F, analysis to study the morphology and elemental distribution of 

synthesized NC. To measure the surface area of the synthesized NC, we applied Brunauer-Emmett-

Teller (BET) analysis, model: Autosorb-1. Prior to the BET measurements, the samples were 

degassed under vacuum at 150 °C for 4 hours. In addition, the minimum fluidization velocity 𝑈𝑚𝑓 

measured for synthesized NCs at ambient conditions, i.e., atmospheric pressure and 22 °C, was 

2.5 cm/s. 
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Figure 7.2: PSD of synthesized Mn-Fe-BaH2 NC by applying particle size analyzer. 

7.2.2. Experimental setup and procedure  

To study apparent and intrinsic kinetics of nitridation and hydrogenation reactions of Mn-Fe-BaH2 NC 

adopted for MHCLAS technology, we applied a laboratory-scale MW heating-assisted fluidized bed 

(MHFB) setup made of quartz, as shown in Figure 7.3. We monitored 𝑇𝑏 in the reaction zone by a grounded

metallic thermocouple and 𝑇𝑠 by a pyrometer. We placed the metallic thermocouple at the center of the bed

inventory along the axis, and the pyrometer pointed to the center of the bed height. We developed intrinsic 

reaction kinetics by minimizing the effects of both external and internal mass transfers, and estimating 

kinetic parameters based on 𝑇𝑠 under MW heating conditions. When any of these conditions are not met,

the reaction kinetic parameters should instead be referred to as apparent kinetic parameters. 
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Figure 7.3: Experimental setup for nitridation and hydrogenation kinetic studies under MW irradiation. 

The application of a grounded metallic thermocouple helped minimize the risk of spark formation. We also 

implemented water circulation and cooling air to minimize the risk of magnetron overheating. For the 

nitridation step, we loaded either 2.5 g of NC along with 7.5 g of alumina, 5 g of NC together with 5 g of 

alumina, 10 g or 20 g of NC without alumina into a quartz reactor positioned within the MW cavity with a 

dense bed height of around 2.5-4.0 cm under the conditions explored here. Masses of 10 and 20 g were 

applied for the nitridation stage, followed by mass measurement to maximize the mass measurement 

accuracy. The quartz reactor, alumina, and distributor were transparent to MWs at operating conditions 

applied in this work, allowing NC solid particles to be directly heated by MWs. The synthesized NC 

demonstrated excellent heat generation when exposed to MW irradiations, due mainly to its favorable 

dielectric properties [20].  

During the nitridation step, we passed N2 through the reactor bed, maintaining a 𝑇𝑏 in the range of 360-630

°C. We monitored the mass gain of NC at 2-minute intervals between 4-12 min of reaction time by applying 
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a scale with an accuracy of 0.1 mg with an initial NC mass of 10 or 20 g. To decrease measurement errors, 

we measured the total mass of the reactor, including the quartz reactor and NCs. We placed quartz wool at 

the reactor outlet to prevent particle loss. Before the nitridation reaction and starting associated 

measurements, we flushed the reactor by Ar at room temperature with a superficial gas velocity 𝑈𝑔 of 9

cm/s and confirmed mass consistency. Throughout the nitridation and hydrogenation reactions, we adjusted 

the inlet gas flow rate by a LabView program, ensuring the reactor remained in fluidized mode. XRD results 

for samples collected after the nitridation reaction confirmed that the NCs remained free from 

contamination during material handling [20]. 

Between nitridation and hydrogenation steps, we passed Ar through the reactor to cool down NCs to room 

temperature and started the hydrogenation step after reaching the corresponding 𝑇𝑏  in the range of 150-320

°C. During the hydrogenation stage, we passed H2 produced by a H2 generator (Peak Scientific hydrogen 

generator with 99.9999% H2 purity) with a 20 vol. % Ar as the balance gas through the nitrided NC at 𝑇𝑏

ranging from 150 to 320 °C. We monitored the produced ammonia both online and offline by applying a 

calibrated ISE. For online measurements, we monitored the variation in electrode potential throughout the 

reaction, providing valuable insights into the reaction rate at different times. In contrast, offline 

measurements involved recording the final electrode potential at the end of the reaction. We kept the 

electrode potential variation in the second gas washer around ±5 V, indicating that ammonia was almost 

fully absorbed in the first gas washer (see Section 7.2.4 for further details). We presented adjusted 

experimental parameters for the kinetic study of MHCLAS technology, while adopting Mn-Fe-BaH2 NC, 

in Table 7.1.  

In this study, we adopted an isothermal approach for kinetic study by preheating NC to the desired reaction 

temperature under an Ar atmosphere in kinetic experiments. Once the temperature stabilized at the target 

level, we switched the inlet gas stream to reactive gases, i.e., N2 for nitridation reaction and a H2/Ar mixture 

for hydrogenation reaction. 
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Table 7.1: Experimental parameters employed in the current study. 

Parameter Value 

Quartz reactor diameter (cm) 2.86 

NC’s initial weight in the nitridation stage (g) 2.5, 5, 10, 20 

NC's initial weight in the hydrogenation stage (g) 2.5, 5, 10 

MW power (W) 110-1100

Nitridation stage 𝑈𝑔 (cm/s) 6.5 

Hydrogenation stage 𝑈𝑔 (cm/s) 7.0 

Nitridation 𝑇𝑏 range (°C) 360-630

Hydrogenation 𝑇𝑏 range (°C) 150-350

Nitridation stage pressure Atmospheric pressure 

Hydrogenation stage pressure Atmospheric pressure 

Nitridation reaction time (min) 12 

Hydrogenation reaction time (min) 5 

7.2.3. Ammonia quantification 

Employing ammonia quantification techniques with low detection limits is essential for kinetic studies of 

the hydrogenation stage in MHCLAS technology. Researchers adopted different ammonia quantification 

techniques in literature, including the Berthelot technique, ion conductivity measurement (IC), proton 

nuclear magnetic resonance (H NMR), gas chromatography, colorimetric techniques, and mass 

spectrometry. The Berthelot technique, also known as the indophenol technique, is a well-established water-

based colorimetric analysis with a low detection limit for ammonia (NH3). However, it is labor-intensive 

and sensitive to experimental conditions, such as PH and impurities. IC measurement allows for automated 

analysis but is unsuitable for electrochemical ammonia synthesis due to ion interference and is limited to 

concentrations above 0.1 ppm [22,23]. Quantitative H NMR and ultra-performance liquid chromatography-

mass spectrometry (UPLC-MS) detect ammonium ions by acidifying ammonia solutions or employing 

derivatizing agents, like dansyl chloride [23]. Gas chromatography offers a rapid analysis with a 5-minute 

duration and a detection limit of approximately 150 ppb v/v, with Sulfinert lines to decrease ammonia 

physisorption [23]. The colorimetric technique with a UV spectrophotometer can detect ammonia at levels 
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as low as 17 ppm by passing ammonia through water [24].  Mass spectrometry is a rapid-response technique 

that can be effectively utilized for ammonia quantification. Its fast response time makes it particularly 

suitable for real-time, online monitoring of ammonia levels [25]. 

In this study, we employed a calibrated ISE to measure ammonia concentration by applying offline and 

online measurements. For the offline measurement, we analyzed the ammonia concentration in samples 

from gas washers 1 and 2 (see Figure 7.3), each containing 400 ml of deionized water. To minimize 

ammonia absorption and decrease measurement errors, we made all piping from the reactor exit to the gas 

washers from Teflon. The application of stainless steel for the reactive system under study here can lead to 

ammonia adsorption on the tube surfaces, resulting in an underestimation in ammonia quantification [26]. 

To ensure that gas flow through the gas washer did not affect the electrode potential measurements, we 

conducted a blank test. The test confirmed that the presence of bubbles in the gas washer during electrode 

potential measurement had no impact on the results.  

7.2.4. Kinetic models  

Kinetics of non-catalytic gas-solid reactions (when the solid phase is reactive) can effectively be modeled 

by applying various reaction models presented in literature [27–29]. The most common non-catalytic 

reaction models documented in literature include nucleation models, diffusion models, reaction order 

models, and geometrical contraction models (or shrinking core models) [28–30]. One can examine these 

models in both integral and differential forms, as detailed in Table 7.2. 

Table 7.2: Principal reaction models describing non-catalytic gas-solid reactions [27–29]. 

Reaction model Differential form, 𝒇(𝜶) Integral form, 𝒈(𝜶) = 𝒌𝒕 Equation no. 

Nucleation models 

Power law 

2𝛼1/2 𝛼1/2 (7.1) 

3𝛼2/3 𝛼1/3 (7.2) 

4𝛼3/4 𝛼1/4 (7.3) 

2/3𝛼−1/2 𝛼3/2 (7.4) 

Avrami-Erofeev 

2(1 − 𝛼)[−ln (1 − 𝛼)]1/2 [−ln (1 − 𝛼)]1/2 (7.5) 

3(1 − 𝛼)[−ln (1 − 𝛼)]2/3 [−ln (1 − 𝛼)]1/3 (7.6) 

4(1 − 𝛼)[−ln (1 − 𝛼)]3/4 [−ln (1 − 𝛼)]1/4 (7.7) 
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Table 7.2 (cont’d): Principal reaction models describing non-catalytic gas-solid reactions [27–29]. 

Diffusion models 

One dimensional diffusion 1/2𝛼−1 𝛼2 (7.8) 

Two-dimensional diffusion [−𝑙𝑛(1 − 𝛼)]−1 (1 − 𝛼) ln(1 − 𝛼) + 𝛼 (7.9) 

Three-dimensional diffusion 3/2(1 − 𝛼)2/3[1 − (1 − 𝛼)1/3]
−1

[1 − (1 − 𝛼)1/3]
2 (7.10) 

Reaction order models 

Zero-order 1 𝛼 (7.11) 

Mampel (first order) 1 − 𝛼 −ln (1 − 𝛼) (7.12) 

Second order (1 − 𝛼)2 [1/(1 − 𝛼)] − 1 (7.13) 

Third order (1 − 𝛼)3 (1/2)[(1 − 𝛼)−2 − 1] (7.14) 

Geometrical contraction models 

Contracting cylinder 2(1 − 𝛼)1/2 1 − (1 − 𝛼)1/2 (7.15) 

Contracting sphere 3(1 − 𝛼)2/3 1 − (1 − 𝛼)1/3 (7.16) 

One can present a general form of nitridation and/or hydrogenation reaction rate as a function of temperature 

𝑇, apparent activation energy 𝐸𝑎,𝑖, pre-exponential constant 𝑘0,𝑖
∗ , universal gas constant 𝑅, and reaction

model 𝑓(𝛼𝑖) as follows [31]:

𝑑𝛼𝑖

𝑑𝑡
= 𝑘0,𝑖

∗ 𝑒𝑥𝑝 (−
𝐸𝑎,𝑖

𝑅
(
1

𝑇
−

1

𝑇𝑟
))𝑓(𝛼𝑖) (7.17) 

where 𝑖 = (subscript) 𝑁 or 𝐻 refers to the nitridation and hydrogenation stage, respectively. Nitridation and 

hydrogenation conversion fractions, i.e., 𝛼𝑁 and 𝛼𝐻, can be calculated by applying Eqs. (7.18) and (7.19)

as follows: 

𝛼𝑁 =
𝑚𝑖,𝑁 − 𝑚0,𝑁

𝑚∞,𝑁 − 𝑚0,𝑁

(7.18) 

𝛼𝐻 =
𝐶𝑖,𝑁𝐻3

− 𝐶0,𝑁𝐻3

𝐶∞,𝑁𝐻3
− 𝐶0,𝑁𝐻3

(7.19) 

where 𝑚0 is the initial mass of NC in the nitridation stage, 𝑚𝑖 is the mass of the NC at 𝑡 = 𝑡𝑖 of nitridation,

and 𝑚∞ is the final mass of the NC if it is fully nitrided (maximum theoretical nitrogen content, i.e., 13.5
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wt.% associated with formation of manganese nitride (Mn3N2), barium imide (BaNH), and iron nitride 

(Fe4N)[20]). 𝐶0,𝑁𝐻3
 is the initial concentration of ammonia, 𝐶𝑖,𝑁𝐻3

 is the ammonia concentration at 𝑡 = 𝑡𝑖 

in the gas washer 1 since the amount of ammonium hydroxide in the gas washer 2 is negligible, and 𝐶∞,𝑁𝐻3
 

is the concentration of ammonia when the nitrided NC is theoretically fully reduced (i.e., 3900 µmol/gNC).  

By applying the integral form of non-catalytic reaction models, we have Eqs. (7.20) and (7.21) as follows 

[31]: 

𝑔(𝛼𝑖) = ∫
𝑑𝛼𝑖

𝑓(𝛼𝑖)
=𝑘𝑖𝑡 (7.20) 

𝑔(𝛼𝑖) = 𝑘0,𝑖
∗ 𝑒𝑥𝑝 (−

𝐸𝑎,𝑖

𝑅
(
1

𝑇
−

1

𝑇𝑟
)) 𝑡 (7.21) 

We performed the non-linear statistical analysis based on the least-squares method, where we calculated 

the residual sum of squares (𝑅𝑆𝑆) of the tested reaction model in the model-fitting approach (see Eq. (7.22)).  

𝑅𝑆𝑆𝑀𝑜𝑑𝑒𝑙 𝑓𝑖𝑡𝑡𝑖𝑛𝑔 =
1

𝑛
√∑(𝑔(𝛼𝑖)𝑒𝑥𝑝 − 𝑔(𝛼𝑖)𝑚𝑜𝑑𝑒𝑙)

2
𝑖=𝑛

𝑖=1

 (7.22) 

where 𝑔(𝛼𝑖)𝑒𝑥𝑝 and 𝑔(𝛼𝑖)𝑚𝑜𝑑𝑒𝑙  are the calculated values that we obtained from experimental data and the 

tested reaction model, respectively, and 𝑛 represents the number of points employed in the model fitting. 

Kinetic models with the lowest 𝑅𝑆𝑆 are the most appropriate candidates to accurately represent reaction 

mechanism.  

To evaluate performances of developed kinetic models, we employed a different set of kinetic data from 

what we adopted during the model development by the model-fitting approach. We, hence, applied Eq. 

(7.23) to calculate the corresponding 𝑅𝑆𝑆 during the model performance evaluation stage. 
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𝑅𝑆𝑆𝑀𝑜𝑑𝑒𝑙 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =
1

𝑚
√∑ (𝛼𝑖𝑒𝑥𝑝

− 𝛼𝑖𝑚𝑜𝑑𝑒𝑙
)
2

𝑖=𝑚

𝑖=1

(7.23) 

where 𝑚 represents the number of experimental data points adopted in the model performance evaluation 

step. 𝛼𝑖𝑒𝑥𝑝
 and 𝛼𝑖𝑚𝑜𝑑𝑒𝑙

 are conversion fractions calculated by applying experimental results and developed

models, respectively.  

7.3. Results and discussion 

7.3.1. Temperature distribution in the MHFB 

To accurately determine kinetic parameters, it is critical to have a uniform temperature distribution in both 

radial and axial directions of the particulate bed. We set the position of the metallic thermocouple at two 

different bed heights (i.e., 0.5𝐻𝑏 and 0.3𝐻𝑏 relative to the distributor plate, where 𝐻𝑏 is the dense bed

height) to monitor 𝑇𝑏 at different positions within the bed of NCs. Obtained results, presented in Figure 7.4,

demonstrate a temperature difference of less than 2% in the axial direction at 0.5𝐻𝑏 and 0.3𝐻𝑏. We

monitored IR camera readings, and they confirmed a temperature gradient of less than 1% across the radial 

direction. These findings confirm that we successfully achieved isothermal conditions in our experimental 

setup, allowing the corresponding temperature data to be applied for kinetic parameter calculations. 

Numerous studies applied fixed-bed reactors to investigate the kinetics of gas-solid reactions under MW 

irradiations [32–34]. However, the application of non-tiny fixed-bed reactors, e.g., ID greater than 10 mm, 

when heated by MWs, intensifies temperature gradients within the bed, leading to the formation of hot spots 

[35,36]. These hot spots can result in inaccurate temperature measurements, potentially affecting the 

calculated kinetic parameters [37]. However, the application of a dense MHFB enhances temperature 

uniformity within the bed while helping minimize the impact of external mass transfer resistances [38–40]. 

We presented the temperature profile of NCs during the nitridation stage at 500 °C in Figure 7.4, while we 

observed similar trends for other temperatures in both nitridation and hydrogenation stages. 𝑇𝑏 increased

initially and reached a plateau, indicating a thermal equilibrium within the bed between NCs and gas phase. 
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We started nitridation and hydrogenation reactions at this/similar equilibrium stage with minimal 

temperature uniformity issues.  

Figure 7.4: Monitored 𝑻𝒃 at different bed heights for the nitridation stage at 500 °C.

7.3.2. Mass transfer limitations  

Gas-solid reactions consist of five stages: (i) the transfer of reactive compounds from the gas phase to the 

solid surface, (ii) the internal diffusion of reactive gases into the reactive solid, (iii) the chemical reaction 

between the gas and solid phases, (iv) the transport of the reaction products from the internal pores to the 

particle surface, and (v) the transfer of these products from the particle surface to the bulk gas phase. To 

accurately determine intrinsic kinetic parameters, it is crucial to eliminate the effects of both internal and 

external mass transfers [41]. 

The external mass transfer becomes reaction-limiting when the mass transfer rate to the solid surface is 

slower than the reaction rate. In this study, we adopted varying solid inventories for nitridation and 

hydrogenation reactions. Collected results showed negligible variations in nitridation and hydrogenation 

reaction conversions, indicating that external mass transfer was not a limiting factor. Please refer to Section 
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7.3.6 for further details, where it is shown that variations in NC mass did not affect the extent of nitridation 

and hydrogenation reactions. 

To assess the impact of internal mass transfer limitations, we applied the Mears and Weisz–Prater criterion 

to determine the maximum allowable particle size. For particles smaller than this threshold, the internal 

mass transfer becomes negligible (see Eq. (7.24)) [42]. 

ρ
p
 dp

2 r max R Trxn

P𝒊 De

<1 

(7.24) 

where ρ
p
, 𝑑𝑝, 𝑟𝑚𝑎𝑥, Trxn, P𝒊, and De represent the particle density, particle diameter, maximum reaction

rate (for nitridation and hydrogenation), maximum reaction temperature (𝑇𝑠), partial pressure of component

𝑖 (𝑖=H2 or N2), and effective diffusion coefficient, respectively. We determined that internal mass transfer 

becomes negligible for particle diameters smaller than approximately 500 µm. Since the mean particle size 

(MPS) in our study was considerably smaller, at only around 35 µm, the impact of internal mass transfer 

was effectively insignificant.  

𝑇𝑠 reflects the actual temperature of active reaction sites, making it the basis for intrinsic kinetic parameter

calculations. In contrast, parameters derived from the 𝑇𝑏 are classified as apparent kinetic parameters. By

eliminating mass transfer limitations, we ensured the accuracy of kinetic parameter evaluations independent 

of the reactor type/hydrodynamics, providing reliable data for modeling and further technological 

developments. 

7.3.3. Cyclic performance of NC  

We performed a stability analysis on synthesized Mn-Fe-BaH2 NCs to identify the optimal temperature 

ranges for maintaining consistent performance in the nitridation-hydrogenation cycle without 

compromising ammonia production rates over repeated cycles. The nitridation stage, conducted at elevated 

temperatures up to 𝑇𝑏=630 °C, was found to significantly affect ammonia production rates in the MHCLAS

process following multiple cycles. To investigate this, we carried out nitridation at two temperatures, 630 

°C and 565 °C, followed by hydrogenation at 320 °C. This approach enabled us to evaluate variations in 
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ammonia production rates across successive cycles, providing valuable insights into the system’s long-term 

performance (see Figure 7.5). 

Figure 7.5: Ammonia production rate and BET surface area vs. number of cycles (nitridation 𝑻𝒃 of 630 °C, hydrogenation

𝑻𝒃 of 320 °C), b) MPS of NCs at different cycle numbers for nitridation 𝑻𝒃= 630 °C, c) ammonia production rate vs.

number of cycles (nitridation 𝑻𝒃 of 565 °C, hydrogenation 𝑻𝒃 of 320 °C), d) MPS of NCs at different cycle numbers for

nitridation 𝑻𝒃= 565 °C, initial NC mass: 10 g without alumina.

As shown in Figure 7.5a, at a nitridation 𝑇𝑏 of 630 °C and a hydrogenation temperature of 320 °C, the

ammonia production rate declined from approximately 26,000 µmol/g·h in the first cycle to around 15,000 

µmol/g·h by the fifth cycle. In addition, the surface area of the NCs decreased from 1.6 m²/g to 0.4 m2/g. 
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After the fifth cycle, the production rate stabilized at around 15,000 µmol/g·h, aligning with the results 

from BET analysis. Moreover, mean particle size analysis revealed an increase until the fifth cycle, and it 

reaches a relatively constant value (see Figure 7.5b). In contrast, when we conducted the nitridation reaction 

at 𝑇𝑏 of 565 °C, while maintaining the hydrogenation 𝑇𝑏 at 320 °C (Figure 7.5c), the ammonia production

rate exhibited a minimal variation after six cycles with a value of around 22,000 µmol/g·h. These results 

are consistent with the variation of mean particle size, which showed negligible changes by increasing cycle 

number (Figure 7.5d). In addition, the surface area of the NC remained approximately constant after six 

cycles, i.e., around 1.7 m²/g, further confirming the negligible extent of sintering at the nitridation 𝑇𝑏 of

565 °C. 

The optimal operating 𝑇𝑏 for the nitridation stage is recommended to be 565 °C, while for hydrogenation,

a 𝑇𝑏 around 320 °C is suggested to prevent particle sintering at elevated temperatures and maximize

ammonia production rate. In addition, the application of a dense fluidized bed reactor can significantly 

decrease the risk of hot spot formation within the system compared to a fixed bed reactor, which can 

otherwise lead to catalyst sintering and the generation of unwanted byproducts [38]. 

7.3.4. Nitridation kinetics of Mn-Fe-BaH2 NC   

In the nitridation stage, we subjected the synthesized Mn-Fe-BaH2 NC to a N2 stream at various 𝑇𝑏.

Obtained results indicate that increasing 𝑇𝑏 from 360 °C to 630 °C led to an increase in the nitridation

conversion fraction of NC (Figure 7.6a). We calculated the nitridation conversion fraction by applying Eq. 

(7.18) and presented it in the form of 100×𝛼𝑁 in Figure 7.6a.
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Figure 7.6: a) Mass variations of NC under N2 flow and MW irradiations at various 𝑻𝒃 and retention times, b) 𝑻𝒔 as a

function of 𝑻𝒃, c) Ln(RN) vs. 1000/T for estimation of activation energy, d) apparent and intrinsic activation energies

calculated by the model-free approach based on 𝑻𝒃 and 𝑻𝒔 during the nitridation reaction.  

Due to selective heating of MWs in a gas-solid reactor, 𝑇𝑏 of the particulate bed is lower than 𝑇𝑠. This

temperature difference depends on factors such as particle size/shape and electromagnetic properties at 

operating conditions, 𝑈𝑔, operational temperature, and if the reaction is exothermic or endothermic [38].

As shown in Figure 7.6b, increasing 𝑇𝑏 from 300 °C to 630 °C resulted in 𝑇𝑠 between 360 °C to 760 °C,

respectively. The pyrometer measures the temperature of the outer layer of the particulate bed toward the 

reactor wall. However, given the adequately mixed particles in the adopted bed in this study due to their 

fluidization, we can consider that measurements by pyrometer are a close approximation of 𝑇𝑠 throughout

the fluidized bed.  
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By employing a model-free approach and the nitridation reaction rate calculated from Eq. (7.25), we 

determined the apparent and intrinsic activation energies for the nitridation reaction based on both 𝑇𝑏 and 

𝑇𝑠 (refer to Figure 6c). 

𝑅𝑁 =
𝑚∞,𝑁

𝑚0,𝑁𝑡𝑁𝑀𝑤𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛
 (7.25) 

where 𝑅𝑁 is the nitridation rate of NC, 𝑡𝑁 is the nitridation reaction time, and 𝑀𝑤𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 is the molecular 

weight of a nitrogen atom. 

The estimated apparent activation energy based on 𝑇𝑏 and intrinsic activation energy based on 𝑇𝑠 were 

about 25.2±0.5 and 28.3±0.4 kJ/mol, respectively (see Figure 7.6d). In most kinetic studies involving MW 

heating in literature, researchers applied 𝑇𝑏 to estimate kinetic parameters, resulting in apparent kinetic 

parameters. Researchers frequently reported a lower apparent activation energy for reactions taken place 

under MW heating compared to conventional heating methods. They often attributed this to the non-thermal 

effects of MW. However, many researchers overlooked the potential underestimation of adopted 

temperature in developed reaction kinetics during MW irradiations, as measurements typically reflected 

𝑇𝑏 rather than the actual 𝑇𝑠 on the solid phase being involved in the reaction. There is no solid evidence 

supporting a non-thermal effect in gas-solid reactions under MW heating. Instead, the observed decrease in 

the apparent activation energy is likely due to inaccuracies in temperature measurement [15]. For reactions 

with higher activation energies, this effect is more pronounced. In our case, for the nitridation reaction, this 

variation is limited to around 3 kJ/mol.  We presented the apparent and intrinsic activation energies for the 

nitridation stage for various NCs reported in literature and those estimated in this work in Table 7.3. The 

activation energies reported in literature are derived under conventional heating conditions, where 

commonly 𝑇𝑏 = 𝑇𝑠. However, in these studies, the authors did not address external and internal mass 

transfer limitations. Therefore, we refer to their reported activation energies as the apparent activation 

energy, noting the limited information presented in those references. The comparison indicates that 



130 

compared to other NCs, the Mn-Fe-BaH2 applied in this work helps achieve a lower activation energy and 

faster reaction rate based on both 𝑇𝑏 and 𝑇𝑠 measurements.

Table 7.3: Reported apparent and intrinsic activation energies of CLAS technology in literature and this work for the 

nitridation stage.  

NC Heating method Ea, kJ/mol Kinetic type Ref. 

Ni-BaH2 Conventional heating 46.4±4.8 Apparent [21] 

BaH2 Conventional heating 109.3±11.6 Apparent [21] 

LiH Conventional heating 102.2±12.3 Apparent [43] 

Zn-8LiH Conventional heating 50.3±2.7 Apparent [43] 

Mn-Fe-BaH2 MW heating (based on 𝑇𝑏) 25.0±0.5 Apparent This work 

Mn-Fe-BaH2 MW heating (based on 𝑇𝑠) 28.0±0.4 Intrinsic This work 

According to SEM-EDS results illustrated in Figure 7.7, we can observe relatively uniform distributions of 

Mn (Figure 7.7b), Ba (Figure 7.7c), Fe (Figure 7.7d), and nitrogen (Figure 7.7e) in the synthesized NC. 

These uniform distributions indicate effective interactions between different elements in the NC composite. 

The application of MW heating can lead to the formation of micro-scale hot spots in each single particle, 

which facilitates the fixation of nitrogen atoms. Since EDS analysis is a surface technique with a limited 

penetration depth, the reported compositions reflect surface characteristics, with approximately 9.5 wt.% 

nitrogen detected on the surface of the NC (see Figure 7.7e). Although this measurement cannot fully 

represent the nitrogen fixed within the internal structure of the NC, it still provides a valuable insight into 

the amount of nitrogen fixed on the surface. This value is higher than those measured based on the mass 

gain of NC during the nitridation stage, i.e., around 6.0 wt.%, which means a lower amount of nitrogen was 

fixed inside the NC than on the surface. XRD analysis from our previous study revealed that the 

predominant nitridation phases are manganese (II, III) nitride (Mn3N2), manganese (IV) nitride (Mn4N), 

and barium imide (BaNH) [20]. 
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Figure 7.7: a) SEM analysis, b) Mn distribution, c) Ba distribution, d) Fe distribution, e) N distribution in the nitrided 

Mn-Fe-BaH2 NC (nitridation 𝑻𝒃= 565 °C).

We adopted a model-fitting approach to test the performance of various kinetic models in estimating 

nitridation kinetics of Mn-Fe-BaH2 NC under MW irradiations. We identified diffusion, reaction order, and 

contracting models (see Table 7.4) as the most suitable models, achieving an 𝑅2 > 0.90, for the model-

fitting approach. To compare the performances of different models listed in Table 7.2 for the nitridation 

kinetics of Mn-Fe-BaH2 NC, we considered three parameters: 𝑅2, 𝑅𝑆𝑆, and the proximity of estimated

activation energy by the model-fitting approach to apparent or intrinsic activation energy calculated by the 

model-free approach. The contracting sphere model provided the minimum 𝑅𝑆𝑆, i.e., 0.008, and the highest 

𝑅2, i.e., 0.9855 (refer to supplementary information, Section S-3 for further details). In addition, when

comparing the apparent or intrinsic activation energy calculated via the model-free approach, the 

contracting models, particularly the sphere contracting model (C3), demonstrated the best fit. Since the 

model-free approach does not account for the effects of the reaction model and pre-exponential factor in its 

calculations, the estimated values are more accurate, making it a practical method for identifying the best 

reaction model that aligns with the reaction mechanism. 

Based on the SEM-EDS results presented in Figure 7.7 indicating the presence of around 9.5 wt.% nitrogen 

at the outer layers of nitrided NC and the mass gain of the NC during the nitridation stage (refer to Figure 
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7.6a), which was around 6.0 wt.%, a lower amount of nitrogen was fixed in the core of the NC compared 

to the surface. This observation suggests that the reaction is happening at the surface of the NC, which 

aligns with the contracting models’ assumptions. In the contracting models (Eqs. (7.15) and (7.16)), the 

reaction rate decreases as the reaction progresses and product layers form, and the amount of fixed nitrogen 

on the outer layers is higher than internal layers.  

MW heating selectively targets solid particles, resulting in significantly higher temperatures within the solid 

phase while the surrounding gas phase remains comparatively at a lower temperature. This selective energy 

absorption creates localized hot spots during the nitridation stage, which enhances the dissociation of 

nitrogen molecules by providing elevated thermal energy at the reaction sites. As a result, even when the 

bulk temperature appears unchanged, MW heating enables a higher effective temperature in the solid phase, 

thereby increasing the nitrogen fixation rate. Our previous experimental results confirmed that nitrogen 

fixation under MW irradiation was notably higher than under conventional heating, supporting this 

observation [20]. 

We estimated nitridation kinetic parameters for both 𝑇𝑏 and 𝑇𝑠 scenarios (see Table 7.4). The results indicate

that intrinsic activation energy based on 𝑇𝑠 is higher than the apparent activation energy based on 𝑇𝑏.

However, the pre-exponential factor calculated for 𝑇𝑠 was lower than that calculated with 𝑇𝑏. When the pre-

exponential factors based on 𝑇𝑏 and 𝑇𝑠 are held constant, i.e., 𝑘0𝑏 = 𝑘0𝑠, and 𝑇𝑠 is applied, the activation

energy increases even further. This emphasizes that underestimating the temperature in gas-solid reactions 

can result in a lower calculated activation energy. This discrepancy may explain the differences observed 

between kinetic parameters determined under MW irradiation and conventional heating. MW heating in 

gas-solid reactions does not inherently reduce the activation energy or the pre-exponential factor, which are 

often attributed to the so-called nonthermal effects in MW systems. Instead, this reduction in activation 

energy is likely linked to the underestimated reaction temperature. In Table 7.4, 𝐸0𝑏 and 𝐸0𝑠 represent the

activation energies based on 𝑇𝑏  and 𝑇𝑠.
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Table 7.4: Nitridation kinetic parameters of Mn-Fe-BaH2 NC estimated based on 𝑻𝒃 and 𝑻𝒔.

Mechanism 𝑬𝟎𝒃, kJ/mol
𝑬𝟎𝒔, kJ/mol

(if k0s= k0b) 
𝒌𝟎𝒃, s-1 𝒌𝟎𝒔, s-1

One-dimensional diffusion-

D1 
45.5±0.5 

49.2±0.5 

(51.7) 
0.232 0.034 

Two-dimensional diffusion-

D2 
51.1±0.5 

54.2±0.7 

(58.6) 
0.349 0.031 

Three-dimensional 

diffusion-D3 
50.4±0.7 

54.6±0.6 

(59.2) 
0.083 0.012 

Mampel (first order)-R1 24.0±0.5 
27.8±0.4 

(29.3) 
0.017 0.014 

Second order- R2 28.2±0.5 
32.7±0.5 

(33.9) 
0.036 0.031 

Third order- R3 32.8±0.6 
38.2±0.6 

(40.3) 
0.097 0.074 

Contracting cylinder-C2 26.3±0.4 
27.0 

(29.4±0.4) 
0.0081 0.011 

Contracting sphere-C3 25.6±0.5 
28.6±0.4 

(27.3) 
0.0105 0.015 

7.3.5. Hydrogenation kinetics of Mn-Fe-BaH2 NC 

We determined apparent and intrinsic activation energies of the hydrogenation stage, which is crucial in 

ammonia production, by model-free approach. We applied Eq. (7.26) to calculate the ammonia production 

rate (𝑅𝑁𝐻3
).

𝑅𝑁𝐻3
=

𝑛𝑁𝐻3

𝑚0𝑡𝐻

(7.26) 

where 𝑛𝑁𝐻3
 is the produced amount of ammonia, and 𝑡𝐻 denotes the hydrogenation reaction time.

We measured 𝑅𝑁𝐻3
at 𝑇𝑏 ranging between 150 °C to 320 °C and presented the results in Figure 7.8a. We

selected the temperature range based on the minimum temperature at which we detected ammonia, i.e., 
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𝑇𝑏=150 °C. Through a linear fit of 𝐿𝑛(𝑅𝑁𝐻3
) against 1000/𝑇, we achieved a highly linear correlation with 

an 𝑅2 of 0.98 (Figure 7.8b). This analysis yielded apparent and intrinsic activation energy values of 24.0 

and 27.5 kJ/mol, respectively.  

The apparent activation energy determined in this study is lower than those of other NCs documented in 

literature (refer to Table 7.5). Specifically, it is lower than the activation energies of Ni-BaH2-N, BaH2, 

Mn4N-BaH2, LiH, and Mn4N-LiH calculated under conventional heating. This decrease in the apparent 

activation energy is attributed to the incorporation of Fe, which synergistically interacts with Mn and BaH2, 

leading to surface energy modification and ultimately lowering the apparent activation energy. In addition, 

the implementation of BaH2 in the NC structure can provide additional reasons for a lower value of the 

apparent activation energy. A less stable NC-N bond that forms in the nitridation stage by applying Fe 

resulted in a lower ammonia formation temperature. In addition, the measured 𝑇𝑏 is lower than 𝑇𝑠, which 

results in a lower estimated apparent activation energy under MW heating compared to conventional 

heating.  

Thermodynamic calculations performed using FactSage 8.3 in this study serve as a guideline for estimating 

the reduction behavior of NC–N bonds during ammonia formation. The reduction of Mn–N requires 

temperatures above 500 °C, whereas the reduction of Fe–N and Ba–N is thermodynamically favorable at 

temperatures below 100 °C. In addition, DFT study conducted by Fang et al. [44] demonstrated that 

incorporating Fe into the Mn–Fe NC structure significantly reduces the activation energy for ammonia 

formation, from 115.94 kJ/mol to 29.78 kJ/mol. This addition of Fe weakens the NC–N bond strength, 

thereby facilitating the hydrogenation reaction. 
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Figure 7.8: a) Ammonia production rate at different hydrogenation 𝑻𝒃 (𝑻𝒃 nitridation= 565 °C), b) model-free approach

for the estimation of apparent activation energy in the hydrogenation stage. 

Table 7.5: Reported hydrogenation apparent and intrinsic activation energies of CLAS technology. 

NC Heating method 𝑬𝒂, kJ/mol Kinetic type Ref. 

Mn4N-LiH Conventional heating 56.2±1.0 Apparent [21] 

LiH Conventional heating 62.4±2.5 Apparent [21] 

Mn4N-BaH2 Conventional heating 36.4±2.1 Apparent [21] 

BaH2 Conventional heating 41.6±3.1 Apparent [21] 

Ni-BaH2 Conventional heating 33.5±2.3 Apparent [21] 

Zn-8LiH Conventional heating 59.5±4.0 Apparent [43] 

Mn-Fe-BaH2 MW heating (based on 𝑇𝑏) 24.0±0.5 Apparent This work 

Mn-Fe-BaH2 MW heating (based on 𝑇𝑠) 25.5±0.4 Intrinsic This work 

The results indicate that increasing 𝑇𝑏 from 150 °C to 320 °C significantly enhanced the ammonia

production rate (see Figure 7.9a). The implementation of Mn-Fe-BaH2 can lower the ammonia production 

reaction temperature to as low as 𝑇𝑏=150 °C. This phenomenon can be attributed to the moderate bond

energy between NCs and nitrogen molecules. Fe and BaH2 play crucial roles in decreasing the nitridation 

and hydrogenation reaction temperature. Because Fe and BaH2 form weak bonds with nitrogen atoms, they 

are particularly favorable for the hydrogenation stage [20]. In addition, the ammonia yield reached a 
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maximum of approximately 50% at 320 °C, as illustrated in Figure 7.9b. This indicates that roughly 50% 

of the nitrogen atoms either remained unreacted within the NC (as a lower state of nitride, such as Mn4N) 

or released as N2. The ammonia yield was calculated using a mass balance approach, based on the amount 

of nitrogen fixed during the nitridation stage (𝑛𝑁), and the quantity of ammonia generated during the

hydrogenation stage (𝑛𝑁𝐻3
), refer to Eq. (7.27).

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑌𝑖𝑒𝑙𝑑 =
𝑛𝑁𝐻3

𝑛𝑁

(7.27) 

We estimated the ammonia concentration at the reactor outlet based on the results obtained from ISE, as 

shown in Figure 7.9c. Initially, the concentration increased before gradually decreasing. At 240 °C, the 

maximum ammonia content in the outlet gas reached approximately 2.3 vol.%. However, the average 

ammonia concentrations during the reactions were 1.1%, 0.7%, 0.5%, and 0.2% at 𝑇𝑏 of 320 °C, 240 °C,

220 °C, and 150 °C, respectively. This low concentration is linked to a high 𝑈𝑔 and the presence of an inert

gas. 

Figure 7.9: a) Online ammonia measurement at different hydrogenation 𝑻𝒃 (𝑻𝒃 nitridation= 565 °C), b) ammonia

production yield, c) estimated ammonia molar fraction in the outlet gas at different times (NC mass: 2.5 g). 
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SEM-EDS results of nitrided NCs after hydrogenation are presented in Figure 7.10. They reveal that the 

nitrogen presented on the surface of the NC was nearly removed after the hydrogenation step, with the 

nitrogen content decreasing from 9.5 wt.% to 0.2 wt.% on the surface of the NC, a decrease of 

approximately 97% based on EDS analysis. However, the maximum ammonia yield reached about 50 wt.%, 

indicating that the remaining nitrogen was released as N2 due to ammonia decomposition or stayed as lattice 

nitrogen in NC’s structure.  

Figure 7.10: a) SEM analysis, b) Mn distribution, c) Ba distribution, d) Fe distribution, e) N distribution in the nitrided 

Mn-Fe-BaH2 NC after hydrogenation at 320 °C.  

Results obtained from model-fitting approach indicated that Avrami-Erofeev models best describe the 

hydrogenation reaction of nitrided NC. These models predict that the hydrogenation reaction rate initially 

increases and then decreases, with nucleation and growth being the primary mechanisms controlling the 

reaction rate. We presented different proposed reaction mechanisms, 𝐸0𝑏, 𝐸0𝑠, 𝑘0𝑏, and 𝑘0𝑠  for the

hydrogenation stage in Table 7.6. The Avrami-Erofeev-3 model exhibited the highest 𝑅2 (i.e., 0.9863) and

lowest average 𝑅𝑆𝑆 (i.e., 0.0076) compared to other Avrami models (refer to supplementary material, 

Section S-3 for further details). In addition, the apparent activation energy calculated by the model-free 

approach in the hydrogenation stage showed a value of 24.0 kJ/mol based on 𝑇𝑏. This value is close to that

obtained from the Avrami-Erofeev-3 model based on 𝑇𝑏. We assumed 𝑘0𝑏 = 𝑘0𝑠 to evaluate the impact of

temperature measurement technique (i.e., 𝑇𝑠 or 𝑇𝑏) on the apparent and intrinsic activation energies.
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Table 7.6: Hydrogenation apparent and intrinsic kinetic parameters of Mn-Fe-BaH2 NC estimated based on 𝑻𝒃 and 𝑻𝒔.

Mechanism Code 𝑬𝟎𝒃, kJ/mol 𝑬𝟎𝒔, kJ/mol 𝒌𝟎𝒃 = 𝒌𝟎𝒔, s-1

Avrami-Erofeev-1 A1 31.1±0.7 35.0±0.7 12.60 

Avrami-Erofeev-2 A2 20.6±0.4 24.6±0.4 1.20 

Avrami-Erofeev-3 A3 23.0±0.4 25.5±0.5 1.026 

In Avrami-Erofeev-3 model, it is assumed that (i) nucleation occurs randomly within the bulk or on the 

surface of the material, (ii) the growth rate of a new phase (e.g., nitrogen-rich or nitrogen-depleted states) 

is constant, and (iii) the growth is isotropic, occurring at the same rate in all directions [27].  

Considering the analogy between the hydrogenation mechanism and the model proposed by the Avrami-

Erofeev-3 model, H2 absorption can be viewed as a phase transformation stage. According to this model, 

hydrogenation involves nucleation and growth. It is understood that H2 absorption follows a multistep 

mechanism: first, H2 molecules dissociate on the NC surface; then, they penetrate the surface, leading to 

H+ diffusion through the bulk of NC structure. Subsequently, hydride nucleation occurs due to H+ diffusion 

into interstitial sites within the metal lattice, followed by hydride growth at the phase interface and the 

formation of ammonia. Nucleation sites can be present on the surface, e.g., in grain boundaries, or within 

the bulk [27].  

7.3.6. Model performance 

We reported proposed kinetic models for nitridation and hydrogenation reactions of Mn-Fe-BaH2 NC based 

on 𝑇𝑏 (apparent) and 𝑇𝑠 (intrinsic) in Table 7.7. The choice of kinetic model in the scale-up procedure of

MHCLAS depends on the adopted temperature measurement technique when applying MW heating. For 

instance, if one employs a metallic thermocouple, which measures 𝑇𝑏, the corresponding 𝑇𝑏-based kinetic

model should be applied. Conversely, if one applies a technique that measures 𝑇𝑠, the 𝑇𝑠-based kinetic

model is recommended. 
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To evaluate the performances of proposed kinetic models based on 𝑇𝑠 and 𝑇𝑏, we compared model

predictions for 𝛼𝑁 and 𝛼𝐻, i.e., based on the contracting sphere for the nitridation and Avrami-Erofeev-3

for the hydrogenation stage, with associated experimental data in Figure 7.11 (see Section 7.2.4 for details). 

We estimated the corresponding 𝑅𝑆𝑆 based on Eq. (7.23). In addition, to evaluate the performances of the 

kinetic models for different bed inventories, or test the resilience of the models against external mass 

transfer limitations, we applied two different masses of NCs, i.e., 10 and 20 g, during the nitridation stage, 

and 2.5 and 5 g during the hydrogenation stage (see Figure 7.11). The obtained results confirmed that the 

developed kinetic models are unaffected by the external mass transfer resistances, demonstrating their 

reliability and suitability for application in advancing MHCLAS technology development through its 

reactor modeling.  

Table 7.7: Nitridation and hydrogenation apparent and intrinsic kinetic models of Mn-Fe-BaH2 NC based on 𝑻𝒃 and 𝑻𝒔

under MW heating. 
Stage Proposed kinetic model 

Apparent reaction kinetic models based on 𝑻𝒃

Nitridation 
𝑑𝛼𝑁

𝑑𝑡
= 0.0105𝑒𝑥𝑝 (

−25600

𝑅𝑇
) × 3(1 − 𝛼𝑁)2/3

Hydrogenation 
𝑑𝛼𝐻

𝑑𝑡
= 1.026𝑒𝑥𝑝 (

−23700

𝑅𝑇
) × 4 × (1 − 𝛼𝐻)[−𝑙𝑛(1 − 𝛼𝐻)]3/4

Intrinsic reaction kinetic models based on 𝑻𝒔

Nitridation 
𝑑𝛼𝑁

𝑑𝑡
= 0.0105𝑒𝑥𝑝 (

−27300

𝑅𝑇
) × 3(1 − 𝛼𝑁)2/3

Hydrogenation 
𝑑𝛼𝐻

𝑑𝑡
= 1.026𝑒𝑥𝑝 (

−25500

𝑅𝑇
) × 4 × (1 − 𝛼𝐻)[−𝑙𝑛(1 − 𝛼𝐻)]3/4
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Figure 7.11: Performance evaluation of proposed intrinsic models for nitridation and hydrogenation reactions Mn-Fe-

BaH2 NC under MW irradiation.  

7.3.7. NC performance comparison 

In  Table 7.8, we present the ammonia production rates achieved using MW heating and conventional 

heating (CH) for NC synthesized in this study, alongside comparisons with data from literature for both 

MW and CH methods (for details about the conventional heating setup, refer to our recently published 

article) [20]. The results demonstrate that the CLAS approach achieves a significantly higher ammonia 

production rate compared to conventional catalytic ammonia synthesis technologies [20,21,45]. 

Furthermore, a comparison of the Mn-Fe-BaH2 NC synthesized in this study under CH and MW heating 

conditions reveals that MHCLAS delivers a significantly higher ammonia production rate at a 𝑇𝑏 of 350 °C

than systems operated under CH conditions at the same 𝑇𝑏. The selective heating mechanism of MW

irradiation generates a lower gas-phase temperature relative to the solid phase, which reduces the risk of 

ammonia decomposition. To ensure a fair comparison, ammonia production rates were calculated based on 

the total reaction time, encompassing both the nitridation and hydrogenation stages (as shown in  Table 

7.8). In catalytic ammonia synthesis, due to the competitive dissociation of N2 and H2, operating at elevated 

pressures is required, while at atmospheric pressure, for BaH2 and LiH, ammonia was not detected (refer to 

Table 7.8) [21].  
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Table 7.8: Comparison of ammonia production rates between Mn-Fe-BaH2 NC synthesized in this study and those 

reported in literature based on total reaction time (nitridation time + hydrogenation time). 

NC 

Ammonia 

production 

approach 

Operating 

pressure 

Reaction 

temperature, °C 

Ammonia production rate, 

µmol/g.h 
Reference 

BaH2 CLAS-CH 1 bar 300 198±11 [21] 

20% Ni-BaH2 CLAS-CH 1 bar 300 2033±50 [21] 

50% Ni-BaH2 CLAS-CH 1 bar 300 3125±80 [21] 

LiH CLAS-CH 1 bar 350 105±8 [21] 

Ni-

BaH2/Al2O3 
CLAS-CH 1 bar 300 5800±200 [21] 

Mn-Fe-BaH2 CLAS-CH 1 bar 350 3600±100 [20] 

Mn-Fe-BaH2 CLAS-MW 1 bar 350 12000±500 This work 

BaH2 Catalytic-CH 1 bar 300 Undetectable [21] 

LiH Catalytic-CH 1 bar 350 Undetectable [21] 

50% Ni-BaH2 Catalytic-CH 1 bar 300 20±3 [21] 

Ru/BaO-

CaH2 
Catalytic-CH 1 bar 300 7000 [46] 

4% Ru/Al2O3 Catalytic-MW 1 bar 280 200 [47] 

Ru/MgO Catalytic-MW 1 bar 300 250 [47] 

CsRu/MgO Catalytic-MW 1 bar 260 1250 [45] 

CsRu/CeO2 Catalytic-MW 1 bar 260 1500 [48] 

7.4. Conclusion 

In this work, we investigated the nitridation and hydrogenation reaction kinetics of Mn-Fe-BaH2 NCs in 

MHCLAS technology. We conducted the nitridation and hydrogenation reactions within a 𝑇𝑏 range of 360–

630 °C and 150–320 °C, respectively. During the hydrogenation stage, we set the nitridation 𝑇𝑏 at 565 °C

to maintain a relatively stable ammonia production rate across multiple cycles.  To obtain intrinsic reaction 

kinetics, we minimized external and internal mass transfer resistances and relied on 𝑇𝑠. We measured 𝑇𝑏

and 𝑇𝑠 with a grounded metallic thermocouple and a pyrometer/IR camera, respectively. For the nitridation

reaction, compared to the results reported in literature, we observed an activation energy of 25.6±0.5 kJ/mol 

based on 𝑇𝑏 under MHCLAS conditions, following a contracting sphere reaction mechanism. For the
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hydrogenation reaction, we observed a higher ammonia production rate compared to previously reported 

values in literature, and the obtained reaction model followed the Avrami-Erofeev-3 kinetic model. 

The findings of this study are crucial for advancing MHCLAS technology, in particular, in reactor modeling 

required for design and performance evaluation. The proposed kinetic models remain independent of 

reactor type and hydrodynamic conditions due to the elimination of mass transfer limitations. In addition, 

reaction kinetics based on 𝑇𝑏 and 𝑇𝑠 provide flexibility for reactor modeling and scaling-up, enabling

applications of varying temperature measurement techniques in pilot or industrial MHCLAS reactors. 
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Nomenclature 

Acronyms 

A1 Avrami-Erofeev-1 

A2 Avrami-Erofeev-2 

A3 Avrami-Erofeev-3 

C2 Contracting cylinder model 

C3 Contracting sphere model 

CH Conventional heating 
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CLAS Chemical looping ammonia synthesis 

D1 One-dimensional diffusion 

D2 Two-dimensional diffusion 

D3 Three-dimensional diffusion 

HB Haber Bosch 

ICP Inductively Coupled Plasma 

ISE Ion selective electrode 

MHCLAS Microwave heating-assisted chemical looping ammonia synthesis 

MHFB Microwave-heated fluidized bed 

MW Microwave 

MWH Microwave heating 

NC Nitrogen carrier 

SEM-EDS Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy 

R1 First-order reaction model 

R2 Second-order reaction model 

R3 Third-order reaction model 

Symbols 

𝑏 Bulk phase (subscript) 

𝑑𝑝 Particle diameter [µm] 

𝐷𝑒 Effective diffusion coefficient [m2/s] 

𝐸𝑎 Activation energy [kJ/mol] 

𝐻 Hydrogenation stage (subscript) 

𝑘0 Pre-exponential factor [1/s] 

𝑚 Number of experimental data points adopted in the model performance evaluation [-] 

𝑚0 The initial mass of the sample [g] 
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𝑚𝑡 Mass of the nitrogen carrier at time t [g] 

𝑚∞ The final mass of the nitrogen carrier if fully nitrided [g] 

𝑀𝑤𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 Nitrogen atom molecular weight [g/mol] 

𝑛 Number of data points used in model fitting [-] 

𝑛𝑁𝐻3
Amount of produced ammonia [µmol] 

𝑛𝑁𝐻3
Amount of fixed nitrogen [µmol] 

𝑁 Nitridation stage (subscript) 

𝑃𝑖 Partial pressure of component I [bar] 

𝑅 Universal gas constante = 8.314 [kJ/mol. K] 

𝑅𝑁 Nitrogen fixation rate [µmol/g.h] 

𝑅𝑁𝐻3 Ammonia production rate [µmol/g.h] 

𝑅𝑆𝑆 Residual sum of squares [-] 

𝑆 Solid phase (subscript) 

𝑡 Time [s] 

𝑇 Temperature [K] 

𝑇𝑏 Bulk temperature [K] 

𝑇𝑟𝑥𝑛 Reaction temperature [K] 

𝑇𝑠 Solid temperature [K] 

𝑈𝑔 Superficial gas velocity [m/s] 

Greek letters 

𝛼 Conversion fraction [-] 
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𝛼𝑒𝑥𝑝 Conversion fraction calculated by experimental results [-] 

𝛼𝐻 Conversion fraction of hydrogenation stage [-] 

𝛼𝑚𝑜𝑑𝑒𝑙 Conversion fraction calculated by proposed models [-] 

𝛼𝑁 Conversion fraction of nitridation stage [-] 

𝑑𝛼
𝑑𝑡⁄ Rate of conversion extent [1/s] 

𝑓(𝛼) Differential form of the reaction model [-] 

𝑔(𝛼) Integral form of the reaction model [-] 

𝜌𝑝 Particle density [kg/m3] 
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Abstract 

Microwave (MW) heating is a rapid, selective, and volumetric heating approach that offers 

significant potential for increasing conversion rates, selectivity, and reducing reaction times. In 

microwave-assisted chemical looping ammonia synthesis (MHCLAS), MW heating selectively 

heats the solid phase while the gas phase remains transparent, thereby maintaining a lower gas-

phase temperature that can suppress undesired secondary reactions such as ammonia 

decomposition. However, a major technical challenge remains: the limited penetration depth of 

MW radiation, which hinders effective scale-up. To address this, we developed a microwave-

heated fluidized bed (MWFB) reactor and conducted Eulerian–Eulerian modeling and simulation 

to investigate the electromagnetic field distribution, energy dissipation, and temperature profiles—

a topic scarcely explored in the literature. Model validation was performed using both 

experimental lab data and established hydrodynamic correlations, ensuring robustness. Our 

findings demonstrate that the MWFB reactor configuration overcomes the MW penetration depth 

limitation, making it a viable candidate for industrial-scale applications. The simulations also 

revealed favorable bulk temperature gradients in the bubbling regime, which help maintain a 

cooler gas phase—an ideal condition for maximizing ammonia yield. In addition, the MWFB 

reactor was employed for both the nitridation and hydrogenation stages, allowing us to evaluate 

reaction conversions and ammonia production rates. We achieved up to 30 g of ammonia per kg 

of nitrogen carrier per cycle using Mn–Fe–BaH2 as the nitrogen carrier. To our knowledge, this is 

the first integrated study that combines dynamic MW-fluidized bed behavior with chemical 
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looping ammonia synthesis, offering novel insights for scaling up MW-assisted processes and 

advancing the practical implementation of MHCLAS. 

 

Keywords: Ammonia synthesis, Chemical looping; Microwave heating-assisted fluidized bed 

reactor; Nitridation; Hydrogenation; Multiphysics modeling. 

 

8.1. Introduction 

Ammonia (NH3) is a promising hydrogen (H2) carrier for renewable energy storage, decreasing H2 

transportation and storage costs by a factor of three [1,2]. However, the industrial Haber-Bosch 

(HB) process, which is widely applied for ammonia production, operates under extreme 

conditions, requiring pressures of 100–300 bar and temperatures of 400–600°C. These harsh 

conditions make the process economically viable only for large-scale production, typically 

exceeding 5,000 tonnes of ammonia per day [1,3,4]. However, for renewable energy storage and 

decentralized ammonia production, lower production rates are necessary, i.e., around 30-100 

tonnes per day [1,3,4]. Therefore, addressing the mentioned challenges is crucial for advancing 

ammonia as a viable solution in these applications. 

Among various technologies explored in literature, chemical looping ammonia synthesis (CLAS) 

has gained significant attention for its ability to overcome the thermodynamic limitations of 

conventional ammonia production. The CLAS addresses this challenge by decoupling the 

activation stages of nitrogen (N2) and H2. Therefore, it prevents the decomposition of the 

synthesized ammonia, enabling its production at atmospheric pressure and lower temperatures. 

This technology offers a more flexible alternative for ammonia synthesis compared to conventional 

HB process, in particular, in decentralized and renewable energy storage applications. By 

separating the activation of N2 and H2 into independent stages or reactors, the CLAS helps 

eliminate the issue of competitive adsorption between N2 and H2 molecules, which is a major 

challenge in conventional catalytic ammonia synthesis. However, since the CLAS is a relatively 

new technology, development of efficient NCs and optimization of reactor design are crucial for 

improving its performance. 
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In CLAS, the process begins with a specially designed nitrogen carrier (NC) undergoing a 

nitridation reaction at temperatures ranging from 300°C to 700°C, where N2 gas is introduced over 

the NC [3,5–8]. During this step, N2 molecules dissociate within the NC, forming lattice nitrogen. 

Following the nitridation, the NC is exposed to a H2 stream, facilitating the production of ammonia, 

while simultaneously regenerating the nitrogen-depleted NC, allowing it to be reused in 

subsequent cycles [9–11]. Numerous studies have focused on developing NCs by applying various 

transition metals and metal hydrides [3,5]. However, studies on conventional and microwave 

(MW) heating-assisted forms of the CLAS technology have been limited to lab-scale [3,5,7,9–13]. 

In a recent study by the authors [8], we developed MW heating-assisted CLAS (MHCLAS) 

technology, enabling ammonia production at atmospheric pressure and temperatures as low as 

150°C. Through a comprehensive screening of various NCs, we identified a manganese (Mn), iron 

(Fe), and barium hydride (BaH2) composite synthesized by coprecipitation approach as the optimal 

NC. This composite exhibited excellent interactions with MW, resulting in a significantly higher 

ammonia production rate compared to previously reported ammonia synthesis technologies. 

MW heating offers several advantages, such as rapid, selective, and volumetric heating, which can 

provide the sensible and/or reaction energy needed for both endothermic and exothermic reactions 

[14,15]. Gaseous phases tend to remain transparent to MW irradiation, while the MW absorber 

solid phase absorbs the MW energy and heats up [16,17]. This results in a lower gas phase 

temperature compared to the solid phase, which is beneficial for preserving ammonia and 

preventing its decomposition [18–25].  

An important consideration in the MW heating is the penetration depth of MWs in an object, i.e., 

the depth at which the electrical field strength drops to 37% of its surface value [26,27]. Dielectric 

properties of the material, electrical conductivity, MW frequency, and the bed voidage influence 

the penetration depth [16]. In an earlier study by the group [14], we showed that increasing bed 

voidage, either by applying larger particles in a fixed bed or by transitioning to a fluidized bed, 

enhances MW penetration depth in the dense bed. Variations in the bed voidage across different 

regions of a MW heating-assisted fluidized bed (MHFB) reactor influence the medium's effective 

dielectric properties, which, in turn, can indirectly change the penetration depth [14]. 

To scale up ammonia production by applying MHCLAS technology, it is essential to understand 

the distributions of electrical field, temperature, and heat dissipation within the reactor. 
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Experimental measurements of these variables in reactors of different dimensions are very 

challenging. However, modeling and simulation can offer valuable insights into MW irradiation 

behavior in various media, in particular, in fluidized bed reactors. It can, hence, help accelerate 

deployment of the MHCLAS technology at industrial scale. 

Some studies reported MW heating simulation by applying computational fluid dynamic (CFD) 

tools in the fixed beds [28–31]. These studies revealed that electromagnetic (EM) waves cause 

non-uniform temperature distributions in the bed, leading to the formation of hot and cold spots, 

especially in large fixed-bed reactors (reactor IDs > 20 cm) [14,32]. Macroscale hot spots, resulting 

from the non-uniform distribution of EM waves, pose significant challenges for kinetic studies in 

MW systems [15]. One promising strategy to mitigate the issue of hot spots in MHFB reactors is 

application of dense gas-solid fluidized bed reactors. In the bubbling fluidization regime, particle 

mixing can help homogenize the temperature distribution, decreasing adverse effects, such as 

particle sintering and non-uniform product distribution [15,33]. In the study by Mokhtari et al. 

[34], the authors developed a Eulerian-Eulerian model to study MW heating-assisted dry reforming 

of methane in gas-solid fluidized bed reactors. This study represents the most comprehensive 

instance of simulation of MHFB reported in literature for catalytic systems, while there is a 

research gap of similar studies in noncatalytic reactors, including those for MHCLAS technology. 

We presented reported modeling and simulation studies of MHFB reactors for various applications 

in literature in Table 8.1. In most cases documented in literature, which are relatively scarce, the 

focus was on reaction conversions or there was a deficiency in comprehensive coupling of different 

phenomena occurring within the MHFB reactor, including EM field, bed hydrodynamics, heat and 

mass transfers, and reaction kinetics.  

In earlier studies of the group [39], we focused on lab-scale experiments for proof of concept of 

MHCLAS technology and its kinetic investigations. Obtained results demonstrated the great 

potential of the MHCLAS for further development. However, to the best of the authors’ 

knowledge, no reports in literature have provided simulation data on MHCLAS or conventionally 

heated CLAS. In this study, we aim at addressing this gap by developing a comprehensive model 

in COMSOL Multiphysics 6.1 and offering valuable insights into the EM field distribution, heat 

dissipation, temperature profiles, and reactions conversions in MHCLAS fluidized bed reactors 

through simulations. The developed model is a novel application of Multiphysics modeling 
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approach for non-catalytic MHFB reactors. In this model, we coupled Maxwell’s equations with 

bed hydrodynamics, heat and mass balance equations, and nitridation and hydrogenation reaction 

kinetics of adopted Mn-Fe-BaH2 NC. We validated the developed model by applying experimental 

data from a lab-scale setup. We, subsequently, conducted parametric studies to investigate the 

effects of reaction temperature, superficial gas velocity, and solid inventory, i.e., the mass of loaded 

NC, on the MHCLAS.  

Table 8.1: Reported MHFB models in literature. 

Main objective Model 

type 

       Remarks Ref. 

MW heating-assisted dry 

reforming 

Eulerian-

Eulerian 

model 

• Did report EM field distribution.

• The model was based on catalytic reactions.

[34] 

MW heating-assisted 

lignite drying 

Eulerian-

Eulerian 

model 

• Did not report EM field distribution in the bed.

• Did not report temperature distribution in the bed.

[35] 

MHFB simulation Single-

particle 

model 

• Penetration depth evaluation.

• It has high computational skills and is studied at the lab-

scale.

• It did not include hydrodynamic.

[36] 

Drying moist particles by 

MW heating 

Eulerian-

Eulerian 

model 

• Did estimate drying efficiency.

• Did not present EM field.

• Did not report the effect of hydrodynamic on EM field

distribution.

[37] 

MW heating effect on 

catalytic oxidation of n-

butane 

1D two 

phase 

model 

• Did estimate temperature distribution between the gas

and solid phases.

• Did not consider EM field distribution.

• The simulation does not show radial temperature and

EM field distributions.

[38] 

In Section 8.2, we reported the developed model in this study, including adopted assumptions and 

governing equations. In Section 8.3, we presented numerical simulation cases, including geometry 

and model parameters, boundary conditions, and grid independency analysis. In addition, we 

presented the adopted experimental setup in this work in Section 8.4. We, subsequently, presented 

dielectric properties of the NC (Section 8.5.1), model validation (Section 8.5.2), hydrodynamics 



155 

 

of the fluidized bed (Section 8.5.3), electrical field, and temperature distributions (Section 8.5.4), 

nitridation (Section 8.5.5), and hydrogenation reactions parametric studies (Section 8.5.6).  

 

8.2. Model development  

8.2.1. Assumptions 

We applied the following assumptions for the modeling of MHCLAS fluidized bed reactor: 

(i) Gas phase properties vary as a function of temperature.  

(ii) Solids are spherical and they have identical properties, e.g., thermal conductivity, heat 

capacity, dielectric properties and density, that remain constant during nitridation and 

hydrogenation stages.  

(iii) We performed modeling and simulation in 2D to study MHFB.  

(iv) We performed 3D models based on the average dense bed voidage for electrical field 

distribution evaluation. 

(v) Gas phase compounds (N2, H2, and NH3) are transparent to MWs.  

(vi) The reactor’s/cavity’s walls made of materials like stainless steel are fully MW 

reflective.  

(vii) We conducted the nitridation and hydrogenation reactions by alternating the inlet gas 

supply, i.e., N2 during nitridation and H2 during hydrogenation. This method decreases 

process complexity and mitigates the risk of particle attrition. 

 

8.2.2. Governing equations  

In this section, we present applied equations to model MHCLAS reactors during nitridation and 

hydrogenation stages. A schematic representation of the proposed reactor configuration for 

MHCLAS technology is shown in Figure 8.1a. In this configuration, the transition between 

nitridation and hydrogenation stages is achieved by switching the inlet gas from N2 to H2. We 

solved the momentum balance equations for both gas and solid phases (Section 8.2.2.1). These 

equations are coupled with Maxwell's equations (Section 8.2.2.2), as well as heat (Section 8.2.2.3) 

and mass (Section 8.2.2.4) balance equations. We schematically show the relationship between 

different equations employed in this model in Figure 8.1b. 
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Figure 8.1: (a) A schematic representation of the MHCLAS technology, and (b) an overview of the governing 

equations applied in the developed model. 

 

8.2.2.1. Hydrodynamic equations  

To calculate the hydrodynamic parameters, such as gas/solid velocities, pressure distribution, and 

gas/solid phase fractions, we solved the momentum balance equations for each phase based on the 

Eulerian-Eulerian model. Momentum balance for gas phase (𝑖 = 𝑔) and solid phase (𝑖 = 𝑠) is 

presented in Eqs. (8.1) [34,40]. 

𝜕

𝜕𝑡
(∅𝑖𝜌𝑖𝑢⃗ 𝑖) + ∇. (∅𝑖𝜌𝑖𝑢⃗ 𝑖𝑢⃗ 𝑖) + ∅𝑖𝛻𝑝 = ∅𝑖𝜌𝑖𝑔𝑔𝑟𝑎𝑣 + ∇. ∅𝑖(𝜏𝑖 + 𝜏𝑖

𝑇) + 𝑀𝑖 
(8.1) 

where 𝜌𝑖 represents the density of phase 𝑖, 𝑢⃗ 𝑖 denotes the velocity of phase 𝑖, 𝑝 is the pressure 

field, and 𝜏𝑖 is the stress tensor of phase 𝑖. 𝑔𝑔𝑟𝑎𝑣 is the gravitational acceleration vector, 𝑀𝑖 

represents the external force acting on phase 𝑖, including drag, lift, and interphase intersection 

forces, and ∅𝑖 is the volume fraction of phase 𝑖. We applied 𝑘 − 𝜖 model for modeling the turbulent 

model in fluidized bed. In addition, we employed the Gidaspow model [41] for drag force 

calculation, which proved to be a reliable choice to estimate gas-solid drag force in dense fluidized 

beds [42]. We can apply Eq. (8.2) for the calculation of 𝜏𝑖. 

𝜏𝑖 = (𝜇𝑖
𝑚 + 𝜇𝑇) (∇𝑢⃗ 𝑖 + (∇𝑢⃗ 𝑖)

𝑇 −
2

3
(∇. 𝑢⃗ 𝑖)𝐼) −

2

3
𝜌𝑖𝑘𝐼 

(8.2) 
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𝜇𝑇 = 𝜌𝐶𝜇

𝑘2

𝜖

(8.3)

where 𝐶𝜇=0.09, which is an empirical constant, and 𝑘 and 𝜖 represent the kinetic energy and 

dissipation rate in the turbulent model that can be calculated by employing Eqs. (8.4) and (8.5). In 

addition, 𝜇𝑖
𝑚 and  𝜇𝑇 are the molecular dynamic and turbulent viscosities, respectively [42].

𝜌
𝜕𝑘

𝜕𝑡
+ 𝜌(𝑢⃗ 𝑚. ∇)𝑘 = ∇. [(𝜇𝑚 +

𝜇𝑇

𝜎𝑘
) ∇𝑘] + 𝑃𝑘 − 𝜌𝜖

(8.4) 

𝜌
𝜕𝜖

𝜕𝑡
+ 𝜌(𝑢⃗ 𝑚. ∇)𝜖 = ∇. [(𝜇𝑚 +

𝜇𝑇

𝜎𝑘
) ∇ϵ] + 𝐶𝜖,1

𝜖

𝑘
𝑃𝑘 − 𝐶𝜖,2𝜌

𝜖2

𝑘

(8.5) 

where 𝜎𝑘, 𝐶𝜖,1, and 𝐶𝜖,2 are model constants and 𝑢⃗ 𝑚 is the mixture velocity. 

Eq. (6), i.e., the continuity equation for a two-phase system, is presented as follows: 

𝜕

𝜕𝑡
(∅𝑖𝜌𝑖) + 𝛻. (∅𝑖𝜌𝑖𝑢⃗ 𝑖) = 𝑚𝑖 (8.6) 

𝑚𝑖 = 𝑟𝑗𝜌𝑖 (8.7) 

where 𝑚𝑖 is the mass transfer from the solid to the gas phase, and 𝑟𝑗 denotes the reaction rate for 

nitridation (𝑗 = 𝑁) and hydrogenation (𝑗 = 𝐻) stages.  

To verify the hydrodynamic parameters evaluated by applying the aforementioned equations, we 

utilized empirical correlations from literature to estimate the minimum fluidization velocity (𝑈𝑚𝑓), 

bubble voidage (𝜀𝑏), emulsion voidage (𝜀𝑒), and the fraction of bubbles (𝑓𝑏) in a pilot-scale 

bubbling fluidized bed reactor (see Eqs. (8.8)-(8.12)) [43,44]. 

𝑈𝑚𝑓 =
𝜇𝑔

𝑑𝑝𝜌𝑔
[(28.72 + 0.0494

𝑑𝑝
3𝜌𝑔𝑔(𝜌𝑠 − 𝜌𝑔)

𝜇𝑔
2

)

1/2

− 28.7]
(8.8) 

𝜀𝑏 = 0.784 − 0.139𝑒𝑥𝑝 (−
𝑈𝑔 − 𝑈𝑚𝑓

0.272
) 

(8.9) 

𝜀𝑒 = 𝜀𝑚𝑓 + 0.00061𝑒𝑥𝑝 (−
𝑈𝑔 − 𝑈𝑚𝑓

0.262
) 

(8.10) 

𝑓𝑏 = 1 − 𝑒𝑥𝑝 (−
𝑈𝑔 − 𝑈𝑚𝑓

0.62
) 

(8.11) 
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∅𝑔,𝑎𝑣𝑔 = 𝜀𝑏𝑓𝑏 + 𝜀𝑒(1 − 𝑓𝑏) (8.12) 

where 𝑑𝑝 is particle diameter, and 𝑈𝑔 denotes the superficial gas velocity. 

8.2.2.2. Maxwell’s equation  

We applied Maxwell's equation (Eq. (8.13)) to calculate EM field distribution within MHFB. 

𝛻 × 𝜇𝑟,𝑒𝑓𝑓
−1 (𝛻 × 𝐸⃗ ) − 𝑘0

2 (𝜀𝑟, 𝑒𝑓𝑓 −
𝑗𝜎𝑟, 𝑒𝑓𝑓

𝜔𝜀0
) 𝐸⃗ = 0 (8.13) 

where 𝜇𝑟, 𝑒𝑓𝑓 is the effective relative permeability, 𝐸⃗  is the electric field strength, and 𝑘0 is the 

wavenumber in the vacuum. 𝜀𝑟, 𝑒𝑓𝑓 is the effective relative permittivity, 𝜎𝑟, 𝑒𝑓𝑓 is the effective 

electrical conductivity, 𝜔 is the angular frequency of the EM, and 𝜀0 is the permittivity of free 

space. To estimate the dielectric properties and electrical conductivity in the fluidized bed, we 

applied effective parameters (see Eqs. (8.14)-(8.16)) [14]. 𝜇𝑟, 𝑒𝑓𝑓 can be presented as: 

𝜇𝑟, 𝑒𝑓𝑓 = ∅𝑔𝜇𝑟, 𝑔 + ∅𝑠𝜇𝑟, 𝑠 (8.14) 

where 𝜇𝑟, 𝑔 is the relative permeability of the gas phase and 𝜇𝑟, 𝑠 is the relative permeability of the 

solid phase. We can estimate 𝜀𝑟, 𝑒𝑓𝑓 by: 

𝜀𝑟, 𝑒𝑓𝑓 = ∅𝑔𝜀𝑟, 𝑔 + ∅𝑠𝜀𝑟, 𝑠 (8.15) 

where 𝜀𝑟, 𝑔 is the relative permittivity of the gas phase and 𝜀𝑟, 𝑠 is the relative permittivity of the 

solid phase. 𝜎𝑟, 𝑒𝑓𝑓 can be calculated by: 

𝜎𝑟, 𝑒𝑓𝑓 = ∅𝑔𝜎𝑔 + ∅𝑠𝜎𝑠 (8.16) 

where 𝜎𝑔 is the electrical conductivity of the gas phase and 𝜎𝑠 is the electrical conductivity of the 

solid phase. 

8.2.2.3. Heat balance equation  

To calculate the temperature distribution inside the reactor, we utilized the heat balance equation, 

as presented in Eq. (8.17) for gas phase and Eq.(8.18) for solid phase [14]. 
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∅𝑔𝜌𝑔𝐶𝑝,𝑔

𝐷𝑇𝑔

𝜕𝑡
= ∇. (∅𝑔𝑘𝑔∇𝑇𝑔) + 𝑄𝑠𝑔 

(8.17) 

∅𝑠𝜌𝑠𝐶𝑝,𝑠

𝐷𝑇𝑠

𝜕𝑡
= ∇. (∅𝑠𝑘𝑠∇𝑇𝑠) + 𝑄𝑔𝑠 + 𝑄𝑀𝑊 + 𝑄𝑟𝑥𝑛

(8.18) 

where 𝐶𝑝,𝑖  represents the specific heat capacity of phase 𝑖, 𝑇𝑖  is the temperature of phase 𝑖, and 

𝑘𝑖 is the thermal conductivity of the phase 𝑖. 𝑄𝑀𝑊 is the heat dissipation rate due to MW 

irradiations, 𝑄𝑟𝑥𝑛 is the reaction heat, and 𝑄𝑠𝑔 = −𝑄𝑔𝑠 is the heat transfer between the gas and 

solid phases. 

The heat dissipation rate under MW irradiation can be calculated by Eq. (8.19) [16]. 

𝑄𝑀𝑊 =
1

2
𝜎𝑟, 𝑒𝑓𝑓|𝐸⃗ |

2
+ 𝜋𝑓𝜀0𝜀𝑟, 𝑒𝑓𝑓|𝐸⃗ |

2
+ 𝜋𝑓𝜇0𝜇𝑟, 𝑒𝑓𝑓|𝐻⃗⃗ |

2
(8.19) 

where 𝐻⃗⃗  is the magnetic field strength. This equation has three terms, including Joule heating (first

term), dielectric losses (second term), and magnetic losses (third term). 

𝑄𝑟𝑥𝑛 for both nitridation and hydrogenation stages can be calculated by applying Eq. (8.20). 

𝑄𝑟𝑥𝑛 = ∆𝐻𝑟𝑥𝑛,𝑗 × 𝑟𝑗 (8.20) 

where ∆𝐻𝑟𝑥𝑛,𝑗 represents the change in reaction enthalpy during the reactions, with 𝑗 denoting the 

nitridation (𝑁) and hydrogenation (𝐻) stages.  

The composition of the synthesized NC influences 𝑄𝑟𝑥𝑛 during nitridation and hydrogenation 

stages. We estimated 𝑄𝑟𝑥𝑛 for the nitridation stage of Mn-Fe-BaH2 to be -20 kJ/mol, while it was 

-40 kJ/mol for the hydrogenation stage. We estimated the heat of the nitridation and hydrogenation

reactions by HSC 6.0 software based on the NC’s composition that we developed in our prior 

research [8]. 

Conventional heat transfer between gas and solid phases can be calculated by applying Eq. (8.21) 

[45]. 

𝑄𝑔𝑠 = −𝑄𝑠𝑔 =
5∅𝑠

𝑑𝑝
ℎ𝑔𝑠(𝑇𝑔 − 𝑇𝑠) 

(8.21) 
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where ℎ𝑔𝑠 is the convection heat transfer coefficient between the gas and solid phases that can be 

calculated by applying Eq. (8.22). In addition, we can estimate in-bed 𝑁𝑢 number by employing 

Eq. (8.23)-(8.25) [45]. 

ℎ𝑔𝑠 =
𝑘𝑔𝑁𝑢

𝑑𝑝

(8.22) 

𝑁𝑢 = (7 − 10∅𝑔 + 5∅𝑔
2) (1 + 0.7𝑅𝑒𝑝

0.2𝑃𝑟
1
3) + (1.33 − 2.4∅𝑔 + 1.2∅𝑔

2)𝑅𝑒𝑝
0.7𝑃𝑟

1
3

(8.23) 

𝑅𝑒𝑝 =
∅𝑔𝑑𝑝𝜌𝑔|𝑢⃗ 𝑠 − 𝑢⃗ 𝑔|

𝜇𝑔

(8.24) 

𝑃𝑟 =
𝜇𝑔𝐶𝑝,𝑔

𝑘𝑔

(8.25) 

Where 𝑅𝑒𝑝 is the Reynolds number and 𝑃𝑟 is the Prandtl number. 

8.2.2.4. Mass balance equation  

We can estimate concentration distributions of various chemical compounds by employing Eq. 

(8.26). 

𝜕(∅𝑖𝜌𝑖𝜔𝑘,𝑖)

𝜕𝑡
+ 𝛻. (∅𝑖𝜌𝑖𝑢⃗ 𝑖𝜔𝑖,𝑘) = 𝛻. (∅𝑖𝜌𝑖𝐷𝑖,𝑘

𝑒 ∇𝜔𝑖,𝑘) + 𝑟𝑘(𝜌𝑠,∞ − 𝜌𝑠,0)
(8.26) 

where 𝜔𝑘,𝑖 represents the mass fraction of the compound 𝑘 in phase 𝑖, and 𝐷𝑖,𝑘
𝑒  is the effective 

diffusion coefficient of the compound 𝑘 in phase 𝑖. In addition, 𝐷𝑖,𝑘
𝑒  can be calculated by applying 

Eq. (8.27). 

𝐷𝑖,𝑘
𝑒 =

∅𝑔

𝜏𝑘
𝐷𝑖,𝑘 

(8.27) 

𝜏𝑘 = ∅𝑔

−1
3⁄  (8.28)

Here, 𝜏𝑘 denotes the tortuosity factor, which is calculated by applying the Millington and Quirk 

model (refer to Eq. (8.28)). 

Eqs. (8.29) and (8.30) show the nitridation and hydrogenation reactions kinetics that we obtained 

based on our earlier experimental study [15]. 

𝑟𝑁 = 0.0105𝑒𝑥𝑝 (
−25600

𝑅𝑇
) × 3(1 − 𝛼𝑁)2/3 (8.29) 

𝑟𝐻 = 1.026𝑒𝑥𝑝 (
−23720

𝑅𝑇
) × 4(1 − 𝛼𝐻)[−𝑙𝑛(1 − 𝛼𝐻)]3/4 (8.30) 
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where 𝛼𝑁 and 𝛼𝐻 are reaction extents in the nitridation and hydrogenation stages, respectively.  

𝑟𝑁 and 𝑟𝐻 represent the reaction rate during nitridation and hydrogenation stages, respectively.  

8.3. Numerical simulation 

8.3.1. Geometry and model parameters 

To validate the model developed in this study, we utilized results obtained from a lab-scale MHFB 

reactor operated for MHCLAS. We placed a quartz tube, with an inner diameter of 2.86 cm, at the 

center of the MW cavity (width × height × depth: 32.5 × 23.0 × 37.5 cm) to maximize MW 

interaction. Due to its transparency to MW irradiation, the quartz reactor allowed only the MW 

absorber solid particles within the tube to absorb the MWs and undergo heating (Figure 8.2a).  

The pilot-scale MHCLAS reactor model adopted in this work for simulation studies consists of a 

single fluidized bed with 15 cm ID and 45 cm fixed bed height (𝐿0), where both nitridation and 

hydrogenation take place alternatively as discussed in Section 8.2.2, and 𝐿𝑏  is dense bed height. 

The reactor consists of three main sections: the MW waveguide, the dense bed zone, and the 

freeboard zone (refer to Figure 8.2b). The primary difference between the lab-scale setup and the 

pilot-scale reactor system lies in the configuration of the MW waveguide. In the lab-scale setup, 

the quartz reactor walls are transparent to MWs, whereas, in the pilot-scale system, the reactor 

walls are conductive, reflecting MWs and serving the same function as the MW cavity. The 

parameters applied in this study, such as dimensions, material properties, and operating conditions, 

are detailed in Table 8.2. We applied the properties of the gas phase (i.e., N2, H2, and NH3) by the 

data available in the COMSOL Multiphysics database.  
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Figure 8.2: Applied geometry and corresponding dimensions and boundary labels in the present study for (a) 

a lab-scale, and (b) a pilot-scale MHCLAS reactor. 

Table 8.2: Implemented parameters in the current study for experimental setup and pilot-scale reactor 

simulation.  

Parameter Value 

Lab-scale particle size, (µm) 50 

Pilot-scale particle size, (µm) 150 

Particle density in nitridation stage (𝜌𝑝), 

(kg/m3) 
4550  

Particles density in hydrogenation stage (𝜌𝑝), 

(kg/m3)  
4800 

NC thermal conductivity, (W/(mK)) 18  

NC permittivity- nitridation stage, (-) 11.9-2.34j 

NC permittivity- hydrogenation stage, (-) 12.5-2.19j 

Gas phase permittivity and permeability, (-) 1.0 

Lab-scale reactor diameter, (cm) 2.86  

Lab-scale MW input power (W) Up to 1100  

Initial bed voidage, (-) 0.5 

Superficial gas velocity (𝑈𝑔), (cm/s) 6-40  

Pilot-scale reactor inner diameter, (cm) 15  

Pilot-scale MW input power, (kW) Up to 100  

𝐿0/𝐷,(-) 3.0 
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8.3.2. Boundary conditions 

To calculate the gas and solid phases velocity profiles, electrical field distribution, and temperature 

distributions, and reaction extents in the nitridation and hydrogenation stages, we applied boundary 

conditions (B.C.) that are reported in Table 8.3. We implemented B.C.1 to B.C.5 for momentum 

balance, heat balance, Maxwell’s equation, and mass balance equations for both lab- and pilot-

scale units (see Figure 8.2 for the label of boundaries).  

For the reactor inlet, the selected boundary conditions include the inlet superficial gas velocity 

(𝑈𝑔 = 𝑈𝑔0), inlet temperature (𝑇= 25°C), and the initial concentration of the feedstock. At the 

reactor outlet, the pressure is maintained constant and equal to ambient pressure (𝑝 = 𝑃0), with no 

mass or heat transfer in the z-direction. For reactor walls, we applied slip and no-slip boundary 

conditions for solid and gas phases, respectively. In addition, cavity walls are insulated to prevent 

heat and mass transfer.  

In the lab-scale reactor, the reactor walls are exposed to air within the MW cavity. We applied the 

convective heat transfer coefficient by applying Eq. (8.31) [14,46]. 

𝑁𝑢𝐿 =
ℎ𝐿𝐿

𝑘𝑔
=

4

3
(

7𝑅𝑎𝐿𝑃𝑟

5(2 + 21Pr
)
0.25

+
4(272 + 315Pr)𝐿

35(64 + 63Pr)𝐷

(8.31) 

where 𝑁𝑢𝐿 is the wall Nusselt number, and 𝑅𝑎𝐿 represents the Rayleigh number. 

Table 8.3: Boundary conditions in the present study. 

Boundary label Expression 

B.C.1

𝑈𝑔 = 𝑈0𝑔

𝑇 = 𝑇𝑖𝑛−𝑔𝑎𝑠

𝑛 × (𝛻 × 𝐸⃗ ) − 𝑗𝑘𝑛 × (𝐸⃗ × 𝑛) = 0 

𝜔𝑘 = 𝜔0,𝑘

B.C.2, 3

𝑢⃗ 𝑔 = 0

𝑢⃗ 𝑠. 𝑛 = 0

−𝑛. 𝑞 = 0

−𝑛. 𝐽 𝜔𝑘
= 0

B.C.4

𝑃 = 𝑃0

𝑢⃗ 𝑔. 𝑡 = 0

𝑢⃗ 𝑠. 𝑡 = 0

−𝑛. 𝑞 = 0

𝑛 × (𝛻 × 𝐸⃗ ) − 𝑗𝑘𝑛 × (𝐸⃗ × 𝑛) = 0 

𝑛. 𝐷𝑘𝛻𝐶𝑘 = 0

B.C.5 𝐼𝑛𝑝𝑢𝑡 𝑃𝑜𝑤𝑒𝑟 = 𝑃𝑖𝑛
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8.3.3. Grid independency analysis 

The developed model in this study is grid independent, meaning its accuracy is not affected by the 

number of mesh elements in the reactor. To verify this, we tested multiple mesh resolutions with 

26694, 39812, 68489, 305261, and 845125 elements for the pilot-scale reactor. 

To evaluate grid independency, we calculated the average 𝑇𝑏 in the fluidized bed for each number 

of elements. We selected this variable as it is highly sensitive to changes in mesh resolution and 

effectively reflects the impact of various physical phenomena, making it a more reliable indicator 

than hydrodynamic variables alone. The results showed that increasing the number of elements 

beyond 39812 (up to 845125) did not affect the average 𝑇𝑏. Therefore, we determined 39812 

elements as the optimal mesh resolution for the pilot-scale reactor (see Figure 8.3). By applying a 

similar approach, we determined that the optimal mesh resolution for the lab-scale MW reactor 

simulation (3D model) is 612964 cells. 

Figure 8.3: Grid independency analysis of the pilot-scale unit adopted in the present study. 

8.4. Experimental study 

We presented the adopted experimental setup (MHFB reactor) employed in this study to collect 

experimental data for model validation in Figure 8.4. We placed 5–20 g of NC inside a quartz tube 

in experiments. During the nitridation stage, we injected a high-purity N2, 99.9999 vol.%, into the 

reactor. For the hydrogenation stage, we introduced H2 with a concentration of up to 20 vol.%, 

balanced with argon (Ar). We recorded bulk temperature, representing the gas-solid mixture 
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temperature, with the help of a thermocouple, positioned at the center of the bed. Meanwhile, we 

measured the temperature of the NC's outer layer, while fluidizing, by a pyrometer/IR camera. Due 

to high solid mixing in bubbling fluidized beds compared to fixed beds, we can reasonably assume 

that the recorded temperature by the pyrometer/IR-camera is close to the actual solid phase 

temperature in the bed. For more details about the experimental setup, please refer to our previous 

study [8]. In addition, for parameters adjusted for the lab-scale setup, please refer to Table 8.3. 

Figure 8.4: Experimental setup applied for MHCLAS technology development in this work [8]. 

To determine the dielectric properties of the applied NC in this study, we utilized a vector network 

analyzer (VNA). The complex dielectric properties are expressed as 𝜀 = 𝜀′ − 𝑗𝜀′′, where 𝜀′

represents the real part (the dielectric constant), indicating the material's ability to store MWs. The 

imaginary part 𝜀′′ corresponds to the dielectric loss factor, which reflects the material's capacity

to convert the transmitted MWs into heat. This heating capability is commonly described by the 

loss tangent (𝑡𝑎𝑛𝛿), calculated as follows [47]: 

𝑇𝑎𝑛𝛿 =
𝜀′′

𝜀′
 (8.32) 

where 𝛿 is the phase angle between the phase angle and the polarized dielectric materials. Materials 

with a low 𝑇𝑎𝑛𝛿 allow MWs to pass through with a minimal absorption, while materials with a 

high 𝑇𝑎𝑛𝛿 efficiently convert MW energy into heat under irradiation. 
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8.5. Results and discussion 

8.5.1. Dielectric properties of NC 

The primary factor influencing the EM field distribution within a MHFB is the dielectric properties 

of the applied NC. We evaluated the dielectric properties of post-nitridation and post-

hydrogenation NCs, as illustrated in Figure 8.6, and observed slight variations throughout the 

reaction process. 

Measurements of 𝜀′ and  𝜀′′ components of the dielectric constant revealed that they 𝜀′ and 𝜀′′

were slightly higher after hydrogenation compared to their post-nitridation values. The 𝑇𝑎𝑛𝛿 for 

nitrided NC was 0.2, which slightly decreased to 0.18 after hydrogenation at a frequency of 2.45 

GHz, commonly employed in MW heating applications to prevent interference with other MW-

dependent technologies. 

Nitrided materials exhibited superior interaction with MWs compared to metallic elements. 

However, 𝑇𝑎𝑛𝛿 variation during nitridation and hydrogenation is negligible, supporting the 

assumption that dielectric properties remain constant throughout these stages [8]. In addition, the 

response of dielectric properties to frequency variations was distinct. At higher frequencies, 𝜀′

decreased as the dipoles in the compounds lacked sufficient time to align with the EM field. 

Conversely, 𝜀′′ increased with frequency, indicating a greater MW dissipation into heat due to the

intensified bipolar effect (refer to Figure 8.6).  

Figure 8.5: 𝜺′ and 𝜺′′ of dielectric properties for NCs particles after nitridation and hydrogenation stages as a

function of MWs frequency measured by VNA.  
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8.5.2. Model validation  

We utilized experimental data obtained from lab-scale setup, including bulk (𝑇𝑏) and solid (𝑇𝑠) 

temperature profiles of NCs under MW irradiations, 𝛼𝑁, and 𝛼𝐻, to validate the model.  

In the first step, we estimated the average 𝑇𝑏 in the dense bed and freeboard as a function of time 

in the lab-scale unit by the developed model. The simulation results indicate that 𝑇𝑏 initially 

increases and then stabilizes at around 𝑇𝑏=400°C, reaching thermal equilibrium within the bed (see 

Figure 8.6a). At the stabilized temperature, we evaluated the axial temperature distribution by the 

developed model, and we compared the simulation results with the experimental 𝑇𝑏 measurements 

obtained by applying a metallic thermocouple. The comparison demonstrated a close agreement 

between the model predictions and experimental data (see Figure 8.6b). 

Figure 8.6: (b) Predicted average 𝑻𝒃 as a function of time in the lab-scale unit, (b) local 𝑻𝒃 and 𝑻𝒔 at different

dense bed heights in the lab-scale with a comparison with experimental data obtained in this study; 𝑼𝒈= 6.5

cm/s, nitridation stage, and 𝒅𝒑=50 µm.

The bulk temperature at the bed entrance, just above the distributor, was initially low but rapidly 

increased to approximately 400°C. Within the MHFB, temperature uniformity was higher due to 

the small particle size and the bubbling fluidization regime. In the freeboard region, 𝑇𝑏 started to 

decline as the influence of particle temperature diminished (see Figure 8.6b). In addition, 

significant heat loss from the gas to the reactor walls in the freeboard contributed to the observed 

temperature drop [38,46]. Moreover, we estimated the temperature difference between gas and 
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solid phases of 85°C in the dense bed, which showed a good agreement with experimental data 

(Figure 8.6b).  

To further validate the model, we compared the experimentally measured 𝛼𝑁, Figure 8.7a, and 𝛼𝐻, 

Figure 8.7b, with values predicted by the developed model for the lab-scale unit. The results 

demonstrated a great agreement between the simulation and experimental data, confirming the 

model’s accuracy in predicting reactor performance under MW irradiations. This set of successful 

validations allows us to confidently apply the validated model for subsequent parametric studies. 

Figure 8.7: Model validation by reactive experimental result obtained from lab-scale unit in (a) nitridation 

stage, 𝑼𝒈= 6.5 cm/s, and (b) hydrogenation stage, 𝑼𝒈= 7.0 cm/s; 𝒅𝒑=50 µm.

8.5.3. Pilot-scale fluidized bed hydrodynamics verification  

We applied the momentum equations to estimate the gas and solid phase fractions in the pilot-scale 

MHFB reactor at different time intervals and 𝑈𝑔 (see Figure 8.8a and b). In addition, we applied 

reported correlations from literature (Eqs. (8.8)-(8.11)) to verify the estimated bed voidage by the 

developed Eulerian-Eulerian model. We considered N2 as the fluidization agent and 𝑑𝑝=150 μm 

for the pilot-scale setup and model verification. 

The predicted average bed voidage/solid fraction obtained from the Eulerian-Eulerian model for 

pilot-scale MWFB showed an agreement with those estimated by Eqs. (8.8)-(8.11) though the 

model exhibited a slight overestimation of up to 10% (refer to Figure 8.8c). This discrepancy is 

likely due to the implementation of a 2D model for these simulations, which can cause further 

bubble stabilization, thus average bed voidage compared to the 3D unit for which the adopted 

correlations were developed. 
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The developed hydrodynamic model plays a crucial role in evaluating EM field distribution, heat 

dissipation, and temperature profiles in the MHFB. While 3D models provide more detailed 

insights into the hydrodynamics of fluidized beds, incorporating EM field distribution, heat and 

mass balances in a 3D simulation significantly increases computational cost and decreases 

numerical stability compared to 2D models. Given these challenges, the implementation of a 2D 

model is justified. In the following sections, we applied the verified and validated model to perform 

a set of parametric studies for MHCLAS technology. 

Figure 8.8: NC fraction at (a) 𝑼𝒈=15 cm/s, average 𝑻𝒃 =380°C and (b) 𝑼𝒈= 20 cm/s, average 𝑻𝒃=380°C,

under MW irradiations, (c) comparison between average voidages of pilot-scale MHFB obtained from the 

developed Multiphysics model and those estimated by correlations reported in literature as a function of 𝑼𝒈 ,

𝑻=380°C.  
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8.5.4. Electrical field and temperature distributions in the MHFB 

We solved Maxwell’s equation to determine the electrical field distribution within the pilot-scale 

MHFB, see Figure 8.9a. Given the dynamic nature of the MHFB, the electrical field exhibited 

corresponding fluctuations. These variations in the electrical field led to differences in heat 

dissipation across the reactor (Figure 8.9b). In the bubbling fluidization regime, the nitridation and 

hydrogenation reactions primarily occur in the emulsion phase, where the produced gas, ammonia 

in the hydrogenation case, can be transferred into the bubble phase. The bubble phase is 

characterized by a high gas concentration and a low solid content, making it relatively transparent 

to MWs. This results in a significantly lower heat dissipation and temperature within the bubble 

phase, allowing the produced ammonia to exit with a minimal decomposition. As illustrated in 

Figure 8.9c, the presence of bubbles in the bed yields regions with lower temperatures. In a 

bubbling MHFB, three distinct domains interact differently with MWs. In the emulsion phase, 

solid particles absorb MW energy directly, while the gas remains largely transparent to MWs. The 

gas velocity in the emulsion phase is approximately equal to or slightly higher than that required 

for particle fluidization. Any excess gas migrates into the bubble phase, where, due to the high gas 

concentration, the bubbles remain nearly transparent to MWs. 

Figure 8.9: (a) Electrical field distribution, (b) heat dissipation rate, and (c) 𝑻𝒃 distribution in the pilot-scale

MHFB reactor; 𝑼𝒈= 20 cm/s and for the nitridation stage.
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The MW penetration depth in the MHFB is influenced by variations in bed voidage, which can 

result from either the transition from a fixed bed to a fluidized bed or an increase in gas velocity. 

To better understand this effect, we evaluated the radial distribution of electric field in a pilot-scale 

MHFB by solving Maxwell’s equations in 3D. We varied the average bed voidage from 0.5 to 0.75 

to cover a broad range of typical operating conditions. As shown in Figure 8.10, increasing the bed 

voidage from 0.5 to 0.75 significantly decreases MW attenuation, improving MW penetration 

throughout the bed. 

Figure 8.10: Effect of bed voidage in pilot-scale MHFB on its electrical field distribution for ∅𝑔,𝑎𝑣𝑔 of (a) 0.5,

(b) 0.55, (c) 0.6), (d) 0.65), and (e) 0.75.

One of the main challenges in MWFB reactors is the limited penetration depth of MWs. While 

fluidization helps mitigate MW attenuation and improves temperature uniformity within the bed 

to some extent, this limitation remains a critical factor to address during scale-up. In this study, we 

adopted a pilot-scale reactor with an internal diameter of 15 cm. However, larger reactor diameters 

tend to exhibit the electrical field non-uniformity. One potential solution to this issue is to apply 

multi-waveguide MHFB systems. However, careful design and implementation are essential to 

avoid interference between waves originating from different waveguides. 
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8.5.5. Parametric study of nitridation reactor 

The first stage of MHCLAS technology is the nitridation stage. During this step, the NC developed 

in our previous study, i.e., Mn-Fe-BaH2, is exposed to a N2 stream. This exposure initiates the 

nitridation reaction, incorporating nitrogen atoms into the NC structure as lattice nitrogen [14,15]. 

The nitridation reaction is exothermic; however, initiating the reaction requires reaching the 

desired 𝑇𝑏 to surpass the energy needed to initiate the reaction. MW heating offers an energy-

efficient approach by selectively heating the solid phase. In contrast, conventional heating 

increases gas and solid temperatures simultaneously, resulting in similar temperatures for each and 

less efficient energy utilization [38,46]. In addition, implementing the fluidized bed reactor ensures 

that external mass transfer is not the limiting factor in the nitridation and hydrogenation reactions. 

We applied the reaction kinetics model developed in our previous study [39] to simulate the 

nitridation stage in a pilot-scale MHCLAS reactor. Specifically, we investigated the influences of 

𝑇𝑏 and solid-phase retention time (𝜏) on 𝛼𝑁. As illustrated in Figure 8.11, the results indicate that 

increasing 𝑇𝑏 from 300°C to 600°C significantly enhances 𝛼𝑁. In addition, a longer solid-phase 

retention time further increases 𝛼𝑁. 

Figure 8.11: Effects of 𝑻𝒃 and 𝝉 on average 𝜶𝑵 in the simulated pilot-scale MHCLAS, 𝑼𝒈=20 cm/s.

The maximum nitrogen fixation capacity of NCs is determined by their composition. In the NC 

examined in this study, theoretical calculations indicated a potential weight gain of up to 13.5 wt.% 

under exposure to a nitrogen stream. Pilot-scale results showed a 𝛼𝑁 of 55% at 600°C after 720 s, 

i.e., around 7.5 wt% weight gain (refer to Figure 8.11). These findings are in agreement with
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experimental data. The primary cause of the discrepancy between the theoretical nitrogen fixation 

amount and the actual maximum nitrogen fixation is attributed to the occupation of active sites by 

oxygen remained from the NC activation stage and potential mass transfer limitations within the 

internal regions of the particles. 

MW heating significantly decreases the nitridation reaction time, addressing a key bottleneck for 

scaling up MHCLAS technology. In contrast, conventionally heated reactors reported in literature 

exhibit considerably longer 𝜏. Specifically, nitridation times range from 30 to 45 minutes, three to 

four times longer than 𝜏 achieved with MW heating in this study [3,5,48]. 

We investigated the effect of 𝑈𝑔 on N2 conversion during the nitridation stage. As shown in Figure 

8.12a, the results show that increasing 𝑈𝑔 from 15 cm/s to 40 cm/s decreases N2 conversion from 

approximately 45% to 17%. Conversely, increasing 𝑇𝑏 from 300°C to 600°C enhances N2 

conversion from 8% to 40% (refer to Figure 8.12b). Increasing 𝑈𝑔 increases the gas phase 

residence time within the MHFB, leading to a reduction in N2 conversion. However, during the 

nitridation stage, any unreacted nitrogen can be recycled back into the reactor inlet. Consequently, 

the net nitrogen consumption corresponds to the amount of nitrogen stored as lattice nitrogen.  

Figure 8.12: Effects of (a) 𝑼𝒈 on average N2 conversion, 𝑻𝒃=565°C, and (b) 𝑻𝒃 on average N2 conversion,

𝑼𝒈=20 cm/s for the simulated pilot-scale MHCLAS in the nitridation stage.

8.5.6. Parametric study of hydrogenation reactor  

The second stage of the MHCLAS process is the hydrogenation phase, where the nitrided NC is 

exposed to a H2 stream, resulting in the production of ammonia and nitrogen-depleted NC. 𝛼𝐻 is 
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defined as the ratio of ammonia synthesized to the theoretical maximum that could be produced, 

assuming full conversion of nitrogen atoms in NC’s structure into ammonia. We maintained the 𝑇𝑏 

at 565°C, while the hydrogenation temperature varied between 100°C and 350°C for the modeling 

and simulation of the pilot-scale MHCLAS.  

We presented the effects of  𝑇𝑏 and 𝜏 on average 𝛼𝐻 in the simulated pilot-scale MHCLAS reactor 

in Figure 8.13a. The data shows that at 𝑡=200 s and 𝑇𝑏=350°C, 𝛼𝐻 reaches approximately 0.5, 

maximizing the daily ammonia production rate. Decreasing the retention times at fixed 

conversions for nitridation and hydrogenation minimizes the overall time required to complete a 

full cycle, thereby increasing the number of loops that can be conducted in a single day. Therefore, 

we assumed 𝑇𝑏= 350°C and a retention time of 200 s for the hydrogenation stages. In addition, 

Figure 8.13b depicts the ammonia production rate per loop per kg of NC. As 𝑇𝑏 increases from 

150°C to 350°C, 𝛼𝐻 increases significantly from 0.05 to approximately 0.5, corresponding to an 

increase in ammonia production from 2.5 g to 30 g/(kg of NC.loop). Elevated temperatures 

enhance the reaction kinetics, leading to an increased rate of ammonia formation. However, 

temperatures exceeding 500°C cause ammonia decomposition, ultimately decreasing the reactor's 

production efficiency.  

Figure 8.13: (a) Effects of as a function of 𝑻𝒃 and 𝝉 on average 𝜶𝑯, and (b) ammonia production rate in the

hydrogenation stage at different 𝑻𝒃 for the simulated pilot-scale MHCLAS.

Influences of hydrogenation 𝑇𝑏 and the NC solid inventory on H2 conversion are shown in Figure 

8.14a. As hydrogenation 𝑇𝑏 and NC solid inventory increase, the H2 conversion also increases. At 



175 

𝑇𝑏 = 300°C with a solid inventory of 10 kg, the H2 conversion was approximately 35%. However, 

increasing the NC solid inventory to 18 kg increased this value to about 65%. In addition, while 

increasing gas velocity during the hydrogenation stage enhances fluidization, it decreases the H2 

conversion. For instance, when 𝑈𝑔 increases from 20 cm/s to 40 cm/s at 300°C, the H2 conversion 

declines from 75% to 40% (see Figure 8.14b). 

Figure 8.14: Effects (a) of 𝑻𝒃 and solid inventory, 𝑼𝒈=25 cm/s, and (b) 𝑼𝒈 and hydrogenation 𝑻𝒃 on average

H2 conversion in the simulated pilot-scale MHCLAS with 18 kg solid inventory. 

8.6. Conclusion 

In this study, a comprehensive multiphysics model was developed to investigate the interaction of 

MW with fluidized bed systems and to simulate key aspects of microwave-assisted chemical 

looping ammonia synthesis (MHCLAS), including electromagnetic field distribution, heat 

dissipation, temperature profiles, and reaction conversions during both the nitridation and 

hydrogenation stages. This work addresses a significant research gap, as few studies have explored 

MW-fluidized bed interactions or pilot-scale modeling of MHCLAS systems. 

The results demonstrated that the MWFB configuration effectively overcomes the penetration 

depth limitations of microwave heating, enabling the application of volumetric and selective 

heating on a larger scale. In addition, the analysis of temperature distribution under MW irradiation 

revealed lower gas-phase temperatures in the bubble phase compared to the emulsion phase, a 

condition that helps suppress undesired ammonia decomposition reactions and enhances overall 

reaction efficiency. 



176 

Parametric studies on 𝑈𝑔 and 𝑇𝑏 showed that increasing 𝑇𝑏 and decreasing 𝑈𝑔 increase nitrogen 

and hydrogen conversion. In addition, increasing the solid inventory of the NC increases nitrogen 

can hydrogen conversions. These insights are critical for optimizing reactor performance and 

guiding the scale-up of MHCLAS technology toward industrial implementation.  

Ultimately, the model predicts that ammonia production rates up to 30 g per kg of NC per cycle 

are attainable, confirming the feasibility and promise of the MHCLAS process for sustainable 

ammonia synthesis and energy storage applications. 
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Nomenclature 

𝛼𝑗 Extent of reaction 𝑗, [-] 

∆𝐻𝑟𝑥𝑛 Reactions enthalpy, [J/mol] 

𝜀0 Permittivity of free space, [F/m] 

𝜀′ Dielectric constant, [F/m] 

𝜀′′ Dielectric loss factor, [F/m] 

𝜀𝑒 Emulsion voidage, [-] 

𝜀𝑏 Bubble voidage, [-] 

𝜀𝑟, 𝑒𝑓𝑓 Effective permittivity, [-] 

𝜖 Dissipation rate, [m2/s3] 

μ𝑖
𝑚 Molecular dynamic viscosity, [Pa.s] 

𝜇𝑟, 𝑒𝑓𝑓 Effective permeability, [H/m] 

𝜇𝑇 Turbulent viscosity, [Pa.s] 

𝜎𝑟, 𝑒𝑓𝑓 Effective electrical conductivity, [S/m] 

𝜏𝑖 Stress tensor of phase 𝑖, [Pa] 

𝜔 Angular frequency of the EM, [rad/s] 
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𝜔𝑘 Mass fraction of component 𝑘, [-] 

𝜌𝑖 Density of phase 𝑖, [kg/m3] 

∅𝑖 Fraction of phase 𝑖, [-] 

𝐶𝜖1 Turbulent model constant, [-] 

𝐶𝜖2 Turbulent model constant, [-] 

𝐶𝜇 Empirical constant, [-] 

𝑐𝑘 Concentration of compound 𝑘, [mol/m3] 

𝐶𝑝 Heat capacity, [J/(kgK)] 

𝑑𝑝 Particle diameter, [µm] 

𝐷𝑒,𝑘 Effective diffusion coefficient, [m2/s] 

𝐸⃗ Electrical field, [V/m] 

𝑓𝑏 Bubble fraction, [-] 

𝐹𝑖 External force on phase 𝑖, [N] 

𝑔 Gas phase 

𝑔𝑔𝑟𝑎𝑣 Gravitational acceleration constant, [m/s2] 

ℎ𝑔𝑠 Convection heat transfer coefficient between gas and solid phases, [W/m2.K] 

𝐻⃗⃗ Magnetic field, [A/m] 

𝐻 Hydrogenation stage 

𝐽𝑘 Diffusive mass transfer of compound 𝑘 

𝑘 Kinetic energy of turbulent model, [m2/s2] 

𝑘0 Wavenumber in the vacuum, [1/m] 

𝑘𝑒𝑓𝑓 Effective conduction heat transfer coefficient [W/(mK)] 

𝑚𝑠𝑔 Mass transfer from solid phase to gas phase, [kg/s] 

𝑀𝑖 External force acting on phase 𝑖, [N/m3] 

𝑁 Nitridation stage 

𝑁𝑢 Nusselt number, [-] 

𝑝 Pressure, [atm] 

𝑃𝑘 Production term of turbulent kinetic energy, [m2/s3] 

𝑃𝑟 Prandtl Number, [-] 

𝑞 Conductive heat transfer rate, [W/(m2K)] 

𝑄𝑀𝑊 Heat dissipation rate, [W/m3] 

𝑄𝑟𝑥𝑛 Heat of reaction, [W/m3] 

𝑄𝑠𝑔 Heat transfer rate between solid and gas phases, [W/m3] 

𝑟𝑗 Reaction rate, [mol/(m3s)] 

𝑅𝑒𝑝 Reynolds Number, [-] 

𝑠 Solid phase 

𝑡 Time, [s] 

𝑇 Temperature, [K] 

𝑢⃗ 𝑔 Gas phase velocity, [m/s] 

𝑢⃗ 𝑠 Solid phase velocity, [m/s] 

𝑢⃗ 𝑚 Gas solid mixture velocity, [m/s] 

𝑈𝑔 Superficial gas velocity, [m/s] 
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𝑈𝑚𝑓 Minimum fluidization velocity, [m/s] 
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CHAPTER 9: TECHNO-ECONOMIC ASSESSMENT OF MICROWAVE 

HEATING-ASSISTED CHEMICAL LOOPING AMMONIA SYNTHESIS 

TECHNOLOGY  

9.1. Introduction 

In previous chapters, we introduced the microwave heating chemical looping ammonia synthesis 

(MHCLAS) technology, which enables ammonia production by decoupling nitrogen and hydrogen 

activation and applying selective and volumetric microwave (MW) heating. Our research 

demonstrated the effectiveness of a Mn, Fe, and Ba-based nitrogen carrier, which exhibited 

superior performance under both conventional and MW heating. Furthermore, we developed a 

reaction model to simulate and analyze pilot-scale reactor performance. This chapter presents a 

general techno-economic analysis of the developed MHCLAS technology, assessing economic 

constraints and identifying key areas for improvement in future developments. We performed all 

calculations based on USD currency, showing as $.  

9.2. Process development   

9.2.1. Process flow diagrams 

To implement MHCLAS technology, we proposed two different process flow diagrams (PFDs). In 

the first PFD, both the nitridation and hydrogenation stages are performed in a single reactor by 

simply switching the inlet gas from nitrogen to hydrogen (see Figure 9.1). This approach offers a 

simpler process and eliminates the need for solid circulation, thereby decreasing the risk of solid 

attrition. In the first stage, the nitridation process, nitrogen with 99.995% purity, produced by a 

membrane system, is introduced into a MW-heated fluidized bed containing NCs.  Membrane 

systems are one method of nitrogen purification, though the specific process can vary depending 

on manufacturing requirements and technical factors. Other common techniques for nitrogen 

production include pressure swing adsorption (PSA) and the cryogenic method. 

The nitrogen molecules dissociate and form lattice nitrogen (Figure 9.1a). In the second stage, the 

hydrogenation process, the inlet gas is switched to a hydrogen stream. The nitrided NCs are 

exposed to the hydrogen stream, resulting in ammonia production (Figure 9.1b). Hydrogen can be 
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supplied from various sources, such as water electrolysis [1], chemical looping dry reforming [2,3], 

or catalytic waste pyrolysis [4]. In the second PFD (refer to Figure 9.2), solid NCs circulate 

between the nitridation and hydrogenation stages. This approach requires a detailed reactor design 

to ensure stable solid circulation. However, it may also increase the risk of solid attrition.  

Figure 9.1: Scenario 1-MHCLAS PFD without solid circulation and performing the nitridation and 

hydrogenation stages by switching the inlet gas, (a) Nitridation stage, (b) Hydrogenation stage. 

Figure 9.2: Scenario 2-MHCLAS PFD with two reactors: nitridation and hydrogenation reactors. 
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9.2.2. Reactor design 

A major challenge in scaling up MW-heated reactors is the limited penetration depth of MWs. To 

overcome this, we proposed a double waveguide system that effectively expands the reactor's 

diameter while maintaining efficient MW interaction. We conducted a COMSOL Multiphysics 

simulation to analyze the radial distribution of the electric field during both the nitridation and 

hydrogenation stages. As shown in Figure 9.3, a diameter of 50 cm appears optimal; increasing the 

diameter beyond this may lead to non-uniform temperature distributions within the bed. The 

simulation methodology is similar to that described in Chapter 8, and Table 9.1 details the reactor 

parameters for both stages. 

Figure 9.3: Normalized electrical field distribution for (a) nitridation and (b) hydrogenation stages for 

reactors with different diameters.  
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Table 9.1: MHCLAS reactor characterizations. 

Particle diameter, µm 250 

Average particle density, kg/m3 4700 

Minimum fluidization velocity, 𝑈𝑚𝑓, cm/s 12 

Superficial gas velocity, 𝑈𝑔, cm/s 20-40

Nitrogen carrier weight per reactor, kg 700 

Reactor diameter, m 0.5 

Bed length, m 1.5 

Reactor material Stainless steel + Alumina 

Nitridation bulk temperature, °C 565 

Nitridation pressure, bar 1 

Nitridation time, min 10.0 

Minimum flow of N2/mass of NC, NL/kg per loop for nitridation 

reaction 
4.7 

Hydrogenation bulk temperature, °C 350 

Hydrogenation pressure, bar 1 

Hydrogenation time, min 5.0 

Nitridation to hydrogenation transition time, min 5.0 

Minimum flow of H2/mass of NC, NL/kg per loop 19.2 

Operation time, hr/year 8000 

Operation year 10 

The ammonia production rate in each reactor is directly influenced by the amount of solid 

inventory that can be loaded. One of the key challenges of MW heating systems is the limited MW 

penetration depth. However, by utilizing two MW waveguides instead of one, we can increase the 

reactor diameter to 0.5 meters, thereby enhancing the ammonia production rate to approximately 

1.7 tonnes per day per reactor (see Figure 9.4). 

This approach plays a crucial role in the industrialization of MHCLAS technology. By adopting a 

modular plant design, the total production capacity can be scaled up simply by increasing the 

number of reactors, making the system more flexible and efficient for large-scale applications.  
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Figure 9.4: Effect of reactor diameter on ammonia production rate per reactor. 

We designed the reactor to achieve a production rate of approximately 1.7 tonnes of ammonia per 

day. The proposed reactor has a diameter of 0.5 meters and a bed height of 1.5 meters before 

fluidization. We can construct the reactor from stainless steel and lining it with alumina. Alumina, 

being nearly transparent to MWs at MHCLAS operating temperatures, serves as a protective 

barrier in the bed [5]. Its presence prevents reaction gases from contacting the MW generator and 

protects it from potential damage, allowing MWs to pass through while keeping the gases 

separated from the generator. In addition, thermal insulators can be used to enhance thermal 

isolation and minimize heat loss from the system. 

For the first scenario, a single reactor is designed to perform both the nitridation and hydrogenation 

stages (see Figure 9.1). The nitridation reaction occurs over 10 minutes, while hydrogenation takes 

around 5 minutes, with an additional 5 minutes allocated for the transition from the nitridation 

bulk temperature (565°C) to the hydrogenation bulk temperature (350°C). Under these operating 

conditions, the ammonia production rate is around 30 gammonia/ kgNC per loop. 

9.3. Economic calculations 

9.3.1. CAPEX costs calculation  

In MHCLAS, the MW generator provides the required energy for the advancement of nitridation 

and hydrogenation reactions, this supplied heat supports the required energy for surpassing the 
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required activation reaction and the required energy for endothermic reaction (for hydrogenation 

stage when only Mn presents as NC). There are two main types of MW generators including 

magnetron-based and solid-state-based MW generators [link].  

Magnetrons are cheaper but have a shorter lifetime, i.e. up to 10,000 hours, compared to solid-

state magnetrons, i.e., around 100,000 hours. In addition, the available power for magnetrons on 

the market is limited to a maximum of 100 kW [link].  

Table 9.2  presents the capital expenditure (CAPEX) costs that we considered in this work for 

different items. Here, ISBL (Inside Battery Limits) refers to the equipment and their installation 

required within the process boundary, such as valves, safety equipment, and control systems. In 

contrast, OSBL (Outside Battery Limits) includes components external to the main process, such 

as utilities (see Eqs. (9.1) and (9.2)). For more details about ISBL and OSBL factors refer to Table 

9.3.  

𝐼𝑆𝐵𝐿 𝐶𝑜𝑠𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 × 𝐼𝑆𝐵𝐿 𝑓𝑎𝑐𝑡𝑜𝑟 (9.1) 

𝑂𝑆𝐵𝐿 𝐶𝑜𝑠𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 × 𝑂𝑆𝐵𝐿 𝑓𝑎𝑐𝑡𝑜𝑟 (9.2) 

The equipment cost was estimated using equations from the literature [6], while the cost of the 

solid-state MW generator was obtained through market inquiries. 

Table 9.2: Price of compounds contributing to CAPEX estimation. 

Item Rate 

Reactor 70,000 $/reactor 

Solid state MW generator 2 $/W 

Compressor 25,000 $/unit 

Separators 8,000 $/unit 

Cyclones 27,000 $/unit 

ISBL factor 0.70 

OSBL factor 0.20 

Engineering cost factor 0.05 

Contingency factor 0.05 
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Table 9.3: Factors associated with ISBL and OSBL. 

ISBL factor 

Installation costs 0.35 

Piping and instrumentation 0.15 

Construction and labor 0.15 

Electrical and utilities infrastructure 0.05 

Total 0.7 

OSBL factor 

Storage 0.04 

Safety and environmental systems 0.04 

Support facilities 0.08 

Project management and indirect costs 0.04 

Total 0.20 

Figure 9.5 presents the CAPEX cost distribution for an ammonia production capacity of 1.7 tonnes 

per day for scenario 1 and 3.5 ton/day for scenario 2, with a total CAPEX of $0.7 million and $1.4 

million, respectively. After ISBL costs, the MW generator and reactor represent the largest 

contributors to CAPEX.  

Figure 9.5: CAPEX costs distribution in percentage. 

9.3.2. OPEX costs calculation 

Hydrogen prices vary based on several factors, including production technique, country, 

environmental policies, feedstocks, and the energy source used for hydrogen generation. Various 

methods for hydrogen production are reported in the literature, including steam methane reforming 
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(SMR), gasification, pyrolysis, water electrolysis, and fermentation. In addition, the feedstocks 

required for these processes can range from fossil fuels to plastic and food waste [7–10]. 

The hydrogen color classification system is used to represent the environmental impact of different 

production techniques, for example, gray hydrogen is produced by fossil fuel reforming, which 

results in CO2 emissions. Blue hydrogen is derived from fossil fuels but incorporates carbon 

capture technologies to minimize CO2 emissions, and green hydrogen refers to zero-carbon 

emission hydrogen production such as water electrolysis. The price of green hydrogen is higher 

than blue hydrogen, and blue hydrogen is higher than green hydrogen [11,12].  

Hydrogen prices usually range from 1$ to 5$ per kilogram [13]. Electricity prices vary across 

different countries and regions. In Canada, electricity costs range from 0.03$ to 0.2$ per kWh, 

whereas in countries such as Morocco, prices can reach 0.116$ per kWh.  

Nitrogen is a crucial component in MHCLAS, with its cost varying based on production capacity 

and required purity levels. For nitrogen with 99.995% purity, the estimated energy consumption is 

0.68 kWh per cubic meter. Given regional electricity price differences, the cost of nitrogen can 

range from 0.03$ to 0.30$ per kilogram for a facility producing more than 500,000 m3/year. For 

more details associated with OPEX cost calculations, refer to Table 9.4 [link].  However, further 

research is needed to evaluate the impact of lower nitrogen purity on MHCLAS performance. 

Table 9.4: Price ranges of compounds contributing to OPEX estimation. 

Item Rate 

Hydrogen 1-5 $/kg

Nitrogen 0.03-0.3 $/kg 

Electricity 0.03-0.20 $/kWh 

Nitrogen carrier 10 $/kg 

NC lifetime 2 years 

Electricity-to-MW efficiency 50% 

Maintenance and repair cost 0.03 total CAPEX 

Ammonia separation cost based on the cryogenic 

technique 
10 $/ton ammonia 

Return on investment (ROI) factor 0.2 
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9.4. Sensitivity analysis 

9.4.1. Effect of hydrogen price 

Hydrogen prices range from 1$/kg to 5$/kg, depending on the production method, with green 

hydrogen costing between 2.5$/kg and 5$/kg. (see Figure 9.6). 

 
Figure 9.6: Effect of hydrogen price on ammonia production cost, electricity price: 0.054$/kWh, nitrogen 

price: 0.05 $/kg. 

 

An increase in hydrogen price from 1$/kg to 5$/kg increases the ammonia production cost from 

approximately 470 $/ton to 1200 $/ton, highlighting the critical need for cost-effective, sustainable 

hydrogen production methods to minimize environmental impact. (see Figure 9.6). 

9.4.2. Effect of nitrogen price 

Nitrogen prices vary significantly depending on its purity. The primary methods for nitrogen 

production are pressure swing adsorption (PSA), cryogenic separation, and the membrane system. 

PSA can produce nitrogen with a concentration ranging from 95% to 99.999%, meeting the needs 

of various industries [link]. 

Higher nitrogen purity, which corresponds to lower oxygen content, increases production costs. As 

nitrogen prices rise, ammonia production costs can increase from approximately 730 $/ton to 900 

$/ton (see Figure 9.7). Therefore, developing cost-effective nitrogen production methods is 

essential to reducing overall ammonia production costs. 
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Figure 9.7: Effect of nitrogen price on ammonia production cost, hydrogen price: 2.5 $/kg, electricity price: 

0.054 $/kWh. 

9.4.3. Effect of electricity price 

To assess the electricity price effect on ammonia production cost, we analyzed a wide range of 

electricity prices (see Figure 9.8). When electricity prices increase from 0.03$/kWh to 0.2$/kWh, 

ammonia production costs increase from approximately 750 $/ton to 860 $/ton. However, with 

ongoing advancements in renewable energy technologies, we anticipate that electricity costs will 

decrease further, potentially lowering ammonia production costs in the future (refer to Figure 9.8). 

In our calculations, we assumed an electricity-to-MW conversion efficiency of 50%. 

Figure 9.8: Effect of electricity price on ammonia production cost, hydrogen price: 2.5 $/kg, nitrogen price: 

0.05 $/kg. 
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The efficiency of converting electricity into MW energy varies depending on the type of generator 

used. Magnetron-based systems typically achieve electricity-to-MW efficiencies of up to 65%, 

whereas solid-state MW generators reach up to 60%. In our techno-economic assessment, we 

assumed a conservative electricity-to-MW conversion efficiency of 50%, acknowledging that this 

value may improve with ongoing advancements in MW heating technologies. Although solid-state 

MW generators generally exhibit lower conversion efficiency, they offer superior control over 

frequency and power output, making them suitable for precision applications. Moreover, solid-

state systems demonstrate significantly longer operational lifespans, with lifetimes reaching up to 

100,000 hours, compared to a typical maximum of 10,000 hours for magnetron-based systems (see 

Table 9.5). 

Table 9.5: Comparison between magnetron and solid-state MW generators. 

Parameter Magnetron Solid-State MW Generator 

Electricity-to-MW efficiency 50–70% 30–60% 

Power Range Up to ~100 kW (for a single 

unit) 

Up to ~30 kW (for a single unit); 

scalable by modular installation up 

to 400 kW 

Frequency Stability Poor Excellent 

Lifetime, hours 2,000–10,000 20,000–100,000 

Maintenance Non-repairable; should be 

replaced after damage 

Commonly, components are 

replaceable 

Price (CAPEX) Low High (~2–4× magnetron for same 

power) 

Operating Cost (OPEX) Higher Lower 

Scalability Limited due to the maximum 

available power 

Excellent (modular systems can be 

combined) 

In terms of OPEX, hydrogen costs represent the largest portion, accounting for approximately 70% 

of total OPEX. This is followed by electricity costs, which make up 11%. In this calculation, labor 

and land costs are excluded due to their variability across different operating regions. 
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Figure 9.9: OPEX costs distribution, hydrogen price: 2.5 $/kg, nitrogen price: 0.05 $/kg, electricity price: 

0.054 $/kWh. 

9.5. Conclusion 

In this chapter, we presented a general techno-economic analysis and reactor design to provide an 

overview of the MHCLAS technology scale-up. The results indicated an ammonia production cost 

of approximately 700 $/ton, with the potential to decrease to 400 $/ton. However, more detailed 

reactor design and techno-economic studies are necessary to support the further industrialization 

of MHCLAS technology. 
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CHAPTER 10: GENERAL DISCUSSION 

In this study, we successfully developed the MHCLAS technology, which separates the N2 and H2 

dissociation reactions into two independent stages named nitridation and hydrogenation. To 

provide the energy required for these reactions, we utilized MW heating. MW heating offers 

selective, rapid, and volumetric energy transfer, enabling direct interaction with solid phases while 

the gas phase remains transparent. This unique characteristic creates a temperature gradient 

between the gas and solid phases, reducing the gas-phase temperature and thereby minimizing the 

risk of secondary reactions, such as ammonia decomposition. 

We employed COMSOL Multiphysics to model and simulate the interaction of MWs with various 

systems, including a single MW-absorbing particle, monoliths, and fixed beds containing solid 

MW-absorbing particles. Our study explored the influence of key variables—such as Ug, reaction 

heat, and the placement of temperature measurement probes at the microscale—on the temperature 

differential between gas and solid phases. To ensure the accuracy and reliability of our model, we 

first verified and validated it using data from the literature as well as our own laboratory 

measurements. In addition, we estimated the solid surface temperature and temperature at specific 

distances from the surface by implementing a virtual thermocouple. 

The simulation involved exposing a single particle to a gas stream with different Ug ranging from 

0 to 3 m/s. The results indicated that increasing Ug led to a rise in the temperature difference 

between the gas and solid phases. However, the rate of change in this temperature difference 

decreased when Ug was increased beyond 1 m/s. At an operational temperature of approximately 

470°C, the maximum observed temperature difference was 276°C. 

We also examined this temperature difference under various reaction conditions, including non-

reactive, endothermic, and exothermic scenarios. The results revealed a decreasing trend in the 

temperature difference as the reaction type shifted from endothermic to non-reactive and finally to 

exothermic. In addition, we evaluated the impact of a virtual thermometer probe on the estimated 

gas-solid temperature difference. It was found that this variable significantly influenced the 

measurement outcomes. For instance, increasing the probe distance from the particle’s surface 

from 50 µm to 1000 µm resulted in a temperature difference increase from 36 °C to 261 °C. These 
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findings showed the potential inaccuracies of bulk temperature measurement techniques and 

highlighted the importance of precise measurement methods in MW-heated systems. 

We investigated the distribution of EM field in fixed-bed reactors at laboratory scale. The findings 

revealed a high probability of hotspot formation in fixed-bed reactors, making small reactor sizes 

(with an inner diameter <3 cm) preferable for kinetic studies. In addition, to mitigate the effects of 

hotspots during MW irradiation, we recommended the use of fluidized bed reactors. 

We examined the impact of bed voidage on the penetration depth of MWs in fixed-bed reactors, a 

critical factor for scaling MW reactor designs for industrial applications. For SiC particles, an 

increase in bed voidage from 0.2 to 0.9 resulted in a significant enhancement of MW penetration 

depth, expanding from approximately 5 cm to 55 cm. This observation underscores the importance 

of the bed voidage and reactor diameter for efficient MW energy distribution in both fixed and 

fluidized bed systems. 

After confirming the effectiveness of MW heating for various reaction types, including 

endothermic and exothermic reactions, we conducted a systematic study to identify suitable NCs 

for MHCLAS. This process involved analyzing information from literature, conducting 

thermodynamic studies, and evaluating key factors such as availability, toxicity, and melting point. 

An ideal NC should form nitride phases under a nitrogen stream and allow these nitrides to react 

with a hydrogen stream to produce ammonia and nitrogen-depleted NCs. 

Based on these criteria, we selected Mn, Fe, and Ba as the core elements for our NCs and explored 

different synthesis strategies. We developed three NCs: Mn-Fe: mechanical, Mn-Fe: 

coprecipitation, and Mn-Fe-BaH2: coprecipitation. The proposed NCs demonstrated effective 

interactions with MWs during all stages of MHCLAS, including the nitridation and hydrogenation 

phases. 

Among the synthesized NCs, those produced via the coprecipitation method exhibited superior 

MW interactions compared to the mechanical approach. This improvement is attributed to the 

presence of small amounts of residual oxide phases formed during the activation stage. In addition, 

Mn-Fe: coprecipitation outperformed Mn-Fe-BaH2: coprecipitation due to the weaker MW 

interaction of BaH2. While BaH2 showed a higher activity for ammonia synthesis by employing 

CLAS technology, its limited MW responsiveness reduced the overall interaction efficiency in Mn-
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Fe-BaH2 compared to Mn-Fe. However, the incorporation of Mn and Fe into the NC structure 

helped partially offset the weak MW interaction of BaH2. 

We conducted nitridation reactions at temperatures ranging from 350 °C to 700 °C over three 

synthesized NCs. The formation of nitride phases in the NCs was confirmed through SEM-EDS, 

XRD, and TGA analyses. For NCs produced by the coprecipitation method, nitrogen distribution 

was more uniform compared to those synthesized through the mechanical approach, indicating 

effective interaction among the elements within the NC structure. 

While Fe does not form nitride phases as a single metallic element under atmospheric pressure, 

combining it with elements that establish strong nitrogen bonds facilitated the formation of iron 

nitrides. Mass gain measurements during the nitridation process revealed up to a 10 wt% increase 

under a nitrogen stream. Furthermore, the application of MW heating enhanced NC weight gain in 

the nitridation stage compared to conventional heating methods, attributable to the elevated solid-

phase temperatures achieved through MW heating. 

We performed the hydrogenation stage by introducing a H2 stream over the nitrided NCs, with the 

resulting ammonia absorbed by applying two/three sequential gas washers. The reaction of 

ammonia with deionized water produced ammonium hydroxide, and its concentration was 

monitored by employing a calibrated ion-selective electrode (ISE) that measures ammonia solely. 

The results demonstrated that MW heating significantly enhanced the ammonia production rate 

compared to conventional heating. This improvement is attributed to the lower gas-phase 

temperatures in MW-heated systems, in contrast to conventionally heated reactors where the gas 

and solid phases commonly are maintained at equal temperatures. 

Among the synthesized NCs, Mn-Fe-BaH2 exhibited superior performance. This was attributed to 

the presence of BaH2 and Fe, which facilitate the hydrogenation process by modifying the NC-N 

bond and decreasing its strength. The hydrogenation reaction was studied across a temperature 

range of 150 °C to 350 °C, with results indicating a consistent increase in ammonia production 

rates as the temperature increased. 

After establishing the proof of concept and identifying the most suitable NC for MHCLAS, we 

conducted a comprehensive intrinsic kinetic study for both the nitridation and hydrogenation 

stages. The developed kinetic models were designed to be independent of external and internal 
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mass transfer limitations, making them highly applicable for subsequent stages of technology 

development such as reactor modeling and design. 

Our studies revealed that activation energies estimated by applying bulk temperatures were lower 

than those calculated based on solid-phase temperatures. This discrepancy suggests that previous 

studies in the literature may have underestimated temperatures, often attributing the differences to 

the non-thermal effects of MW heating. However, in gas-solid reactions under MW irradiation, 

neither activation energy nor pre-exponential factors should change when compared to those 

obtained under the conventional heating approach. However, the selective heating nature of MWs 

can, under certain conditions, lead to variations in reaction mechanisms. These findings emphasize 

the critical need for precise temperature measurement in MW-heated systems to ensure accurate 

and reliable kinetic analyses. 

To ensure the accuracy of the developed models, we studied temperature distribution in the MHFB 

to achieve isothermal conditions suitable for kinetic studies. In addition, a stability analysis was 

conducted to identify the optimal temperatures for the nitridation and hydrogenation reactions to 

maintain the ammonia production rate nearly constant across multiple cycles. 

In this study, the intrinsic activation energy for the nitridation reaction was determined to be 27.3 

kJ/mol, while the hydrogenation reaction exhibited an activation energy of 25.5 kJ/mol in the 

MHCLAS process, based on solid-phase temperature measurements. The nitridation reaction was 

best described by the contracting sphere or shrinking core model, whereas the hydrogenation stage 

was most accurately represented by the Avrami-Erofeev models. These findings provide a solid 

foundation for further MHCLAS technology development and reactor design. 

In the next phase, we applied the developed reaction kinetic models to model and simulate lab and 

pilot-scale MHCLAS reactors for both nitridation and hydrogenation stages. By employing 

COMSOL Multiphysics, we integrated Maxwell's equations with mass balance, heat balance, 

hydrodynamics, and reaction kinetics. We proposed a design in which these two stages could be 

conducted within a single reactor by alternating the inlet gas, while applying N2 for nitridation and 

H2 for hydrogenation. First, we validated the lab-scale model by comparing its results with 

experimentally obtained bulk and solid temperatures, as well as the extents of nitridation and 

hydrogenation reactions. The strong agreement between the model predictions and experimental 

data confirmed the model’s accuracy and reliability. 
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Next, we applied the validated model to simulate pilot-scale MHFB reactors—an approach that, 

to the best of our knowledge, remains rare in MHFB system simulations and not only for MHCLAS 

technology. Our analysis of EM field distribution, temperature dissipation, and bulk temperature 

uniformity revealed that, due to the selective nature of MW heating, regions with higher gas 

concentrations exhibited lower bulk temperatures. This phenomenon was attributed to the MW 

transparency of the gas phase. In addition, the EM field distribution within the fluidized bed 

demonstrated that implementing fluidization effectively mitigates MW penetration depth 

limitations and the exponential attenuation of MWs in MW-heated reactors. Moreover, we 

investigated the impact of bulk temperature, solid inventory, and superficial gas velocity on gas 

and solid-phase reaction conversions. These findings offer valuable insights for optimizing key 

operating parameters to enhance MHCLAS performance—specifically, maximizing ammonia 

production rates while minimizing energy and material consumption. 

In the final stage of this thesis, we conducted a general techno-economic analysis and proposed an 

industrial-scale ammonia production plant utilizing MHCLAS technology. Our findings suggest 

that implementing two MW waveguides could effectively overcome the challenge of limited MW 

penetration depth. In addition, our analysis estimates that the ammonia production cost can be 

reduced to as low as $400 per ton. Further reactor design studies are required to facilitate the 

industrialization of MHCLAS. However, the results of this study show a promising pathway for 

its implementation. 
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CHAPTER 11 CONCLUSION AND RECOMMENDATIONS 

11.1. Conclusion 

We conducted a comprehensive study to advance the development of MHCLAS technology. The 

project began with identifying a key research gap in the transition to renewable energy storage, 

such as the need for mild-condition ammonia synthesis. MHCLAS addresses this challenge by 

decoupling nitrogen and hydrogen activation, thereby overcoming the competitive molecular 

activation issues between N2 and H2 inherent in conventional catalytic ammonia synthesis 

approaches. In addition, by utilizing selective MW heating, we supplied heat to the solid phase 

while maintaining a lower temperature in the gas phase. This approach not only enhances reaction 

control but also supports process electrification, contributing to the decarbonization of the 

chemical industry. Beyond its environmental advantages, MW heating has the potential to reduce 

energy consumption while improving reaction rates and selectivity. 

As part of this thesis, we developed and simulated models to assess the microscale temperature 

gradients between gas and solid phases, which are critical in suppressing secondary gas-phase 

reactions such as ammonia decomposition. 

Following this, we systematically evaluated potential NC elements, ultimately synthesizing the 

most promising candidates by applying mechanical and coprecipitation approaches. We tested the 

activation of Mn-Fe and Mn-Fe-BaH2 NCs under both nitridation and hydrogenation conditions. 

The results demonstrated that Mn-Fe-BaH2 exhibited superior activity compared to Mn-Fe NCs 

synthesized through either approach. Moreover, the developed NCs not only showed strong 

reactivity during both reaction stages but also effectively interacted with MWs, enhancing their 

overall performance. 

After successfully proving the concept, we conducted an in-depth kinetic study to estimate intrinsic 

kinetic parameters for both nitridation and hydrogenation stages. These kinetic models were 

subsequently implemented for lab- and pilot-scale MHCLAS reactor modeling and simulation. 

Through a comprehensive approach encompassing proof of concept, kinetic analysis, and reactor 

modeling, our findings demonstrate that MHCLAS is a promising solution for the decarbonization 

and decentralization of ammonia production. This technology holds great potential not only for 

renewable energy storage but also for competing with the industrial HB process at large production 

scales for other application. 



201 

11.2. Recommendations for future studies  

11.2.1. NCs screening by applying DFT tools 

To enhance the ammonia production rate in MHCLAS technology, exploring a diverse range of 

elements and their combinations is a practical approach. The use of DFT tools can play a crucial 

role in analyzing the interactions of various elements/metals during the nitridation and 

hydrogenation stages. In this study, we implemented an initial selection strategy for NCs based on 

factors such as the thermodynamic favorability of nitridation and hydrogenation reactions, melting 

points, toxicity, and cost. Complementing this approach with DFT analysis offers deeper insights 

into the interactions between different metals [1]. In addition, conducting an aging test can be an 

effective approach to investigate the behavior of Mn–Fe solid solutions during the nitridation and 

hydrogenation stages. The formation of such solutions alters the redox characteristics of the 

nitrogen carriers throughout both steps. Mn and Fe exhibit mutual solubility across a wide 

temperature range, and their interaction may enhance the performance of ammonia synthesis. 

However, studying their behavior under more severe operating conditions and extended durations 

can yield valuable insights into long-term stability and potential degradation mechanisms.  

This study revealed that the presence of oxides can enhance the MW heating efficiency of the NCs. 

However, these oxides may also exhibit catalytic properties, which should be explored in future 

studies. 

11.2.2. Reactor design for MHCLAS 

MW heated reactors face several challenges, including limited MW penetration depth, constraints 

on reactor size, spark formation, and difficulties in accurate temperature measurement. However, 

these limitations can be addressed by implementing optimally designed reactors, paving the way 

for the industrial adoption of MW heating not only for MHCLAS but also for a wide variety of 

chemical reactions. 

To mitigate the issue of limited MW penetration depth, a multi-waveguide strategy offers a 

promising solution. Simulation tools like COMSOL Multiphysics can help in designing reactors 

that minimize the risk of standing wave formation and ensure more uniform temperature 

distribution. 
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Spark formation poses another significant challenge in MW-heated reactors. Sparks can arise from 

the presence of solid particles or metallic components, such as thermocouples, reactor connections, 

or reactor walls. These sparks generate extremely high temperatures (exceeding 1200 °C in some 

cases), which can damage catalysts/reactive solids and decrease their reactivity. Conducting 

dedicated studies to design reactors with minimal risk of spark formation is essential for improving 

reactor performance and safety. 

Despite extensive efforts to develop temperature measurement techniques under MW irradiation, 

there remains a lack of reliable, safe, stable, and non-intrusive methods for accurately measuring 

temperatures in bulk, gas, and solid phases. This challenge is further intensified in larger reactors, 

making the development of advanced temperature measurement solutions a critical area of 

research. 

11.2.3. Plasma-MW-assisted CLAS 

Plasma implementation in the hydrogenation stage can elevate the risk of ammonia decomposition 

after its formation due to direct ionization of the gas phase in plasma-assisted reactors. However, 

the nitridation stage is well-suited for plasma application, as it requires nitrogen molecule 

dissociation. 

 To safeguard the produced ammonia during the hydrogenation stage, maintaining a lower gas-

phase temperature is essential, and MW heating provides an effective solution for this purpose. 

Therefore, designing reactors capable of utilizing plasma for nitridation and MW heating for 

hydrogenation is crucial for optimizing the performance and advancing this technology.  
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APPENDIX 1: ATTRITION TEST 

To assess the NC’s resistance to attrition in a fluidized bed reactor, we utilized a jet fluidized bed 

to measure the erosion rate of particles. The inlet gas flow was maintained at 5 L/min for 1 hour, 

and bed attrition was quantified based on the mass of particles collected at the fluidized bed exit. 

𝐴ℎ = 
𝑚̇𝑓𝑖𝑛𝑠

𝑚0

(1) 

Where 𝑚̇𝑓𝑖𝑛𝑠 is the mass rate of collected particles and 𝑚0 it the initial NC weight which is 40 g. 

We conducted the test three times, and the results indicated a solid attrition rate of approximately 

0.08%/h. Under these conditions, applying a jet with an orifice velocity of around 260 m/s (orifice 

diameter=𝑑𝑜=0.63 mm), the attrition rate was significantly higher than that observed under 

standard operating conditions in the bed. However, when compared to the values reported by 

Lyngfelt et al. [1], our findings suggest that the NCs exhibit a lower attrition rate than those 

documented in the literature (i.e., 0.05–0.33%/h) for chemical looping combustion using Mn-based 

ore. Figure S1-1 shows the experimental setup that was applied for attrition measurement. 

Figure S1-1: Experimental setup for NCs attrition measurement in this study [2]. 
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APPENDIX 2: THERMODYNAMIC CALCULATIONS 

A2.1. Thermodynamics of conventional catalytic ammonia synthesis 

We performed thermodynamic calculations by applying FactSage 8.3 to analyze the behavior of 

conventional catalytic ammonia synthesis, such as the Haber-Bosch (HB) process. Our study 

focused on a nitrogen-to-hydrogen molar ratio of 1:3, evaluating the impact of temperature (25–

1000 C) and pressure (1–750 bar) on the equilibrium composition of ammonia. 

As illustrated in Figure S2.1, since ammonia synthesis is an exothermic reaction, higher 

temperatures thermodynamically hinder ammonia formation. However, increasing the operating 

pressure can suppress the adverse effect of elevated temperatures on ammonia decomposition. 

Due to the high stability of nitrogen molecules compared to hydrogen, ammonia synthesis by HB 

process requires catalysts, e.g., iron-based catalysts, to proceed effectively at temperatures above 

400°C. Ammonia becomes thermodynamically unstable at these temperatures and tends to 

decompose (see Figure S2.1). This is why the HB process operates under harsh conditions (400–

600°C, 100–300 bar) to overcome thermodynamic and kinetic limitations. 

Figure S2.1: Thermodynamic calculations of catalytic ammonia synthesis at different temperatures and 

pressures performed by FactSage 8.3.  

A2.2. Thermodynamics of nitridation stage 

As shown in Figure S2.2, Mn and BaH2 react to form nitrides, with the specific nitride phase 

depending on temperature and the N2/NC mass ratio. For instance, increasing the temperature 

sequentially transforms Mn nitrides from Mn6N4 to Mn3N2, then to Mn2N, and finally to Mn4N 
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(see Figure S2.2a). In addition, a lower N2/NC mass ratio can promote the formation of Mn3N2 

and Mn4N at lower temperatures (Figure S2.2b). 

Nitridation of BaH2 to Ba3N2 begins at 250°C and is fully completed around 550°C. However, 

alkali hydride imides were not included in the FactSage database. During the nitridation process, 

BaH2 initially forms BaNH or Ba(NH2)2, and with increasing temperature, Ba3N2 can subsequently 

be produced. 

Figure S2.2: Thermodynamic calculations of nitridation reaction based on Mn-Fe-Ba-based NC (a) Mn, (b) 

BaH2. 

A.2.3. Thermodynamics of hydrogenation stage

Following the nitridation stage, we identified the formed nitrided compounds and exposed them 

to a hydrogen stream. The results indicated that ammonia remained stable below 200°C but 
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gradually decomposed as the temperature increased, reaching complete decomposition at 700°C 

(see Figure S2.3a). However, in the HB process, at atmospheric pressure, ammonia decomposes 

completely at 350°C (Figure S2.3b). MHCLAS, benefiting from the separation of nitridation and 

hydrogenation stages along with the implementation of selective MW heating, can be conducted 

at a bulk temperature of 300 °C, while the gas-phase temperature for the hydrogenation stage can 

be as low as 250 °C. In contrast, the HB process operates at temperatures ranging from 400 to 600 

°C. 

Figure S2.3: Thermodynamic calculations of ammonia yield for (a) CLAS, (b) HB process at atmospheric 

pressure.  

In addition, thermodynamic analysis of the solid phase during the hydrogenation stage revealed 

that full conversion of nitrided compounds requires temperatures between 400–550°C (see Figure 

S2.4). However, optimizing the temperature is crucial to achieving a balance between ammonia 

formation and solid-phase conversion. This is why we conducted the hydrogenation stage at bulk 

temperatures up to 350°C.  Moreover, in MHCLAS, the gas-phase temperature is lower than the 

bulk temperature, which helps prevent ammonia decomposition, while the solid-phase temperature 

is higher, enhancing the thermodynamics of nitride conversion to ammonia. 
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Figure S2.4: Thermodynamic of solid phase during the hydrogenation stage.  
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APPENDIX 3: NITROGEN CARRIER SELECTION STRATEGY 

We systematically selected potential elements for NC selection by identifying those capable of 

forming a nitride solid phase (highlighted in blue and green). In addition, we excluded rare, toxic, 

radioactive elements, as well as those with low melting points (i.e., lower than 400°C). As a result, 

we finalized a selection of 10 elements: Mg, Ca, Ti, Zr, Cr, Mo, Mn, Fe, Zn, and Al (see Figure 

S3.1). We determined the potential for nitride formation in various elements through 

thermodynamic calculations. 

Figure S3.1: Potential NC elements identification. 

When the Gibbs free energy variation of the transient metals (TMs) nitride is more negative, the 

resulting nitride compounds are more stable. In this context, elements with Gibbs free energy 

variation values closer to zero (∆𝐺 ≈  0) are more favorable, as their nitrides are less stable and 

can be more easily reduced during the hydrogenation stage for ammonia formation. Based on this 

criterion, Fe, Mn, and Cr emerge as promising candidates (see Figure S3.2). For more information, 

please refer to Chapter 6, Article 3.  We applied a similar strategy for the hydrogenation stage, 

where elements with Gibbs free energy variations close to ∆𝐺 = 0 are more favorable candidates 

(see Figure S3.3). 
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Figure S3.2: Gibbs free energy variation of different TMs in the nitridation stage (P=1 atm). 

Figure S3.3: Gibbs free energy variation of different elements in the hydrogenation stage (P=1 atm). 
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1. Nitrogen carrier’s optimization

In our preliminary studies (refer to Section 6.2.4 for the experimental procedure), we optimized 

compositions of adopted nitrogen carriers (NCs) based on their ammonia production rates and 

ability to be heated under microwave (MW) irradiations (see Figure S4.1 below). 

For Mn-Fe mechanical NCs, we investigated the effect of iron (Fe) wt.% relative to manganese 

(Mn) wt.%. Results indicated that increasing the Fe content initially enhances the ammonia 

production rate, but it declines beyond a certain threshold. The highest ammonia production rate 

was at a Mn: Fe mass ratio of 4: 1. 

We observed a similar trend for Mn-Fe NCs synthesized via coprecipitation. However, due to more 

uniform interactions between the elements (i.e., Mn, Fe) in this approach, we recorded a higher 

ammonia production rate with this NC compared to what was synthesized through the mechanical 

approach. For the Mn-Fe NCs synthesized via coprecipitation, we achieved the maximum rate of 

ammonia production at a manganese nitrate ((Mn(NO3)24.H2O) to iron nitrate (Fe(NO3)39.H2O) 

mass ratio of 1: 1.5. 

For Mn-Fe-BaH2 NCs, we examined the effect of the barium fluoride (BaF2): (Mn(NO3)2·4H2O) 

solution mass ratio was examined. Increasing this ratio initially led to an increase in the ammonia 

production rate, followed by a decline. The maximum ammonia production rate was at a BaF2: 
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Mn(NO3)2·4H2O mass ratio of 1: 4. The presence of Fe in the Mn-Fe-BaH2 NCs with a BaF2: 

Fe(NO3)39.H2O mass ratio of 1: 1 enhanced MW heating capability of the synthesized NCs, 

enabling them to reach the required temperatures in this work. 

Figure S4.1: Optimization of NC compositions during the synthesis process: (a) Mn-Fe: mechanical, (b) Mn-

Fe: coprecipitation, and (c) Mn-Fe-BaH2: coprecipitation. 
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S-1. Ion-selective electrode standard curve

The following figure presents the standard calibration curve obtained using the ion-selective electrode (ISE) 

employed in this study. A high-performance ammonia ISE (9512HPBNWP) was used, and calibration was 

cross-verified before each measurement to ensure analytical accuracy. 

Figure S5-1: Standard curve of ISE applied for ammonia quantification in this study. 
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S-2. BET isotherms

Figure S5-2 presents the BET adsorption–desorption isotherms of the synthesized nitrogen carriers after

one and 10 cycles at a bulk nitridation temperature of 630 °C. As shown in Figure S5-2a, the sample after 

one cycle exhibits a H4 hysteresis loop, indicative of mesoporosity. In contrast, Figure S5-2b displays a 

significantly reduced adsorption volume after ten cycles, corresponding to a surface area decrease from 

1.6 m²/g to 0.4 m²/g, suggesting notable textural degradation. 

Figure S5-2: a) BET adsorption–desorption isotherms of the sample after one cycle at a nitridation bulk temperature 

of 630 °C; b) BET isotherms of the same sample after 10 cycles at a nitridation bulk temperature of 630 °C. 

S-3. R2 and RSS of different reaction models

Tables S5-1 and S5-2 present the R² and RSS values for various kinetic models applied to study the 

kinetics of the nitridation and hydrogenation stages. 



215 

Table S5-1: R² and RSS values for different kinetic models applied for the nitridation stage. 
Mechanism R2 RSS 

One-dimensional diffusion-D1 0.9820 0.0097 

Two-dimensional diffusion-D2 0.9830 0.0091 

Three-dimensional diffusion-D3 0.9744 0.0112 

Mampel (first order)-R1 0.9561 0.0226 

Second order- R2 0.9614 0.0106 

Third order- R3 0.9656 0.0118 

Contracting cylinder-C2 0.9781 0.0103 

Contracting sphere-C3 0.9855 0.0080 

Table S5-2: R² and RSS values for different kinetic models applied for the hydrogenation stage. 
Mechanism R2 RSS 

Avrami-Rrofeev-1 0.9270 0.0183 

Avrami-Rrofeev-2 0.9760 0.0198 

Avrami-Rrofeev-3 0.9863 0.0076 
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APPENDIX 6: ADDITIONAL EXPLANATIONS 

Conventional heating 

To compare MW heating with conventional heating systems, we used a stainless-steel reactor with 

walls heated by induction. Due to the skin effect, the magnetic field does not penetrate the reactor 

walls, and heat is transferred from the walls toward the interior of the bed, effectively simulating 

conventional heating conditions. 

Alternative methods for mimicking conventional heating include placing resistive wires or heating 

elements inside the reactor. In such configurations, heat is transferred to the gas–solid system via 

conduction and convection. However, achieving uniform temperature distribution within the bed 

is more challenging in these setups. 

In our comparisons, we maintained a constant bulk temperature for both MW and conventional 

heating systems. Under conventional heating, the gas and solid phases were assumed to be at 

thermal equilibrium, and temperature was measured by a thermocouple that was placed in the 

dense bed. In contrast, under MW heating, the solid-phase temperature, measured by a pyrometer, 

was higher than the bulk temperature due to selective heating of the solids. 

The primary goal of MW heating in MHCLAS is to maintain a lower gas-phase temperature to 

suppress ammonia decomposition. Therefore, preheating of the inlet feedstock is not 

recommended. For future industrial-scale development, a detailed energy optimization strategy is 

necessary to minimize the overall energy consumption of the MHCLAS process. 

Lamina flow assumption 

Based on the following calculations, the Reynolds number for a single particle with a diameter of 

500 μm exposed to a nitrogen gas stream at 500 °C and a superficial gas velocity of up to 3 m/s 

indicates a laminar flow regime. Since our operating conditions remain below this velocity, the 

laminar flow assumption is valid for the analysis presented in Article 2. Furthermore, comparisons 

with results obtained using Navier–Stokes and k-ε turbulence models at higher velocities show 

negligible deviations, confirming the robustness of this assumption. 
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𝑅𝑒𝑝 =
𝜌𝑈𝑔𝑑𝑝

𝜇
=

0.375 × 3 × 500 × 10−6

4.1 × 10−5
= 13.7 

Table S6-1: Different flow regimes for a single particle exposed to nitrogen flow. 

𝑅𝑒𝑝 < 1 Creeping flow 

1 < 𝑅𝑒𝑝 < 20 Laminar flow 

20 < 𝑅𝑒𝑝 < 1000 Transient flow 

𝑅𝑒𝑝 > 1000 Turbulent flow 

Theoretical NCs' weight gain 

The maximum weight gain of NCs depends on their composition and the specific nitride phases 

formed. For Mn, the formation of Mn3N2 results in a theoretical maximum weight gain of 

approximately 17 wt.%. In the case of iron, the formation of Fe4N corresponds to a weight gain 

of about 6.5 wt.%. For barium, the formation of BaNH yields a maximum weight gain of around 

11 wt.%. These theoretical values were calculated based on the elemental composition of the 

components within the NCs. 

Nitridation and hydrogenation reactions 

Reactions during the nitridation stage:  

4𝑀𝑛 + 0.5𝑁2 → 𝑀𝑛4𝑁

4𝑀𝑛4𝑁 + 𝑁2 → 3𝑀𝑛3𝑁2

4𝐹𝑒 + 0.5𝑁2 → 𝐹𝑒4𝑁

𝐵𝑎𝐻2 + 0.5𝑁2 → 𝐵𝑎𝑁𝐻
Reactions during the hydrogenation stage:  

𝑀𝑛3𝑁2 + 𝐻2 → 𝑀𝑛4𝑁 + 𝑁𝐻3

𝑀𝑛4𝑁 + 𝐻2 → 𝑀𝑛 + 𝑁𝐻3

𝐹𝑒4𝑁 + 𝐻2 → 𝐹𝑒 + 𝑁𝐻3

𝐵𝑎𝑁𝐻 + 𝐻2 → 𝐵𝑎𝐻2 + 𝑁𝐻3

Corrections 

1. FexOy in Figure 6.6 refers to Fe2O3.

2. In Eq. (5.1) 𝜇𝑟 is relative permeability.

3. In Table 5.1, relative permittivity is unitless




