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RESUME

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’hydrogene
vert (Hz), produit a partir d’électricité renouvelable, représente une solution de stockage
prometteuse. Cependant, sa forte inflammabilité et 1’énergie nécessaire a sa liquéfaction ou a sa
compression posent de sérieux défis. La conversion de 1’hydrogéne vert en ammoniac constitue
une alternative plus stlre et plus pratique, réduisant jusqu’a trois fois les cofits de stockage et de
transport, car I’ammoniac peut étre liquéfié dans des conditions plus douces. Le procédé Haber-
Bosch (HB) est largement utilisé pour la production d’ammoniac, mais il nécessite des conditions
extrémes (100-300 bar, 450-600°C) et n’est économiquement viable qu’a grande échelle (1000—
5000 tonnes/jour).

Dans cette theése, nous avons introduit la technologie de synthése d’ammoniac par bouclage
chimique assisté par chauffage micro-ondes (MHCLAS). En intégrant le chauffage micro-ondes
(MW) a la synthése d’ammoniac par bouclage chimique (CLAS), nous avons obtenu une
production d’ammoniac a pression atmosphérique et a des températures de masse aussi basses que
150°C. La méthode CLAS divise la synthése en deux étapes : la nitruration et I’hydrogénation.
Lors de la nitruration, un porteur d’azote (NC) spécialement congu est expos¢ a un flux de Na,
facilitant sa dissociation et la formation de nitrures. Ensuite, le NC nitruré réagit avec H, pour
produire de I’ammoniac et régénérer le NC, complétant ainsi le cycle. Cette méthode évite
I’adsorption compétitive de N> et H» 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
ceuvre 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 modeles réactionnels
et de facteurs préexponentiels par rapport au chauffage conventionnel. Certains chercheurs
attribuent ces différences a 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 deuxiéme

article a approfondi ces effets par modélisation multiphysique a I’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 diamétre montraient également une non-uniformité accrue. Nous
avons enfin montré que la profondeur de pénétration MW augmentait avec la porosité du lit,

justifiant I’utilisation de lits fluidisés assistés par MW.

Dans le troisiéme 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-BaH>, produits par des
méthodes mécaniques ou de coprécipitation, ont facilité le transfert de 1’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
I’ammoniac. Le NC Mn-Fe-BaH; a atteint un taux de production de ~36 000 pmol/g-h, surpassant

les valeurs de la littérature.

Dans le quatriéme article, nous avons réalisé une analyse cinétique détaillée en utilisant le NC Mn-
Fe-BaH,. 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 modele de contraction, tandis que 1’hydrogénation était mieux décrite par le modéle d’ Avrami-

Erofeev.

Enfin, dans le cinquiéme article, nous avons simulé des réacteurs MHCLAS a 1’échelle laboratoire
et pilote avec COMSOL Multiphysics. A 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 1’agrandissement des réacteurs. Une évaluation technico-économique a été menée,
proposant un design a guides d’ondes multiples pour augmenter le diametre du réacteur de 15 a 50
cm, permettant d’utiliser jusqu’a 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 (H»),
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 H» 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 (N») stream, facilitating
nitrogen molecule dissociation and the formation of NC nitrides. Subsequently, in the
hydrogenation stage, the nitrided NC reacts with H» gas, producing ammonia while regenerating
the nitrogen-depleted NC, thus completing the cycle. This approach addresses the competitive
adsorption of N> and H> on the catalyst surface, a major limitation of the HB process, by allowing
the independent dissociation of N> and H». 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-BaH> 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-BaH; NC, especially, achieved a production rate of ~36,000 umol/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-BaH> 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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CHAPTER1 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 H» [6], liquid organic H; carriers [7], carbon dioxide (CO>) 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 CO; 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



textiles industry. The fertilizer production sector is the largest consumer of produced ammonia,

1.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 (Nz)
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 Hz 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 N> 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.



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.
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.

To evaluate the Kkinetics 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.

To model and simulate MW-heated reactors for MHCLAS technology

Based on the findings from previous sub-objectives, we developed a pilot-scale reactor



model to scale-up the MHCLAS technology. This final step aims to facilitate the transition

from laboratory-scale development to industrial-scale implementation.



CHAPTER 2 LITERATURE REVIEW

2.1. Conventional ammonia synthesis process (HB process)

In 1908, Fritz Haber introduced a method for synthesizing ammonia by reacting H> and N> 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
N> and Hz 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].

3H, + N, & 2NH, AH = —92.4 K] /mol 2. 1)
Figure 2. 1 illustrates the flow diagram of the HB process, which has several critical steps. The
required H> for ammonia synthesis is generated through steam methane reforming, while
secondary reformers, shift reactors, methanation reactors, and CO> adsorbers ensure the

purification of Ha [21]
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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 N> and drive the reaction toward
ammonia production. Iron-based catalysts, promoted with rhodium, play a vital role in facilitating

N> dissociation and ammonia formation [23]. Despite the implementation of extreme operating



conditions and catalysts, the maximum ammonia yield remains limited to approximately 254+5%.
To address this limitation, recycling unreacted H> and N> back into the ammonia synthesis reactor
is essential. In addition, competitive adsorption of H> and N> 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 CO; emissions, releasing about 2.3 tonnes of COz per ton of ammonia
[23]. Approximately 70% of the H> 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 H> 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/CeO> [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



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 N> and H> 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 (H20) as the H» 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 ~'. g "' [35],
which is an order of magnitude lower than the rate achieved by the HB process 5 x10 ¢ mol. s ..
g 1) [32]. The low selectivity of ammonia formation in EAS is primarily due to the H, 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



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 ~° mol. s . g 7! [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 N> and H» [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 N> and H> 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 + 3H> — 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



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 (H>O-CELAS)), (iii)
hydrogen chemical looping ammonia synthesis (H2>-CLAS), and (iv) Alkali/Alkaline-Earth-Metal-
Hydride Chemical Looping ammonia synthesis (AH-CLAS) [48].
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Figure 2. 2: Types of CLAS technology: (a) H20-CLAS, (b) H20-CELAS, (c¢) H2-CL, and (d) AH- CLAS
[48,53].

2.4.1. H,O-CLAS and H,O-CELAS

The H>0-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 AIN/Al,Os pair has been utilized for CLAS. In the
first stage, Al,O3 reacts with active carbon (C) and N> gas, forming aluminum nitride (AIN) and
carbon monoxide (CO). During the second stage, hydrolysis, AIN reacts with steam to produce
ammonia (NH3) and regenerate Al2O3, completing the cycle [54,55]. Although directly introducing

H>O 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 H» 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 HoO-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
H>O-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 MooN. 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 H20-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 H>O-
CELAS approach [59]. Lien et al. [59] utilized Li in a three-stage HoO-CELAS. The stages include:
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(1) 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].
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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 (ZrOz) with AIN effectively inhibits

ammonia decomposition, thereby increasing the ammonia production rate.

2.4.2. H>-CLAS and AH-CLAS

In H-CLAS and AH-CLAS systems, the process involves two sequential steps instead of the three
steps observed in HoO-CLAS and H>O-CELAS (refer to Figure 2. 4). During the first step, the
prepared NCs are subjected to an N> 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 H», 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 HoO-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 H>-CLAS (Figure 2. 4a) and AH-CLAS (Figure 2. 4b) lies in the type
of applied NCs. H>-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 Ca3zN2, Sro2N, Mo2N, and MnxNy, are reported for use in H>-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 HoO-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 H» 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 H»
molar ratio of 2:3 [65]. Typically, high temperatures are required for N> 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 N> 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 H» 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 (Mn¢N2.sg) 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 + Ny = 2Fe N 2Fe4N + 3Hy(gy) = 2NH3(y) + 8Fe
4Fe + Nyg) = 2Fe;N 2Fe;N + 3Hy(g) = 2NH3(y) + 8Fe
2FeyN + Nygy = 4Fe;N 4Fe;N + 3Hyg) = 2NHz(g) + 2FeyN
8Mn + Nygy = 2MnyN 5/6MnzN, + Hygy = 1/2Mn5N2 + 2 /3NHz (g
10/3Mn,N + Ny(4) = 8/3MnsN, 8/9MnsN, + Hyg) = 10/9Mn,N + 2/3NHjz
3/2MngN, + Nyg) = 5/2Mn3N, 2/3MnyN + Hy(gy = 8/3Mn + 2/3NHj

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 N

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 Ho, producing NH3 and completing

the cycle (refer to Figure 2. 4b) (Eq. (2. 3)) [48].
Step 1- nitridation

4
—AHy + Ny > 245 .NH

(x: Valence of A) (2.2)
+ H,
Step 2- hydrogenation
4
24/xNH + 4H, — ~AH + 2NHj (2.3)

The concept of using the AH-CLAS method for ammonia synthesis originated from studies on
NH; production catalyzed by Co-BaHz. In these investigations, BaH> and Co-BaH; exhibited
significant weight gain when heated under an N> flow in a TGA, indicating that BaH> acts as a
nitrogen storage material. Subsequently, the nitrided Co-BaH» and BaH, were exposed to a H»
stream using H>-TPR analysis, and NHj3 signals were observed at temperatures exceeding 200°C

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

BaH, + 1/2N, - BaNH + 1/2H, (2. 4)
BaNH + 2H, - BaH, + NH, (2.5)
The overall reaction: N, + 3H, —» 2NH; (2. 6)

Many alkali hydrides and imides likely function similarly to the BaH>-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 KNH: or NaNH: to ammonia is

thermodynamically favorable at lower temperatures, magnesium (Mg) forms only one imide
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(MgNH), and Mg3N> is highly stable, making hydrogenation under mild conditions significantly
more difficult [53].
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Figure 2. 5: The nitridation and the hydrogenation stages in the AH-CLAS thermodynamics [53].

The MgH/MgsN, 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 > BaH>/BaNH > CaH,/CaNH > MgH>/MgNH (Mg3N>) [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 BaH; 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-BaH»/AlbO3 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 H> to Na 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.
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Figure 2. 6: (a) TMs effect on nitridation of BaH: [53,69], (b) The CLAS and catalytic ammonia synthesis

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 (umolg'h') Catalytic process (umolg'h™)
50% Ni-LiH 1533+50 Undetectable
LiH 10548 Undetectable
BaH, 198+11 Undetectable
50% Ni-BaH, 3125480 20+3
20 % Ni-BaH; 2033+50 48+5
20% Co-BaH; 1866+92 576+20
20% Fe-BaH, 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 N> activation due to its low adsorption energy (Ex

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

lithium-palladium hydrides, such as LioPdH> and LiPdHo 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



17

research, nitrogen fixation occurred over MnsN—-AH under a nitrogen stream, resulting in the
formation of MnoN and an alkali amide (ANH). Switching to a H» stream facilitated the
hydrogenation of the nitride phases and the reformation of MnsN 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 MnsN—-AH NC offers three unique features: (i) both
the imide (ANH) and Mn nitride function as NCs, (i1)) 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].
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Figure 2. 7: Schematic diagram of the CLAS mediated by the MnNx—ANH NC. AH stands for BaH:
/LiH, and ANH denotes BaNH/Li:NH [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 BaH> > LiH > KH > CaH» > 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/N> streams. Their

findings showed that most lattice nitrogen released during the synthesis stage reverted to N> 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- A-Mn-O (A = Li, Co, Fe, and K) were synthesized by applying the [75]
N(A=L4, Co, coprecipitation method. 0.3 g of A-Mn-O and 1.0 g of NaNH, were mixed
Fe, and K) in an autoclave at 240°C for 36 hours, and then the solid was filtered and

washed. Finally, it dried at the ambient temperature.
2 Ca3N,-SroN Produced by heating Ca and Sr under a nitrogen stream and mixing them [77]
using mortar.
3 Mn-Fe/ Al,O3 A certain amount of Mn powder, Fe powder, and alumina were mixedina  [78]
mortar.
4 PECVD- The MnCl, evaporated at 500°C and mixed with ammonia gas. Then, the [79]
MnNy plasma ignited. After the reaction, MnNy was found on the walls of the
quartz tube.
5 Mn-LiH LiH and MnCl, with a molar ratio of 7:1 were ball-milled at 200 rpm for 3  [79]
hours. The remaining black solid was washed with THF three times for
LiCl removal. Then, the solid was dried overnight under a vacuum.
6 PECVD- PECVD-MnN; and LiH were ball-milled for 3 hours at 200 rpm. [79]
MnN,-LiH
7 MnNy -AHs MnsN were ball-milled with corresponding alkali/alkaline metal hydrides [79]
for 3 hours at 200 rpm under an Ar atmosphere and a molar ratio of 1:5.
8 MnyN-BaH, Ammonia was added to 100 mg barium and 42.7 mg Mn4N at ambient [30]
temperature. After the impregnation and ammonia removal, MnsN—
Ba(NHb»), solid was hydrogenated at 200°C to produce MnsN—BaH,.
9 MgO or 70% Ni/support catalyst added to a solution of barium—ammonia, and [81]
AlLOs3- barium converted to barium amide. Ammonia was removed. The solid
supported was exposed to a hydrogen stream at 300°C for 2 hours to produce BaH,.
Ni-BaH,
10 TM(V,Cr, TM chloride and LiH were ball-milled at 200 rpm and 3 hours with a 7:1 [81]
Mn, Fe, Co, molar ratio. Then, the solid was washed by THF.
Ni)-LiH
11 CosMosN NC produced by nitridation of CoM0oO4.nH,O that was synthesized by [82]

mixing cobalt nitrate and ammonium heptamolybdate solutions.

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 N> 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 (E ) and magnetic (ﬁ ) 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, (i1) 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 (tand), 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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The complex permittivity (¢* ) characterizes the interaction between a material and an electric
field. It comprises two components: the dielectric constant (¢"), which measures a material's ability
to store electrical energy, and the dielectric loss factor (&''), which represents energy dissipation
as heat. The angle § 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].

T "

Material £ £ tané TCC) 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 9.00 0.01 0.0007 25 NA
(ALO3)
SiC (d=500 um) 30.00 11.00 0.3700 25 2.45
Carbon active (d=20 130.00 60.00 0.4600 25 2.45
pm)
SiC tube 10.00 0.40 0.0400 25 2.45

The complex permeability (u*) 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
(Tanpg), 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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Magnetic permeability (4') quantifies a material's ability to support the formation of a magnetic

field, while the magnetic loss factor (it'") 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).

1 - - —
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where o represents the electrical conductivity, E is the electric field strength, f denotes the

frequency, &, is the permittivity of free space, yg is the permeability of free space, H indicates the
magnetic field strength, T is the temperature, t is the time, p is the material density, and C,, 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.
(i1) 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].

Absorption Transmission Reflection

(a) Adsorbing materials  (b) Transparent materials (c) Opaque materials

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.

2
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Where d is the penetration depth of the EM field, w is the angular frequency, and D,, 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 Dy (um) T (°C) MW heating capability
13.0 x10° Ambient temperature Transparent
Alumina (ALO3) 5.0x10° 590 Transparent
0.8x108 980 Nearly transparent
0.2x108 1340 Nearly transparent
10.0x10° Ambient temperature Transparent
Hematite (Fe,O3)
45.0x10° 600 Absorber
Magnetite (Fe;04) 80.0 Ambient temperature Absorber
Water (liquid H,O) 300x10* Ambient temperature Absorber
Graphite (dp=20-80 pm) 2.0x104 Ambient temperature Absorber
Silicon Carbide (SiC) 1.9x10* Ambient temperature Absorber
Magnesium (Mg) 2.2 Ambient temperature
Iron (Fe) 1.3 Ambient temperature Reflective for the bulk of
Copper (Cu) 2.7 Ambient temperature metals
Aluminum (Al) 1.7 Ambient temperature Absorbers for fine particles
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].

References

[1] Y. Wei, R. Han, C. Wang, B. Yu, Q. Liang, X. Yuan, J. Chang, Q. Zhao, H. Liao, B. Tang, J. Yan, L.
Cheng, Z. Yang, Self-preservation strategy for approaching global warming targets in the post-Paris
Agreement era, Nat Commun (2020) 1-13. https://doi.org/10.1038/s41467-020-15453-z.

2] S.K. Rose, R. Richels, G. Blanford, T. Rutherford, The Paris Agreement and next steps in limiting
global warming, (2017). https://doi.org/10.1007/s10584-017-1935-y.



[12]

[13]

[14]

[15]

[16]

[17]

25

M.M. Sarafraz, F.C. Christo, Sustainable three-stage chemical looping ammonia production (
3CLAP) process, 229 (2021).

S.R. Bull, Renewable energy transportation technologies, (1996) 1019—1024.

A. Hellman, Ammonia Synthesis: State of the Bellwether Reaction, Elsevier Ltd., 2013.
https://doi.org/10.1016/B978-0-08-097774-4.00725-7.

R.O. Stroman, M.W. Schuette, K. Swider-lyons, J.A. Rodgers, D.J. Edwards, Liquid hydrogen fuel
system design and demonstration in a small long endurance air vehicle, Int J Hydrogen Energy 39
(2014) 11279-11290. https://doi.org/10.1016/].ijhydene.2014.05.065.

E. Environ, A future energy supply based on Liquid Organic Hydrogen Carriers (LOHC), Energy
Environ Sci 4 (2011) 2767-2773. https://doi.org/10.1039/c1ee01454d.

I. Ganesh, Conversion of carbon dioxide into methanol — a potential liquid fuel : Fundamental
challenges and opportunities ( a review ), Renewable and Sustainable Energy Reviews 31 (2014)
221-257. https://doi.org/10.1016/j.rser.2013.11.045.

S. Giddey, S.P.S. Badwal, C. Munnings, M. Dolan, Ammonia as a Renewable Energy Transportation
Media, (2017) 10231-10239. https://doi.org/10.1021/acssuschemeng.7b02219.

N.J. Duijm, F. Markert, J.L. Paulsen, Safety assessment of ammonia as a transport fuel, 2005.

N. Morlanés, A technological roadmap to the ammonia energy economy: Current state and missing
technologies, CHEMICAL ENGINEERING JOURNAL 408 (2021).
https://doi.org/10.1016/j.cej.2020.127310.

K. Réuchle, L. Plass, H. Wernicke, M. Bertau, Methanol for Renewable Energy Storage and
Utilization, Energy Technology (2016) 193-200. https://doi.org/10.1002/ente.201500322.

A. Yapicioglu, I. Dincer, A review on clean ammonia as a potential fuel for power generators,
Renewable and Sustainable Energy Reviews 103 (2019) 96-108.
https://doi.org/10.1016/j.rser.2018.12.023.

Y. Gao, Y. Wu, Q. Zhang, X. Chen, N-desorption or NH3 generation of TiO2 -loaded Al-based
nitrogen carrier during chemical looping ammonia generation technology, Int J Hydrogen Energy 3
(2018) 3—11. https://doi.org/10.1016/j.ijhydene.2018.07.042.

Gotz Veser, Taking the pressure off, News & Views (2017) 3—4. https://doi.org/10.1038/s41560-018-
0293-y.

K.H.R. Rouwenhorst, H.H. Kim, L. Lefferts, Vibrationally Excited Activation of N2 in Plasma-
Enhanced Catalytic Ammonia Synthesis: A Kinetic Analysis, ACS Sustain Chem Eng 7 (2019).
https://doi.org/10.1021/acssuschemeng.9b04997.

P. Peng, P. Chen, M. Addy, Y. Cheng, E. Anderson, N. Zhou, C. Schiappacasse, Y. Zhang, D. Chen,
R. Hatzenbeller, Y. Liu, R. Ruan, Atmospheric Plasma-Assisted Ammonia Synthesis Enhanced via
Synergistic Catalytic =~ Absorption,  ACS Sustain Chem Eng 7 (2019).
https://doi.org/10.1021/acssuschemeng.8b03887.



[18]

[19]

[20]

[21]
[22]

[23]

[25]

[26]

[27]

[28]

[29]

26

Y. Wang, T.S. Khan, C. Wildfire, D. Shekhawat, J. Hu, Microwave-enhanced catalytic ammonia
synthesis under moderate pressure and temperature, Catal Commun 159 (2021).
https://doi.org/10.1016/j.catcom.2021.106344.

C. Wildfire, V. Abdelsayed, D. Shekhawat, R.A. Dagle, S.D. Davidson, J. Hu, Microwave-assisted
ammonia synthesis over Ru/MgO catalysts at ambient pressure, Catal Today 365 (2021).
https://doi.org/10.1016/j.cattod.2020.06.013.

H. Xu, L. Zhang, S.J. Wei, X. Tong, Y. Yang, X. Ji, A novel solar system for photothermal-assisted
electrocatalytic nitrate reduction reaction to ammonia, Renew Energy 221 (2024).
https://doi.org/10.1016/j.renene.2023.119707.

G. Veser, Taking the pressure off, Nat Energy 3 (2018). https://doi.org/10.1038/s41560-018-0293-y.

L. Wang, M. Xia, H. Wang, K. Huang, C. Qian, C.T. Maravelias, G.A. Ozin, Greening Ammonia
toward the Solar Ammonia Refinery, Joule 2 (2018). https://doi.org/10.1016/j.joule.2018.04.017.

D.F. Swearer, N.R. Knowles, H.O. Everitt, N.J. Halas, Light-Driven Chemical Looping for
Ammonia Synthesis, ACS Energy Lett 4 (2019). https://doi.org/10.1021/acsenergylett.9b00860.

S. Laassiri, C.D. Zeinalipour-Yazdi, C.R.A. Catlow, J.S.J. Hargreaves, The potential of manganese
nitride based materials as nitrogen transfer reagents for nitrogen chemical looping, Appl Catal B 223
(2018). https://doi.org/10.1016/j.apcatb.2017.04.073.

C. Wildfire, V. Abdelsayed, D. Shekhawat, M.J. Spencer, Ambient pressure synthesis of ammonia
using a microwave reactor, Catal Commun 115 (2018).
https://doi.org/10.1016/j.catcom.2018.07.010.

M.M. Sarafraz, F.C. Christo, Sustainable three-stage chemical looping ammonia production
(3CLAP) process, Energy Convers Manag 229 (2021).
https://doi.org/10.1016/j.enconman.2020.113735.

A. Araia, Y. Wang, C. Jiang, S. Brown, A. Caiola, B. Robinson, J. Hu, Intuitive study on the effect
of support morphology over Cs-Ru/CeQO2 catalyst for microwave-initiated ammonia synthesis, Catal
Commun 172 (2022). https://doi.org/10.1016/j.catcom.2022.106551.

Y. Wang, C. Wildfire, T.S. Khan, D. Shekhawat, J. Hu, P. Tavadze, R. Quifiones-Fernandez, S.
Moreno, Effects of support and promoter on Ru catalyst activity in microwave-assisted ammonia
synthesis, Chemical Engineering Journal 425 (2021). https://doi.org/10.1016/j.cej.2021.130546.

A. Araia, Y. Wang, B. Robinson, C. Jiang, S. Brown, C. Wildfire, D. Shekhawat, J. Hu, Microwave-
assisted ammonia synthesis over Cs-Ru/CeO2 catalyst at ambient pressure: Effects of metal loading
and support particle size, Catal Commun 170 (2022). https://doi.org/10.1016/j.catcom.2022.106491.

A. Araia, Y. Wang, C. Jiang, S. Brown, A. Caiola, B. Robinson, W. Li, J. Hu, Insight into Enhanced
Microwave Heating for Ammonia Synthesis: Effects of CNT on the Cs-Ru/CeO2Catalyst, ACS Appl
Mater Interfaces 15 (2023). https://doi.org/10.1021/acsami.3c00132.

L. Hu, Z. Xing, X. Feng, Understanding the Electrocatalytic Interface for Ambient Ammonia
Synthesis, ACS Energy Lett 5 (2020). https://doi.org/10.1021/acsenergylett.9b02679.



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

27

G. Duan, Y. Chen, Y. Tang, K.A.M. Gasem, P. Wan, D. Ding, M. Fan, Advances in electrocatalytic
ammonia synthesis under mild conditions, Prog Energy Combust Sci 81 (2020) 100860.
https://doi.org/10.1016/j.pecs.2020.100860.

L. Wang, M. Xia, H. Wang, K. Huang, C. Qian, C.T. Maravelias, G.A. Ozin, Greening Ammonia
toward the Solar Ammonia Refinery, Joule 2 (2018) 1055-1074.
https://doi.org/10.1016/j.joule.2018.04.017.

A.R. Singh, B.A. Rohr, J.A. Schwalbe, M. Cargnello, K. Chan, T.F. Jaramillo, I. Chorkendor, J.K.
Nerskov, Electrochemical Ammonia Synthesis -The Selectivity Challenge, Catalysts 7 (2017) 706—
709. https://doi.org/10.1021/acscatal.6b03035.

G. Duan, Y. Chen, Y. Tang, K.A.M. Gasem, P. Wan, D. Ding, M. Fan, Advances in electrocatalytic
ammonia synthesis under mild conditions, Prog Energy Combust Sci 81 (2020).
https://doi.org/10.1016/j.pecs.2020.100860.

L. Hu, Z. Xing, X. Feng, Understanding the Electrocatalytic Interface for Ambient Ammonia
Synthesis, Energy Letters 5 (2020) 430-436. https://doi.org/10.1021/acsenergylett.9b02679.

L.F. Greenlee, J.N. Renner, S.L.. Foster, The Use of Controls for Consistent and Accurate
Measurements of Electrocatalytic Ammonia Synthesis from Dinitrogen, Catalysis 8 (2018) 7820—
7827. https://doi.org/10.1021/acscatal.8b02120.

S. Zhang, Y. Zhao, R. Shi, G.I.N. Waterhouse, T. Zhang, Photocatalytic ammonia synthesis : Recent
progress and future, EnergyChem 1 (2019) 100013. https://doi.org/10.1016/j.enchem.2019.100013.

S. Junwang, Progress and challenges in photocatalytic ammonia synthesis, Mater Adv 2 (2021) 264—
581. https://doi.org/10.1039/d0ma00590h.

S. Li, J.A. Medrano, V. Hessel, F. Gallucci, Recent Progress of Plasma-Assisted Nitrogen Fixation
Research: A Review, Processes 6 (2018). https://doi.org/10.3390/pr6120248.

P. Peng, P. Chen, C. Schiappacasse, N. Zhou, E. Anderson, D. Chen, J. Liu, Y. Cheng, R.
Hatzenbeller, M. Addy, Y. Zhang, Y. Liu, R. Ruan, A review on the non-thermal plasma-assisted
ammonia  synthesis  technologies, J  Clean  Prod 177 (2018) 597-609.
https://doi.org/10.1016/j.jclepro.2017.12.229.

K.H.R. Rouwenhorst, L. Le, Feasibility Study of Plasma-Catalytic Ammonia Synthesis for Energy
Storage Applications, Catalysts 10 (2020).

S. Abuelgasim, W. Wang, A. Abdalazeez, A brief review for chemical looping combustion as a
promising CO2 capture technology : Fundamentals and progress, Science of the Total Environment
764 (2021) 142892. https://doi.org/10.1016/j.scitotenv.2020.142892.

A. Lyngfelt, Chemical Looping Combustion : Status and Development Challenges, Energy & Fuels
34 (2020) 9077-9093. https://doi.org/10.1021/acs.energyfuels.0c01454.

C. Lu, K. Li, H. Wang, X. Zhu, Y. Wei, M. Zheng, Chemical looping reforming of methane using
magnetite as oxygen carrier : Structure evolution and reduction kinetics, Appl Energy 211 (2018) 1—
14. https://doi.org/10.1016/j.apenergy.2017.11.049.



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

28

Y. Lin, H. Wang, Y. Wang, R. Huo, Z. Huang, M. Liu, G. Wei, Z. Zhao, H. Li, Y. Fang, Review of
Biomass Chemical Looping Gasification in China, Energy & Fuels 34 (2020) 7847-7862.
https://doi.org/10.1021/acs.energyfuels.0c01022.

X. Liu, H. Hong, H. Zhang, Y. Cao, W. Qu, H. Jin, Solar methanol by hybridizing natural gas
chemical looping reforming with solar heat, Appl Energy 277 (2020) 115521.
https://doi.org/10.1016/j.apenergy.2020.115521.

K.H.R. Rouwenhorst, PM. Krzywda, N.E. Benes, G. Mul, L. Lefferts, Chapter 4 - Ammonia
Production Technologies, Elsevier Inc., 2021. https://doi.org/10.1016/B978-0-12-820560-0.00004-
7.

R. Juan, L. Pereira, P. Alexandros, V. Spallina, A comparative study on clean ammonia production
using chemical looping based technology, Appl Energy 280 (2020) 115874.
https://doi.org/10.1016/j.apenergy.2020.115874.

X. Wang, M. Su, H. Zhao, Process design and exergy cost analysis of a chemical looping ammonia
generation system using AIN/AI203 as a nitrogen carrier, Energy 230 (2021) 120767.
https://doi.org/10.1016/j.energy.2021.120767.

L. Burrows, P. Gao, G.M. Bollas, Thermodynamic feasibility analysis of distributed chemical
looping ammonia synthesis, Chemical Engineering Journal 426 (2021) 131421.
https://doi.org/10.1016/j.cej.2021.131421.

R. Michalsky, P.H. Pfromm, Thermodynamics of Metal Reactants for Ammonia Synthesis from
Steam , Nitrogen and Biomass at Atmospheric Pressure, Thermodynamics and Molecular-Scla
Phenomena 58 (2012) 3203—-3213. https://doi.org/10.1002/aic.

W. Gao, J. Guo, P. Wang, Q. Wang, F. Chang, Q. Pei, W. Zhang, L. Liu, P. Chen, Chemical looping
process based on metal imides as nitrogen carriers, Nat Energy 3 (2018).
https://doi.org/10.1038/s41560-018-0268-z.

M.E. Ga, A. Frei, M. Halmann, A. Steinfeld, P. Scherrer, Ammonia Production via a Two-Step
Al203 / AIN Thermochemical Cycle . 2 . Kinetic Analysis, Ind. Eng. Chem. Res. (2007) 2047—
2053.

F. Bagja, A. Rizqi, M. Aziz, Production of ammonia as potential hydrogen carrier : Review on
thermochemical and electrochemical processes, Int J Hydrogen Energy 46 (2021) 14455-14477.
https://doi.org/10.1016/j.ijhydene.2021.01.214.

M.G. Heidlage, E.A. Kezar, K.C. Snow, P.H. Pfromm, Thermochemical Synthesis of Ammonia and
Syngas from Natural Gas at Atmospheric Pressure, I&EC (2017) 14014-14024.
https://doi.org/10.1021/acs.iecr.7b03173.

R. Michalsky, P.H. Pfromm, An lonicity Rationale to Design Solid phase Metal Nitride Reactants
for Solar Ammonia Production, The Journal of Physical Chemistry C 116 (2012) 23243-23251.

R. Michalsky, P.H. Pfromm, A. Steinfeld, R. Michalsky, Rational design of metal nitride redox
materials for solar-driven ammonia synthesis, Interface Focus 5 (2015).



[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

29

J.C. Lin, M. Cargnello, F. Jaramillo, J.K. Nerskov, Environmental Science Ammonia synthesis from
N2 and H20 wusing a atmospheric pressure, Energy Environ Sci (2017) 1621-1630.
https://doi.org/10.1039/c7ee01126a.

Y. Wu, Y. Gao, Q. Zhang, T. Cai, X. Chen, D. Liu, M. Fan, Promising zirconia-mixed Al-based
nitrogen carriers for chemical looping of NH3: Reduced NH3 decomposition and improved NH3
yield, Fuels 264 (2020). https://doi.org/10.1016/j.fuel.2019.116821.

C. Mitchell, The Denitridation of Nitrides of Iron , Cobalt and Rhenium Under Hydrogen, Top Catal
56 (2013) 1963-1969. https://doi.org/10.1007/s11244-013-0133-z.

B. Wang, H. Guo, X. Yin, L. Shen, N - Sorption Capability of AI203 -Supported Mn-/Fe-Based
Nitrogen Carriers during Chemical Looping Ammonia Synthesis Technology, Energy and Fuels 34
(2020) 10247-10255. https://doi.org/10.1021/acs.energyfuels.0c01000.

R. Michalsky, A.M. Avram, B.A. Peterson, P.H. Pfromm, A.A. Peterson, Chemical looping of metal
nitride catalysts: low- pressure ammonia synthesis for energy storage, Chem Sci (2015) 3965-3974.
https://doi.org/10.1039/c5sc00789%e.

W. Mohammadi, C. Huang, P.H. Pfromm, Chemical Looping of Manganese to Synthesize Ammonia
at Atmospheric Pressure: Sodium as Promoter, Chem Eng Technol (2020) 2126-2133.
https://doi.org/10.1002/ceat.202000154.

J. Hua, K. Wang, Q. Wang, R. Peng, Feasibility of Fe - based nitrogen carrier for chemical looping
ammonia synthesis : thermodynamics, J Therm Anal Calorim (2020).
https://doi.org/10.1007/s10973-020-10029-x.

B. Wang, H. Guo, X. Yin, L. Shen, N - Sorption Capability of AI203 -Supported Mn-/Fe-Based
Nitrogen Carriers during Chemical Looping Ammonia Synthesis Technology, Energy and Fuels 34
(2020) 10247-10255. https://doi.org/10.1021/acs.energyfuels.0c01000.

B. Liu, N. Manavi, H. Deng, C. Huang, N. Shan, V. Chikan, P. Pfromm, Activation of N2 on
Manganese Nitride-Supported Ni 3 and Fe3 Clusters and Relevance to Ammonia Formation, J Phys
Chem Lett 12 (2021) 6535-6542. https://doi.org/10.1021/acs.jpclett.1c01752.

P. Chen, Z. Xiong, J. Luo, J. Lin, K.L. Tan, Interaction of hydrogen with metal nitrides and imides,
Letters to Nature 420 (2002) 20-22.

W. Gao, J. Guo, P. Chen, P. Chen, Hydrides , Amides and Imides Mediated Ammonia Synthesis and
Decomposition, Chin J Chem Eng 37 (2019) 442—451. https://doi.org/10.1002/cjoc.201800586.

J. Guo, P. Chen, Interplay of Alkali, Transition Metals, Nitrogen, and Hydrogen in Ammonia
Synthesis and  Decomposition  Reactions,  Accounts 54  (2021)  2434-2444.
https://doi.org/10.1021/acs.accounts.1c00076.

H. Yan, W. Gao, Q. Wang, Y. Guan, S. Feng, H. Wu, Q. Guo, H. Cao, J. Guo, P. Chen, Lithium
Palladium Hydride Promotes Chemical Looping Ammonia Synthesis Mediated by Lithium Imide
and Hydride, The Journal of Physical Chemistry C 125 (2021) 6716-6722.
https://doi.org/10.1021/acs.jpcc.1c01230.



[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[85]

[86]

30

S. Feng, W. Gao, Q. Wang, Y. Guan, H. Yan, H. Wu, A multi-functional composite nitrogen carrier
for ammonia production via a chemical looping route 7, ] Mater Chem A Mater (2021) 1039-1047.
https://doi.org/10.1039/d0tal051%h.

F. Chang, Y. Guan, X. Chang, J. Guo, P. Wang, W. Gao, G. Wu, J. Zheng, X. Li, P. Chen, Alkali and
Alkaline  Earth  Hydrides-Driven N2  Activation and Transfo, JACS (2018).
https://doi.org/10.1021/jacs.8b08334.

P. Wang, F. Chang, W. Gao, J. Guo, G. Wu, T. He, P. Chen, LiH-mediated nitrogen transfer and
hydrogenation, Nat Chem (2016) 1-7. https://doi.org/10.1038/nchem.2595.

S. Laassiri, C.D. Zeinalipour-yazdi, C.R.A. Catlow, J.S.J. Hargreaves, The potential of manganese
nitride based materials as nitrogen transfer reagents for nitrogen chemical looping, Appl Catal B 223
(2018) 60—66. https://doi.org/10.1016/j.apcatb.2017.04.073.

G. Han, F. Li, Z. Chen, C. Coppex, S. Kim, H. Noh, Z. Fu, Y. Lu, C.V. Singh, S. Siahrostami, Q.
Jiang, J. Baek, Mechanochemistry for ammonia synthesis under mild conditions, Nat Nanotechnol
16 (2021). https://doi.org/10.1038/s41565-020-00809-9.

R. Michalsky, A.M. Avram, B.A. Peterson, P.H. Pfromm, A.A. Peterson, Chemical looping of metal
nitride catalysts: low- pressure ammonia synthesis for energy storage, Chem Sci (2015) 3965-3974.
https://doi.org/10.1039/c5sc00789%e.

B. Wang, H. Guo, X. Yin, L. Shen, N - Sorption Capability of AI203 -Supported Mn-/Fe-Based
Nitrogen Carriers during Chemical Looping Ammonia Synthesis Technology, Energy and Fuels 34
(2020) 10247-10255. https://doi.org/10.1021/acs.energyfuels.0c01000.

F. Chang, Y. Guan, X. Chang, J. Guo, P. Wang, W. Gao, G. Wu, J. Zheng, X. Li, P. Chen, Alkali and
Alkaline Earth Hydrides-Driven N2 Activation and Transformation over Mn Nitride Catalyst, JACS
140 (2018) 14766—14806. https://doi.org/10.1021/jacs.8b08334.

W. Gao, J. Guo, P. Wang, Q. Wang, F. Chang, Q. Pei, W. Zhang, L. Liu, P. Chen, Production of
ammonia via a chemical looping process based on metal imides as nitrogen carriers, Nat Energy 3
(n.d.). https://doi.org/10.1038/s41560-018-0268-z.

P. Wang, F. Chang, W. Gao, J. Guo, G. Wu, T. He, P. Chen, Breaking scaling relations to achieve
low-temperature ammonia synthesis through LiH-mediated nitrogen transfer and hydrogenation,
Nat Chem (2016) 1-7. https://doi.org/10.1038/nchem.2595.

D. Mckay, D.H. Gregory, J.S.J. Hargreaves, S.M. Hunter, X. Sun, Towards nitrogen transfer
catalysis : reactive lattice nitrogen in cobalt molybdenum nitride, Chemical Communications 7
(2007) 3051-3053. https://doi.org/10.1039/b707913c.

V. Rudnev, D. Loveless, R.L. Cook, V. Rudnev, D. Loveless, R.L. Cook, Handbook of Induction
Heating, 2021. https://doi.org/10.1201/9781315117485-3.

T.K. Houlding, E. V Rebrov, Application of alternative energy forms in catalytic reactor engineering,
Green Process Synth 1 (2012) 19-31. https://doi.org/10.1515/greenps-2011-0502.

T. Utz, K. Graichen, Optimal Control of Induction Heating Processes Using FEM Software,
European Control Conference (ECC) (2015).

L. J. Petrovic, Mass transfer in the flow of gases through packed beds, I&EC 7 (1968).



[87]

[88]
[89]

[96]

[97]

31

S.S. Fedorov, M.G. Barsukov, B.S. Wells, Ultrahigh-Temperature Continuous Reactors Based on
Electrothermal  Fluidized Bed Concept, J Fluids Eng 138 (2016) 1-11.
https://doi.org/10.1115/1.4031689.

M. Gupta, W.W. Leong, Microwaves and Metals, 2007.

G.J.J. Verhoeven, V. Archaeology, The reflection of two fields — Electromagnetic radiation and its
role in (aerial) imaging Geert, AARGnews (2018) 10—18. https://doi.org/10.5281/zenodo.3534245.

V. Palma, D. Barba, M. Cortese, M. Martino, S. Renda, E. Meloni, Microwaves and Heterogeneous
Catalysis : A Review on Selected Catalytic Processes, Catalysts (2020).

A. Amini, M. Latifi, J. Chaouki, Electrification of materials processing via microwave irradiation :
A review of mechanism and applications, Appl Therm Eng 193 (2021) 117003.
https://doi.org/10.1016/j.applthermaleng.2021.117003.

S. Mutyala, C. Fairbridge, J.R.J. Paré, ].M.R. Bélanger, S. Ng, R. Hawkins, Microwave applications
to oil sands and petroleum: A review, Fuel Processing Technology 91 (2010) 127-135.
https://doi.org/10.1016/j.fuproc.2009.09.009.

J. Tierney, J. Westman, Microwave assisted organic synthesis-a review, Tetrahedron 57 (2001).

P. Prieto, A Critical Overview on the Effect of Microwave Irradiation in Organic Synthesis, THE
CHEMICAL RECORD (2019) 85-97. https://doi.org/10.1002/tcr.201800059.

R.R. Mishra, A.K. Sharma, A Review of Research Trends in Microwave Processing of Metal-Based
Materials and Opportunities in Microwave Metal Casting A Review of Research Trends in

Microwave Processing of Metal-Based Materials, Critical Reviews in Solid State and Materials
Sciences 41 (2016) 217-255. https://doi.org/10.1080/10408436.2016.1142421.

P. Priecel, J.A. Lopez-sanchez, Advantages and Limitations of Microwave Reactors: From Chemical
Synthesis to the Catalytic Valorization of Biobased Chemicals, Sustainable Chemistry &
Engineering (2019). https://doi.org/10.1021/acssuschemeng.8b03286.

S. Hamzehlouia, J. Shabanian, M. Latifi, J. Chaouki, Effect of microwave heating on the
performance of catalytic oxidation of n-butane in a gas-solid fluidized bed reactor, Chem Eng Sci
192 (2018) 1177-1188. https://doi.org/10.1016/j.ces.2018.08.054.



32

CHAPTER3 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.

v" 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.

v 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.

v" 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.



Table 4.1: Impact of MW heating on multiphase reactions.
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Reactor

MW effect
ID - — -
(mm)/ Temperature Heatin Conversion Selectivity ?eactlon
No. Process sample measurement g emp- Ref.
. approach
amount  technique
(g or
ml)
1 Methane 22 mm Pyrometer Direct 12 i NAP [7]
decomposition
2 Methane oxidation 5 mm Pyrometer Direct i i 1° [8]
+metallic
thermocouple
3 Methane dry reforming  5-30 mm  Pyrometer Hybrid i i NA [9]
4 Methane 8 mm IR Direct i NA l [10]
dehydroaromatization
5 Methanol steam 24 mm Fiber optic Direct 1 i l [11]
reforming probe
7 HaS decomposition 2g Metallic Direct i NA NA [12]
thermocouple
8 CO oxidation 0.lg Fiber optic Direct i NA NA [13]
probe
9 Propane oxidation 16 mm Pyrometer Hybrid i NA l [14]
10 n-butane oxidation 24 mm Pyrometer Hybrid i 1 NA [3]
11 SOz reduction 20 mm Metallic Direct i NA NA [15]
thermocouple
12 Ethane valorization 8 mm Pyrometer Hybrid i 1 l [6]
16  Upgrading stranded 10 mm Pyrometer Direct i NA l [16]
shale gas to aromatics
17 Synthesis of 200 ml NA Hybrid 1 NA ! [17]
phytosterol esters
18  Sodium 15 mm NA Hybrid 1 NA ! [18]
tetrahydridoborate
(NaBHa4) hydrolysis

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 CuzO 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.

Ry = koexp (22) F(C D
where R; is the reaction rate of component i, k, is the pre-exponential factor, R is the universal

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

In the case of k, both the increase [22,23] and decrease [24-26] have been reported under MW
heating. However, k, is known as collision frequency that should not decrease under MW heating
[21]. In MW transparent fluids, no change is expected in the k, 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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Reactor Changes compared to
ID Temperature conventional heating Rate Heating
Process (mm)/ measurement E K controlling approac  Ref.
mass technique 0 mechanism h
(4]
Methanol 8 mm Metallic thermocouple No No change No change Hybrid [27]
reforming (top of the bed) chang
e
Thermal pyrolysis 45 mm Grounded metallic l l NA Hybrid [24]
of bamboo thermocouple (center of
sawdust the bed)
Char steam 20 mm Grounded metallic l l No change Direct [25]
gasification thermocouple (center of (SCM?, VRMP)
the bed)
Iron production 35 mm Radiation thermometer l NA e Conventional: Direct [4]
via hydrogen- reaction rate-
reduction of limiting, and
Iron(1I) sulfide — then diffusion
calcium oxide rate limiting.
(FeS-Ca0) © MW heating:
mixture gas diffusion
rate-limiting
Reduction of 65 mm Metallic thermocouple l NA No change Direct [26]
chromium ore
fines containing
coal
Carbothermic NA Metallic thermocouple l NA NA Hybrid [28]
reduction of zinc on top of the sample
oxide and zinc
ferrite
Pyrolysis of waste 40 g Metallic thermocouple l l Under MW Hybrid [29]
printed circuit sample heating, reaction
boards in MW- order decreased
TGA
Pyrolysis of Quartz Metallic thermocouple l l NA Hybrid [30]
lignocellulosic crucible
biomass (3-5¢g)
Reduction of Pelletize  IR® thermometer l l NA Direct [20]
copper oxide d
(CuO) particles
(8x2
mm)
Pyrolysis of wood NA IR thermometer l NA NA Hybrid [31]
sawdust for
phenolic rich
compounds
Paper cups 15 Metallic thermocouple No No change At a high Hybrid [32]
pyrolysis chang heating rate,
e decomposition
of cellulose was
direct from

feedstock to
products rather
than producing
intermediates
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Table 4.2 (cont’d): kinetic studies of gas/liquid-solid systems under MW irradiations.

NaBHgs 15 NA l l By increasing Direct [18]
hydrolysis heating rate

under MW

irradiation

reaction order

decreased
Synthesis of 200 ml NA l 1 NA Direct [42]
phytosterol esters

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].
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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 e Limited for measuring the solid surface temperature [18]
o Inaccurate for gas-phase temperature measurement, especially during
a reaction
Molecular thermometer o Unsuitable for gas-solid reactions [35]

Metallic thermocouple e Interference with MWs [35]
e Spark formation
o The difficulty in measuring local hot-spots temperature
Fiber optic probes e More accurate than IR and metallic thermocouples [40]
e Immune to interference with MWs (depends on its design)
e Limited temperature range (0-300°C)
o Fragile
e Expensive
IR-thermography e Inaccurate due to the emissivity change during the reactions [35]

Radiometry method e Antenna made of planar printed steel that causes Interference with [41]
MWs
Air thermometer e No interference with MWs [21]
e The difficulty in measuring local hot-spots temperature
o Fragile

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 HCI 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 (2.08x10° 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 CO: 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 CO» 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].
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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 (Uy) and

reaction heat (Q,,,) 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 Q. Uy, 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 Uy
(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:

(1) Silicon carbide (SiC) is considered as MW absorber and catalyst support, and the
properties of the catalyst are assumed to be similar to SiC.

(i1) 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 U, the Navier stocks and continuity equations were solved. The calculated U
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.



53

Momentum balance Mass balance
V-ji+p{i-Vw; =R
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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].

- B)— (5 JO%sr\ 5.1

where E, Uy, and ¢, are the electrical field strength, the relative permittivity, and the relative
permittivity, respectively. o, w, and &, show the electrical conductivity, angular frequency,

absolute permeability in free space, respectively. Subscript ef f shows effective parameters. g5 f

and &, .¢r can be calculated by Eqgs. (5.2) and (5.3) as follows:
Oerr = €0p + (1 — &) (5.2)

Ereff = €& pt (1 —€)ers (5.3)
where € represents the bed voidage, and subscripts s and F refer to solid and fluid phases,

respectively. Power dissipation (Qy,) can be estimated as a function of E by applying Eq. (5.4)
[10].

: 2 L2
Qjemw = 0.5004f|E| + mfeoe) ofr|E| (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

1 and the pressure profile [5].
py- V)i =V-[-pl + K] (5.5)
pgV-u=0 (5.6)

where p is the pressure, [ is the unit vector, pg is the gas density, and p is the gas viscosity. K is

the viscous momentum transfer term, which can be estimated as follows [34]:

K =p(Vi+ (V)" (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].

where J; is the diffusive mass transfer flux of species i, w; is the mass fraction of species i, R; is
the reaction rate of species i, and D; is the diffusion mass transfer coefficient of species i. J; can

be calculated as follows [35]:
Ji = —(pD{"Vwy) (5.9)

where D" is the diffusion mass transfer coefficient of species i in the mixture that can be calculated

as follows [35]:

1-— Wi
D" = —5 (5.10)
Zk:ti D
k

where x;, is the mole fraction of species k.
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The reversible manganese nitridation and hydrogenation reactions, referring to assumptions (ii)

and (ii1), were considered as follows [12]:

AH, = (—0.0001 X T? + 0.094 X T (5.11)

Mn + NZ(g) = MTL4N
— 263.25) kJ /mol

Mn,N + HZ( )
o AH, ==(8x10"8xT?—-0.0675XT (5.12)

— 86.088) kJ /mol

= Mn

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].
p]'CpJﬁ]' ) VT] +V- C_I)j = Qj,EMW + ern (5.13)

where pj, C, ;, Tj, and G; are the density, heat capacity, temperature, and conductive heat flux of

phase j (gas or solid). Q,,,, can be calculated as follows:

Qran = AH,R; (5.14)
where AH, is the reaction enthalpy change. §; is calculated as follows [10]:

4, = —k;VT; (5.15)

where k; 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 X% 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 D,=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).
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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 H,=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 um 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 D,=10 to 60 mm and a length of H,=30
mm were heated under MW. In addition, a fixed bed with a D=1 m and H,=1 m was applied to
study the effect of € 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.
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Quartz tube :
Packed SiC :
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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, u; sic [-] 1 *
SiC permittivity, &g;c [F/m] 9.72-2.3j [5]
SiC density, pg;c [Kg/m?] 3216 *
SiC electrical conductivity, gg;c [S/m] 100 [5]
SiC heat capacity, C, [J/kg.K] 690 *
SiC thermal conductivity, kg;c [W/mK] 50 [5]
Air permeability, u; i [-] 1 *
Air permittivity, &4;,- [F/m] 1 *

—47150
Nitridation reaction rate, R; [pmol/g.h] 2.84 x 108exp ( BT ) 1-Xx) [12]
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Table 5.1 (cont’d): Model’s parameters of the present work.

Hydrogenation reaction rate, R, —58240

1.57 x 10"exp( )(l—X) [12]
[umol/g.h] RT
MW input power, P, [W] 50-5000 [5]
Superficial gas velocity, U, [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 Q4 or Uy 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 N, 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].

L 4< 7Ra, Pr )0-25 4(272 + 315Pr)L

Nuy, = -2~ == +
W= T35 + 21Pr) 35(64 + 63Pr)D
g

(5.16)

where the Nu; shows the Nusselt number, h; denotes the free convection heat transfer coefficient,

Pr is the Prandtl number, and Ray 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.
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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 33x22.5x32.5 cm (depth x height X width) was applied in this
study to validate the temperature of a SiC foam with &, D, and Hp, 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.
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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. [S]. In