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ABSTRACT

Ambient ammonia synthesis via microwave-catalytic materials and plasma chemistry

Sean Brown

Ammonia is critical to supporting human life on earth because of its use as fertilizer. The Haber-
Bosch process to produce ammonia has been practiced for over 100 years. This process operates
at high pressure and temperature to overcome the thermodynamic and kinetic limitations of the
ammonia synthesis reaction thus researchers have tried to overcome it for decades. At present
this process represents 1% of global energy usage and 2.5% of global CO, emissions. The
proposed chemical looping ammonia synthesis approach seeks to reduce the environmental
impact of this critical process and to elucidate microwave-catalytic principles.

This research aims to reduce the operating conditions of ammonia synthesis and, critically, to
avoid the thermodynamic limitation on ammonia synthesis by operating in a cyclical manner.
The cyclical nature of this process also lends itself to use with intermittent and geographically
distant renewable energy sources. Ammonia is a promising energy storage vector for the
hydrogen economy and the decentralized production of ammonia for agriculture and energy
storage is an attractive prospect. Special materials must be developed and characterized to
operate under these conditions and fundamentals of these systems are established.

Nitrogen storage materials were considered in model chemical looping cycles to study their
productivity and deactivation. These materials included earth abundant transition metals such as
Fe, CoMo, and Mn. Rapid thermal cycling achieved using microwave-active catalysts, and
microwave-plasma is used to pre-activate the stable N2 molecule. Microwave-matter interactions
were analyzed to develop better catalysts, and well-established materials were characterized by
kinetic and time on stream results are reported.



“I recognized my kinship with all living beings, and I made up my mind that [ was
not one bit better than the meanest on earth. | said then, and | say now, that while
there is a lower class, | am in it, and while there is a criminal element, | am of it,

and while there is a soul in prison, I am not free.”

-Eugene V. Debs, September 18th, 1918.
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1. Introduction

Global climate change is the most pressing issue of modern times. Reports detailing the specific
environmental and social impacts due to the excess of greenhouse gases in the atmosphere,
specifically that of CO> are published regularly indicating the need for a reduction in human
emissions. Alternative processes for energy generation, transportation and chemical
manufacturing are urgently needed to avoid the 2 °C heating threshold developed by the IPCC 1.
Industrial ammonia synthesis as currently practiced is performed by the Haber-Bosch process 2.
This highly centralized process operates at high temperature, 300-550 °C, and high pressures.
This process has been the industrial standard for ammonia production since its inception over
100 years ago °. Ammonia is the second most produced chemical per year globally, the synthesis
of ammonia accounts for 1-2% of energy usage per year *. Advances in ammonia synthesis are
still sought to overcome the high energy costs and chemical looping using microwave or plasma-
enhanced catalysis may provide one such means. This corresponds to 2.5 % of the global CO>

emissions with 90% of production from natural gas and the remainder using coal 4.



1.1 Background

1.1.0 Historical Development

Humans have known of derivatives of ammonia since ancient times, the name itself derives from
“sal ammoniacum,” originally found in Egypt . Fixed nitrogen compounds occur naturally by
various processes such as lighting, volcanic activity, and the Rhizobium bacteria °. In 1840, it
was discovered that fixed nitrogen fertilizers increased crop yields 2. This discovery led to the
development of organized fixed nitrogen collection from coal combustion and saltpeter mining 2.
The Margueritte & de Sourdeval reaction is shown in Equation 1, and the Frank-Caro reaction is
shown in Equation 2 >¢. The Frank-Caro process was developed in 1898 and relied on high

temperatures, ~1000 °C ©.

Equation 1: CaC, + N, = CaCN,+ CT =1000°C

Equation 2: BaCO; + N, + 4C —» Ba(CN), + 3CO,T = 1200 °C

The works of Alwin Mittasch provide a fascinating insight into the early work leading up to the
current HB process, as well as a repository of periodic trends for nitrogen activation '8, The
extensive search process screened many of the transition metals currently being revisited by
nitrogen chemical looping researchers at present ‘. The search for a suitable nitrogen fixation
catalyst eventually shifted from a nitride stepwise model towards the now traditional surface
catalytic model, ultimately yielding the multi-promoted iron system that won Fritz Haber the
Nobel prize in 1919 "°. The high-pressure engineering and scale up of the process won Carl

Bosch the Nobel prize in 1931 1°.



These early studies by Mittasch et. al. also included hydrides, nitrides, amides, carbides, and
bimetallic systems 7. These methods of stepwise ammonia synthesis would be continued
sporadically until present day: nitride reactivity and synthesis were extensively review by
Glasson et. al. in 1968 !, Takeshita et. al. studied a considerable number of rare-earth
intermetallics as traditional HB catalysts and found nitride formation in 1976 %2, Ertl and his
coworkers investigated the surface reaction on iron and the HB ammonia synthesis mechanism

that ultimately culminated in the Nobel prize in 2007 3.

Ammonia synthesis by chemical looping methods was pioneered by Soliman in 1951, but not
much exists in the publishing record afterward 4. Volpe and Boudart reported synthesizing
ammonia directly from molybdenum nitride in 1986 *°, Uchida et. al. reported the diffusion
behavior of nitrogen in rare-earth intermetallics in 1993 © that led to Itoh et. al. reporting a
reversible nitrogen storing ruthenium promoted cerium-iron alloy that was chemical looping of
nitrogen in all but name "8, Kojima and Aika identified cobalt molybdenum nitride as an

efficient ammonia synthesis catalyst in 2001 12,

In more recent times, investigators have picked up this thread of breaking the HB ammonia
synthesis reaction into separated steps again. The resurgence of interest in nitrogen chemical
looping started in 2007 with four papers: McKay et. al. published a study of cobalt molybdenum
nitride as a reversible nitrogen store for the purpose of ammonia synthesis and Galvez et. al.
published a three-part study on the environmental, economic, thermodynamic and kinetics of

using aluminum as a solar powered recyclable nitride for ammonia synthesis 222,



1.1.1 Haber-Bosch Ammonia Synthesis

Today, industrial ammonia synthesis proceeds by the HB process. This is a high temperature and
high-pressure which operates industrially in the range of 300-500 °C and between 20-100 MPa
which relies on a multi-promoted iron or ruthenium-based catalyst systems 2. The industrial
process is highly integrated relying on efficient heat transfer, air separation to obtain pure
dinitrogen gas, multistage reactors, and steam methane reforming to obtain a hydrogen gas
supply 2. The reaction is to form ammonia from its elements is thermodynamically favorable at
room temperature, AG' 208k = -16.45 kdmol™ 25, and is exothermic, the stoichiometry and heat of

reaction at room temperature can be seen in in Equation 2:

Equation 3 N, +3H, 2 2NHy  AHyogy = —46.22 <L

mol

Typically, reactions involving negative Gibbs free energy proceed spontaneously, obviously this
is not the case for ammonia from its elements at STP. Even at elevated temperatures and
pressures ammonia synthesis is not favorable, and the vessel walls used to determine activation
energy of the homogeneous reaction are thought to catalyze ammonia synthesis 2. Even with a
catalytic surface to limit the diatomic molecules vibrational modes, the process is kinetically
limited at low temperatures 2. Ammonia decomposition proceeds to 99.1% at 400°C 26, Thus, a
trade-off exists between the kinetic requirements of temperature and the enthalpy of formation,
this typically translates to high pressure, recycle of unreacted gases, separation of ammonia

product and extensive heat removal 2.

Ammonia is the world’s second most produced chemical, with over 100 Tg produced per year 34,

An estimated 4 million people (or 27% of the world population) since the last century owe their



nutritional balance to fertilizer manufactured from the HB process ?¢. 80-87% of ammonia
produced is used in agriculture as fertilizer and only around 3% of ammonia produced is used
directly, with the remainder being used for various chemical manufacturing: explosives, plastics,

fibers, organic compounds, other ammonia nitrogen containing compounds 227,

The most efficient modern plants utilize 600 kg of natural gas to produce 1000 kg of ammonia “.
Considering global climate change there is an urgent need to reduce both CO2 and methane
emissions, as well as the energy required to form ammonia, these interests drive the current study

in alternative ammonia synthesis technologies #2.

1.1.2 Chemical Looping Ammonia Synthesis

Chemical looping is a field of research and reaction concept that originated in the field of fossil
fuel combustion 2. Oxygen carrying metal particles allow isolation of the fuel source from air,
this makes treatment of flue gases such as NOx and SOx much easier, in addition CO- is the only
major product making carbon capture much easier 2°. Presently chemical looping as a concept is

being extended beyond combustion, sometimes termed CLBC in the literature .

The basic principle behind nitrogen chemical looping is illustrated in Figure 1. Energy is
supplied to the material under an atmosphere of N2 forming fixed nitrogen compounds. Then the
material may wait until ammonia is needed, H2 or H20 and energy can then be supplied to
produce ammonia, and the process may be repeated. Aside from the basic science yielded, this
process may prove to be a modular and renewable friendly system similar to the small-scale HB
process designed by the University of Minnesota which operates at atmospheric pressure and

relies on a wind turbine to provide ammonia for nearby farms 3.
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Figure 1. A simplified reaction schematic of the chemical looping ammonia synthesis process.
The process converts renewable energy into ammonia in a looped atmospheric process that reacts
nitrogen stepwise, first to a reduced metal (Mred), then as a metal nitride (Mnit) to gaseous
ammonia. Both processes occur at different temperatures of nitridation (Tnit) and hydrogenation

(Thyd), respectively.

Ammonia energy is a closely related concept to CLBC ammonia synthesis, in this perspective
nitrogen itself is the energy carrier wherein hydrogen is the energy source 323, Ammonia
conversion can be performed by combustion as in the AmVeh gas/ammonia powered car or by
catalytic decomposition, electrolyzed or used in fuel cells 322637 Theoretically this process can
be performed to release only H2O and N2 back into the environment 3223 An additional benefit
of ammonia as an energy vector is its storage versus hydrogen, ammonia is soluble in water, and
is chemically absorbed on metal chloride materials which solves the safety issues inherent in

liquid or gaseous storage *.

Metal nitrides have seen renewed interest in the form of both ongoing wideband gap

semiconductors, optoelectronic, and as highly active catalyst supports. The nitrides themselves



are also often active catalysts and electrocatalysts, especially under ammonia synthesis
conditions . This attention has extended to the concept of nitrogen chemical looping, or
chemical looping ammonia synthesis (CLAS), chemical looping ammonia production (CLAP),

or chemical looping ammonia generation (CLAG) systems 3°4°,

Chemical looping ammonia synthesis decouples the ammonia synthesis reaction as commonly
understood in Haber-Bosch (HB). Nitrogen is first dissociated and stored in a material, then later
in time, the reaction to form ammonia is completed with a hydrogen source, typically water or
dihydrogen. Notably, metal hydrides enhance CLAS systems and the ammonia synthesis reaction

by assisting with nitrogen reduction 4%,

The ammonia synthesis reaction from its elements is shown in Equation 1. While the reaction is
spontaneous, it rarely occurs without a catalyst due to the high dissociation energy of the N=N
bond. The HB process requires high pressures and temperatures to enhance the reaction kinetics

of the inherent process.

Many of these chemistries are based on long studied periodic trends for single metals under
thermal conditions "#2. However, the solid state, bonding, diffusion, and surface chemistry of
these compounds under CLAS conditions is not well studied or understood. Additionally, ternary
nitride systems are also not well characterized. Unfortunately, this knowledge gap limits material

development and the realization of competitive CLAS systems.

Decarbonization of HB is a major target, ammonia is the second most produced chemical
globally, and represents a possible energy vector due to its high hydrogen content 34, The

transportation of ammonia from centralized production sites to use as fertilizer is not included in



this the figure for CO, generation *. Although pipeline transportation is highly efficient, not all

geographies offer these distribution systems.

The typical reactions then are of the form in Equation 4, the nitridation step, and Equation 5, the
hydrogenation, or ammonia synthesis step, sometimes referred to as the ammonia harvesting step
44 All these reaction steps would rely on some form of an air separation unit to provide a
relatively pure N2 for nitridation, and on electrolysis to provide gaseous H> or, water vapor, H20,
streams for ammonia synthesis. Where Hz and N are provided in excess. These reactions are
highly simplified, but in most cases, nitrogen is dissociated and stored and is later reacted to

form gaseous ammonia — even if the specific chemistries differ, as in imide, hydride, or oxide

systems.
Equation 4: yN; + M, - M\N,
Equation 5: M.Ny + ZH, = zNHs + MyNgy_y,

Additional varieties of the basic CLAS loop exist, they may require an intermediate oxide if
water vapor is used as the hydrogen source. Many different possibilities exist but the
fundamental feature, cleaving dinitrogen and storing the atomic nitrogen for later is a key

feature.

One of the major barriers to nitride synthesis is the nitrogen triple bond, the energy of formation
of O, is -498.458 kimol™ while for N it is -944.87 kJmol™ . This means the nitride system
requires much more energy input to form than an oxide. Historically, therefore the ammonia
synthesis via catalysis route has taken precedence over the nitride-hydrogenation-nitride CLAS

route. However, with advances in both understanding of surface catalytic principles and



understanding of materials science these materials can be designed specifically for the ready

storage of nitrogen in mind.

1.2 Current State of Alternative Catalysis Technologies
1.2.1 Industrial Microwave

Microwave frequencies are defined as those between 300 MHz and 300 GHz “°. Microwave
technology offers a variety of potential benefits over conventional thermal heating owing to the
difference in the physical processes by which heating occurs. Uniform and non-uniform heating
modes exist and depend upon the dielectric properties, to a lesser so the magnetic permeability,
the size, and the geometry of the particle "*8, Reactor design and arrangement also play a role in
the microwave reaction engineering system. Microwave standards exist to avoid interference
with various microwave-based communication technologies; therefore, the most common

frequency of industrial microwave generator is 2.45 GHz, with 915 MHz also available #'.

Microwave heating occurs by several physical processes, assumptions are made about the scale
or and nature of the interaction given the type of material 8, The basic interaction of
microwaves with matter are governed by Maxwell’s equations “¢. The interaction for dielectric
“lossy materials” i.e., those that heat best in the microwave are governed by Equations 6 and 7.
Dielectric heating occurs via two processes: polarization (electronic, dipolar, atomic and
interfacial) and ionic conduction, essentially polarized materials cannot reorient quickly enough
before the E field changes 6%°. The term &” is the complex permittivity, it includes the
permittivity € and the loss factor &, that described the penetration of microwaves and the ability

of the material to store energy, respectively 6. The loss tangent or, tan(3), describes the ability of



the material to convert absorbed energy into heat and is useful in characterizing supported

catalysts for microwave reaction engineering 60,

124

Equation 6: tan (8) = i—,
Equation 7: e =¢ —je"

Magnetic heating is assumed to apply to materials such as iron, nickel, cobalt, some
semiconductors, and other strongly magnetic samples, frequently excluding their oxides 4652,
Equation 8 presents how the magnetic field interacts with matter. The complex permeability, pi",
the permeability is given by p’, and the magnetic loss factor is given by u~ “6. Theses variables
explain the penetration depth and the magnetic loss in the material, respectively “°. The physical
processes by which most magnetic heating occurs are hysteresis losses and eddy current

formation 648,
Equation 8: pr=pu —ju

Finally, materials can couple weakly with microwaves resulting in transmission of microwaves,
meaning these materials have very low loss and are effectively transparent “6. Although this may
change during a reaction as both dielectric and magnetic permeability properties are temperature

dependent and can drastically alter reaction conditions resulting in thermal runaway 4648,

Bulk metals typically reflect microwaves, therefore microwave ovens and waveguides are
constructed from them “. Eddy current generation depends on skin depth and is a function of the
magnetic field pushing the conduction electrons to the surface “. Conductive metal particles

however can be uniformly heated by induction, this effect depends on the penetration depth of

10.



the microwave energy #6485, Figure 2 illustrates the concept of uniform heating of metallic

particles as a function of the penetration depth, typically this effect is on the order of ~100 um “®.

i 1A

D, <d D, =~d D, > d

P
Figure 2. Microwave heating in metallic powders with uniform heating versus the "skin effect.”

Supported catalysts can effectively exploit the various heating modes of microwave energy for
“selective heating” 48°95253 Tt is possible to generate high temperature localized “hot spots,” on
metallic or metallic oxide particles on a catalyst support that can significantly increase reaction
rates >3, This heating process has been demonstrated in the Hu group to increase productivity
in dehydroaratomization and ammonia synthesis reactions °>*°, Ammonia synthesis based on HB
type reactors has also occurred with just E or H fields but has thus-far not elucidated ammonia
specific electromagnetic effects on reaction mechanism, but the surface mobility of reactants

appears to play a role >%°7,

Microwaves have also been studied for catalytic reaction and for catalytic material synthesis,
many of these applications are well outside the research presented here 88, Despite the
limitations in heating metal particles, microwaves have also been employed in metal nitride

synthesis >°%°, Although the reports are limited, most of the surveyed powders were found to be

11.



difficult to heat but in some cases did result in lowered maximum temperature or reaction time

5960 These effects motivate the current study of microwave enhanced CLAS nitride synthesis.

Finally, a few additional purported microwave induced effects include electronic enhancement or
“microwave photoelectric effect” in semiconductor materials and microwave induced ionic
pondermotive diffusion in solids 8-, Microwave pondermotive forces can cause diffusion into
crystal structures or across grain boundaries, unfortunately only two studies exist that explore
theses phenomena 22, Microwave induced electron — hole pairs may also be useful to activate
stable chemical bonds 8. These are attractive phenomena that could theoretically enhance

ammonia synthesis.

1.2.2 Microwave Plasma

One of the early nitrogen fixation processes competing with HB, named for its coinventors
utilized plasma; the Birkeland-Eyde process was developed in 1904 utilizing an electric arc in air
% The high temperature plasma generated NO, which was oxidized in air to NO2 and then
separated by absorption in water 5%, Much work on plasma nitridation and plasma catalysis has

continued since that time °.

Specifically, most plasma enhanced catalysts for ammonia synthesis target activation of the
dinitrogen triple bond, with a dissociation energy of 911 kJmol ¢, A multitude of different
plasma generation techniques and reactor designs have been explored the most popular being the
dielectric barrier discharge ¢”-"3, microwave 478, and radio-frequency plasma enhanced catalysis
reactors '8, Plasma can excite gaseous products and to affect their absorption and reaction on
catalyst surfaces &. Plasma enhanced catalysis also operates by many additional physical effects;
electric field enhancement, micro-discharges in pores, adsorption probability changes, oxidation

12.



state changes on the surface, hot spot formation, work function changes, activation by photon

irradiation, and the presence of alternate chemical species, and reaction pathway changes .

Microwave plasma is a non-thermal plasma, defined by the electron temperature being much
greater than the gas and ion temperature, shown in Equation 9 8. Therefore, they are sometimes
called non-equilibrium plasmas because the thermal energy is not in equilibrium between the
various constituents of the plasma stream 3. Atmospheric plasmas may be either thermal or non-

thermal and can be ignited by microwaves .

Equation 9: Telectron >> Tion = Tgas

Plasma nitridation also has an extensive representation in the literature, specifically microwave
plasma and metal nitride synthesis 8. Plasma reactors have been utilized in various
configurations to synthesize metal nitrides from oxides and from their metallic forms, typically
allowing for lower temperature nitridation reactions for the formation of energy intensive nitrides
and exotic nanostructures ¢, Much of the literature on CLAS processes has involved materials
development, and proof of concept work 878 Only more recently have researchers considered
the thermodynamics and scalability of typical CLAS type-processes &. As such, the CLAS
approach is in the material development and reproducibility stage, with much work remaining.
However, the combination of a plasma enhanced nitridation with a CLAS system has not yet

been reported.

1.3 Conclusions and Outlook

In this body of work activation of nitrogen and storage of the activated nitrogen atom is

considered from thermal, microwave and plasma sources. This is of importance due to reduction
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of emissions, ammonia as energy vector and the difficulty in shipping ammonia. Many countries
do not have the same pipeline infrastructure as the US. Thus, ambient condition decentralized
systems may be preferable in situations where they can be paired with passive and intermittent
renewable electricity sources. Figure 3 describes the basic flow of this work from materials

identification to the various processes and problems associated with each.

\

Reversible
Nitrogen
Storage

]
[ |

Microwave
Plasma

Microwave
Heating

Traditional
Heating

\ J

I I I

|
l Conditions Spectroscopy Conditions ]

[ [ | [
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Figure 3. Flow chart of the dissertation project.

The chapters of this dissertation are as follows:

In the first chapter of the work, the topic is introduced, then context and background information
are provided. The historical development of ammonia synthesis is reviewed because the field is
quite well developed this background knowledge is essential to understanding the context of the

work.

In the second chapter, a review of the relevant nitrogen storage materials and systems considered
in the work. The chapter also describes the thermodynamics of the CLAS process. The materials

science and chemistries are discussed. Much of the work that could fall under the concept

14.



“nitrogen storage” or “chemical looping ammonia synthesis” was not developed as such, thus,
this work aims to synthesize previous disparate work towards this aim. The results here are used

in the experimental sections which comprise the remaining chapters, three through five.

In the third chapter, the conventional thermal and microwave fixed bed time-on-stream results
are presented. In addition to the comparison of the reactors, the temperature of the beds is
considered. From there the surface and bulk structure is considered using a variety of methods.
Strategies for effective microwave heating of CLAS particles are considered such as, particle

size, and dielectric properties.

In the fourth chapter, unique features of thermally heated reactions and thermal Kinetics are
presented, this chapter is a direct continuation of the work performed in chapter three. The fixed
bed thermal kinetics of these nitridation — hydrogenation reactions are largely unknown or
described phenomenologically in the literature. Activation energy, observed kinetics, and rate
limiting steps are developed. Finally, a unique feature of the thermally heated CoMo system is
described, the synthesis of ammonia on nitridation, which is best described by a shrinking core

model with hydroxyl counter-diffusion.

In the fifth chapter the use of plasma-enhanced CLAS processes are presented. This chapter
continues to build on the thermal fixed bed results of chapters three and four. Plasma-nitridation
is used to lower the bulk temperature of the thermal fixed bed reactors during the nitridation step
of the reaction by pre-activating the stable nitrogen molecule. Optical emission spectroscopy,

time-on-stream measurements and micro-kinetic modelling are used to describe these reactions.
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2. Nitrogen Storage Materials Review

2.1 Introduction

While the use of refractory nitrides has long been of interest to the scientific community, and the
use of nitrides in electronic materials has seen significant interest, a systematic understanding of
metal nitrides is lacking. This is especially true when considering these systems in a reactive
state to produce ammonia. Nitride formation and hydrogenation processes are not well
understood in the literature, and the material space is only recently being systematically

explored.

The purpose of this review then is to collate current research on CLAS systems. There is an
abundance of nitride research, much of it relevant to this work, but this review will focus on that
work which has been completed towards the goal of ammonia synthesis or nitrogen storage. The
goal is to assimilate these strategies and approaches which exist in the literature under a variety
of different names for the same concept and provide the depth and breadth of that work to future

researchers.

This literature survey was carried out by searching the following phrases “nitrogen storage”
“chemical looping ammonia” “CLAS” “chemical looping nitrogen” or combinations thereof.
Articles about ammonia synthesis by heterogeneous metal nitride catalysts were also included

because of the contribution of nitrogen vacancies and nitrogen exchange.

2.2 Nitride Bonding

The nitride bond forms due to the N interstitial in a parent metal. This results in a different set

of crystal structures than usually found in mineral oxides. The nitride family is then categorized
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in several ways, but the most common are the so called “refractory” nitrides, which have high
melting points, are brittle, stable, and wear resistant. The bonds of metal nitride compounds are
often characterized as either having covalent or ionic behaviors thus leading to the common

names: “salt-like” and “covalent-like” to describe the ligand.

While the most familiar nitrides tend to be those in semiconductors (SisN4, InN, GaN) and those
in refractory coatings (AIN, BN, TiN) the application of nitrides as supports, and active phases
for both thermal and electrochemical catalysts have gained much attention in recent years.

Materials such as CeN, Mo2N, VN, and LisN have seen wide application in the literature.

The unique features of the metal nitride bond and band structure lead to the continued interest in
these kinds of materials. As catalysts nitrides catalysts are known to enhance hydrogenation
reactions. The electronic structures formed by nitrides are of great interest in electronic materials

applications, but also in both gas phase and electrochemical catalysis.

The most common nitride bond is of a metallic or covalent character, and typically sub-nitride
composition with nitrogen in interstitial locations, transition metals and semimetals make up the
majority of the studied nitride compounds . lonic nitride bonding is rarer and exists only in Li,
Be, Mg, and to some degree Ca, the more electropositive an element, the more likely an ionic

nitride bond is to form, a trend that was identified early in HB work 24,

2.3 Thermodynamics

Comprehensive data on the formation energies for metal-nitrides in the form of Ellingham
diagrams are not available for all but the most common nitride compounds. This is likely due to

the lack of research on the field as a whole and due to the inherent instability of the compounds.
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Simulated data exists for a larger number of CLAS materials and nitrides, this data is essential
for developing and modelling CLAS systems 5. Burrows, Gao and Bollas recently published a
paper on these reaction systems and enumerated the various possible approaches °. The major
reactions are described as the following: (1) nitride — hydride reaction, (2) the partially reduced
nitride loop, (3) the alkali imide — alkali hydride (AH), (4) the nitric oxide loop, and (5) the

cyanide loop.

Here the focus shall be on the first three types of reactions, with special interest on the active
phase of the nitrogen carrier. The thermodynamics of formation of all the compounds reviewed
in this article are not all reported. Many of the nitride synthesis steps are not well developed, or
the nitridation process is not well understood. However, the basic binary formation energies for
metal-nitride compounds are typically well developed in the literature. Ellingham diagrams can
provide the Gibbs free energy of formation of nitrogen containing compounds at different
temperatures. While the data collected may not be complete it can help to guide simulations and

experimental design.

2.4 Kinetics

The kinetics of specific nitridation processes under CLAS conditions are not well established.
Typically, the process would rely on small particle sized catalyst powders. At times these
powders may be included with oxide supports, or other structural promoters to improve

cyclability and surface area ’.

A more generalized kinetic development of nitridation kinetics can be drawn from research on
steel corrosion and from the synthesis of electronic nitride materials. Many different processes

for the nitridation of materials exist, the most common being nitridation by dinitrogen (either
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performed by a pure N2 flow or a mixture of N2 and Hz gas), or ammonolyzation by gaseous

NHs.

Nitridation of metals can be modelled on the macro view by the relationship in Equations 10 and

1158,
. 1
Equation 10: ENZ = [Naissotveal
. 1
Equation 11: [%N] = k[Py,]

The kinetics of particular CLAS materials are not well developed outside of a very small handful
of loosely controlled bench-scale studies and industrial surface coating modification. Effects of
gas composition, internal and external diffusion have not been well defined. The effectiveness of
specific promoters of the electronic or the structural variety have not been systematically

investigated either, although the literature on traditional HB processes may be of use.

Most CLAS processes are intended to operate at atmospheric pressure, thus the effect of pressure
on nitridiation processes is of less interest. The goal to overcome the HB thermodynamic
equilibrium limit thus relies on the cyclability and separability of reactions, not on high pressures

to drive Le Chatelier equilibrium.

With some exceptions (CLAS materials that are closer akin to heterogeneous catalysts), CLAS
reactions follow the shrinking unreacted core model (SCM). Originally developed by C. Y. Wen
to describe the combustion of coal particles, the SCM describes the reaction with three reaction
constants °. These constants combine various resistances to chemical reactions into the fluid film
diffusion regime, the internal diffusion regime, and the surface reaction constant regime %, The

basic reactions mechanism of both nitridation and reduction may be seen in Figure 4.
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Figure 4. The proposed reaction mechanisms for (a) nitridation and (b) hydrogenation reactions.
Where Kq represents the gas diffusion coefficient to the particle surface, Ks represents the surface

reaction coefficient, and Kq represents the internal diffusion coefficient.

Standard reaction engineering methods are useful to determine the various rate limiting steps of
nitrogen-surface, diffusion, and hydrogen-source-surface reactions. These phenomenological
results can provide data for more detailed simulation and mechanism investigation, which in turn

drives more advanced catalyst design.

2.5 Methodology of the Literature Review

The purpose of this review then is to collate current research on CLAS systems. There is an
abundance of nitride research, much of it relevant to this work, but this review will focus on that
work which has been completed towards the goal of ammonia synthesis or nitrogen storage. The
goal is to assimilate these strategies and approaches which exist in the literature under a variety
of different names for the same concept and provide the depth and breadth of that work to future

researchers.
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This literature survey was carried out by searching the following phrases “nitrogen storage”
“chemical looping ammonia” “CLAS” “chemical looping nitrogen” or combinations thereof.
Articles about ammonia synthesis by heterogeneous metal nitride catalysts were also included

because of the contribution of nitrogen vacancies and nitrogen exchange.

2.6 Classes of Materials

A recent publication extensively reviewed the thermodynamics of single metal CLAS candidates
®. This kind of work is extremely important for the development and for directing future work in
the field. This work is aimed at reviewing the material systems which have been the subject of
nitrogen fixation research in the past and presenting them in a unified way under the heading of

chemical looping ammonia synthesis.

2.6.1 Single Metal Nitrides

Single metal nitrides have been studied since the early 1900s by many workers Juza, Mittasch
and others #1113, These systems were of considerable interest for their use as refractory materials

and later, as catalysts, electronic materials, and nitrogen transfer reagents.

Transition metal nitrides have been the subject of interest over the years but not in a significant
and sustained way. Many systems described are only of the single transition metal-nitrogen

composition.

2.6.1.1 Alkali and Alkaline Earth Systems

The group | and Il metals are known to be reactive towards gaseous N2. Many of these elements
form nitrides spontaneously upon reaction with gaseous N2. Some of the metals do not form

nitrides easy, or at all, they include Na, and K (nitridation under Ar:N2 discharge), Rb, and Cs
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which can be synthesized from their hydride forms 4. The use of Li as a potent activator of
nitrogen has been long reported in the literature *°. The thermodynamics of formation of these

systems in general under N tend to be favorable at pressure 4.

Many of these metals are instead used as “electronic” promoters to enhance catalysis reaction
rates. Some examples include the industrial standard HB catalyst, K promoted Fe, Cs promoted
Ru 216, Co-active bimetallic catalysts such as Li2NH or BaNH-transition metal materials will be

discussed in later sections *'.

The magnesium oxide to magnesium nitride MgO-Mg2Ns, system has been studied by two
groups, the proposed CLAS loops would use methane to reduce MgO and water to hydrolyze
ammonia 82, Converting MgO to its reduced metallic form before nitridation with N2 likely will
encounter surface area limitations caused by the low melting point of Mg metal. Literature exists
suggesting that unconverted MgO and Al>Os promoters may provide surface sites for adsorbed
species to diffuse over, increasing the conversion of the nitride phase ?°. Thus far though, only
promotion by NaOH, TM dopants, and hydride-imide systems has been investigated in depth for

any CLAS applications.

2.6.2 Transition Metal Systems

Transition metal nitrides may be synthesized in the following ways, by reaction with gaseous
ammonia, or nitrogen in their pure form or as forming gas. Solid state reaction methods utilizing
amides, or urea. Sometimes solvent, CVD or plasma methods are also utilized for more advanced

materials. A thorough review of synthesis methods has been prepared by Yin at al. 2.
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Specific thermodynamic modelling of chemical looping ammonia synthesis systems was
performed by Burrows, et al. ® which described several single transition metal nitrides. The study

considers many different formulations of the CLAS loop.

Bond ionicity is proposed as a useful metric for considering the nature of bonds in a potential
CLAS nitride. The concept has been existent for a long period of time but, Michalsky et al.
contextualized it in terms of the nitrogen transfer reaction in transition metals to judge the
relative ionic character of the metal-nitrogen bonding ©22. The general bonding character in
nitride materials is still not fully understood, but some general conclusions can be drawn .
lonicity is defined as, the properties of ionicity, metallicity, and covalency are relevant from a
theoretic standpoint to select. Metal nitrides tend to favor the covalent bond due to the large
amount of energy required to severe the dinitrogen triple bond. The covalent bond is undesirable
despite the lower bond energy of the system, in a more ionic system it is easier to store and

retrieve the nitride ion under these conditions.

For the reaction scheme proposed in Michalsky et al.’s work, using H2O as the hydrogen source,
there exists an “optimum” where too dense d-level electrons result in too weak bonds and too
few d-level electrons result in too strong of bonds 2. This general principle of nitrogen storage —
similar in principle to the Sabatier principle for catalytic reactions, specifically ammonia
synthesis in this case — requires that not too strong or weak bonding exists to successfully cycle
nitrogen storage 2%2%. Strong nitrogen-metal bonds would require excess heat which can degrade
carrier at a fast rate relative to weaker bonds. Too weak nitrogen bonds may not be stable enough

to cycle in a way to produce ammonia at all.

Nitrogen vacancy formation energy is an important consideration for all CLAS nitride systems -

%, The ability to form a nitride at favorable conditions may be offset by extremely long internal
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diffusion times. This consideration has been discussed by Pfromm and co-workers, but for the
most part has not entered the larger CLAS materials literature ?2. Rates of diffusion may be
calculated for binary materials or determined by experiment to guide the development of
materials. Some diffusion rates calculated by Pfromm for binary nitride systems varied from

seconds to days depending on the transition metal system 2,

Single metal nitrides may also be promoted or synthesized with stable oxides which can improve
nitrogen transport properties. Additionally, oxides with Brgnsted acidity can be incorporated
with single nitrides to enhance -H addition and promote ammonia formation ?’. This
phenomenon has been observed in other processes but attributed to surface area increase and to
possible structural and electronic promotion, both of which likely do play a part in enhanced

rates.

Among the single transition metal nitrides, those composed of FesN Mo2N, NisN, MnsN, Mn2N,
MnsN2, AIN, ZrN, TiN, Cr2N, CrN, ResN, and CosN have received the most interest for the
CLAS type reaction 263, However, only the Al.O3 to AIN loop system was extensively studied
in a series of papers by Gélvez et al *-*3. The thermodynamics, Kinetics, economics and

cyclability of the material was investigated.

Early solar-thermal work by Pfromm utilized chromium as a nitrogen carrier under a variety of
conditions . The conditions that the Cr nitrogen carrier was tested under gas flows containing
N2, H2, and CO to simulate bio-gas #°. The Cr2N and CrN phases were both present in the
reactions, and CaO/Ca(OH), was used as a promoter 2°. The maximum rate found for this

approach at 1000 °C is 4.1 (+ 0.5) x10"2 molnnusmolmetal *min 2,
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Manganese has been well studied for nitrogen storage and CLAS by many different groups,
conceivably because of favorable thermodynamics and relative availability of the material. The
material was studied in several publications on the material under CLAS reaction conditions,
extensive characterization, simulation and through the use of promoters such as Fe, Ni, and

N ao H 22,34—41-

Manganese is known to form several stable nitride phases on heating under an N> atmosphere.
From the most nitrogen rich to the least: MnN, MngNs, MnsN2, Mn2N, MnsN %2, The typical
temperature where the reaction begins is 500-600 °C 223, The typical rate achieved with this
material is 9.7 ( 0.9) x 10°° molnnsmolmetal*s™ 36 2238, The typical reaction condition in

literature is run at 700 °C nitridation and between 400 and 500 °C hydrogenation 2238,

Cu and Zn have received considerably less experimental attention “. Zn is thermodynamically

feasible, but kinetics often require that it reaches its melting point to be successfully nitrided.

Tantalum nitride (TasNs) represents another nitrogen rich material for nitrogen storage and
transfer 4344, The oxide form (Ta2Os) is difficult to reduce under hydrogen, but Ta>Os can be
ammonolyzed to the nitride form under ammonia at 900 °C, with partial nitridation possible at
800 °C #4. This material has been found to yield as much as 81% of its lattice nitrogen in the
form of gaseous ammonia when doped with Co to form the structure Ta25Co00.5Ns 4. Other
dopants were tested, Fe, Re, Co but only the composition of the cobalt included system was
analyzed by changing the Ta:Co ratio *. Surface mechanism and promotion DFT was performed

by Zeinalipour-Yazdi, et al. .

Supported transition metal on oxide material systems show great promise for future CLAS

materials as demonstrated by many studies which indicate their effectiveness "#. TiO2/AIN and
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Fe, and Mn on Al,Oz . The Mn and Fe on Al2O3 systems were studied in detailed compositions

of Fe/Mn by thermogravimetric methods .

Aluminum oxide requires a temperature of 1500 °C under flowing N> to form the desired AIN
product, and aluminum nitride also requiring high reaction temperatures, between 800-1000 °C
under water vapor “. Extensive kinetic analysis was performed by Gao et al., to identify activity
of the TiO promoter and to describe ammonia synthesis versus decomposition rate in a

stationary bed .

2.6.3 Ternary Nitrides

Ternary metal nitride systems of the form (AxByN:), represent an enormous materials space,
many of which are uncharacterized by experiment. Recent work by Sun et al., made a significant
effort in mapping and describing the energies of formation of this materials space . An

interactive map exists which describes the thermodynamics.

The work by Sun et al. also describes metal nitride bonding in ternary systems by building on the
concept of the inductive effect with a reductive effect 6. These two effects can be used to describe
both nitrogen rich and nitrogen poor nitride systems. In the inductive effect, the electrons are

withdrawn leading to higher nitrogen containing species, while in the reductive case the electrons
are donated to the metal bonds . These results point towards the hard soft acid base theory to aid

understanding the metal — metal nitrogen bonding in metals *'.

Only a small subset of the predicted ternary nitrides has been studied experimentally. The most

successful of those candidates have been described below.
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2.6.3.1 CosMosN Type Systems

The cobalt molybdenum nitride system for ammonia synthesis was developed by Kojima and
Aika as an alternative HB catalyst for atmospheric pressure reactions 3-%°. This work built on
previous explorations of Mo2N systems for alternative HB catalysts and previous work with the
supported CoMo catalyst in hydrodesulfurization reactions 1. The material was characterized by
reaction engineering, crystallography, and surface chemistry. The material was first synthesized
as bulk for its application as an ammonia synthesis material, then was used sparingly as a

supported material.

The bimetallic CoMo system was simulated by Ngrskov, et al. and identified as a good catalyst
by the volcano plot 2. Other researchers from the Hargreaves group have modeled the CosMosN
surface and bulk slice in much more detail. The proposed mechanisms of ammonia synthesis are
well supported by their findings. A proposed Mars van-Krevelen type mechanism is supported
by both experiment and simulation 2644, A dynamic reaction is proposed by Hunter, et al., where

N exchange occurs between the saturated CosMozN system and the reduced CosMogN system =3,

The rates determined for ammonia production under Ar/Hz flow in a CLAS-type reaction over
unpromoted CosMosN are given by Sun, et al. at 400 °C, 158 pmolg™*h and at 500 °C, 369
umolgh 54, The system begins as a CoMoOs oxide, is typically ammonolyzed at 700-750 °C to
form the CosMosN phase. Nitrogen alone is also sometimes used to nitride the reduced surface,

and combinations of H2:N are also used to synthesize the nitride phase.

The crystal structure for the hydrated oxide precursor has been well established and has been
studied with in-situ diffraction techniques during the ammonolysis process **’. The role of the

preparation step for synthesis of the nitride is a critical one and can impact the reactivity of the
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final product. The effect of initial reduction on CoMo00O4 was first identified by cyclic TPR/TPO,
with the first cycle being significantly different %8. The effect of reaction pretreatment gases was
reported on by Aslan et al. and Brown et al., for the HB reaction and the CLAS-type reaction,
respectively ¥ The author’s previous work suggested a dynamic surface-bulk exchange

between hydroxyl and nitride groups with surface rearrangement to ammonia .

The CLAS utilization of this material has been demonstrated by Hargreaves et al. and Brown, et
al ®#%, The rates found for this process vary, but the overall stichometry indicates that 2.93% of
the compound is nitrogen. Under microwave fixed bed heating the rate is found to be 56 pmolg™

on a 15 min ammonia synthesis cycle ©.

2.6.3.2 FesMosN, Ni2MosN, and Mn2Mo2N, and others

Additional bimetallic oxides have been synthesized, typically starting from the metal salt
solution route. These materials are then calcined, and ammonolyzed at relatively high
temperatures (750 °C) to achieve the desired nitride phase. Unlike the case of the CoMo
bimetallic, there is not substantial DFT modeling available for these materials and their reactive

surfaces.

Materials considered are: FesMosN, NizMosN, MnaMo2N 46283, Some of these materials have
been extensively characterized by the Al Sohbi et al., and few others, mostly for their material
properties %2. The relative rates of ammonia productivity of these materials are considered in
other publications under HB conditions, but NiMosN was found to be higher, but comparable to
CosMosN, between 383 and 395 molgh, under differing synthesis conditions %%, Less interest

has been expressed in these materials as purely CLAS catalysts.
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Doped manganese nitrides are considered by Hargreaves, et al., K-Mn, Li-Mn, Fe-Mn, and Co-
Mn along with Mn3zN> as baseline *. The characterization of these materials generally consists of

crystallographic phase identification, surface area measurement and in some cases conductivity.

Another class of bimetallics of the CoxRey composition was studied extensively by McAulay, et
al ¢, The CoRe4 system was found to perform best after pretreatment step of 2 h at 600 °C with
H2/N> co-feed with a rate umolg™h™ . A potential Re nitride phase is suggested by experiment

and previous authors but remains unconfirmed €.

2.6.4 A2B17N Compounds

Early reversible nitrogen storage work was published by Machida and Itoh, et al. in the 1990s
following earlier work by Uchida on nitridation of SmzFe17 67°. Compounds of the form A2B17N
where A =Y, Ce, Sm, and Nd and B = Fe, Ti, Zr, Nb, Mo, and V were synthesized by arc
furnace under Ar blanket 6”707, A variety of products were synthesized CeFe», CeFe7, and
CeoFe17 °7™. The materials were well characterized by XRD and time on stream reaction testing,

yielding rates, nitrogen content, and apparent activation energies ®"".

More advanced materials were developed which utilized other intermetallic chemistries and Ru
as promoter. Additionally, supported catalysts like Ru/Al>O3 were used as co-catalysts with the
TiFe2N materials ", Hydrogen generation/nitride regenerations studies were also performed

with these material systems with Ru/La2Os as catalyst 7.

Other AB> compound intermetallics have also seen interest in HB reactions 7. The HB rates
reported with this proposed catalyst were quite high 3318 pmolh™g? (laser ablated) and 486

pumolh™g? (bulk) 7.
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2.6.5 Perovskite, and Anti-Perovskite Systems

The potential of perovskite, ABOs3, and anti-perovskite, AsBN, nitrogen storage materials is an
attractive research goal due to the high H and O diffusion rates found in these materials in
various other applications. The antiperovskite structure where N is present at the four corners of
the unit cell. These systems may or may not contain oxygen ", Some have notably been

exploited as active, or dynamic supports for HB ammonia synthesis 7.

The BaCeOs.xNyH; perovskite support is considered “active” in that it exchanges O and N
vacancies with surface absorbed species ™. Materials of this type have most served as supports
for more active traditional HB type catalysts. Surface reactions encourage O/N vacancy

interchange which forms the active catalyst support.

2.6.6 Semimetals

Semimetals tend to form more covalent nitrides and thus are not particularly interesting from the
perspective of CLAS systems. The field of semimetal nitrides is however vast, and under much

research at present and in the past for electronic materials and refractory coatings.

2.6.7 TM-Nitride Mediated Materials

Another class of materials which has gained interested are those of nitride-transition metal
mediated systems, typically with dynamic nitride phases as supports for more catalytically active
metal islands on the surface. The most well know of these for CLAS are probably the hydride-
imide systems; LiINH and BaNH systems published by Gao et al. "’%. These materials are
enhanced by the inclusion of TMs such as Co, Ni and Fe 176, The productivity of the Co-BaH>

system was further enhanced by including a CNT supports which increased the dispersion of the
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Co cocatalyst ®. Rates of up to 3125 pmolgh* were detected for the CLAS system with 50%

Ni—BaHz '.

The HB-type reaction synthesis catalyst LaN is shown to be able to synthesize ammonia from
both gas-surface nitrogen and from lattice nitrogen . This catalyst was found to be highly
effective with 5% wt. Ni/LaN having a rate of 2400 pmolgh?, and when using nanoparticle
12.5% wt. Ni/LaN 5543 pmolg*h? at 400 °C 7. The potential of lattice nitrogen involvement in
this reaction and other similar catalysts can provide useful insights for CLAS material

development.

Alloys containing lithium (Li17Sns) have also been developed that allow a “pseudo-catalytic”
ammonia synthesis process to proceed, this process is essential identical to other CLAS

processes, except that the alloy is first prepared under Hz gas before nitridation 8.

2.7 Conclusions

The materials space of metal nitrides is poorly defined. Although recent work has made huge
progress in defining and understanding nitride materials. Most understanding of nitrides comes
from the understanding of oxide minerals, the difference being that N2 dissociation requires a
large amount of energy comparatively to O2. With computational methods exploration of this

space is more

Examples of ternary nitrides include both nitrophilic and nitrophobic elements, The examples of
hydrides and electrides provide an interesting example of how materials design can be utilized to
augment HB type reaction catalysts. This same broad approach to materials synthesis could be

harnessed to design nitride containing materials.
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Material spaces which may hold promise for the future of CLAS research are those similar to
mixed TM-catalyst systems. Covalent type metal nitrides appear to require much higher

temperatures than metal-type bonds.

Additional material development which is of interest for functional catalyst supports include

electrides (mayenite, LaRuSi, CaCN>) which have a reservoir of e- available for N> reduction,
some having dynamic lattice structures °-#2. Other materials of interest may be oxynitrides, or
oxyhydrides which may facilitate N exchange without lattice collapse. Finally, new materials
which may be heated non-uniformly such as microwave catalysts may be synthesized by high-

entropy alloy tuning of electronic and material properties.

Future work in this space can be augmented by novel methods in catalysis preparation and
reaction conditions. Microwave catalysis and plasma-enhanced catalysis can provide new
reaction intermediates and pre-activate stable molecules such as CO2, CHa, and N2. Another set
of possible consideration is atom economy, material synthesis, cyclability, and environmental

impact of extraction.

Most CLAS candidates are evaluated on the productivity, and the temperature of operation.
These are important metrics for the consideration of a new catalytic system, but more
considerations are required to develop the technology. CLAS systems typically have very high
selectivity, theoretically 100%, sometimes with small concentrations of H2O or NOx produced as
side products. Metrics like cyclability, material cost and the environmental impact should also be
considered. The rates of reaction for the gas-particle interactions should be considered for the
development of reaction cycle times. Finally, typical concerns in reaction engineer, such as

surface area, temperature distribution and attrition should also be considered. A few select
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candidates will need to experience longer-term testing and development to reach this stage and

gather this data, this will require concentrated study on the best candidates.
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3. Microwave and Thermal Catalysis Reactions

3.1 Introduction

CLAS systems are a promising alternative process technology that can overcome traditional HB
technological barriers such as high pressure and temperature. Modular CLAS reactors may be
designed near sources of renewable energy or near the point of use to reduce the distance to ship
ammonia. Microwave heating proceeds through different physical mechanisms than traditional
thermal heating, thus microwave heating may provide a means to “switch” bed temperatures very
rapidly. Among other possible benefits allowing modular CLAS to approach competitiveness

with small scale, lower pressure HB systems.

Microwave heating of these metal nitrogen carriers was chosen as a way to increase both the rate
of nitridation and the degree of nitrogen content in the material. Our hypothesis is that
microwave treatment of materials lead to these effects due to both rapid volumetric heating,
surface polarization and enhanced diffusion 3. Surface absorbed intermediates and N2 will
couple with microwave radiation and polarize, leading to higher rates of bond weakening and
breakage *. The surface of metals under microwave radiation also experiences non-uniform
electronic effects such as edge effects and high E fields between particles in packed beds >,
These phenomena coupled with the thermal phenomena are expected to enhance the productivity

of these materials.

Microwave heating offers a variety of benefits over conventional thermal heating owing to the
difference in the physical processes by which this heating occurs. Uniform and non-uniform
heating modes exist and depend upon the size, geometry, electric permittivity, and magnetic
permeability of particles %10,

46.



While bulk metals reflect microwaves due to the formation of eddy currents at the surface caused
by magnetic fields 1213, This eddy current generation depends on skin depth and is a function of
the magnetic field pushing the conduction electrons to the surface, commonly referred to as the
“skin effect” >4, Even though bulk metals often result in the high reflectance of microwaves,
the heating of metallic powders is possible and is often exploited in alloying and sintering metals
1415 Particle size thus is a critical factor along with the dielectric and magnetic properties of the
materials to be heated. Additionally composites of metals and microwave sorbents, like sintering

cermets, may be exploited for the rapid heating of these structures.

Equation 12: D, = /(Q)ZZT)

The penetration depth of microwave radiation may be calculated from data for a wide variety of
materials (Equation 12) *2. Penetration depths on the order of several micrometers are common,
for Fe particles it is 3.2 pm, Mo is 2.4 um, and for Co is 2.4 pm at 2.45 GHz 218, Heating in
metallic powders proceeds by both dielectric and magnetic properties *°. Here, dielectric
properties were measured because these materials are composites with SiC, which primarily
heats by the electric field. When the penetration depth, Dp = d, the particle diameter, almost all

the particle becomes “skin,” in effect 1417,

Chemical reactions by their nature change the electronic properties of the systems they occur in;
it is overserved that as nitridation occurs microwave power requirements for CLAS:SiC mixtures
increase to maintain temperature. Oxides tend to heat differently than metallic materials, nitrides
also shift electronic structures in a similar way, reducing the heating properties of the materials
evaluated. While beneficial as lossy materials, these require more power input to maintain

reaction temperatures.
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SiC provided the best material for the composite due its physical, thermal, and chemical
properties 8, Under blank testing in both ammonia synthesis and CLAS conditions SiC was
found to be unreactive. The rapid heat transfer and optimal microwave coupling capabilities of
the material made it a useful inert to include in the system °. While other materials such as
oxides, sulfides and carbon compounds couple well in the microwave heating systems, they are
not chemically inert and do not allow as intrinsic evaluation of the metal-nitrogen systems being

evaluated.

This work aims to evaluate single metals and bimetallic alloys in three ammonia synthesis cycles
under realistic reactor conditions and to compare the effectiveness of microwave heating for
enhanced ammonia productivity, the candidates were selected based on previous use in the

literature, ready reducibility, availability, and low environmental impact.

3.2 Experimental Methods

3.2.1 Materials

Cobalt molybdenum oxide hydrate (CoM00Q4, ~325 mesh, 99.9%, Alfa Aesar) and iron powder
(Fe, <10 um, >99.9%, Aldrich) samples were tested in both microwave and thermal heating
experiments. Silicon carbide (SiC, 98%, 325 mesh, Aldrich) was used as an insulator, a
microwave energy sorbent, and to separate particles. SiC and CLAS materials were physically

mixed by hand until homogeneous before the reaction.

UHP gases (99.999%): H2, N2, Ar, and 10% H> balanced in He (Matheson and Airgas) were used

for all gas-solid reactions. Outlet gases were measured by a CAl 600 Fourier Transform Infrared
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Spectroscopy (FTIR) with a gas flow cell to determine outlet concentrations of ammonia

product.

3.2.2 Chemical Looping Reactors

Two reactor setups were used to determine the differences between thermal and microwave
heating. A continuous flow conventional thermal fixed bed (CTFB) and a continuous flow
microwave fixed bed (MWFB). Chemical looping candidates were tested by mass using 500 mg
samples physically mixed with 500 mg of inert SiC. Both reactors used quartz tubes (406.4 mm
L, 10mm ID, 12 mm OD) to contain the catalyst between quartz wool supports in the center of
the tube. All reactions were performed at atmospheric pressure. The procedure for each reaction

is detailed below for both the CTFB and MWFB reactors.

3.2.2.1 Thermal Fixed Bed

The thermal fixed bed reactor consisted of a standard programmable tube furnace using a 24
°Cmin’ ramp rate. First, CoMoO, was pre-reduced for 3 h at 750 °C in 50 sccm of H; gas flow.
Then sample nitridation was performed under N2 gas flow at 50 sccm for 1 h at 750 °C for

CoMo. Nitridation of the Fe samples was performed at 1 h at 450 °C for Fe.

Hydrogenation was performed under 50 sccm Hz at 450 °C for 1 h. The reactor system was
purged with 50 sccm Ar gas for 5 min at temperature between after each synthesis step of the

chemical looping reaction cycle.
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3.2.2.2 Microwave Fixed Bed Reactor

(@)

Figure 5. Metal particles heating under microwave. Particles heating from MW (a) and heat
conduction from the SiC particles. Electrons are pushed to the surface where they can activate
neutral molecules like N2. As the metal particles are nitrided (b) they become more oxidic and

the heating process requires more energy to heat volumetrically and by conduction from SiC.

The nitridation reaction process proceeds according to Figure 5 (a), where microwave irradiation
is absorbed by the metal particles, resulting in volumetric heating. In Figure 5 (b), more
microwave power is required to maintain nitridation temperatures for both Fe and CoMo systems

as they take on a different character due to oxidation by nitrogen.

Microwave testing was performed in a 2.45 GHz, 3 kW, magnetron generator with a mono-mode
cavity microwave from Sairem (model GMP20K) (Figure 6). The temperature was measured
using a laser aligned infrared pyrometer (IR) from Micro-Epsilon (model CTLM-3SF75H2) with
a pre-calibrated temperature range between 200 and 1500 °C and a 6.5 mm radial spot size. The
pyrometer measures the surface infrared emittance of both the reaction tube and its contents. A

manual sliding short was positioned to minimize both leakage and reflected power. The power
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applied was varied from 300-700 W to maintain target sample temperatures as the reaction

proceeded.

H2 N2 Ar

Quartz Tube

Autotuner Quartz Wool Supports

Microwave I I I I I
Generator J | ‘ Stub Tuner
]

]

L.

o —

IR Pyrometer

Fixed Bed SiC + CLAS Material

FTIR

A 4

Figure 6. The microwave catalytic reactor. The complete microwave reactor assembly included
the generator, waveguide, sliding short, 4-stub autotuner, IR pyrometer, mass flow controllers,

and online gas phase FTIR analyzer for outlet gas.

MW heated nitridation was performed at temperatures of 750 °C for CoMo, and for 450 °C for
Fe at 50 sccm N2 flow for 1 h each. The hydrogenation step was performed under 50 sccm H> at
450 °C for 15 min to synthesize ammonia for both the CoMo and Fe samples. The reactor system

was purged with 50 sccm of Ar for 5 min between each reaction step of the chemical looping

reaction.
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3.2.4 Particle Characterization

Powder x-ray diffraction (XRD) characterization was performed using PANalytical X Pert Pro
X-ray Diffractometer with CuKa radiation at 45 kV and 40 mA in the range from 10 ° and 20 °

to 100 ° (20) at a scan rate of 5 ° min™.

Thermogravimetric analysis (TGA) was performed (TA Instruments SDT-650 thermogravimetric
analyzer) in 90 uL alumina crucibles. The samples were purged for 1 h under 50 mLmin of
10% H2/Ar balanced with 100 mLmin™* He for reduction, or 50 mLmin N2 balanced in 100
mLmin He for nitridation. The temperature was ramped at a rate of 5 °Cmin to 750 °C and

held for 4hrs.

Scanning electron microscopy (SEM) was performed (Hitachi S-4700 Scanning Electron

Microscope) set at 5.0 kV and 10 pA to determine particle size and morphology.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed to
determine the composition of spent bimetallic samples. ICP was performed by dissolving spent
CLAS materials in concentrated nitric acid, metallic films on glass reaction tubes were dissolved

by rinsing with concentrated nitric acid.

Thermal analysis of the microwave catalyst bed was performed by an infrared thermal imaging
camera (FLIR model number A6261). The camera was positioned 0.5 m away from the quartz
waveguide port. FLIR (Research Max) software was used to analyze the temperature distribution

recorded at each pixel of the bed.

Pulse chemisorption was performed (Micromeritics Autochem 2950) using UHP N». BET

analysis was performed with He (Micromeritics ASAP 2020 adsorption analyzer).
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Dielectric property measurement was performed between 100 MHz and 9 GHz (Keysight
P5002A vector network analyzer) with a 7 mm by 3.12 cm air line (Maury Microwave model
number 2653S3.12). Calibration was performed using a Keysight 85091C electronic calibration
model on the autocalibration setting. The powdered materials of interest were included in a
paraffin wax (Aldrich, mp 53-58 °C) matrix at 10% volume loading, homogenized, and cast into
a plug following the method developed by Tempke et al. %°. The Landau-Lifshits-Loonyenga,
(Equation 13), was used to separate the dielectric properties of the matrix and the powdered
samples 2. The variables in the equation are: emix, the measured property, vm, the volume of the
matrix, €m, the dielectric property of the matrix, vp, the volume of the particle, and gy, the

dielectric property of the particle.

1

1 1
Equation 13: (emix)? = (Vmem)s + (V)3
3.3 Results and Discussion

Many possible materials for nitrogen fixation under thermal conditions were also considered in
the microwave reactor (Table 1). The most outstanding materials for microwave heating included
Fe, CoMo and Mg, while the conventional choice for CLAS reactions. The diamagnetic Mn did

not couple well with the microwave, so it was excluded from further analysis.

Table 1. The time on stream experimental notes for nitrogen chemical looping catalysts.

Nitrogen
Chem.l cal Reaction Observation
Looping
Candidate
Mo metal Unfavorable stoichiometry, air sensitivity, and poor MW heating
characteristics.
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Mo0O2/Mo0Os3

The low vapor pressure of MoQOs3 causes some mass loss to reactor walls as
a molybdenum film. The oxides do heat under microwave irradiation, but
this effect decreases as the oxygen content is reduced.

Mn metal Excellent candidate for nitrogen chemical looping as shown by the
publication record, however, a distinct drawback is the massive loss of
surface area when metal particles sinter together during nitridation.

MnO, The temperature required to fully reduce MnO; to Mn is above the range
studied here, however, MnO still forms a limited nitride which can produce
small amounts of ammonia. The Mn suboxide form can be easily observed
by a pale green coloring and is easily re-oxidized. This material does not
succumb to sintering like pure Mn metal does at ~700°C.

Co0304 Cobalt oxides reduce at a low temperature but retain very small amounts of
nitrogen alone.

Mg metal Heats well in the microwave.

2.5% Co 2.5 % | Hydrodesulfurization catalyst shows some limited nitride formation despite

Mo / y-Al203 low metal loading.

CoMoOg4 Can be observed to heat in microwave reactor but this effect is limited to
changing oxidation states and thus does not last and is not repeatable. Like
MoOs3, temperature ramp rate can create metallic films which indicate loss
of Mo species.

MgFe;04 No ammonia detected.

Lao.¢Sro.4FeMnO | No ammonia detected.

(LSFM)

CoMoO4 + SiC | Heats well in (1:1), less well in other ratios.

CoMoQg4 + SiO> | Did not heat in microwave reactor.

MoO; + SiC Heats moderately well in (1:1) ration.

MoO;+ SiO» Did not heat in microwave reactor.

Mn + SiC Did not heat in microwave reactor.

Mn + SiO» Did not heat in microwave reactor.

MnO, + SiC Did not heat in microwave reactor.

MnO; + SiO» Did not heat in microwave reactor.

Mo + SiC Did not heat in microwave reactor.

Mo + SiO» Did not heat in microwave reactor.

TaOs Did not heat in microwave reactor.

CoMo004:Al2O3; | Ground with mortar and pestle the 1:1 ratio and calcined at 550°C, this

material did heat effectively in the microwave for at least one cycle. Rapidly
deactivated and lost performance afterward.

4% Ru 4% Cs/
MgO

Model traditional catalyst used in this laboratory.
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1% K 1% Ru/ y-
Al O3

Model traditional catalyst used in this laboratory.

C12A7 Did not heat in microwave reactor.

(electride)

Si0, ‘Invisible’ to microwave heating. Separates catalyst particles to allow
heating and reduce electron conduction in the mass when homogeneously
mixed.

SiC Efficient absorber of microwave energy used to heat nearby particles when
homogenously mixed.

Al metal The melting point of metallic Al is within the range of efficient nitride
synthesis, ~650°C, also making this a difficult material to work with alone.

Ti metal No ammonia detected.

TiMn, No ammonia detected.

v-ALO3 Support for 2.5% Co 2.5 % Mo / y-Al,O3, no ammonia detected.

MgO No ammonia detected.

3.3.1 CLAS Performance Comparison between Microwave and Thermal Heating

nitrided

NH,

T

reduction

reduced

Figure 7. The CLAS loop visualized. A particle is first nitrided at the temperature of nitridation

under Na, then is reduced at the temperature of hydrogenation to ammonia under Ho.

A representative schematic diagram of the three-cycle chemical looping process is presented in

Figure 7. Initiation steps include reduction of the oxide precursors followed by nitridation to the

active phase, hydrogenation to form ammonia, and the eventual deactivation leading to the
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formation of multiple stable phases that are no longer active stable inactive phases, which
ultimately breaks the cycle. The ammonia synthesis reaction, or hydrogenation step, was

performed three times for each chemical looping candidate.

Time on stream experiments was performed for both the CTFB and the MWFB with identical
operating conditions. CoMo and Fe systems were examined at 450 °C for 15 min under Ha flow.

The results of these experiments performed in three CLAS cycles are shown in Figure 8.
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15 min Ammonia Productivity Under 450 °C H, 250 15 min Ammonia Productivity Under 450 °C H,
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Figure 8. Microwave and thermal reactor results for a three cycle CLAS process. Samples of
Fe:SiC are represented in red for cycle 1, (a), 2, (b), and 3 (c). Samples of CoMo:SiC are

represented in blue for cycle 1 (d), 2 (e), 3 (f).

The MWFB system resulted in a significantly higher ammonia production rate in comparison to
the CTFB for both the Fe and CoMo catalyst systems. In CLAS Cycle 1-3 for the CoMo system
(Figure 8 (d-f)) shows significant deactivation for ammonia production for the MWFB in
comparison to CTFB. However, the Fe system produces much higher amounts of ammonia over
the entire process, especially (Figure 8 (a) and (b). An induction period is overserved in the

initial step of cycle 1 (Figure 8 (a)) for CoMo.

Several possible explanations for the differences in performance between the CTFB system and
the MWFB system exist. Electronic activation enhanced ionic diffusion could lead to the
advantage the microwave system presents 2%, Rapid heat transfer, however, likely results in the
faster conversion to ammonia. Deactivation may proceed via formation of various inactive

phases and the loss of surface features due to MW heating.
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Due to both its particle size <10 um, and the ability of Fe to couple with both electric and
magnetic fields it performs the best of all samples considered 2. Fe metal is ferromagnetic and

the heating process occurring is largely due to the internal eddy current variety which leads to

volumetric heating 2°.

Mo is paramagnetic and do not couple well with MW radiation. Co metal is also ferromagnetic
and does couple with the microwave, but the performance is offset by both the larger particle

size of the CoMo sample, and the alloying with Mo. All samples were aided by the conductive
heat transfer from SiC, which being insulating prevented the entire catalyst bed from becoming

conductive and simply reflecting MW energy ’.
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Figure 9. The temperature distribution for MWFB conditions under both N2 and H> flow at 50

sccm was acquired with thermal imaging. (1) is the temperature distribution for the CoMo:SiC

system where the set point is 750 °C and 450 °C respectively. (2) is the temperature distribution

for the Fe:SiC system where the set point is 450 °C. Raw data is available for all temperature

analyses in (A-D), CoMo nitridation, hydrogenation (A, B) and Fe nitridation, hydrogenation (C,

D).
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A discrepancy of 10 °C — 40 °C in the MW setpoint, controlled by an IR pyrometer. The
temperature difference is attributed to how radiation is collected from the surface of the sample.
The IR pyrometer can only observe a small fraction of the catalyst bed due to the small
observation spot size, whereas the thermal imager observes the entire front-facing section of the
catalyst bed. Therefore, a greater temperature distribution is observed when a per-pixel average
is taken with the thermal imager due to heat losses at the top, bottom, and sides of the catalyst

bed.

The Fe samples exhibited higher microwave absorption than the CoMo samples resulting in a
more rapid heat generation from within the sample. Figure 9 (2) depicts the Fe samples heat
distribution. The Fe sample nitridation step and the hydrogenation step both resulted in a similar
temperature overshoot. The nitridation step and the hydrogenation step resulted in an on average

temperature overshoots of about 40 °C from the 450 °C setpoint.

CoMo heating, in Figure 9 (2), appears to have more accurate temperature control during cycle 1,
with an average of 761 °C during nitridation and an average temperature of 459 °C during
hydrogenation. The error bars at the 750 °C setpoints are large which is to be expected at such
elevated temperatures. While the 450 °C hydrogenation step is better controlled. We speculate

this is due to lower energy requirements for the exothermic hydrogenation reaction.

The thermal imager is used outside the waveguide and focused on the quartz tube through a
secondary quartz port. The temperature pixel data is collected and then processed using basic
descriptive statistical analysis. There is a degree of error that is inherent in either temperature
measurement system; the IR pyrometer averages colder with warmer regions within the spot size

and the FLIR system does not compensate for emissivity changes and averages to a smaller spot
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size. However as both are < 50 °C of each other this system is fairly accurate and consistent in
temperature control between multiple runs. Because of the temperature of the bed, it is not

possible to use a fiber to measure the temperature.

3.3.2 Material Characterization

To understand the physical changes occurring in CLAS fresh and spent particles were
characterized. SEM, Vector Network Analysis, ICP, TGA and XRD were useful to examine
particle morphology, chemical, and phase changes when undergoing the nitridation and

hydrogenation reactions in both thermal and microwave heated settings.
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Figure 10. CoMoO4 X-ray diffraction patterns as the sample are reacted under CLAS conditions.

The diffraction patterns in (a) the oxide species, and (b) the spent and nitride species.
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The structure characterization of the CoMo sample was analyzed with XRD for each step of the
reaction cycle; pre-reduction, nitridation, and spent samples. Figure 10 (a) indicates that
reduction and calcination processes do not remove all complexed water, or rather, result in a

mixed-phase product finally resulting in a partially reduced system.

The 3 h reduced CoMo system does not resemble CoMo metal alloy, nor the oxide precursor, so

it must be some new intermediate collection of phases.

The active phases of many CLAS materials have been identified previously by researchers. The
CoMo system has been well characterized by both Hargreaves and Moszynski 23-2°. Iron nitrides
proved too unstable to prepare an ex-situ sample for crystallographic analysis due to the low

overall conversion.

XRD results (Figure 10 (b)) indicate that the nitrided material is indeed CosMosN, the desired
active phase. After three cycles, however, this material is degraded, the coexistence of CooMosN,
CosMosN, and a significant metallic and unreacted CoMo phase is inferred from the
diffractogram. The existence of these metallic phases is likely the deactivation route that these
particles undergo, diffusion along grain boundaries is traditionally thought to be the fastest
process in nitridation but may lead to losses amongst metallic and partially nitrided phases due to

slow intra-phase diffusion 2.

The XRD results indicate that a partially reduced system exists. This reflects the findings in
Chapter 4 on nitridation-stabilized ammonia synthesis and CoMo structure rearrangement during

OH* loss processes, the nitride phases appear to be free from H20 7.
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Figure 11. X-ray diffraction patterns of spent MW and regenerated samples. Spent MW and FB

CoMo samples are compared (1.), spent Fe:SiC composites are compared in (2.) at different

temperatures of reaction. (3.) the CoMo sample nitrided, oxidized and renitrided.
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Deactivation of the CLAS candidates was evaluated with post reaction XRD. The spent MWFB
and CTFB CoMo samples are compared in Figure 11 (1.). Many more oxidic phases formed in
the deactivated FB sample, while the MW sample was shifted from nitride to its metallic alloy
form. The effect of heat treatment on the Fe sample was evaluated at different temperatures of
MW reaction, and it can be observed that the BCC Fe changes to FCC upon heating, likely
owing to non-uniform heating in the microwave (Figure 11 (2.)). The formation of the FCC is

less productive than the BCC phase.

To evaluate the impact of cyclical operation and redox capabilities the CoMo material was also

tested cyclically from the CoMoO; state. The material was then reduced at 750 °C for 3 h under
50 sccm Hg, nitrided under 750 °C 50 sccm Nz, and reduced at 750 °C under 50 sccm Ha. The
final state representing a spent material. This spent material was then re-oxidized in air at 750 °C
for 3 h. Once completely oxidized the material was reduced at 3 h 750 °C under 50 sccm H2 and
then nitrided at 750 °C under 50 sccm N2 for 1 h. This final step representing a regenerated

material. The resultant diffraction pattern in Figure 11 (3.), shows evidence of both regeneration
of the CosMosN active phase and resultant oxide phases from incomplete conversion as well as

reduced intensity and peak broadening likely due to loss of crystallinity.

Particle size and design could potentially be utilized to reduce and mitigate this effect, as well as
high-temperature processing to anneal the crystal structure and grinding to further reduce the

particle size after agglomeration.
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Figure 12. Electron micrography of CLAS Samples. Fresh Fe powder (a), (b), spent CTFB Fe
powder (c), (d), spent MWFB Fe:SiC powder (e), (f), fresh CoMo0Oa4 (g), (h), reduced CoMo (i),

(j),nitrided CTFB (k) and spent CTFB CoMo (1), and finally spent MWFB CoMo samples (m),

(n).

Electron micrography of (Figure 12 (a), (b)) of fresh Fe powder, (Figure 12 (c), (d)) 1 h 450 °C,
50 mLmin™ CTFB nitrided Fe powder, and (Figure 12 (i), (f)) three-cycle spent MWFB 1:1
physically mixed with SiC. The SEM images in Figure 12 (a-d) indicate that the CTFB Fe
powder had little morphological changes occurring between the fresh Fe powder and nitrided Fe
powder samples. The spent Fe MWFB samples show slight evidence of agglomeration and

exhibit evidence of sintering on removal from reaction tube.

The bimetallic CoMo starts as an oxide which is calcined from the nitrate form leaving a textured
surface. Figure 12 (g, h) of the fresh oxide show very little change during the reduction step
which results in a significant weight loss Figure 12 (i, j). CoMo volume typically decreases
between the oxide precursor and the reduced samples, shown in Figure 12 (i, j). Nitrided thermal,
(Figure 12 (i)), and spent (Figure 12 (f)), samples show no more volume or changed surfaces

from the reduced samples which experienced thermal treatment.
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Spent MWFB CoMo samples (Figure 12 (m, n)), show very little evidence of agglomeration or
of significant morphological changes at all. It is believed that at the operating temperatures of the
CTFB and the MWFB, there should be very limited sintering effects 2. Nor do we expect to see
particle surface area changes as reported by Pfromm under hydrolysis conditions, since we are
cycling between the metal (0) oxidation state to the metal (**> *3 *6) oxidation states under

oxidation conditions with N>, not the oxide .

Metallic films were observed on the inner surface of the quartz tubes during some time on stream
experiments with CoMo alloys. Because this represent a possible mass loss from the material, it
was necessary to understand the nature of this phenomenon and how it can alter yields,
performance, and reproducibility of ammonia synthesis. Thus, ICP was performed to identify the

metallic film composition.

Table 2. ICP-OES results were collected from the metal films coated on quartz tubes used in
CoMo experiments. Samples were washed with soap and water before being crushed and rinsed

with fuming nitric acid.

Sample Co [wt. %] Mn [wt. %] Mo [wt. %]

Spent Quartz
0.01 0.09 99.90
Reaction Tube

The major constituent of the metallic films was found to be Mo, shown in Table 2. Loss of Mo
occurred at reaction temperatures used in the literature, between 700 °C and 750 °C. This raised
concerns about the stability of the material for possible scale-up. This phenomenon is likely
owing to the low vapor pressure of the MoOs species °. In future work, pre-reduction of
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CoMo0Os should be carefully performed with a slow ramp rate to reduce the volatility of the
MoO3 species which can result in mass loss, undesirable vapor phase reactions and attrition of

the particles.
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Figure 13. TGA-DSC results of CoMo samples. The calcination of CoMoO4 hydrate in He (a),
the reduction of CoMoOs under 10% H> balanced in He (b) and the nitridation process of CoMo

under N2 (c).

Thermogravimetric analysis was performed to correlate loss of water, nitrogen and other related
processes under chemical looping conditions and collect relevant information on mass loss and

phase change by employing TGA-DSC.

The calcination process results in a 7.36 % mass loss is attributable to complexed water upon
heating in He (Figure 13 (a)). The reduction process of CoM00Q is shown in Figure 13 (b). The
reduction process is found to be similar to the calcination process in the shape of the curve.
Because the mass loss is 9.92% when it reaches temperature it can be inferred that the reduction
process is slow compared with complex water loss process, though these processes occur

simultaneously.
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At 340 °C in Figure 13 (b), an endothermic change is observed, likely attributable to phase
rearrangement. A slightly smaller peak is overserved in Figure 13 (a) during calcination There is

another dehydration reaction found to occur at 610 °C where the p phase CoMoOy is formed 3.

—weight
po Ml Flo
100.00 - e | oy
99.95 e
£ 012
Z 5
2 i
= 9990 0.05% =
I
L 0.2
99.85 -
: 03

T T T

—T T
100 200 300 400 500 600 700
Temperature (°C)

Figure 14. TGA nitridation of Fe under Na.

Nitridation of the three CLAS candidates was carried out in the TGA to determine nitrogen
uptake. Mass transfer limitation inside the TGA pan is speculated to be the cause of many of
these nitridation results not approaching stoichiometric yields even after many hours of treatment
time. CoMo, (Figure 14 (c)) and Fe, (Figure 13) both indicated negligible nitrogen uptake in the
TGA. This process then is inferred to be limited by gas phase diffusion to the particle surface and

the formation of a small layer of nitride which blocks further N> diffusion to the particles

beneath.
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3.3.3 Deactivation

Multiple deactivation processes affect performance after the first CLAS cycle. In the CTFB, loss
of surface area and phase segregation are the main concerns. Similarly, the MWFB suffers from
the same issues, however, because of the increased material kinetics and some unique features of
microwave heating, the deactivation process may happen faster and be dominated by a different

set of physical processes.

BET surface areas measurements were conducted for the samples in their fresh, first nitridation
cycle, second nitridation cycle, and three-cycle spent states for both CoMo and Fe in the thermal
and microwave reactors. Results of these experiments (Table 3) indicate that the pre-reduced
CoMoOs suffers from a drastic reduction in surface are through the reduction-nitridation-
hydrogenation reaction cycles losing ~92% of its original area. The Fe samples can be seen to
suffer from reduced surface areas, but the starting surface area is already extremely small, so the

effect is limited.

Table 3. BET surface areas collected for Fe and CoMo for both thermal and MW heating.

CLAS Sample Fresh CTFB Spent1:1  MWFB Spent 1:1
[m?/g] SiC [m?%q] SiC [m?%q]
Fe 0.62 0.35 0.47
CoMo 15.98 3.68 1.33

*1:1 CLAS Sample:SiC is physically mixed by mass

Pulse N2 chemisorption was performed for both pre-reduced CoMo and Fe samples for two cycle

each to determine the effects of deactivation. In pulse chemisorption the gas injection is precisely
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controlled, and the process is repeated until the signal in the outlet stream remained stable,

indicating that the sample is saturated with Na.

The Fe samples was treated at 450 °C and the CoMo sample was treated at 750 °C, their given
reaction temperatures. Next, the sample was reduced with H at 450 °C for 30 min, and the N>

injection process was repeated.

To attempt to regenerate the catalyst a 10% O> balanced in Ar gas was passed over the samples
for 30 min at 450 °C between the chemisorption steps. the results presented in Table 4 indicated
that the CoMo sample is negatively affected by the low-level oxygen treatment, while Fe
experiences a slight increase in N2 uptake. This is attributable to the increase in surface oxidation
of Fe which increases surface area for adsorption. While the O, treatment of CoMo further

removes the active phase CozMosN and leads to inactive phase formation.

Table 4. Results from pulse N2 chemisorption tests for both Fe and CoMo samples. Two cycles
were used to determine N2 uptake. The samples were nitrided, reduced and re-nitrided. The

second set of N uptake experiments featured a nitride, reduction, oxidation, and nitridation step.

CLAS Sample N2 Uptake N2 Uptake N2 Volume N2 Volume
Cycle 1 [Peak Cycle 2 [Peak | Uptake Cyclel  Uptake Cycle 2,
Area] Area] [mL] post oxidation
[mL]
Fe 0.1478 0.1040 0.1448 0.1508
CoMo 0.1443 0.1506 0.1355 0.1062
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Figure 15. The dielectric properties for both CoMo and Fe samples. SiC (a), Fe (a), CoMoO4 (b),

reduced CoMo (b), nitrided CoMo (b), SiC (b).

Dielectric properties of the 1:1 CLAS materials and SiC were measured using vector network
analysis. The dielectric property can be presented in the loss tangent, which is a ratio of how
lossy a material is to how conductive it is. The results are presented in Figure 15, indicate that
the results of the various stable chemical states that made up the CLAS reactions, nitrided Fe was
not examined in the network analyzer because of the inherent instability of the compound as

prepared.

The trends which can be inferred from the results in Figure 15 are that materials tend to heat best
when they are in an optimal zone, somewhat greater than 1 loss tangent. However, as the
chemical nature of the system changes, such as with nitrided CoMo, the system becomes more
difficult to heat and requires more microwave input energy. The observed chemical change of
the bimetallic is more like that of the precursor oxide and thus the material is too lossy and does

not heat well (Figure 15).
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Microwave sintering is a well-studied process using small metallic powders 7. This phenomenon,
along with differential heating in radial volumes based on the penetration depth may lead to
restructuring of the surface to leading to a smoother and less porous surface. The BET results
indicate that surface area slowly increases due to repeated oxidation by nitrogen followed by
reduction with hydrogen. The microwave may enhance the formation of unreactive phases near
the surface, where the wave is at its strongest. This in turn leads to less site and higher activation
barriers for N ion diffusion into the crystal structure. Ultimately this process breaks the

chemical looping cycle.

The Fe samples deactivation seems to be more linked to the sintering and agglomeration of small
particles because the chemical state of the nitrided Fe particles is short lived. This observation
indicates that the heating process is more linked to the penetration depth as the particle sizes
grow. The particles become larger due to sintering and thus heat less efficiency as they take on
more reflective character under irradiation. The effect of penetration depth means that when the
size of the particle is on the order of the penetration depth, then the entire particle becomes
“skin” and heating is volumetric . If the particle is too small, the particle may become invisible
to the irritation, a problem possibly encountered with certain nanoparticle catalysts under
microwave conditions, if the particle is too large the surface skin effect will reflect the radiation
and heating will be non-uniform 3. This may also occur if conductive particles share electrons

forming a “super-particle” which may reflect incident radiation.

On the other hand, the CoMo bimetallic shows much less evidence of sintering, but as the
material is completely changed from its metallic state to the ‘lossier’ nitrided state the dielectric
properties take on more of the original oxide character. This leads to a less efficient heating

process, the tendency for the reaction not to run to completion or to deplete the CoMo samples
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supports this interpretation. Additionally, the larger CoMo particles likely heat more from the E-

field rather than the combination of both magnetic and electric field for the Fe particles.

3.4 Conclusions

Chemical looping ammonia synthesis materials, Fe and CoMo, were subjected to three chemical
looping cycles to evaluate respective productivity under both microwave and traditional thermal
heating. An in-depth investigation into the prevalent microwave heating mechanisms, reaction
engineering parameters, and particle characterization was performed. The three cycles were
selected to begin to analyze longer and more representative chemical looping processes which

may last for many cycles and many hours *2.

Dielectric properties of microwave catalyst samples were found to have a significant impact on
how materials interact with electromagnetic radiation, but the penetration depth is a critical
factor for considering microwave-matter interaction in microwave-enhanced catalysis. Taken
together the dielectric and magnetic properties must be tuned to fall into an optimal lossy region,
with a penetration depth which avoids surface only heating, or reflection and avoids on too-small
scales, transparency to microwave radiation. These features may be tuned depending on the

purpose of the catalyst.

Finally, the regeneration and attrition of these materials was considered with gaseous oxygen to
increase surface area and introduce defects back into the lattice. The findings of this study
indicate that, re-oxidation may be a useful strategy depending on the starting material
composition and morphology. Spherical Fe particles responded more favorably than the more air
sensitive CoMo system and future work may consider other geometries and combinations of
microwave sorbents and metals %,
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Microwave chemical treatment of metals offers possible advantages over conventional thermal
fixed bed reactors that include both higher productivity and more operational flexibility. These
features matched with microwave sensitive catalyst design may prove to be useful in future

decentralized ammonia production applications.
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4. Thermal Kinetics and Thermal Phenomena
4.1 Introduction

To further elucidate the differences between microwave and conventional thermal heated modes,
time-on-stream reaction data was further analyzed. The complex gas-surface reactions have been
modelled before by Pfromm et al. by using the shrinking core model (SCM) *. Additionally,
unique features of the nitridation process of the CoMo nitride alloy were discovered and

characterized 2.

Researchers have shown that under Hz2:N> conditions there is a significant exchange between the
lattice nitrogen and gaseous nitrogen . While controversial, they propose that ammonia synthesis
reaction proceeds by a Mars-van Krevlen type mechanism involving both surface and bulk
contributions #°. It was observed that ammonia-synthesis-on-nitridation occurred under an
atmosphere of pure N2 gas 2. This was observed when a reduced CoMo bimetallic alloy was
heated to 750 °C 2. To the author’s knowledge this phenomenon has not been previously
described in the literature, however another group approached it with sequential TPR/TPO

studies .

Chemical looping kinetics represent complex systems of reactions which occur between gas and
particles. Whether this is the oxidation or reduction of an oxide or nitride, the basic form of the
reaction is the same. In the past, this reaction was modelled with a SCM model, but this has been
found to be an inaccurate approach which does not yield correct results. Other workers, such as
Ostace et al. have developed other models which can sometimes more accurately predicted the
performance of these materials ®. Combustion, however, is a mature field — nitrogen storage is
not, thus here the SCM was applied, and the limitations of it are identified for future work.
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The kinetic insights gained from proper modeling and analysis of chemical reaction rates for
CLAS type reactions would also aid in determining the effectiveness of the various promotion
schemes identified in Section 2. Various oxides were physically mixed with Mn powder in a 10:1
mass ratio to establish their relative effectiveness. Both reducible and irreducible, at the
temperatures of operation, were analyzed. In the now typical process, samples were nitrided
under 50 sccm N2 at 700 °C for 3 h following a purge with 50 sccm to the hydrogenation

temperature, 400 °C before the addition of 50 sccm Ha. In Figure 16 both alumina and magnesia

are seen to obviously enhance productivity while partially reduced oxides limit the productivity

of the sample. These preliminary results show the necessity of model development and kinetic

parameter determination.
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Figure 16. The effect of 10:1 addition of Fe203, MnO2, MgO, and Al>03 to Mn ina 10:1 Mn to

oxide weight ratio.

4.2 Experimental Methods

4.2.1 Thermal Phenomena and Characterization
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Materials were used as received from the manufacturer, Fe (99.9%, <10 um particle size,
Aldrich), Fe nanoparticles (10-30 nm particle size, Thermoscientific), Mn (99.6%, <10 um
particle size, Alfa Aesar), and Mn nanoparticles (30-50 nm particle size, Alfa Aesar). CoM0QO4
(99.9%, ~44 um particle size, Alfa Aesar) was reduced under 50 sccm Hp for 180 min at 750 °C

before use in the CLAS process.

Thermal kinetics were performed in a tubular furnace (Lindberg), mass flow controllers, and
quartz tube to contain the catalyst. The inlet to the reactor was 0.15875 cm to minimize
turbulence and the outlet line was insulated and heated to the UV-Vis inlet. 300 mg of the sample
was loaded into quartz reaction tubes (12 mm OD, 8 mm ID, 40.64 cm L) and supported by

quartz wool prior to reaction.

Nitridation was performed under 50 sccm N2 (UHP, Airgas) for 1 h at the respective
temperatures from the literature; 450 °C Fe, and 750 °C CoMo, and Mn. Reactor temperature

was changed under 50 sccm Ar (UHP, Airgas).

Ammonia synthesis reactions were performed under 50 sccm H, (UHP, Matheson) for 30 min at
the reaction temperature. Ammonia synthesis performance was analyzed with a UV-Vis
ammonia analyzer (Applied Analytical, OMA-406R) taking one point every 18 s. The typical
timme of reaction was limited to the initial reaction kinetics, a time step for hydrogenation was

chosen at 15 minutes.

4.2.2 Thermal Phenomena and Characterization

The bimetallic and its constituent oxides were obtained, cobalt (11) molybdenum oxide

(CoMo004, 99%, American Elements), molybdenum (IV) oxide (99%, MoO., Alfa Aesar),
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molybdenum (V1) oxide (99%, MoOs, Aldrich), cobalt (11, I11) oxide (99.7%, Co304, Alfa

Aesar), molybdenum (0) powder (99%, Mo, Alfa Aesar).

Reactions were performed using a traditional tubular furnace, with powdered catalyst samples
loaded into (406.4 mm L, 10 mm ID, 12 mm OD) quartz tubes. Oxide samples were pre-reduced
for 3 hours under 50 mLmin* Hy, then the system was purged with 50 mLmin™ Ar for 5 min,
and the sample was nitrided under 50 mLmin™ N for 1 h. This process was operated at 750 °C
to obtain the CosMosN product. This material was synthesized by the ammonolysis route with 50

mLmin™ 15% NHj3 balanced in Ar at 750 °C according to Hargreaves et al.

Reactant gases were of ultra-high purity grade (UHP, 99.999%): Hz, N2, Ar, and 15% NH3
balanced in Ar were obtained from Airgas, Inc. Outlet gas concentrations were measured by CAI

600 Fourier transform infrared spectrometer (FTIR) with a gas flow cell.

Characterization of the spent materials was performed with Micromeritics Autochem 2950,
Physical Electronics PHI 5000 VersaProbe X-ray photoelectron spectrometer (XPS), Hitachi S-

4700 scanning electron microscope (SEM), and Renishaw InVia Raman Microscope.

The Raman spectroscopy was performed at 532 nm excitation wavelength, at 5 mW laser power
(5% of the Max. 100 mW was adopted) for all samples. Extended wavelength: 100~3200 cm™;

Exposure time =10 s; Accumulation = 2 times.

XPS was performed with monochromatic Al K-alpha X-ray source at 1486.6 eV with 100 um
beam size. All XPS measurement were carried out at room temperature at a pressure below 108

Torr. Compositional survey scans were obtained using a pass energy of 117.4 eV and energy step
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of 0.5 eV. High-resolution detailed scans of each element were acquired using a pass energy of

23.5 eV and energy step of 0.1 eV.

4.3 Thermal Kinetic Results and Discussion

To determine kinetic parameters of the chemical looping ammonia synthesis reaction, time on
stream experiments were performed for Fe, Mn, and CoMo particles. Ammonia synthesis was
performed at various hydrogenation temperatures to determine reaction rates and apparent
activation energies assuming a first order reaction. Additional time on stream experiments were
performed with varying particle sizes and with varying flow rates to determine mass transfer

effects on the ammonia synthesis reaction rate.

Typically, chemical looping reactions are considered in a SCM for particles of unchanging size
19, Applying the SCM framework allows the determination of limiting regimes, gas diffusion,
surface reaction, and bulk diffusion, in lieu of more detailed elementary step analysis. However,
the literature on the hydrogenation of nitrides also suffers from a lack of repeated time on stream
studies, instead relying on pH metering during extended reaction times »°°, The SCM kinetics
were used to determine the apparent activation energies, (Eaapp), of the Fe process, 13 kJmol™ in
Figure 17. The simple Arrhenius formulation of the activation energy is used for the SCM
Kinetics to determine the approximate activation energies of these reactions. The specialized
activation energy models for diffusion limited processes were not considered because the kinetic
model was not optimized globally, rather it was fit to the local reaction conditions, thus the

apparent activation energy is used.

84.



1/T[KY 1/T[KY]

0.001 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018 0.0012 0'0?13 0'0?14 0'0?15 0'0?16 0'0?17 0.0018

-1.6
y = -1080x - 6.3454 b.)
2 - .
a) N R?=0.6275 66 y=-2855.1x- 2.781
-1.7 A N n | | R?=0.864
AN
N n N\
A -6.8 N
N
7.8 1 L . \
\ N
N\ AN
\ -7 \
7.9 4 N . N .
= A = N
z \\ z -7.2 N .
N N\
8 1 \ N
\ N
N 74 N
N N
-8.1 \\
-7.6 | | N ]
A Y
n N
-8.2 N
-7.8
-8.3 8
1/T K4
0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018 0.0019 0.002
-6
c)
-6.2
]
y=-1714.6x- 3.9851
N R® = 0,8908
-6.4 N
\
N
N
AN
N
-6.6 N
= ~
= S
£ AN
N
-6.8 ~
N
N
[ N
N
- N
7 Y
N
Y
S
N
7.2 u
Y
-7.4

Figure 17. Shrinking core model activation energy. Apparent activation energies were calculated

by using the Arrhenius plot method for each catalyst treated thermally, a.) CoMo, b.) Mn, c.) Fe.
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Figure 18. Shrinking core best fit models. Representative kinetics of the ammonia synthesis
process over thermally nitrided particles. CoMo a.) 450 °C 25 sccm, b.) 450 °C 100 scem, ¢.) 550 °C,
d.) 450 °C, e.) 350 °C. Fe, £.) 250 °C, g.) 350 °C, h.) 400 °C, i.) 450 °C, j.) 500 C. Mn k.) 300 °C, 1.) 350

°C, m.) 450 °C, n.) 500 °C, 0.) 450 °C 100 sccm (all flows are 50 sccm unless noted).

Ammonia synthesis kinetics for thermal only hydrogenation reactions of CoMo, Mn, and Fe
samples are presented in Table 2, and the SCM best fit curves for time on stream results are in

Figure 18 (a, b, c, d, e, for CoMo, f, g, h, |, ], for Fe, and k, |, m, n, o, for Mn).

Shrinking core equations were used to analyze the thermal fixed bed kinetics of Mn, Fe, and
CoMo as chemical looping ammonia synthesis materials °. These equations fit three different
rate determining steps in a gas-solid reaction of unchanging volume, Equation 14, the gas
diffusion limit, Equation 15, the bulk diffusion limit, and Equation 16, the surface reaction limit.

Where t is the time in s, k is the rate constant in s, and X is the conversion. The SCM was

87.



solved individually for each reaction condition while changing temperature and flow. There are
two approaches to the solution of the SCM for reactions of this type, individual solutions, which
result in weaker data, but potentially better local fits and globally optimized solutions which

result in more coherent kinetic results but are more difficult to fit and require more data trimming

to achieve.
Equation 14: tkgas = Xnu,
2
Equation 15: thpur = 1- 3(1 — Xyu,)* +2(1 — Xyu,)
: 1
Equation 16: thsurface = 1 — (1 — Xyp,)3

The produced results may be compared with similar studies published elsewhere, CoMo, Fe and
Mn for instance were found to have initial rates between: ~98 pmolh™g™? (400 °C, 1/3 Ar/Hz, 60
mLmin?, 0.4 g), ~50 pmolh*g? (400 °C, 1/3 Ar/Hz, 60 mLmin?, 0.3 g),~ 635 pmolh-1g-1 (500

°C, H20, 0.1 mLmin', 0.5 g), respectively 1%,

Many of the lines of best fit suggest that multiple reaction schemes may be controlling, but
lacking fundamental information on the reaction, we instead rely on the SCM. The model
selected is the one which best fits the reaction. Future work is intended to address the issues in
the SCM fit by using alternate model developed for chemical looping combustion. The results of

the SCM fitting are and other kinetic parameters are included in Table 5.

Table 5. Thermal-only fixed bed kinetics determined by the shrinking core reaction model for

spheres of constant volume*.
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Material Rate Temperatur K [s7] Rate  Flow rate Timeon R?
[umolg™ e [°C] Limit [sccm] stream
Imin] ing [min]

Step

CoMo 45.6 350 28x10* Gas 50 60 0.9998
62.4 450 44.47 x100 Gas 25 15 0.9387
31.2 450 éLZl x 10~ Surfa 50 16.5 0.9950
180.0 450 44.37 x 10° geas 100 30 0.9321
66.7 550 44.15 x10° Gas 50 33 0.9821

Mn 64.4 300 44.92 x10" Gasi 50 30 0.9839
41.1 350 ?.01 x10" Gasi 50 30 0.9871
191.3 450 f.lO x 10" Gasi 50 441 0.9559
261.9 450 3.56 x10" Gasi 25 60 0.9935
211.3 450 :}.31 x10° Gasi 100 12.3 0.9977
306.1 500 44.29 x10° Gas 50 314 0.9603

Mn np 29.1 350 ;L99 x10° Gas 50 9 0.9865
689.1 450 }.93 x10" Gasi 50 60.3 0.8952

Fe 312.9 250 Z.57 x10° Gas 50 15.3 0.8614
606 350 ?.88 x10° Gas 50 16.2 0.9512
362.2 400 Z.09 x 10~ Surfa 50 22.2 0.9222
61.9 450 44.81 x 10 (C:Eeas 25 28.2 0.9494
588.7 450 ;L93 x 10" Surfa 50 9 0.9804
388 550 f.OZ x 10 (C:Eeas 50 11.4 0.9678

Fe np 100 250 §.24 x10° Gas 50 47.4 0.9812
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110.7 350 7.13x 100 Gas 50 18.6 0.9376
4

92.7 450 479x10 Gas 50 35.1 0.9923
4

187.3 550 479x10 Gas 50 69 0.9479
4

*Shrinking core conversions (X) determined by maximum conversion after integration of the

concentration across time on stream data.

$The model selected had the highest R? value but, the other rate determining steps, bulk

diffusion and surface reaction were also found to be highly significant.

4.4 Nitridation of CoMo Alloys

The typical synthesis of CosMosN begins with the stoichiometric combination of Co(NOs). and
(NH4)sM07024. The metal salts are dissolved in solution with deionized water and heated, the
resulting precipitate is dried overnight following by calcination to form a deep purple powder at
700 °C for several hours 2. The result is the oxide precursor, CoMoOs, is reduced by H and
then nitrided by N2, a mixture of H2 and Ny, or directly ammonolyzed by pure NHz at 700 °C
depending on the preferred synthesis method 213, The resulting CosMosN powder is then
sometimes passivated with dilute oxygen to protect it from oxidation when exposed to the

atmosphere .

A recent study has remarked on surface activation with varying compositions of Hz and N gas.
Previous studies have mentioned that pre-activation with H2/N> is necessary for increased
productivity, there has not been any significant research into the related phenomena leading to
surface enhancement effects observed *. During our previous research on CLAS materials it was
found that when synthesizing CosMosN by pre-reduction with H» followed by nitridation by No,

on the initial nitridation step, ammonia synthesis was observed in the absence of gaseous Ha.
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This ammonia-synthesis-on-nitridation step effect was unexpected, the system was usually

cooled to 25 °C and purged with inert gas between reaction steps, removing reactive gases.

4.4.1 Time on Stream Nitridation Experiments

To determine whether the ammonia-synthesis-on-nitridation effect was limited to the CoMoO4
alloy or if it was present in either Co or Mo systems each was tested independently. Samples of

powdered Mo, MoO2, MoO3z, Coz04 and CoMoQO4 were all subjected to identical conditions.

The results presented in Figure 19 indicate that ammonia formation is likely related to MoO3
within the CoMoO4 bimetallic under nitriding conditions. Mo metal appears to have a weak
propensity towards ammonia-synthesis-on-nitridation, but it is suspected this is due to oxidation
of the Mo metal surface in air. MoO2 and Co3O4 were not found to have any ammonia synthesis
activity under H at 700 °C followed by N at 700 °C. This led to the conclusion that MoO3

hydroxides must be involved in the observed phenomena.
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Figure 19. CoMo nitridation time on stream. The time on stream results of the pre-reduced 500
mg samples of CoM00Oa4, M0oOs3, and Mo and their relative ammonia productivity on nitridation

by N2 (a) and the typical result of CoMo nitridation H.O and NH3 (b).

Hada et. al. report TPR profiles for Hz, H.0 and N, treatment of CoMo *°. Under an NH3
atmosphere, water was observed leaving the system broadly at 477°C and 627°C 12. In the
chemical looping reaction, reduction by H is followed by nitridation by N2, therefore the
chemical changes in the particles are potentially easier to observe °. It is suspected that there
exists a shrinking unreacted core as the TPR profiles indicate that the operating temperature is

above the reduction temperature.

4.4.2 Characterization of CoMo Particles

To understand both the surface and bulk chemical phenomena observed, XPS, H>-TPD, SEM,

and Raman spectroscopy were performed on fresh oxide, reduced, nitrided and spent particles.

Scanning electron microscopy indicated very limited morphological changes in the particles
between, fresh oxide, nitride and spent states (Figure 20 (a) and (b)). Likewise, H2>-TPD of the

reduced surface showed negligible H, adsorption on the reduced surface.

1 1 |
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Figure 20. Micrography of CoMo particles. Scanning electron micrographs of (a) fresh CoMoOs,

and (b) CosMozN as synthesized.

XPS and Raman were used to gather information on the surface chemistry of the CoMo particles

(Figures 21 and 22).
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Figure 21. XPS results for CoMo samples. The spectra collected for (A) N2 nitrided and (B) 15%

NHz3 balanced in Ar, nitrided Mo 3p peaks (C) Co 2p peaks, (D) Mo 3d peaks.
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The spectroscopy collected for calcined, reduced and nitrided (H2/N2 and NH3 routes) are
presented in Figure 20. Inspection of the Mo peaks is useful for understanding the degree of
nitridation of the surface of the particles. Mo 3p (394 eV) peaks overlap with the N 1s (397 eV)
peaks and required deconvolution. Nitridation with N2 (Figure 21 (A)) results in relatively more

nitrogen in surface as compared with nitridation with 15% ammonia (Figure 21 (B)).

Time on stream results and theory suggests that the rate determining step of particle nitridation is
the partial pressure of nitrogen. Nitride formation then is enhanced with higher partial pressure
nitrogen, in pure N2 this leads to higher bulk nitrogen content despite a less “active” nitrogen

source .

Following Mo, Co results present a similar phenomenon. The Co 2p peaks are compared
amongst the calcined, H, reduced, and both nitrided samples. Ca® (777 eV) peaks can be
observed most strongly in the Hz reduced sample, while the intensity of the NHz and N2 nitrided
samples are somewhat reduced due to oxidation by N,. Oxidized Co 2p can be observed as Co®*
(781 eV) and Co?* (779 eV), a trend then exists with the nitrided samples having less Co® and

increased Co%* in the case of the NHj treated sample.

The collected Mo 3d peaks present the triplet associated with the chemical states of Mo®, Mo**,
and Mo®* (Figure 21 (D)). The calcined sample is the exception, only the Mo®* peak is present
associated with the higher oxidation state, MoOs present in the bimetallic. The same oxidation

state trend may be observed for the Co 2p.

Metallic Mo® (228 eV) is increased after H, reduction, the N2 nitrided system shows the
existence of the Mo®* (229 eV) and Mo®* (233 eV) oxidation states 6. Mo®* likely represents an
oxynitride, while Mo®* is representative of the presence of the fully oxidized MoOs3 8. The
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relative red-shifting observed in the nitrided samples is representative of the uptake and

oxidation by nitrogen.

Raman spectroscopy was used to determine the bulk oxidation states of the particles (Figure 20).
Coupled with XPS, Raman is used to resolve both the surface and bulk chemistry occurring

during the nitridation of reduced CoMo particles.
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Figure 22. Raman spectroscopy of CoMo. Results for CoMo samples treated at each step of the
cycle: (a) 15 h 15% NH3 balanced in Ar ammonoloyzed sample, (b) 5 h 15% NH3 balanced in Ar
ammonoloyzed sample, (c) 3 h 15% NHs balanced in Ar ammonoloyzed sample, (d) 3 h N2
nitrided sample, (i) 3 h Hz reduced sample, (f) 5 h 250 °C calcined sample, (g) fresh hydrate

sample.

Bulk oxidation state changes can be observed in the Raman results between fresh CoMo,
calcined CoMo, reduced CoMo, and the various nitrided samples. Between the fresh (Figure 22
(9)) and the samples calcined at 250 °C for 5 h (Figure 22 (f)), the peak attributable to Co and its

hydroxide at 483 cm™ is observed to reduce in intensity and the spectrum is clearer °.

The 3 h Hz reduction yields a spectrum where the oxide peaks related to MoOz and Co oxides at
943, 933, 877, 817 cm™* are no longer present (Figure 21 (i)) 2%%L. However, on 3 h N2 nitridation
(Figure 22 (d)) the 933 cm™ is observed to return, indicating an increased oxidation state and the

possible presence of MoOs in the bulk structure.

The range between 330-370 cm is associated with Mo oxide and Mo hydroxide 292223, The
peak observed in (Figure 22 (i)) at 665 cm™ is likely attributable to the Co-Mo-O symmetric
stretch reported at 698 cm?, indicating partial oxidation, likely shifted by the partial formation of

oxynitride species and crystal structure changes 2.

The samples treated in 15% NHs atmosphere (Figure 22 (a, b, c)) show the presence of various
oxidation states at long treatment times despite a more aggressive nitriding agent. This is
attributable to the slowly reacting core, where when interpolating from the XPS the shell is more
fully nitrided by NHj3 but at less depth. This reinforces the confirmation of partial pressure of N
as the driving force of nitridation in the bulk, but not the surface scale.
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The proposed mechanism in Figure 20 describes the reaction explaining the observation of both
ammonia and water synthesis occurring in a reduced CoMo bimetallic with no gaseous H>
present. It is suspected that the particle follows the shrinking core model of non-catalytic
reacting gas-solid reacting particles originally published by Wen 2. This approximation does not
entirely hold, as the CosMosN surface is known to be an active catalyst for ammonia synthesis,
however at this level of consideration the model is appropriate and suggests the existence of an

unreduced, or partially reduced core.

H,0 & NH,
(5]

Reduced Shell

Cos;Mo;N Surface

Figure 23. Proposed CozMosN mechanism. Schematic representing the dynamic surface and

unreduced core.
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The mechanism of reaction in the nitridation model are: (1) dinitrogen dissociates at the surface
and diffuses inward (Figure 23 (1)). In step two, the nitrogen begins to diffuse into the particle
and a nitrided shell forms (Figure 23 (2)). Then in step three atomic nitrogen continues to diffuse

inward, the crystal structure stabilizes, lose oxygen, and forms a nitride compound (Figure 23

(3)).

Based on the literature and the indirect observations, it is speculated that molybdenum bronzes,
HxMoOs, play a role in this rearrangement process °. In step four the hydrogen and oxygen
begin to diffuse out as the Mo is oxidized by nitrogen (Figure 23 (4)). Finally, in step five the
hydroxyl group reach the surface where they encounter nitrogen species, recombine, and diffuse
away as both ammonia and water (Figure 23 (5)). It is likely that this phase transformation
requires nitrogen in the bulk to facilitate the final loss of oxygen from the lattice. This atomic
diffusion likely requires the catalytic surface at the gas interface to complete the reduction to

water and ammonia before diffusing away.

In-situ XRD of CoMoO4 ammonolysis and calcination has been performed in the past however
the literature lacks consecutive, Hz reduction, N2 ntiridation treatment studies as would be

commonly encountered in CLAS processes.

4.5 Conclusions

This work has analyzed thermal SCM kinetics of ammonia synthesis by hydrogenation of
nitrides, and the synthesis of ammonia on the nitridation of a partially reduced metal nitrogen

carrier.

98.



The SCM is a common model encountered in undergraduate chemical engineering and can be fit
to fluid-solid reactions. The models developed indicate that the resistances, specifically the gas
and surfaces resistances at first, followed by the bulk resistance are the limiting steps. It is
difficult to establish which step is rate limiting, but upon repeated experiments trends become
apparent for the typical particle reaction. The limitations of this model have been established by

other researchers and are present in the results above.

It is believed that this is the first time that this ammonia-synthesis-on-nitridation effect has been
reported for CoMo bimetallics. To summarize, ammonia synthesis was observed on the
nitridation step under atmosphere of pure N2 gas, to determine the nature of this effect we
performed XPS to explore surface chemistry, time on stream testing and Raman spectroscopy to
determine the bulk chemistry. It is believed that an understanding of the phase changes, reaction
dynamics, and surface chemistry within CLAS processes will lead to more insight in future

particle development and process scale-up.

This ammonia-synthesis-on-nitridation reaction proved to be an unexpected finding, and one not
remarked upon before in the literature. This led to the question of where the hydrogen in the
system was coming from, whether a hydride or an OH group. There are parallels in the research
on metal hydride and imide CLAS materials, as well as the use of metal oxides to increase
nitridation rates in Al and Mg systems #’. It is also known that the inclusion of Hz or water may
enhance Mo nitridation process 28. Some of the transient ammonia concentrations were found to

be larger than those found under pure Hz, lending some motivation to this study.
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Future research directions of interest include the development of more advanced models to
represent the reduction of nitride particles and the use of and inclusion of stable oxides, and

Brensted acid sites to enhance ammonia productivity and lower attrition rates.
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5. Plasma-Catalysis and Pretreatment

5.1 Introduction

Microwave plasma was used to pretreat on Fe particles before ammonia synthesis under non-
plasma Hz gas conditions. Time on stream analysis, plasma characterization, and a kinetic
analysis is performed comparing the post-plasma species with a traditional thermal system to
develop more fundamental basic insights on nitride-gas phase reactions. Samples of iron were
selected because the experiments using Mn and CoMo metals exhibited much slower rates of

reaction and required much higher temperatures of operation.

5.2 Methods

5.2.1 Catalyst Materials

Chemical looping ammonia synthesis metals were used as received from the manufacturer, Fe

(99.9%, <10 um particle size, Aldrich).

5.2.2 Thermal Fixed Bed Reactor Experiments

Thermal fixed bed kinetics were performed using a tubular furnace (Lindberg), mass flow
controllers, and quartz tube to contain the catalyst. A 0.15875 cm inlet line to the thermal fixed
bed reactor was used to minimize turbulence, the outlet line was insulated and heated to the UV-
Vis inlet. 300 mg of sample was loaded into quartz reaction tubes (12 mm OD, 8 mm ID, 40.64
cm L) and supported by quartz frit prior to reaction. The typical reaction was performed in the

same reactor as the plasma reaction, only without the plasma present (Figure 24 (a)).
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Nitridation reactions were performed under 50 sccm N2 (UHP, Airgas) for 1 h at 450 °C Fe. The

system was allowed to change temperature and purge N2 gas under 50 sccm Ar (UHP, Airgas).

Ammonia synthesis reactions were performed under 50 sccm H, (UHP, Matheson) for 30 min at
the temperature of consideration. Gas phase detection of ammonia was performed with a UV-Vis

ammonia analyzer (Applied Analytical, OMA-406R) collecting concentration data every 18 s.

5.2.3 Plasma Fixed Bed Reactor Experiment

Plasma experiments were performed in the reactor (Figure 24 (a)) with mass flow controllers,
and a quartz tube to contain the catalyst materials. 0.15875 cm diameter inlet line to the thermal
fixed bed reactor was used to minimize turbulence, the outlet line was insulated and heated to the
UV-Vis inlet. 300 mg of sample was loaded into quartz plasma reaction tubes (12 mm OD, 8 mm
ID, 61.1 cm L) with a 100-160 um quartz frit situated 205 mm from the end of the tube, allowing
plasma generation above the catalyst which is outside the enclosure of the waveguide choke

(Figure 23 (b)).

Plasma-enhanced nitridation was performed under 50 sccm N2 (UHP, Airgas, Matheson), a
tubular furnace (Mellen) controlled the temperature of the catalyst bed which is located outside
the waveguide and beyond the plasma plume in the dark zone (Figure 24 (b)). The plasma was
removed, and Ar (UHP, Metheson) gas is used to sweep reactive products between steps after the

completion of nitridation.

Plasma generation is performed via a 2.54 GHz, 3 kW, fixed frequency microwave (Sairem,
GMP20K) with a spark plasma inducer. A quartz tube placed in the waveguide at 300 W power

in continuous wave mode, and plasma was ignited with 50 sccm Ar (UHP, Matheson) flow.
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Then, 10 sccm N2 (UHP, Airgas) feed was then introduced into the system with 40 sccm Ar
balance. Once the flow normalized, a color change was observed from bright blue to a deeper

purple indicating the activation of N2 gas.

Ammonia synthesis reactions were performed under 50 sccm H, (UHP, Hydrogen) gas flow for
15 min at the temperature of consideration. Gas phase detection of ammonia was performed

using an online UV-Vis ammonia analyzer (Applied Analytical, OMA-406R) collecting

concentration data every 18 s.
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Figure 24. Plasma reactor schematic and reactor outlet. The microwave plasma reactor (a) with
OES, catalyst bed, tubular furnace, and ammonia analyzer, the outlet of the reactor (b) with the

distance z between the outlet of the waveguide and the catalyst bed.

Optical emission spectroscopy (OES) was used to determine the active species present in the
plasma and the electron temperature. Optical emissions of photons occur when molecules and
atoms undergo an energy transition change, these photons may be collected, and their respective
frequency paired with what is known about the chemistry of the plasma can allow more insight
into the reactions occurring. Spectrometry of both Ar and Ar:N2 plasma was collected at the
choke of the waveguide without catalyst present. The spectral range of the OES is 200-1100 nm,
with 1 nm FWHM resolution, an optical fiber and USB spectrometer (Ocean Optics, HR

2000_ES). OES emission counts were collected every 18 s.
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5.3 Results and Discussion

Results from the time-on-stream experiments are presented in several ways, by total integration
over 15 min of time on stream by time of plasma treatment, time of plasma treatment, and as raw

time on stream data.
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Figure 25. Plasma time on stream results for time of treatment and temperature. (a) Plasma
nitridation treatment times impact on productivity were investigated by holding all other
variables constant. (b) Optimal temperature of fixed bed nitridation for Fe particles were

investigated by holding constant all variables except for bed temperature.

Time on stream experiments were performed for Fe particles using nitridation temperatures to
determine the productivity increase associated with MWP pre-treatment during the nitridation
step (Figure 25 (a)). Changing the time of the fixed bed under plasma-nitridation conditions was
also investigated (Figure 25 (b)). The ammonia productivity was analyzed by integrating time on

stream concentration results for the ammonia produced from the various nitrided Fe samples.

107.



The integration was performed over 15 min under flowing 50 sccm H; at the temperature of
hydrogenation, 250 °C. Higher ammonia productivities, 2379 umolg™, are achieved for short
plasma treatment times at moderate temperatures, 250 °C, with 60 min treatment times only

marginally increased at 2423 pumolg™.
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Figure 26. Time on stream MWP ammonia synthesis. Five run averaged time on stream reaction

results of the hydrogenation of Fe nitrogen carriers under Ha.

Iron is known to form various nitride phases (FexN, x=2-4) under plasma nitridation conditions *,
Iron nitrides have inherently low stability in air thus we were unable to confirm the phases

present with x-ray diffractometry at low conversions under plasma.

Empty tube results yielded no ammonia conversion, so we can surmise that the Fe catalyst is the
active site for ammonia synthesis in this reaction. An interesting phenomenon is observed when
analyzing Figure 25 (a) and the time on stream results in Figure 26. Inspection of the time on

stream plot in Figure 26 shows a changing shape of the ammonia concentration curve. The

108.



shortest plasma-treatment time, 2 min of sustained N2 plasma, indicates a rapid evolution of

ammonia upon reaction with Ho.

As plasma-nitridation times increase, the productivity was reduced, and the shapes of the curves
were observed to change towards a more sigmoid modality. We propose that this increase in
ammonia productivity is due to competing resistances in bulk-controlled diffusion rates on long
nitridation times, versus higher densities of active surface nitrogen on lower nitridation times.
Comparing the initial rates of each nitridation time supports this interpretation. A more thorough
development is considered in the mechanistic section and discussion of the limitations of the

kinetic model.

The plasma reaction order was determined via power law kinetics at 0.72. Rates, and kinetic
parameters were determined via the shrinking core model (SCM) for each run in Table 6. The
rates obtained indicate a comparable production of ammonia from the lower temperature MWP
pre-treatment process as to a traditional thermochemical route. The SCM kinetics were used to
determine the apparent activation energies, (Eaapp), of the Fe process, 13 kimol™?, 20.6 kJmol~,
for plasma and thermal treatments respectively. Several of the experimental fits of the SCM
suggested multiple reaction limiting steps as ammonia synthesis proceeded. The SCM fit for

these reactions is presented in Figure 27.

Table 6. SCM to obtain initial rates of ammonia synthesis on plasma treated Fe particles.

Temperature Rate Apparent Tempera Rate Flow Time R?
of [umolg™ rate constant ture of Determinin  rate  on
Nitridation ~ !min?] [sY] Hydroge g Step [scc  strea
[°C] nation m] m

[°C] [min]
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150

200

250

300

450

130.5

304.3

420.9

150.9

505

1.05x 103

1.43x10°

5.07 x 10

9.07 x 10*

7.70 x 107%*

450

450

450

450

450

Gas

Surface

Gast

Gas

n.a.

50

50

50

50

16.8

10.5

29.7

17.4

49

0.993

0.943

0.926

0.942

0.918

+The model selected had highest R? value but, for the other rate determining steps, surface

reaction was also found to be very significant.
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Figure 27. Representative kinetics of the ammonia synthesis process over plasma nitrided Fe

particles, a.) 300 °C, b.) 250 °C, c.) 200 °C, and d.) 150 °C.

5.3.1 Plasma Characterization

To understand the plasma system, input variables such as power, frequency, flowrate, and
composition were modified to find ideal settings. Additionally, emission spectra were collected
via OES optical fiber from the plasma plume. The optimal plasma composition and flow was

found to be at 300 kW input power, 40 sccm Ar and 10 sccm N3, additional compositions
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considered include 50:50 and 90:10 Ar:N2. A review of the literature suggests that an optimum
exists for MWP with a 20% N and 80% Ar composition for the formation of activated nitrogen

in the plasma 22,

2

Spectra was obtained from the choke at the outlet to the tubular furnace. While not true “in-situ
spectroscopy, the placement of the OES allows observation of the plasma <3 cm before effluent
gases reach the catalyst surface. Fortunately, lifetimes of activated species may be calculated by
using electron temperature and the number of ions, electrons, and activated species. With this
information from analysis of the spectra collected in (Figure 28 (b)) using the Boltzmann plot
method, flowrates, and basic geometry of the system the species reaching the Fe catalyst surface

may be inferred.

Microwave plasmas typically have an electron density (ne) of 1020 — 1024 m3, and a gas
temperature (Tg) that is ~ 2000-3000 K in the plasma zone *°. This results in a non-equilibrium
plasma system, which maintains neutrality and has considerably hotter electrons than ions,
atoms, and molecules. Testing in the MWP reactor with a thermal couple in the catalyst bed only
resulted in slightly elevated gas temperatures from ambient, meaning most of the thermal energy
is conserved in the plasma discharge region. By consulting molecular and atomic spectra for the
Ar/N2 system we can assign some of the peaks in (Figure 28 (a)) to species expected in a MWP
discharge. These include the first negative state of N>* (388 and 391 nm) and the activated
vibrational states of N> (358 and 776 nm), and Ar | (417 nm), along with lesser peaks in the

range of neutral Ar | and N2¥ 68,
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Figure 28. Optical emission spectra and Boltzmann plot. (a) The optical emission spectra
collected from the outlet choke of the surfaguide waveguide (10 sccm N2 balanced in 40 sccm

Ar, 300 W), and (b) the Boltzmann plot of electron temperature.

The possible reactions between Ar and N2 in the plasma are many, but N2>™ and the two N>
vibrational states are the major products. Lesser intensity Ar | emissions are grouped between
696 nm and ~800 nm 27,29. The typical lifespan of N2" is only 67 ns, and the time for the
average flow rate to travel the 3 cm from the end of the waveguide to the catalyst bed is ~1.9 s .
Thus, we must infer that all the species reaching the surface are in a vibrationally active state and
not ions. This topic has become increasingly relevant which publications suggesting that under
plasma conditions vibrationally active species interact differently with surfaces, altering bond

energies 19,

To rule out a simple thermal increase in the system due to MWP, a thermocouple was inserted
where the catalyst typically sits during normal operation. Several runs under the Ar:N> plasma

condition revealed only a small ~5 °C temperature change. This is supported by experimental
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evidence which found that elevated MWP Ar:N. temperatures (3000 K) return to normal (400 K)

only 3 cm outside the plasma zone 2.

Proposed reactions to form the observed transition at ~391 nm (Equation 17). In Equation 17 the
direct conversion from neutral N2 to the activated N,* species is observed 1. The more likely
route in a low temperature plasma is the combined reaction followed by Equation 18 . The

energy of the final transition step, Equation 19, is only 3.13 eV.

Equation 17: N,(X'2}) + e (E > 18.7eV) > Ni (B?%)) + 2e”
Equation 18: No(X'z}) + e (E > 1557 eV) » NF (X?Z) + 2e~
Equation 19: N (X?2}) + e (E >3.13eV) > Nf(B*Z}) +e”

Atomic nitrogen emissions, N* ~425 nm, is difficult to distinguish from the Ar | excited state ~
419.8 nm in the collected spectra. The energy of each transition is very similar; however, the

lifetime of these species is very short, 39 ns for Ar 1,

Electron temperature of plasma can be determined by the Boltzmann plot method, Equation 20 ©.
The approximate number of N2* in low temperature, Equation 21, plasma can be directly related

to the intensity observed of the transition at ~391 nm, Equation 22 1,

; . Ioidi _  Ek
Equation 20: In (g_kAki) = T +C
Equation 21: I (NS, 2 =391.4nm) =~ N
Equation 22: Ny (B2x}) - Ni (X%2f) + hv

Average velocity in the reaction tube was determined by the flow rate, Q, 50 sccm, and the cross-

sectional area, A, of the tube using Equation 23. The average lifetime of the N2* species, 67 ns,
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was compared with the length between the plasma and the catalyst, z = 3 cm, and the average

fluid velocity, v, 1.5 s 1%,
Equation 23: Q =vA

This is an approximate method, and not necessarily representative of the true electron energy
distribution function. In addition, some higher energy ions may travel faster than the average

fluid velocity in the tube, this is open problem in low temperature and pressure plasmas.

One of the major limitations of the above analysis, which lends weight to the plasma
enhancement of the reaction is the lack of accurate analysis of the entire electron distribution
function, only a simple analysis has been performed. More in-depth understanding of the system
is possible but effective modeling of this atomic-molecular plasma at atmospheric pressure does

not exist, so the simpler analysis above is proposed for now.

5.3.2 Proposed Mechanism

SCM models applied to chemical looping combustion lack the complexity to accurately model
these reactions. Even with a “simple” system such as the oxidation of Fe particles, modeling can
become both difficult and require modification of the original model 2. Kinetic parameters
determined from SCM can result in loss of data and incorrect assumptions of rate limiting steps

as critical kinetic steps are overlooked 2.

In our system, this is complicated by the inclusion of the Ar/N2 MWP reactions which result in
many possible reactions that depend upon plasma conditions. Modeling of the catalyst system
under the plasma condition is further complicated by charge accumulation 34, Increased

ammonia production was observed in our plasma reactor when using a higher surface area quartz

115.



wool support for the catalyst bed than a fritted tube. Electrostatic interactions rely on particle
chemistry, geometry, and plasma properties and while a full analysis is impossible the review by
Nyets and our recent work by Tiwari et al currently under review supports this observation °.

The charging effect can both increase and decrease reaction rates of interest 1,

A reaction mechanism is proposed in Figure 29, panel (1), the catalyst bed is brought to the
temperature of nitridation (Thitridation), @and the plasma is initiated. In Figure 29 panel (2), after the
plasma is stable, N2 is introduced into the system and the nitridation reaction begins. In Figure 29
(3) activated nitrogen species accumulates on and interacts with the surface. In Figure 29 panel
(4) a nitride diffusion layer is present, in a real system likely this would be impacted by grain
boundaries and morphology, here it is idealized as spherical. Once the processing time is
complete, the plasma is stopped, and nitrogen is purged from the system with Ar flow as seen in
Figure 29 panel (5) surface absorbed species may remain. Next in Figure 29 panel (6) the
temperature is adjusted to the hydrogenation temperature and H: is added. In Figure 29 panel (7)
ammonia is liberated from both the surface due to the ease of H> dissociation and diffusion in Fe
in the bulk. Finally in Figure 29 panel (8), the reaction decreases as most of the lattice nitrogen is

removed and the experiment is ended.
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Figure 29. Stepwise plasma-enhanced chemical looping ammonia synthesis reaction with
idealized catalyst bed and gaseous species. (1.) Ar plasma is initiated in the waveguide, (2.) N2 is
introduced into to the plasma stream, (3.) activated nitrogen interacts with the catalyst surface,
(4.) after the time of nitridation, a layer of metal nitride forms on the catalyst, (5.) Ar is purged
through the system to remove gaseous N> and temperature is changed to the temperature of
ammonia synthesis, (6.) H is introduced into the system, (7.) Hz reacts readily with the nitride
catalyst at the temperature of hydrogenation, (8.) once the catalyst is spent very little nitrogen

remains in the lattice.

While this reaction mechanism is generated in the context of a CLAS Fe material, it can also be

generalized for other simple metal-based nitrogen carriers without specific catalytic islands or
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promoters. The affinity towards surface nitrogen may differ, as well as the temperature require to
form nitride bonds for different materials of interest. This particularly impacts nitrides of Mn and
CoMo which tend to be more thermodynamically favorable than Fe at forming stable nitrogen-
metal bonds 6. More stable bonds may result in longer nitridation times as more “catalytic
nitrides” may have better kinetic properties 1. As CLAS process cycle times shorten more to
match those of chemical looping combustion and process conditions become milder — this
approach may become preferrable. Nitrogen reactions which fall into a “surface mediated” rather
than “bulk mediated” regime may overcome some of the energy requirements for lattice
diffusion. Eventually as process time is shortened, it approaches the time scale of transport
limitations much sooner than those of ambient pressure HB reactions. Thus, there likely exists
some sort of optimum conditions between limiting cases, CLAS reaction and ambient pressure

HB catalytic reactions.

5.3.3 Kinetic Parameter Determination

In lieu of estimating the nitrogen content of each treated sample with TGA or XRD and risking
exposure to air, the concentration of ammonia synthesized over a given reaction time was
integrated as (Ciotal), Equation 24. Conversion (X), Equation 25, could be determined and plotted
as a function of time by the simple ratio of the C(t) in ppm over the integrated concertation. The

power law equations are given in Equations 26 and 27 for the linearization of the plot.

Equation 24: X =S89

Ctotal
Equation 25: Crotal = ftsz(t)dt
Equation 26: r = kPj,
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Equation 27: In(r) = In(k) + nin(Py,)

Similarly, reaction rates were calculated by converting the concentration in ppm to pmoles and

dividing by time of reaction and normalizing by mass of catalyst.

Apparent activation energies, Figure 30, were calculated by using the Arrhenius plot method.
Kinetic parameters were calculated using the power law kinetic model with Equation 23 and
Equation 24. A plot of a best fit line using the power law model for the plasma enhanced

catalytic system are presented in Figure 31.
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Figure 30. Representative Kinetics of the ammonia synthesis process over plasma nitrided Fe

particles.
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The power law model determined that order is n = 0.72 (approaching first order), and k = 12.92

s1 with an R? of 0.9187.
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Figure 31. Apparent activation energy of ammonia synthesis over plasma nitrided Fe by the

Arrhenius plot method.
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5.4 Conclusions

Time on stream chemical looping experiments were carried out to evaluate the efficacy of pre-
activation of nitrogen by microwave-plasma and to study the inherent kinetics of nitrogen
storage materials by solely thermochemical means. Nitrogen plasma is found to enhance overall
reaction productivity and to reduce temperatures of the nitridation reaction by first pre-activating
nitrogen before depositing it on the surface of the catalyst. Rates of up to 420.9 pmolmin™g™ at
250 °C nitridation temperatures were found to be optimal. Analysis of the plasma, flow and
kinetics was performed, and limitations of this process were identified. Additionally, a surface-
mediated and bulk-mediated reaction domain was found to exist depending on the length of the

plasma treatment times.
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6. General Conclusions

6.1 Conclusions

Some general principles emerged from this work on the cyclical storage and removal of nitrogen
in the form of ammonia from transition metals. These included material properties for
nitridation, microwave-materials interaction strategies, and plasma chemical looping ammonia

synthesis phenomena.

When approaching this work we applied increasing levels of process intensification, from the
initial thermal only nitridation of these materials which is the current state of the art, to the
application of microwave heating, finally to pre-treatment of the gas with microwave plasma.
Thus, each step of the increasingly intense process brought with it new challenges, complexity,

and findings.

Throughout the entire project the focus of the work from thermal fixed bed, to microwave fixed
bed, to microwave plasma fixed bed reactors was on high resolution reaction data. This data
provides a basis for evaluation of kinetic properties and limitations of these material systems

which are necessary for further development and potential future scale-up.

Microwave heating appears to increase the rate and productivity of metal-like nitrides for
chemical looping ammonia applications, though the physical mechanisms by which that proceeds
are unclear. Microwave plasma pre-activation of the N> molecule when coupled with low
temperature heating leads to unexpected rate increases through a unique surface dominated

reaction mechanism leading to higher productivities at lower temperatures
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6.2 Future Work

The future work which naturally follows from these processes relate to the materials for nitrogen
storage and to the microwave heating process. The microwave-plasma enhanced process which

proceeds from an altogether different physical process is best described separately.

First, as described in the review, materials for nitrogen fixation have been long known. These
basic material trends are not new, thus what is needed is materials engineering and synthesis of
older findings and concepts. The critical question is whether this kind of process is desired and
justified, that sort of work falls to thermodynamic and techno-economic modeling which has at
least begun and shows promising results 4. All these modeling efforts would be greatly
benefited by rationalization of kinetics and data reporting for these materials for bench scale
testing. The generation of more complicated and accurate kinetic models such as those which
exist in chemical looping combustion is quite easily achievable by translating computational
methods from the more mature field, despite still not knowing the definitive chemistry of these

systems.

The use of bi-metallics, oxides, and promoters has long been a feature of the literature, but with
more rationalize design as considered by Sun and others °. While proceeding with highly reactive
species is an attractive starting place, low cost but highly reactive and cyclable materials are
likely to make more economic sense when considering other forms of energy storage
technologies such as batteries and other catalysts ®7. The development of “oxide nitrides” or
ionic nitrides where the mobile ion is not the typical cation ex. Mg*?, but N3, is also still a
possibility but the chemistry of these materials is complex and difficult and requires more future

research 8.

124.



Microwave and microwave plasma reactions hold an enormous amount of possibility for the
electrification of the chemicals and materials industries which is a goal of greenhouse gas
emission reduction strategies °. Future materials of interest for microwave-catalytic nitridation
include low cost and common materials such as Cu, Fe, and Mg which can be coupled with
common oxides and advanced carbon materials from other low carbon processes that are known

to enhance reaction rates under MW.

6.3 Contributions to the Field

My contributions to the field include the peer reviewed publications that | have published from
the work in this thesis and the presentations | have made of this work at national conferences.

These activities are listed in the following sections.
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6.3.1 Publications

1. Tiwari, S., Ibrahim, S., A., Robinson, B., Brown, S., Wang, Q., Che, F., Hu, J.,“Post-
plasma catalysis: Charge effect on product selectivity in conversion of methane and nitrogen

plasma to ethylene and ammonia” Catalysis Science & Technology, March 215 2023.

https://doi.org/10.1039/D2CY02077G

2. Brown, S., “Vector Network Analysis of Powdered Materials Guide” Zenodo April 27th,

2023. https://doi.org/10.5281/zenodo.7595964.

3. Araia, A., Wang, Y., Jiang, C., Brown, S., Caiola, A., Robinson, B., Hu, J., “Intuitive
study on the effect of support morphology over Cs-Ru/CeO: catalyst for microwave-initiated

ammonia synthesis” Catalysis Communications, October 27", 2022.

https://doi.org/10.1016/j.catcom.2022.106551.

4, Aira, A. Wang, Y., Robinson, B., Jiang, C., Wildfire, C., Brown, S., Hu, J. “Microwave-
assisted ammonia synthesis over Cs-Ru/CeO: catalyst at ambient pressure: Effect of metal
loading and support particle size” Catalysis Communications 2022,

https://doi.org/10.1016/j.catcom.2022.106491.

5. Hu, J., Brown, S., Tiwari, S., Wang, Y., Robinson, B., “Methods and compositions for
chemical looping ammonia synthesis at low pressure”, Provisional Patent, US Application No.

63/358,516, July 5™, 2022,

6. Brown, S., Robinson, B., Wang, Y., Wildfire, C., Hu, J. “Microwave heated chemical
looping ammonia synthesis over Fe and CoMo particles”, RSC Journal of Materials Chemistry

A, 2022, https://doi.org/10.1039/D2TA03241D.
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7. Brown, S., Ellison, C., Shekhawat, D., Hu, J. “Chemical Looping Ammonia Synthesis:
Microwave and Thermal Fixed Bed Systems”, Conference Proceedings of the International

Microwave Power Institute, Annual Microwave Power Symposium 56, Savannah, GA, 2022

8. Brown, S., Jiang, C., Wang, Q., Caiola, A., Hu, J. “Evidence of Ammonia Synthesis by

Bulk Diffusion in Cobalt Molybdenum Particles in a CLAS Process”, Catalysis Communications

2022, 106438. https://doi.org/10.1016/j.catcom.2022.106438.

9. Hu, J., Brown, S., Tiwari, S., Wang, Y., Robinson, B., “Methods and compositions for

chemical looping ammonia synthesis at low pressure”, Provisional Patent, US Application No.

63/313,672, February 24", 2022,
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6.3.2 Oral Presentations

1. Brown, S., Hu, J., “Plasma-enhanced chemical looping ammonia synthesis", Oral

presentation at the AIChE Annual Conference, Phoenix, AZ, November 14th, 2022.

2. Brown, S., Hu, J. "Chemical looping ammonia synthesis: microwave and thermal fixed
bed systems", Poster presentation at International Microwave Power Institute, Savannah, GA,

June 14th-16th, 2022.

3. Brown, S., Hu, J. "Next generation catalysis by microwave, plasma, and materials

design™, Oral presentation at CHMJC, Virtual, June 8th, 2022.

4. Brown, S., Hu, J. “Kinetic study of chemical looping ammonia synthesis candidates:
Manganese nitride as a model material”, Oral presentation at American Chemical Society Spring

Conference, San Diego, CA, March 20th, 2022.

5. Brown, S., Wang, Y., Hu, J. “Chemical Looping Synthesis of Ammonia over Cobalt
Molybdenum Nitride: Effects of Surface Hydrogen on Productivity”, Oral presentation at the

AIChE Annual Conference, Boston, MA, November 10th, 2021.
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6.3.3 Poster Presentations

1. Brown, S., Hu, J. “Chemical looping ammonia synthesis by thermal, microwave, and
plasma", Poster presentation at WIC session, AIChE Annual Conference, Phoenix, AZ,

November 15th, 2022.

2. Brown, S., Hu, J. “Microwave and plasma enhanced catalysis for chemical looping
ammonia synthesis”, Poster presentation at the AIChE Annual Conference, Phoenix, AZ,

November 14th, 2022.

3. Brown, S., Hu, J. “Next Generation Catalysis by Microwave, Plasma, and Materials
Design", Faculty/postdoc poster presentation at the AIChE Annual Conference, Phoenix, AZ,

November 13th, 2022.

4, Brown, S., Hu, J. “Chemical looping ammonia synthesis: thermal, microwave, and
plasma approaches”, Poster presentation at the American Chemical Society Fall Conference,

Chicago, IL, August 24th, 2022.

5. Brown, S., Ellison, C., Shekhawat, D., Hu, J. "Chemical looping ammonia synthesis:
microwave and thermal fixed bed systems", Poster presentation at International Microwave

Power Institute, Savannah, GA, June 14th-16th, 2022.

6. Brown, S., Hu, J. “Chemical Looping Ammonia Synthesis: Thermal, Microwave, and
Plasma Approaches”, Poster presentation at WVU WVU Graduate Student Research

Symposium, Morgantown, WV, April 12th, 2022
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7. Caiola, A.; Robinson, B.; Brown, S., Hu, J. “Ethane Dehydroaromatization Using
Molybdenum Promoted Microwave Synthesized Zeolites”, Poster presentation at the WVU

Graduate Student Research Symposium, Morgantown, WV, April 12th, 2022

8. Brown, S., Robinson, B., Wang, Y., Wang, Q., Hu, J. “Thermal & Microwave Assisted
Synthesis of Ammonia with a Chemical Looping Approach”, Poster presentation at the AIChE

Annual Conference, virtual, November 16th-20th, 2020.

9. Brown, S., Robinson, B., Wang, Y., Wang, Q., Hu, J. “Thermal & Microwave Assisted
Synthesis of Ammonia with a Chemical Looping Approach”, Poster presentation at the AIChE

Annual Conference, virtual, November 16th-20th, 2020.

10.  Bai, et. al. “Catalytic Dehydroaromatization of Ethane in Microwave Reactor”, Poster
presentation at STARS: Students, Teachers, And Researchers Conference, Morgantown WV,

November 16th, 2019.
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