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Abstract

Coal splitting and staging is a potential approach for reducing nitrogen oxide
(NOx) emissions during coal oxidation, which converts NOx into harmless gas
(N2) using coal pyrolysis gas. The NOx removal behaviours in this process are
determined by the nitrogenous species in pyrolysis gas. In the current work,
reactive force field (ReaxFF) molecular dynamics (MD) is used to examine the
pyrolysis process of nitrogenous compounds in coal and the NOx reduction by
nitrogenous species from coal pyrolysis gas. The effects of water (an important
component of coal) on pyridine (a main nitrogen-containing compound in coal)
pyrolysis were studied. At different water-content circumstances, common and
uncommon intermediates were found and identified. Water influenced both the
amount of nitrogen atoms in the polycondensation product and the consuming
rates of pyridine molecules. The modifications in reaction pathways brought on
by the presence of water were illustrated as well. The efficiency of NO abatement
with nitrogenous species in pyrolysis gas (HCN and NH3) was also studied in
relation to temperature, oxygen content, nitrogen-containing species content, and
nitrogen-free species (CH4, CO, and Hz). The atomic-level reaction pathways for
NO abatement and N2 generation were identified under varying conditions.
Besides, the behaviours of NO abatement by HCN and NHs under various
circumstances were compared and control methods for the pyrolysis and
reburning processes were suggested.

Assisted combustion, where electric field (EF) and ozone are applied during
coal combustion, is an effective method for NOx control. The influence of EF and
ozone on fuel-NOx generation from pyridine (the main nitrogenous chemical in
coal) oxidation were studied via ReaxFF MD simulations. The number of key
products (CO, COz2, NO, NO2 and N2) were quantified for the pyridine oxidation
under varying external electric field conditions and in the presence of ozone,
respectively. The mechanisms of pyridine combustion with electric fields and
ozone addition were revealed at atomic scales.

In summary, this study provides new insights into the nitrogen migration
during coal splitting and staging as well as assisted combustion. The new findings

lay theoretical foundations for strategizing effective NOx control ways in practice.



Impact Statement

This thesis provides microscopic insights into nitrogen migration during coal
splitting and staging process as well as assisted combustion by electric field and
ozone. The new findings add knowledge to the fundamental mechanisms of NOx
regulating and inspire the control strategies of pollutant emissions.

Specifically, Chapter 3 reveals the impacts of H20 molecules on pyridine
pyrolysis, demonstrating a possibility to control coal pyrolysis reactions by altering
the water content of coal. The essential mechanisms during NO abatement by
nitrogenous species in coal pyrolysis gas (HCN and NHas) are examined in
Chapter 4 in relation to temperature, oxygen content, nitrogenous species (HCN
and NHs) concentration, and nitrogen-free species (CH4, CO, and H2). Results
suggest that the increase of temperature and the proportion of NHs of nitrogen-
containing species is an effective way to enhance the NO reduction performance.
Besides, appropriately reducing O2 concentrations and increasing the number of
nitrogen-containing species can improve the NO reduction performance by coal
pyrolysis gas. Finally, CH4 and CO decrease the NO reduction performance, and
CH4 shows more inhibitory effects than CO. But the NO removal behaviours are
slightly enhanced by H2 molecules. Chapter 5 studies the emissions performance
of pyridine combustion under varying electric field imposition and ozone
concentrations, respectively. The pyridine oxidation is shown to produce less CO
and NO emissions when there is an electric field present. Additionally, the atomic
level study of the pyridine oxidation reaction processes under various electric
fields explains variations in the primary products under different electric field
characteristics. Ozone speeds up the combustion of pyridine and makes it easier
for CO to become CO2 and insoluble NO to become soluble NOz2 in water. Active
particles including OH, HO2, HO3, and H202 are produced as a result of ozone's
participation in reactions with intermediates.

The present thesis proves the reactive force field (ReaxFF) molecular
dynamics (MD) is a valuable approach for studying the fundamental mechanisms
of chemical processes. It also establishes the scientific foundation for enhancing
NOx control behaviours during coal combustion. Specifically, a deeper
understanding of NOx generation and reduction at the atomic level can facilitate
the optimisation of operation conditions and combination of current technologies

to reduce NOx emissions more efficiently in practice. In addition, it will also
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facilitate the development of new technologies for NOx control, such as catalyst

design and new mechanisms for NOx emission reduction.
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Chapter 1 Introduction
1.1 Background and Motivation

Coal has been the principal fuel of the global energy system since the
industrial revolution because of its relative abundance and low cost [1, 2]. Figure
1.1 shows the world’s coal consumption by region during 2000-2021. Overall, the
coal consumption increased significantly over those years in developing
economies. Though the advanced economies decrease the coal utilization slightly,
the world’s coal consumption still remains at a high level in recent years. The coal
utilization will highly show the increase trend because of the growing populations
and modernization especially in developing countries [3]. However, nitrogen
oxides (NOx) from coal burning result in significant environmental issues such as
acid rain and photochemical smog [4]. Diverse methods for lowering NOx
emissions have been developed in order to safeguard the environment from
pollution and comply with the ever-stricter NOx emission rules.

Coal splitting and staging is an effective approach to control NOx emissions
using coal pyrolysis gas with excellent NOx reduction performance as well as

relatively low operating cost compared with other reburn fuels like gas, oil and

coal [5].
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Figure 1.1 Coal consumption by region during 2000-2021 [6].
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During this process, the combustion process is divided into three zones in
series as shown in Figure 1.2. Coal undergoes pyrolysis process forming
pyrolysis gas and solid char first. In the main zone, the char is oxidized to release
heat and NOx is formed. In the reburn zone, pyrolysis gas is injected to convert
NOx from main zone to clean N2 under fuel-rich conditions. Excess air is provided
to oxide remaining species and ensure complete combustion in the burnout zone.
The reburn fuel (coal pyrolysis gas) plays vital role in the NOx reduction
behaviours of this technology. The nitrogen-containing species in pyrolysis gas
have been found to be crucial for NOx removal behaviours in coal splitting and
staging process in earlier research [5, 7]. Thus, understanding the underlying
mechanisms of nitrogen migration during the pyrolysis and reduction processes
is critical as it can assist in optimising operational parameters that reduce NOx

emissions from coal oxidation.

Pyrolysis gas

Coal Ch l Unburned

e ; ar NOXx species

— > Pyrolysis » Main zone , Reburn P > Burnout
zone Zone

Figure 1.2 Schematic diagram of coal splitting and staging process.

In addition, assisted combustion is a widely used method to reduce NOx
emissions by controlling the oxidation process. In particular, electric field (EF)
assisted combustion, which modifies reaction processes by applying changing
EF strengths during fuel combustion, is an efficient approach to reduce NOx
emissions [8-10]. Additionally, the majority of the NOx pollutants during coal
combustion are nitric oxide (NO), with lower levels of nitrogen dioxide (NOz2) [11].
Due to the high solubility of NO2 in water, it may be quickly eliminated by water
[12]. In contrast, NO in exhaust gases must be eliminated using selective catalytic
reduction (SCR), which has a high operating cost [12]. This is because NO is
poorly soluble in water. One of the most potent oxidizers, ozone (Os3), can alter
proportion of NO and NO:2 in NOx emissions and enhance combustion
performance (including ignition, flame propagation, and flame stability) [13]. As a
result, the addition of ozone can be used as a practical and promising technique

to decrease NOx pollutants from coal utilization.
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1.2 Literature Review

1.2.1 Nitrogen Oxides (NOx)

NOx is a generic term for nitrogen oxides, including N2O, NO, N202, N20s3,
NO2, N204 and N20s. The properties of those compounds are summarized in
Table 1.1. Among them, NO, NO2 and N20 are the most abundant nitrogen oxides
in the air, and N202 and N204 are dimers of NO and NOz, respectively [14]. N2Os
and N20s exist in extremely low concentrations, and their influence are often
negligible. NO is a colourless gas can cause the failure to absorb Oz to blood like
carbon oxide (CO). Also, NO is unstable and reacts with oxygen-containing
species in air such as HO2, O2 and Os to generate NO2 formation, which may
drive bronchoconstriction, inflammation and reduced immune response even at
low concentrations [15]. N20 is a kind of greenhouse gas with a long lifetime,
which has 298 times the atmospheric heat-trapping ability of carbon dioxide (COz2)
[16].
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Table 1.1 Composition of nitrogen oxides (NOx) [14].

Formula | Name Nitrogen Valence | Properties

N20 nitrous oxide 1 colourless gas

water soluble

NO nitric oxide 2 colourless gas
N202 dinitrogen dioxide slightly water soluble
N203 dinitrogen trioxide 3 black solid

water soluble

decomposes in water

NO2 nitrogen dioxide 4 red-brown gas
N204 dinitrogen tetroxide very water soluble

decomposes in water

N20s dinitrogen pentoxide | 5 white solid
very water soluble

decomposes in water

The interaction of NOx and water forms nitrous acid (HNOz2) or nitric acid
(HNOs3), contributing to acid rain deposition, as Figure 1.3 shows. Acid rain has
adverse impacts on forests [17-19], soils [20-22], surface waters and aquatic
animals [23]. It can also cause paint to peel, corrosion of steel structures and

weathering of stone buildings and statues [24, 25].
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Acid Rain Pathway

Figure 1.3 Acid rain pathway [26].

As shown in Figure 1.4, photochemical smog is another main environmental
problem caused by NOx, where NOXx reacts with volatile organic compounds
(VOCs) in the atmosphere under light conditions generating peroxylacyl nitrates
(PANSs), tropospheric ozone, and aldehydes [27]. Those products are usually toxic
to humans and can cause severe sickness, a shortened life span and premature
death [27].
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Figure 1.4 Diagram of photochemical smog formation [27].

1.2.2 NOx Control Technologies

NOx control methods include two categories: primary control technologies
and secondary control methods, which will be further characterized in Section
1.2.2.1-1.223.

1.2.2.1 Primary Control Technologies

Primary control technologies decrease NOx formation from combustion by
the alteration of operational conditions. The main methods include low NOx

burner (LNB), over fire air (OFA) and coal assisted combustion.
1.2.2.1.1 Low NOx Burners (LNBs)

LNBs limit NOx formation by controlling the stoichiometric and temperature
profiles of the combustion process [28, 29]. As Figure 1.5 shows, the input air is
separated into two parts, primary air and secondary air, thereby causing the
following atmospheres: (1) the reduced oxygen concentrations inhibit the
generation of both fuel and thermal NOx in primary zone; and (2) the reduced
flame temperature due to insufficient combustion further reduces the formation of
thermal NOx. LNBs can reduce NOx emissions by 50% or more compared with

common combustion process [30].
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Figure 1.5 Schematic of a low-NOx burner [30].
1.2.2.1.2 Over Fire Air (OFA)

OFA is another popular method of air staging, where 5-20% of the total
combustion air is injected into ports above the normal combustion zone [14, 31,
32]. In general, OFA is used in combination with LNBs, which may increase the
NOx reductions by an additional 10 to 25% [29].

However, the use of LNBs and OFA can cause the increase of unburned
carbon (UBC) and carbon oxide (CO) concentrates in exhaust gases, which
reduces combustion efficiency and increases pollutants of particulate matter (PM)
and CO. This problem can be minimized by the careful control of combustion

parameters and appropriately designed LNBs and OFA systems.

1.2.2.1.3 Assisted Combustion

Ozone and EF both have the power to restrict the yields of pollutants and
control flame properties including ignition, combustion temperature, flame shape,
etc [13, 33]. The EF impact on NOx production from fuel oxidation has been
widely investigated before. For example, Zake and co-workers studied the impact
of the EF on NO output during the oxidation of natural gas through experiments
[34]. Results suggested that EF had the abilities to reduce the thermal NOx
generation during natural gas burning by 30% to 80% [34]. Barmina and co-
workers carried out an experimental investigation on the impact of EF on the
combustion of biomass in gasifiers [35]. Results showed that applying external
EF lowered CO and NOx emissions. EF was discovered to be able to regulate
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NOx emissions during airborne methane burning by Most and colleagues [36]. It
has also been shown in earlier research through tests and computational fluid
dynamics (CFD) simulations that EF can lower NOx emissions during propane
oxidation [37-39]. The aforementioned studies illustrated the overall impacts of
EF on NOx pollutants from fuel oxidation, however there are still some details
that are unknown. For instance, might the EF regulate the formation of fuel-NOx
with the exception of thermal NOx? How the EF strength quantitatively impacts
the NOx emissions? More thorough research utilising time- and space-resolved
approaches is needed to answer such problems. In addition, previous studies
mainly focused on the gaseous fuels without considering complex solid fuels.
Numerous investigations on ozone assisted combustion have concentrated
on the impact of O3 on ignition [40, 41], flame propagation [42, 43] and flame
stabilization [44, 45] during fuel oxidation. Tachibana and co-workers conducted
a series of experiments to investigate how ozone affected compression ignition
engine combustion [46]. The findings show that ozone can reduce CO, CnHm, and
soot emissions while increasing NOx emissions. When examining the impact of
ozone on the oxidation parameters of internal combustion engines, Nasser and
co-workers also came to the same conclusion [47]. Previous research has shown
that the addition of ozone may significantly alter the exhaust emissions produced
during fuel combustion. Less research has been done, meanwhile, on how adding
Os affects emissions of pollutants from burning fuel. There are certain
fundamental issues that remain unanswered. For instance, it is still unknown what
the underlying processes are that cause ozone to impact NOx generation during
combustion. Additionally, the previous research did not examine the component
of NOx pollutants under various ozone concentrations, which might have an
impact on the operating costs of the NOx removal process. Thus, the impacts of
EF and ozone on NOx generation during coal oxidation must be revealed in order

to better manage NOx emissions during coal combustion.

1.2.3 Secondary Control Technologies

By employing only primary control technologies, it may be difficult to comply
with current or future NOx standards for coal combustion; thus, secondary control
technologies are needed to further minimise NOx emissions. Selective NOx

reduction and fuel staging are examples of secondary controls that lower NOx

37



emissions from fuel combustion in the primary zone.

1.2.3.1 Selective Reduction

Selective noncatalytic reduction (SNCR) and selective catalytic reduction
(SCR) are two types of selective reduction technologies, where nitrogenous
chemicals (such as ammonia and urea) are used to reduce NOx to N2 selectively
in the presence of oxygen.

In SNCR, nitrogen-containing reagent is injected into the boiler’'s upper
furnace region as shown in Figure 1.6, where the NOx reduction can achieve
30%-75% [30, 48]. The overall reactions of NO reduction by ammonia and urea

are as follows:

2(NH2)2CO + 4NO + O2 — 4H20 + 2CO2 + 4N2 (R1.1)
4NH3 + 4NO + O2 — 4N2 + 6H20 (R1.2)
Reagent
injection
Boiler .g
Fuel and § —
primary air \ w /
— \ /£
\V4

Air preheater

Secondary air I 1 Flue gas to stack

Figure 1.6 Schematic of SNCR process [30].

In general, there are three pathways for the reaction between reagent and
NO: (1) NOx is converted to N2 by reagent, (2) NOx generation from the oxidation
of reagent by Oz in flue gas, and (3) reagent remains unreacted and pass through
causing “NHs slip”. The reaction temperature has huge influence on the SNCR
performance, which normally ranges from 900°C to 1150°C. The relatively low
temperature (less than 900°C) decreases the reduction reactions, resulting in the

increase of remaining NOx and reagent. For relatively high temperature (higher
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than 1150°C), the oxidation of reagents domains compared to the reduction
reactions of NOx, and thereby inhibits the NOx reduction performance of SNCR.

For SCR process, the overall reaction is similar to that of SNCR, but catalysts
are required and the reaction temperature (350°C — 400°C) is typically lower than
that of SNCR [30, 49]. The NOx reduction efficiency of SCR is significantly higher
than that of SNCR, and is capable of achieving up to 90% [50]. As observed in
Figure 1.7, the SCR reactor is typically situated upstream of the air preheater and
after the boiler economizer (APH). The economizer bypass is used to ensure

optimal flue gas temperature under low load situations [51].

l Reagent injection
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ﬁ reactor
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Air preheater
Secondary air I l Flue gas to stack

Figure 1.7 Schematic of SCR process [30].

The type of catalyst is important for the NO reduction behaviours in SCR.
Basically, catalysts are classified into three types: (1) the supported noble metal
catalysts (like Pt/Al203), (2) the base metal oxide catalysts (like MNOx and CuOx)
and (3) metal ion exchanged zeolites-crystalline silicate (such as Cu-ZSM-5) [52].
“NHs slip” phenomenon also occurs in SCR process with the same reason with
SNCR process. Another concern for SCR is the catalyst deactivation, which is
caused by impurities in the flue gas poisoning catalysts. Thus, periodic
maintenance and replacement are needed for catalysts, and correspondingly, the
operating costs of SCR system are higher than those of SNCR system.
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1.2.3.2 Fuel Staging

Figure 1.8 schematically presents the fuel staging process, where 10%-30%
of total heat input is provided by the injection of auxiliary fuel (main fuel or another
fuel) in reburn zone and a slightly fuel rich conditions are created to reduce NOx
to N2 ultimately [53]. With this technology, NOx emissions may be reduced by
50%-60% [52]. Finally, burnout air is provided after reburn zone to ensure
complete combustion of fuels. Compared with selective reduction, fuel staging
has a lower NOx reduction efficiency, but the capital costs and operating costs of
fuel staging are significantly lower than those of SCR. To meet future more
stringent NOx emissions regulations, a relatively economical choice is the
combination of fuel staging and selective reduction technologies. In this process,
the fuel reburning technology is used to reduce the NOx concentration at the
furnace outlet as much as possible, which reduces the load on the SNCR/SCR
system. Thus, the size of the SNCR/SCR system equipment, reagent
consumption and catalyst dosage can be reduced. By this way, lower NOXx
emissions can be achieved with minimizing the investment and operating costs
of the SNCR/SCR equipment.

. Burnout
Burnout air —— zone
Reburn fuel —— | Reburn zone E
————— £
Q
Main fuel Primary S —
and primary air | combustion \ & /]
zone . \ /
A4
Air preheater
Secondary air I l Flue gas to stack

Figure 1.8 Schematic of fuel staging process [30].

Reburn fuels play dominant roles in the NOx removal performance of fuel
staging, and the choice of reburn fuel is determined largely by fuel availability, a

balance of operating costs versus capital costs, and the specifics of the boiler
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[30]. Coal is usually used as reburn fuel with easy accessibility and low costs
during coal combustion. However, coal reburning requires a relatively longer
residence time and a large upper furnace because of its poor burnout, which also
decreases the NOx reduction performance [30]. Natural gas may be an
alternative reburn fuel with good burnout and NOx removal performance.
Whereas its limited accessibility and relatively high costs constrain the spread of
natural gas reburning. Besides, the NOx removal abilities of natural gas are lower
than those of nitrogen-containing reagents like NHs. Therefore, coal splitting and
staging technology is developed to overcome those issues, which is introduced

subsequently.

1.2.3.3 Coal Splitting and Staging Process

Coal pyrolysis gas is a promising reburn fuel for NOx reduction, which is
derived from coal pyrolysis process and easy to obtain, and contains nitrogenous
species such as HCN and NHs. Thus, coal pyrolysis gas reburning (coal splitting
and staging) has higher NOx removal behaviours, and it is relatively easy to
spread this technology. The schematic of coal splitting and staging can refer to
Figure 2.2. A further advantage is the possibility of adjusting pyrolysis conditions
to the specific coal properties and thus producing an optimum reburn fuel with
maximum NOx reduction efficiency [5]. Of course, that also brings challenges to
control the coal pyrolysis and NOx reduction processes by coal pyrolysis gas,
and thus the study of coal splitting and staging is necessary and important.

In 1996, Greul and co-workers carried out experimental studies on the coal
splitting and staging process for the first time [5]. They pointed out that the
optimum air/fuel ratio was around 0.9, and the nitrogenous species in coal
pyrolysis gas determined the NOx removal behaviours. Also, the nitrogen-free
species (CH4) showed negative influence on the NO reduction process by coal
pyrolysis gas [7]. The same conclusion was also corroborated by Rudiger and co-
wokrers’ work, where they found that the increase of nitrogenous species content
in coal pyrolysis gas could improve the NOx removal performance [7].

The above studies have demonstrated that the composition of pyrolysis gas
(especially for nitrogenous species) and the operating parameters (like
temperatures and oxygen content) in the reburn zone are important for NOx

removal. However, the underlying mechanisms of nitrogenous species
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generation from coal pyrolysis and NOx reduction by nitrogen-containing species
still lack study. Therefore, there are huge potentials to improve NOx reduction
performance by controlling the operating conditions of the coal splitting and
staging process, which highlights the importance of studying the nitrogen
migration during coal pyrolysis and NOx abatement by nitrogenous species in
coal pyrolysis gas under varying operating conditions. The reviews are shown in

Section 1.2.4 and Section 1.2.6, respectively.

1.2.4 Nitrogen Migration during Pyrolysis Process

1.2.4.1 Coal Pyrolysis

Pyrolysis is the first stage of coal splitting and staging process, profoundly
affecting the generation of pyrolysis gas and char. Thus, understanding the coal
pyrolysis process is vital for efficient and clean utilization of coal. Figure 1.9 shows
a schematic for coal pyrolysis, and the pyrolysis process consists of two sets of
reactions: primary devolatilization reactions and subsequent secondary gas
phase reactions [54]. The former includes the thermal breakage of weak aliphatic
bonds to generate many free radicals, which may react with each other to
produce volatile products and may also undergo condensation reactions to
produce semi-coke. The later includes the decomposition reactions of volatile
generating smaller hydrocarbons and gases and the condensation reactions of

semi-coke forming coke.
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Figure 1.9 Reactions and processes of coal pyrolysis [54].

Coal pyrolysis is affected by many factors, including coal type, particle size,
pyrolysis temperature, pyrolysis pressure, pyrolysis atmosphere, heating rate, etc
[65-58]. In-depth understanding of the influence of these factors on the coal
pyrolysis process is of significance for regulating the coal pyrolysis process. This
thesis mainly focuses on the generation process of nitrogenous species in
pyrolysis gas under varying conditions.

In 1978, Solomon and Colket studied the distribution of nitrogen in products
during coal pyrolysis [59]. It was indicated that the initial nitrogen released by coal
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was in tar, and it could secondary release nitrogen in non-tar volatiles at high
temperatures. The composition of nitrogen-containing compounds during coal
pyrolysis was investigated by Nelson and co-workers [60]. They found that the
primary nitrogen-containing products were HCN and NHs and high temperatures
were beneficial to the formation of HCN. Then, Rudiger and co-workers carried
out experiments to describe product distribution during coal pyrolysis at various
temperatures [7]. The main products were char, tar, HCN+NH3 and gas. It was
found that due to the promotion effects of high temperature on the thermal
decomposition of NHs and HCN, the amount of NH3 and HCN increased first and
then declined with the temperature rising.

Recently, ReaxFF MD has been widely applied in coal pyrolysis to detect
intermediates more accurately in the pyrolysis process [61-65]. However, in the
literature [61-64], their works mainly focus on the research of pyrolysis products
(char, tar and gas) at different temperatures. The pyrolysis properties of nitrogen
in coal were not included in their studies. Zheng and co-workers studied the
distribution of nitrogen element in coal pyrolysis products such as char, tar and
gas [65]. It is found from coal pyrolysis simulations that more than 65% N still
remains in Cao+ fragments, about 25% N migrates into Cs—Caso fragments, and
only 10% N transfers into small radicals and gases [65].

The above studies illustrate the nitrogen migration during coal pyrolysis and
the influence of operating parameters (like temperature, heating rate, etc) on coal
pyrolysis process. Moreover, some key components in coal such as moisture,
alkali metals (such as Ca, Na, K, etc) have significant effects on the pyrolysis
process [66-68]. One of them, water, an inherent coal component, has the ability
to speed up coal pyrolysis and significantly change the product distributions in
pyrolysis gas. In addition, compared to changes in the quantity of alkali metals, it
is simpler to vary the water content of coal by intentionally adding or subtracting
water. Studying how water affects nitrogen-containing compounds during coal
pyrolysis is therefore very interesting since it may be a useful method for
controlling the pyrolysis process.

Chen and co-workers investigated the influence of H20 and CO:2 during char
gasification and found H20 and CO2had an obvious influence on char gasification
through experiments [69]. Research was conducted by Ouyang and co-workers
on the effects of water during the pyrolysis of char [70]. They pointed out that H20

increased char reaction rate, decreased char yield and enhanced char structure.
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Hu and co-workers carried out experiments to study the influence of H20 on the
coal pyrolysis process [71]. Results indicated the production of tar and light tar
reduced during coal pyrolysis as the water content rose. Gou and colleagues
investigated how water vapour affected the coal pyrolysis products [66]. They
discovered that the production of HCN, NHs, H2, and CO, which can prevent NOx
generation during coal pyrolysis, was facilitated by water [66].

Although numerous studies have been done on coal pyrolysis, the underlying
mechanisms of nitrogen transfer pathways are lack of study. It is extremely
difficult to directly use coal to study the conversion mechanisms of nitrogen during
coal combustion because of the complicated and uncertain chemical structure of
coal, the low nitrogen concentration, and the impact of other radicals or functional
groups [72]. To know more about nitrogen transformations during pyrolysis, an
alternative method is to study the pyrolysis of main nitrogen-containing

compounds in coal.

1.2.4.2 Nitrogen-containing Compounds in Coal

As Figure 1.10 shows, the main nitrogen-containing compounds are pyrrolic
and pyridinic structures [11]. Pyridinic structures include pyridine [59, 60, 73],
picoline [74, 75], pyridol [76], quinoline [77-79], acridine [76] and
pyrazine/pyrimidine/pyridazine [80-83]; pyrrolic compounds include pyrrole [84,
85], methylpyrrole [86], indole [78, 87] and carbazole [78, 87]. Though those
nitrogen-containing compounds have different structures and pyrolysis
behaviours (for example: pyridines are more stable than pyrroles [78, 79, 88],
HCN is easier formed from components with two N-atoms in the ring [74]), the
main pyrolysis and oxidation pathways are similar. All of them undergo ring-open
reactions forming chain intermediates first, and release HCN subsequently [11].
In this thesis, pyridine is chosen as the representative to explore the nitrogen
migration during coal pyrolysis. Pyridine is a six-membered nitrogenous
heterocyclic aromatic with the chemical formula CsHsN [89]. All atoms in pyridine
are in a plane and the structure of pyridine is shown in Figure 1.10. Detailed bond

parameters can be found in previous work [90].
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Figure 1.10 Nitrogen containing cyclic compounds in coal [11].
1.2.4.3 Pyridine Pyrolysis

There have been intensive studies on pyridine pyrolysis and the influence of
H20 molecules on coal pyrolysis by simulations and experiments. Houser and co-
workers found that C2H2 and HCN were the main intermediates of pyridine
pyrolysis [73]. The kinetics of pyrolysis of pyridine was investigated by Mackie
and co-workers and they pointed out that the principal initiation reaction of
pyridine pyrolysis is 0-CsHsN — 2-,3-,4-CsHsN + H and six possible open-chain
species of CsHs4N [91], which is also confirmed by the literature [92, 93]. Besides,
they also proposed reactions that were pyridine reacted with H atom to form o-
CsHsN, then 0-CsHeN generated methyl pyrrolyl radical [91]. Hore and Russell
suggested pyridne pyrolysis scheme with major and minor reactions by
calculations at semi-empirical and ab initio levels [92]. In 2000, Memon and co-
workers did further stuck tube study on the mechanisms and decomposition rates
of pyridine [93]. Reaction pathways during pyridine pyrolysis were investigated
by Ninomiya and co-workers using semi-empirical PM3 molecular orbital
calculations [90]. The reactions were obtained by the calculations of activation
energy. Recently, Liu and Guo studied pyridine pyrolysis using reactive force field
(ReaxFF) molecular dynamics (MD) simulations. Their work researched the
effects of temperature, density and heating rates on pyridine pyrolysis products
distributions [94]. Liu and co-workers investigated nitrogen transformations
during coal pyrolysis with water through density functional theory (DFT)

calculations [95]. They concluded that H20 molecules enhanced the production
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of NHs, while inhibiting the generation of HCN.

To sum up, the underlying mechanisms of pyridine pyrolysis and the
influence of pyrolysis parameters (like temperature, heating rates and density)
are well studied before. However, the underlying mechanisms of pyridine
pyrolysis with water addition are still unclear in the above studies, which is

necessary to be further explored.

1.2.5 NOx Emissions from Char Oxidation

NO is considered the main component of NOx emissions from combustion
[11, 96]. There are three principal sources of NOx formation in combustion

process: thermal NOx, prompt NOx and fuel NOx [97].
1.2.5.1 Thermal NOx

Thermal NOx is generated via the reactions between O2 and N2 under high

temperatures. The three main reactions forming NOx are [98]:

O+N2—-NO+N (R1.3)
N+O2—-NO+0O (R1.4)
N+OH—-NO+H (R1.5)

R1.3 and R1.4 are proposed by Zeldovich in 1946 for the first time [98]. After
that, Lavoie and co-workers proposed the importance of R1.5 on the formation of
thermal NOx [99]. The generation of thermal NOx is highly determined by the
reaction temperature. Specifically, the generation of thermal NOx is slow and
unimportant below 1800K, however, thermal NOx increases significantly with

temperature over 1800K [100].

1.2.5.2 Prompt NOx

Prompt NOx is generated by the reactions between N2 and radicals (such as
C, CH, and CH2 derived from fuel) at the beginning of combustion [101]. That
results in the generation of nitrogen-containing intermediates (like HCN, CN, NH,
etc), which can be oxidized to NO eventually. The main reactions are as follows
[101]:

CH+N2 — HCN+N (R1.6)
CH2+N2 — HCN+NH (R1.7)
CHa+N2 — HCN+NH> (R1.8)
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C2+N2 — 2CN (R1.9)

N+OH — NO+H (R1.10)
N+02 — NO+O (R1.11)
NH+O — NO+H (R1.12)
NH+OH — N+H20 (R1.13)
CN+02 — NCO+O (R1.14)
HCN+O — NCO+H (R1.15)
HCN+OH — NCO+Hz (R1.16)
NCO+0 — NO+CO (R1.17)

1.2.5.3 Fuel NOx

Fuel NOx comes from the nitrogen-containing compounds oxidation in char
(char-N) during combustion in coal splitting and staging process, which is the
main contributor to formation of NOx emissions. There are two types for the NO
formation during char oxidation [102, 103]: the first way is char-N reacts with Oz
generating NO directly and the reduction of NO on the char occurs subsequently;
for the other pathway, HCN and HNCO are generated first, which will undergo the
oxidation process forming NO finally. Overall, the first pathway domains on the

NO formation during char combustion, the reaction mechanisms are [11]:

C(N) + O2 — NO + C(O) (R1.18)
2Ct + NO — C'(N) + C(O) (R1.19)
C'(N) + NO — N2 + C(O) (R1.20)
C'(N) + C'(N) — Nz + 2C (R1.21)

where, Cr denotes a free carbon site, C’(N) is a nitrogen surface species,
differing from the char-N site C(N) [11]. The N2 formation is mainly through R1.18
when the temperature ranging from 900K to 1200K.

Pevida and co-workers investigated NO heterogeneous reduction on
carbonaceous materials, and found that temperatures had significant influence
on the mechanisms of NO reduction process by char [104]. The mechanisms can
be analyzed under three different temperature ranges [104]:

(1) Low temperature (T < 250°C) reduction mechanisms

NO chemisorption prevails below 250°C, where is no char gasification by NO.
The process is shown in the following reactions:

Cac + 2NO — N2 + C(O2) (R1.22)
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Cac + 2NO — 2C(N) + C(0O2) (R1.23)

Besides, as shown in Figure 1.11, (NO)2 production occurs before NO
dissociative chemisorption, which will react with char to form N2 and C(O2)
subsequently. The reactions are:

Cac + (NO)2 — N2 + C(O2) (R1.24)

Cac + (NO)2 — 2C(N) + C(O2) (R1.25)

Ty

\\/*\\/*\__‘/’\\ \\./C(N)\/C(N)\/\\

Figure 1.11 Schematic of NO chemisorption [104].

(2) Medium temperature (250°C < T < 750°C) reduction mechanisms

With temperatures ranging from 250°C to 750°C, the reactions of char
gasification and NO chemisorption by NO occur simultaneously, and the
gasification reaction gradually prevails with temperature increasing. However, the
rate of this desorption reaction is slow at low temperatures, which restricts the
adsorption of NO on the char. Thus, the reaction rate is determined by the
desorption reaction:

C(0O2) — CO2 + Cac (R1.26)

(3) High temperature (750°C < T < 1000°C) reduction mechanisms

At this temperature range, char gasification by NO domains for the N2 and

CO:2 generation. The following reactions describe the process:

2Cac + NO — C(N) + C(O) (R1.27)
C(N) + NO — Nz + C(O) (R1.28)
Cac + C(O) + NO — C(O2) + C(N) (R1.29)
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C(O2) — CO2 + Cac (R1.30)

During the combustion process, char-N oxidation and NO reduction on the
surface of char occur simultaneously. And the NO yield decreases with the bulk
gas NO concentration [105], particle size [106, 107], pressure [108, 109], and
char reactivity [110-114]. Increased particle size and pressure can increase NO
residence time in the pores benefiting NO abatement. The instantaneous NO
formation increases during char is burning out because the particle becomes
smaller and more porous causing larger amounts of NO to escape inhibiting the
reduction process [102, 115, 116].

1.2.6 NO Reduction by HCN and NH3s

According to earlier research, the coal pyrolysis gas contains two different
forms of nitrogenous species: hydrogen cyanide (HCN) and ammonia (NH3) [94,
117]. Thus, this thesis mainly focuses on the investigation of NO abatement
process by HCN as well as NHs in this thesis.

In the SNCR process, where NHs is utilised to reduce NOx pollutants under
fuel-lean circumstances, and the processes of NO removal by NHs have been
intensively researched before [118, 119]. Results showed that the primary
channel for NO abatement is interactions between NO and NH2 radicals

generated from NHs, and the relevant reactions are shown below [119]:

NHs + OH — NHz + H20 (R1.31)
NHz + NO — N2 + H20 (R1.32)
NH2 + NO — N2H + H20 (R1.33)
N2H + O2 — N2 + HO2 (R1.34)
NoH — N2 + H (R1.35)
N2H + O2 - N2+ O2+ H (R1.36)

Whereas, when temperature rises, the levels of active OH, O, and H radicals
increase, which causes NH3s molecules to oxidize and finally produce NO. The

oxidation processes are shown as follows [119]:

NHz2 + O — HNO + H (R1.37)
HNO + OH — NO + H20 (R1.38)
NH2 + OH — NH + H20 (R1.39)
NH + NO — N20 + H (R1.40)
N20 + O — NO + NO (R1.41)
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As a result, there is an optimum temperature at which NO levels are at their
lowest. The temperature is normally around 1250K and its range is relatively
narrow [120, 121]. However, the boilers usually operate under varying loads and
are not available in this temperature range, thereby reducing the optimal
temperature is often desirable [122]. An effective method to change the optimal
temperature is the addition of gas additives during reduction process, such as H2
[121, 123], CO [124, 125], CH4 [126] and Na2COs [127, 128]. Researchers have
determined that the nitrogen-free parts in coal pyrolysis gas are composed of Hz,
CO and hydrocarbons (CxHy) [70, 129]. Therefore, we mainly focused on the
performance of additives CH4, CO and H2 during the NO reduction process in the
current thesis.

The additives during NO abatement process bring a lot of active radicals like
H and OH, which benefits the NO reduction and thus optimal temperature
decreases with the addition of additives [130, 131]. The reactions related to the
addition of H2 (R1.42-R1.43), CO (R1.44-R1.45) and CH4 (R1.46-R1.51) are as
follows [130, 131]:

OH+ H2 > H0 +H (R1.42)
O+H2—-OH+H (R1.43)
CO+0OH—-CO2+H (R1.44)
CO + 02+ H20 — CO2 + 20H (R1.45)
CHs4 + OH — CHs + H20 (R1.46)
CHs + NO2 — CH30 + NO (R1.47)
CHs30 — CH20 + H (R1.48)
CH20 + OH — HCO + H20 (R1.49)
HCO + O2 — CO + HO2 (R1.50)
HO2 + NO — NO2 + OH (R1.51)

Besides, NO removal performance is also affected by NHs and O:2
concentrations. Specially, ur Rahman and co-workers studied the influence of
NHs concentrations on NO reduction efficiency with NH3/NO ratio ranging from
0.8 to 2.4 [132]. They concluded that 1.6 is the optimum NH3/NO ratio for a
maximum reduction of NO. Klippenstein and co-workers performed a series of
simulations for SNCR process with O2 concentrations from 0.5% to 50% [118].
Results indicate that optimal temperature and maximum amount of NO removal
decreases simultaneously as Oz concentrations increase in the system, while the

width of the temperature window increases.
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Though many researchers have made great efforts on SNCR process, there
are still limitations and blanks to apply those results on NO reduction by coal
pyrolysis gas process. Firstly, the NO reduction process by HCN molecules has
never been considered before. In addition, the above studies were carried out
under fuel-lean conditions differing from the optimum air/fuel ratio of coal splitting
and staging process, which could affect the NO removal performance with NHa.
Besides, there has been no comprehensive comparison of the NO removal
behaviours of HCN and NHs. Finally, the amount of NO molecules was used to
gauge the effectiveness of the removal process in previous studies. However, the
system still has a large number of species that possess nitrogen, which will also
contaminate the ecosystem. The production of N2 is a more reasonable method
to gauge how effectively nitrogen-containing reactants reduce. Therefore, more

research on NO elimination using HCN and NHs is required.

1.3 Research methods

1.3.1 Experimental Methods

The experimental devices for pyrolysis and NO reduction include shock tube
[91], thermo-gravimetric analysis (TGA) [133], fixed-bed reactor [134], wire-mesh
reactor [135], drop tube furnace [136] and fluidized Bed [137], electron spin
resonance (ESR) [138, 139], solid pyrolysis/synchrotron vacuum ultraviolet
photoionization mass spectrometry (Solid-Py/SVUV-PIMS) [140], tubular reactor
[131], swirl flame combustor [141], quartz flow reactor [124]. These experimental
methods are mostly focused on the study of main stable products and kinetic
parameters of overall reactions, while the detection of intermediates or radicals
and the analysis of reaction mechanisms are difficult due to the limitations of
current experimental techniques. Atomistic-scale computational techniques can
reveal the underlying mechanisms of chemical reactions and obtain intermediate
structures that are difficult or impossible to obtain using current measurement
methods. The two basic techniques are molecular dynamics (MD) and quantum

mechanics (QM) simulations.

1.3.2 Quantum Mechanics (QM) Methods

The basic principle of the quantum chemistry method is to solve the
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Schrodinger equation, and then obtain the description of the electronic level of
the system [142]. At present, ab initio and density functional theory (DFT) are the
most commonly utilised approaches in QM.

Ab initio is the earliest method in QM by Robert Parr and co-workers [143].
Using the variation principle, the wave function of the system electron is
expressed as a function of atomic orbitals [142]. The wave function of the atomic
orbit is a combination of some specific mathematical functions [142]. The types
of Wavefunction-based approaches are Hartree—Fock theory, second-order
Moller—Plesset perturbation theory (MP2), methods based on the coupled-cluster
ansatz and multireference perturbation methods [142]. Though this calculation
method is extremely accurate, the calculation speed with this method is very slow
and the system that can calculate is extremely small. For DFT, the wave function
is replaced by the electron density, where exchange and correlation functionals
are employed to describe the electron correlation energy [144]. Compared with
Ab initio, the calculation speed of DFT is faster and the accuracy is the same as
Ab initio.

In recent years, the improvement of algorithms and compute speed has
greatly enhanced the speed and accuracy of QM. However, QM is still only
suitable to calculate small systems because of its high compute cost, which is

usually smaller than 100 atoms [145].

1.3.3 Molecular Dynamics (MD) Simulation

Molecular dynamics (MD) is a technique for calculating the equilibrium and
transport properties of a classical many-body system [146]. The movement of
atoms/molecules is calculated by Newtonian motion mechanics. The potential
energy of simulated system is obtained using molecular force fields or interatomic
potentials.

As observed in Figure 1.12, the main steps for MD are as follows: (1) Specify
the initial velocity and position of all atoms. (2) Predict next forces and positions
of all atoms. (3) Calculate and output quantities of interest. (4) Move time and

step forward. (5) Repeat the process from step 2.

53



Specify the initial position and velocity of all particles
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> Calculate the forces acting on the particles
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Estimate the position and velocity of all particles at the
next time step

l

Calculate and output the quantities of interest

l

— Move time and iteration step forward

Figure 1.12 Main steps for conducting the MD simulation [147].

The force field is the function of potential energy of systems that is used for
estimating the forces between atoms in simulated systems. Classical force fields
include but not limited to AMBER (assisted model building with energy
minimization) [148], CHARMM (chemistry at Harvard macromolecular mechanics)
[149] and CVFF (consistent valence force field) [150]. Afterwards, to calculate the
properties of molecules more accurately, the second-generation force fields CFF
(consistent force field) [151] and MMFF (Merck Molecular Force Field) [152] were
developed. The parameters in force fields are mainly derived from experimental
data and QM calculations. The selection of the force field is according to the
application of each force field, which is essential for accurate results.

However, MD is not suitable to simulate the chemical process. To solve this
problem, reactive force field (ReaxFF) molecular dynamics (MD) was developed
to study the chemical reactions in the present work, which can simulate chemical
processes with an affordable computational cost and high accuracy [153, 154].

More details of ReaxFF MD are introduced in Chapter 2.

1.4 Aim of the Research

The aim of current research is to investigate the nitrogen migration during
coal splitting and staging process as well as assisted combustion by EF and
ozone by ReaxFF MD simulations. Specifically studied was how water affected
the pyrolysis of nitrogen-containing chemicals in coal (Chapter 3). Also, the
influence of temperatures, oxygen content, nitrogen-containing species content

and nitrogen-free species in coal pyrolysis gas on the NOx reduction process by
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nitrogenous species was explored (Chapter 4). Finally, the effects of EF and
ozone on the pollutants during the combustion process of nitrogenous
compounds in coal (Chapter 5) were investigated. Those findings could improve
the understanding of the details of the NOx regulating process by those
technologies and contribute to the development of control strategies for operating

conditions that result in lower NOx emissions from coal combustion.
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Chapter 2 Methodology
2.1 Reactive Force Field (ReaxFF) Molecular Dynamics (MD)

ReaxFF was first developed by van Duin and co-workers [155]. Figure 2.1
shows the hierarchy of computational methods. As observed, QM can describe
chemical reactions, but the simulation systems are usually smaller. Classic MD
can be applied in large systems but cannot simulate chemical reactions. ReaxFF
solves this problem well, as it can simulate chemical reactions in large systems.
During the simulation process, the chemical bonds between atoms can be broken
and formed according to the bond order parameters which are upgraded every
MD step [155]. Bond order is calculated based on interatomic distances, which
are shown as follows [156]:

BO'yj = BOJ; + BO[; + BO[j" =

Ppo2 Ppoa
rij rl'j
Pbol o Pbo3 o
To To

where, BOf;, BO{;and BO[;" represent single, double and triple bond orders,

exp + exp + exp

0

rl'j Phoe
Ppos (rﬁ) (2.1)

respectively. rij is the interatomic distance, ry, ry and ri"are the equilibrium

lengths for single, double and triple bond. Besides, Po1 t0 Phos are empirical

parameters.
Hierarchy of computational chemical methods
Atoms -
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Electrons conformations - Allow large systems
years Bond formation Design - Rigid connectivity
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DFT,
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Figure 2.1 Computational methods hierarchy [157].
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The total energy expression of the system is shown in Equation 2.2 [156]:
Esystem=Ebond+Eovert Eundert Evalt EpentEtors+ Econj+ Evdwaals+ ECoulomb (2.2)
Esystem: the total potential energy of the system
Ebond: the energy of the bonds between atoms
Eover: energy penalty for the bond energy of over-coordinated atoms
Eunder: energy penalty for the bond energy of under-coordinated atoms
Evai: bond angle energy related to the three-body interaction energy
Epen: energy penalty for atoms forming two double bonds with surrounding atoms
Etwrs: dihedral angle energy related to the four-body interaction energy
Econj: conjugation energy for aromatic structures in the system
Evawaals: non-bonded interactions between molecules
Ecolomb: coulomb interaction expressed by the charge of atoms and the distance
of atoms
Among them, Ebond, Eover, Eunder, Eval, Epen, Etors and Econj are bond-order-
dependent contributions. Evdwaals and Ecouomb are bond-order-independent
contributions. The functions of each term in Equation 2.2 are shown in Equation
(2.310 2.11) [156]. The detailed introduction of variables and parameters can refer

to previous work [156].

Epona = —DZ BOF exp |Poes (1 - (B0G)™**)| - DF BOZ — DF™-BOT"  (2.3)
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flz(BOijrBOjk:BOkl) = e—ﬂzr(BOij—l-S)z .e—/lzr(BOjk—l-S)2 .o ~A27(BOk—1.5) (2.9b)

Evawaais = Dij-{exp [al-j (1 - M)l — 2-exp E a (1 - M)l} (2.10a)
ij

Tyaw Tvaw
1
N )128 A28
fis(riy) = [ ? l (2.10b)
q. .q .
Ecoutomp = C- -~ (2-11)

It is clear from Figure 2.2 that many common elements in the periodic table
are available for ReaxFF parameter sets. As Figure 2.3 shows, there are two
branches of ReaxFF parameter sets: (1) the combustion branch and (2) the
aqueous branch [158]. The ReaxFF parameter sets are transferable on the same
branch, but they are untransferable between branches [158]. Thus, the
appropriate force field should be selected according to the research system,

which is essential to get positive results from ReaxFF MD simulations.

. Available

. Not Yet Available

* La, Ce, Pr-Yb
**x Ac-No

Figure 2.2 Elements distribution for ReaxFF [158].
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2.2 Integration method and boundary conditions
2.2.1 Charge Distribution

Charge equilibration methods (QEQ) is an effective algorithm proposed by
Rappé and Goddard in 1991, which can estimate the electrostatic potential of
molecules and periodic frameworks by assigning point charges to each atom
[159-162]. Electronegativity expression is as follows:

xi = x0 10+ X Jiq (2.12)

where, y; is electronegativity, i, j is the atom number, q is the atomic charge,
] is self-Coulomb interaction (or atomic hardness) [163]. J; is the electrostatic
potential between atom i and atom j. The minimum energy is found if y; = y, =

= Xi-

2.2.2 Velocity-Verlet Integration

Velocity-Verlet integration is a numerical method used to integrate Newton's
equations of motion [164]. In 1967, Verlet proposed this algorithm based on the

Taylor expansion of the particle's coordinate variable (t), which are:
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dr; () d? 14

2 3 4
ri(t + At) = ri(t) + d—A 2'dt2 —r;(t)At* + 3|dt3rl(t)At + 0(At*) (2.13)
Changing At to -At gives:
dr;(t) 1 d? 1 a3 3 .
r;(t — At) = r;(t) — T At + — 1 dE —— 1 (DAL? — aﬁri(t)At + 0(At*) (2.14)

Adding these two expansions gives:

2
r;(t + At) = —1;(t — At) + 27;(¢) + d rl(t)Atz + 0(AtY) (2.15)

Misusing these two expansmns gives:
v;i(t) = [r (t + At) —r;(t — At)] (2.16)

However, the position and velocity of particles are not available at the same
value of the time variable using Verlet algorithm. In addition, the formula 2.16
contains the I/At term. Since a small At value is usually selected in actual
calculation, it is easy to cause errors during calculation. To solve this issue,
Swope and co-workers developed Velocity-Verlet algorithm by explicitly

incorporating velocity [165]. The functions are as follows:

r;(t + At) = r;(t) + v; () At + %ai(t)Atz (2.17)

v;(t + At) = v (t) + %At[ai(t + At) —a;(t — At)] (2.18)

This method is easy to use and has high accuracy and stability, thus Velocity-

Verlet algorithm is used in the current research.

2.2.3 Ensembles

Ensemble is a collection of systems with the same computational conditions,
including: NVT (canonical ensemble: constant number of substance N, volume V
and temperature T), NVE (microcanonical ensemble: constant number of
particles N, volume V, and total energy E), etc [166]. The choice of the ensemble
is based on the research needs. The NVT ensemble is selected in the current
thesis because of its compatibility with experiments.

The common methods for temperature control are Berendsen thermostat
and Nosé-Hoover thermostat. Berendsen thermostat is an algorithm that rescales
velocities of particles in molecular dynamics simulations to control the simulation

temperature, inhibiting the fluctuations of temperatures which are present in the
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canonical ensemble [167]. For the Nosé-Hoover thermostat, the temperature in
the system is controlled by changing the Hamiltonian variable (an operator
describing the total energy of the system) of the system, which is extremely
efficient for controlling a system to the target temperature [168]. Therefore, the
Nose-Hoover temperature control method is selected for the control of the system

temperature, and the temperature damping constant is set to 100 fs.

2.2.4 Boundary Conditions

The models of molecular dynamics are cubic boxes containing a certain
number of molecules. The scale range of molecular dynamics simulation is
generally in the nanometre scale. If aperiodic boundary conditions are applied in
simulated systems, the distribution of atoms in the system could be affected by
boundary effects, leading to the inaccuracy of the calculation results. Therefore,
periodic boundary conditions are adopted to eliminate surface effects with little
influence on the thermodynamic properties and local structures of simulated
systems [169, 170].

Figure 2.4a shows the arrangement and moving direction of system seats in
a 2D box. The box in the centre represents the simulated system, and the
surrounding boxes have the same arrangement and motion with the simulated
system, which is called a periodic mirror system. When any particle in the
computing system moves out of the box, a particle must move in from the
opposite direction, as shown in particle 2. Such constraints keep the number of
particles in the system constant.

When calculating intermolecular forces, the nearest mirror image method is
used. As shown in Figure 2.4b, the calculation of the force between particles 1
and 2 is through particle 1 and its closest mirror to particle 2. Particle 2 in box D
is the closest to particle 1 in all mirror systems. Similarly, the intermolecular force
between particles 3 and 1 is calculated by particle 3 in central box and particle 1
in the box E.
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Figure 2.4 Schematic diagram of periodic boundary condition in two dimension.

(a) Movement of particles. (b) Nearest images of particles.
2.3 Steps of ReaxFF MD Simulation

Steps to use ReaxFF MD simulations include system construction, energy
minimization as well as system equilibration, chemical process simulations and

data analysis.
2.3.1 System Construction

The first step is to establish models of target molecules in software Avogadro
[171], which is a free, open-source, cross-platform, three-dimensional, molecular
editor [171]. Then, the initial models are established in software Packmol [172]
using the molecular models established in Avogadro. Finally, VMD (Visual
Molecular Dynamics) [173] is used to convert models established in Packmol into
data files, which are input files for LAMMPS (Large-scale Atomic/Molecular

Massively Parallel Simulation) [174] simulations.

2.3.2 Energy Minimization and System Equilibration

Energy minimization and system equilibration are essential before reactive
simulation. The purpose of energy minimization and system equilibration is to
optimize the structure of molecules in the system and let the system reach a
stable state (system potential energy remains stable). The conjugate gradient
algorithm and NVT ensemble are chosen for energy minimization and system

equilibration, respectively.
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2.3.3 Chemical Process Simulations

The NVT ensemble with the Nosé-Hoover thermostat and REACX package
is chosen for simulations. The choice of timestep and simulation duration values
is according to the purpose of research and simulated systems. Generally
speaking, simulation results are more accurate with the smaller the value of
timestep. However, the computational costs will greatly increase. In addition, to
avoid accidental errors during the simulations, all simulations are repeated three

times, and the average values are taken as the final results.

2.3.4 Data Analysis

For output results, many quantities such as the potential energy and
temperature can be obtained directly. However, post-processing is needed to
obtain some information such as bonding information and dynamic trajectories.
The bonding information is extracted using a script named mol_fra.cin LAMMPS.
For another important result, the dynamic trajectories of atoms are obtained using
additional software VMD [173]. The reaction pathways are analysed using
Chemical Trajectory Analyzer (ChemTrayzer) scripts with the bond order cutoff of
0.3 [175]. The net flux (NF) indicates how often the reaction was observed during
the simulation time, which is calculated by the occurrence difference between the

forward reaction and the reverse reaction [176].

2.4 Validation, Simulation Parameters and Random Errors of

ReaxFF MD

The ReaxFF parameters used in this work were previously parametrized
against a training set of QM-derived data that combined a variety of C/H/O/N-
containing compound properties (bond dissociation, geometry distortion, IR
spectra, condensed phase properties) with a variety of nitrogen-containing
material reactions [177-181]. The ReaxFF was also approved by describing N/H
processes including N-N single, double, and triple bond dissociation; H-N-H, H-
N-N, and N-N-N angle strain connections as along with H-H bond dissociation
[177, 179]. The above validations support the mechanisms observed in this thesis.
In addition, ReaxFF MD is considered to be a first-principal simulation method.

Provided that the chosen force field C/H/O/N are adequately validated and the
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numerical procedures are correct, as in the case of my study, the results are
accurate and reliable. This is especially true when the phenomena studied are of
atomic or nanoscales, such as chemical reactions. No other methods are able to
reveal more details or are more accurate than ReaxFF MD under the same
physical conditions. Whenever possible, the simulation findings are compared
with experimental results, theoretical and other numerical data. However,
quantitative comparison between MD and experimental results is not possible in
most cases, as experiments are often conducted under different conditions and
suffer from a high degree of uncertainty.

MD is computationally expensive. ReaxFF MD is even more expensive
because the spatial and temporal scales of chemical reactions are extremely
small. These methods are only possible on supercomputers. Even on today’s
supercomputers, ReaxFF MD can only simulate a system consisting of tens to
thousands of molecules. The physical time simulated is tens or hundreds of
nanoseconds. To shorten the simulation time and save computational cost of
ReaxFF MD, an effective and reliable strategy is to artificially increase the
temperature of the system under study. This approach has been frequently
employed in ReaxFF MD simulations, which are considered to be acceptable and
would not change the reaction mechanisms significantly [182]. This approach has
been verified to reproduce reaction mechanisms observed in experiments [94,
154, 183].

ReaxFF MD simulation is a realisation of the physicochemical system, which
may contain random errors. According to Figure 1.12, the basic principle of MD
is to calculate the movement of atoms/molecules by Newtonian motion
mechanics. The initial positions of the particles have a great influence on the
simulation results as it will affect the forces on the particles and correspondingly
the movements of particles are changed. That is also recognized as the chaotic
nature of MD simulations, which also has been corroborate by recent studies
[184-187]. To eliminate such noises, an effective and reliable computational route,
ensemble method, is adopted here [188-191]. An ensemble approach employs a
set of independent MD simulations (also called ‘replicas’), to obtain the required
averages and associated parameters [188]. The utilisation of ensembles and
temporal averaging for systems in equilibrium is the main component of such
simulations [188].In the current thesis, all simulations are carried out three times

with randomly varying starting positions of reactants, and the average values are
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used as final results. In all figures, the error bars represent the Standard Error

(SE) of three independent replicas.
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Chapter 3 Effects of water on pyridine pyrolysis
3.1 Simulation Details

Table 3.1 presents the details of the simulated systems. The computing
domain in each case is a cubic box. Only 20 pyridine molecules are present in
System 1. To study the influence of water on pyridine pyrolysis, 20-500 H20
molecules are introduced to systems 2 to 8. Figure 3.1 presents the system
configurations during pyridine pyrolysis in water-free (a) and water-containing (b)
environments. As shown in Equation 3.1, « presents the ratio of the numbers of
water, n(H20), to pyridine, n(CsHsN). The density of each system is 0.3 g/cm?3 in
all cases with varying box sizes.

n(H,0)

a= —n(C5H5N) (3.1)

a b

Figure 3.1 System configurations during pyridine pyrolysis. (a) a=0 (b) = 1.
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Table 3.1 Case set-ups

System Number of CsHsN ~ Number of H2O0 ¢« Density Box
molecules molecules (g/lcm3) size(A)
1 20 0 0 0.3 20.61
2 20 20 1 0.3 22.07
3 20 40 2 0.3 23.36
4 20 60 3 0.3 24.52
5 20 80 4 0.3 25.58
6 20 100 5 0.3 26.56
7 20 200 10 0.3 30.62
8 20 500 25 0.3 38.85

The bond order cutoff and timestep values were set to 0.3 and 0.1 fs,
respectively. Energy minimization as well as system equilibration were performed
before "production” simulations. Temperatures were kept the same at 1000 K for
50 ps first. Subsequently, temperatures were increased to 3000 K (heating rate:

100 K/ps) and then maintained constant. The simulation lasts for a total of 1000

ps.

3.2 Results

3.2.1 Influence of Water on Pyridine Consumption

According to Figures 3.2a and 3.2b, at least 90% of CsHsN molecules are
consumed during the first stage up to 600 ps in all simulations. To identify the
impacts of water on pyridine consumption rates, the quantity of pyridine
consumed at three different periods is presented in Figure 3.2 (c). Results
indicate that H20 accelerates pyridine consumption within the first 200 ps. The
promotion influence of water is also observed during the oxidation process of
ethanol and methane and char pyrolysis [70, 154, 192]. Reactions related to the

consumption of pyridine molecules without water addition are as follows:

CsHsN + H — CsHeN (R3.1)
CsHsN — CsHsN + H (R3.2)
CsHsN + H — CsHs4N + H2 (R3.3)

Whereas, under water addition cases, OH radials are generated from
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reactions:

H20 - OH +H (R3.4)
H20 + H —» OH + H2 (R3.5)
The presence of OH radials bring new reactions for pyridine consumption:

CsHsN + OH — H20 + CsHsN (R3.6)
CsHsN + OH — CsHsNO (R3.7)
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Overall, water molecules promote the formation of active OH intermediates
during the pyrolysis process, thus accelerating pyridine consumption. However,
water presents negative effects on pyridine consumption rates after 200 ps. That
will be explained in Section 3.2.3, where the behaviors of polycondensation

compounds under varying « values were explored.

3.2.2 Influence of Water on Intermediates

Figures 3.3a and b present the number of species during pyridine pyrolysis
in a = 0-25 as time goes. Overall, the species number firstly rises to a peak point
and subsequently decreases with time going on in all cases. Besides, the species
number under water addition cases is much larger than that in the water-free case,
which indicates that H20 molecules participate in a variety of intermediate
reactions and produce new intermediates throughout pyridine pyrolysis. That
agrees well with the findings in Section 3.2.1 that H20 brings active OH
intermediates and accelerates pyridine consumption during pyridine pyrolysis. In
addition, when « is greater than 5, the change of species number is insignificant

with «a rising in the system.
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To further understand the impact of H20 on the intermediates from pyridine
pyrolysis, the main intermediates under varying « values were explored as
observed in Table 3.2. It is clear that H2, NH3, CN, HCN, CsH2 and CsHs3 are
common intermediates in all cases. C4Hs. CO, CHNO, CH2NO, C2H20 and
C2H30 are only detected in water-containing conditions.

CNO, CHO, CHO2 and C2HO:2 are found when « is larger than 2. COz2 is
observed for « over 4-25. C4H30 has been found in instances with o values
ranging from 5 to 25. C3H40 and C4H40 are spotted with « of 10 or 25. C202 is

found in a = 3, 4, 5, and 25 cases. C3H20 and C3H30O occur in cases with « of 4,
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5, 25 and «a = 5, 25, respectively.

Table 3.2 Key intermediates under varying « values. Different symbols are for
clarifying the effects of H20 on intermediates. o: o = 0-25, ¢: o= 1-25, &: o = 2-
25, A: ¢ =4-25,11: @ =5-25, x: @ =10-25, ®: o = 3-5&25, ®: o = 4&58&25, v: a =
5&25.

a 0 1 2 3 4 5 10 25
H2 o o o o o o o o
NH3 . . . . . . . .
CN . . . . . . . .
HCN o o o o o o . o
CaH2 o o o o o o o o
C4Hs o o o o o . . o
C4Ha4 ° ° ° ° ° ° o °
CcO . . . . . . .
CHNO . . . . . . .
CHz2NO . . . . . . .
C2H20 . . . . . . .
C2H30 . . . . . . .
CNO A A A A A A
CHO A A A A A A
CHO2 A A A A Y A
C2HO2 Y A A A A A
CO2 A A A A
C4H30 0 0 0
C3H4O X X
C4H40O X X
C202 ® ® ® ®
C3H20 @ @ @
CsHsO v v
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3.2.3 Influence of Water on Polycondensation Compounds

Apart from the decomposition process, polycondensation reactions exist
simultaneously during coal pyrolysis. In rising order of C atom numbers, the
products are gas (Co-Cs), tar (Cs-Ca0) and char (Cao+) [61]. The influence of water
on polycondensation processes in the pyrolysis process is revealed in this section.

Figures 3.4a - 3.4c show the proportion of C, H and N in Cs+ at the end of
simulations. The percentages of C, H and N in Cs+ fall dramatically as the number
of H20 increases during the pyrolysis process and few Cs+ compounds are
detected in the a = 25 case, agreeing well with previous experimental works [70,
71]. That means water molecules significantly limit polycondensation processes
and change nitrogen migration to char, tar, and gas. Furthermore, the
polycondensation process happens mostly after 200 ps based on the products
analysis during the pyrolysis process. This explains the phenomenon in Section
3.2.1 that H20 has a clear inhibitory impact on pyridine reduction after 200 ps.
Figure 4.4d presents structures of Cs+ as « increases. As « increases from 0 to
10, the proportion of C atoms decreases considerably (from C21 to Cs) in the
polycondensation products. Also, a rise of H20 addition during pyridine pyrolysis

enhances the presence of O atoms in polycondensation products.
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varying «a values. (a) C; (b) N; (c) H; (d) structures of Cs+.
3.2.4 Influence of Water on Ring-opening Process

In terms of earlier studies [91, 92], ring-opening reactions are the first step
during the pyrolysis process. Figure 3.5a illustrates the schematics of four
different types of ring-opening processes identified in our simulations. In the type
A case, 0-CsHsN first reacts with H atom generating the intermediate 0-CsHeN,
which opens the ring generating a chain CsHsN. Type B is the case when CsHsN
molecules directly open rings to form the chain CsHsN. Type C happens when
pyridine loses an H atom, after that, ring-opening reactions take place, which is
also corroborated by earlier studies [91-93, 154]. In type D, CsHsN molecules
combine with OH derived from water to generate oxygen-containing
intermediates, which subsequently undergoes ring-opening process. Following
that, chain intermediates (Cs) undergo thermal decomposition, yielding HCN, CN,
C4H4 and C4Hs. The influence of H20 on those intermediates is further explored
in Section 3.2.5.

Figure 3.5b illustrates the percentages of ring-opening types under varying
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a values. The percentages of type A and type B during pyridine pyrolysis reduce
as the system's water addition increases. In addition, the proportion of type C
climbs to a maximum at « = 10 and subsequently drops as the number of water
increases. The type D during pyridine pyrolysis occurs only when the water
concentrations are at high level. Under the water-free condition, the CsHsN and
CsHaN are generated through reactions R3.1-R3.3. However, the addition of H20
molecules results in the formation of OH particles via R3.4 and R3.5. Those OH
radicals promote the production of CsH4N through R3.6. Correspondingly, water
inhibits ring-opening processes via types A and B, however, it enhances ring-
opening reactions by type C. When the value of « grows to 4, oxygen-containing
intermediates (CsHsNO, CsHsNO, CsH4NO and CsHsNO) are observed during

pyridine pyrolysis, and relevant reactions are below:

CsHsN + OH — CsHsNO (R3.7)
CsH4N + H20 — CsHsNO (R3.8)
CsH4N + H20 — CsHsNO + H (R3.9)
CsHsN + HO — CsHsNO (R3.10)
CsHeNO — CsHsNO + H (R3.11)
CsHsNO + HO — H20 + CsH4NO (R3.12)
CsH4sNO — CsH3NO + H (R3.13)

The results show that water molecules speed up the consumption of CsHsN
and enhance the formation of oxygen-containing intermediates. That accounts for
the proportion of type C during pyridine pyrolysis decreases in the « of 25 case

and type D only happens in cases under a relatively high-water content.
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3.2.5 Influence of Water on Main Products

During pyridine pyrolysis, each pyridine molecule firstly undergoes ring-
opening process, and then pyrolyzes to generate the key species including HCN,
CN, C4H4 and C4Hs, which is consistent with earlier findings [91-93, 154]. In this
section, the influence of H20 on those intermediates and the main products (NHs,
H2 and CO) during pyridine pyrolysis was studied.

The influence of H20 on the numbers of CO, Hz, NH3z and HCN at the end of
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simulations is shown in Figure 3.6. The production of Hz2, CO, and NHs increases
as the content of H20 rises, agreeing well with previous work [66]. The yield of
HCN presents a non-linear trend with water concentrations. When « is in the
range of 0-3, the number of HCN stays constant. A parabolic shape is observed
as a grows reaching the peak point at « = 10. As observed in Section 3.2.3, water
inhibits the polycondensation reactions and promotes the generation of Hz, CO,
and NHs. To further illustrate how water affects the yields of main products,

reaction pathways of intermediates under varying « values are investigated

subsequently.
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Figure 3.6 Influence of H20 on the yields of key products. (a) Hz. (b) CO. (c) HCN.
(d) NHs.

During pyridine pyrolysis in the « of 0 case, Hz is produced primarily from H
radical by R3.14. In the cases of water addition, the addition of H2O promotes the
H2 formation via R3.5.

H+H — Ho (R3.14)

The effects of H20 on reaction pathways of nitrogenous intermediates are
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shown in Figure 3.7a. It is clear that NHs derives from HCN and CN along the
channel HCN — CNH — NH — NH2 —NHs during pyrolysis process in both water
and water-free cases [94, 193]. Also, N2 is not found in our simulations as the
pathway from HCN/CN to N2 occurs at high temperatures [94]. Under water
addition conditions, pathways HCN — CH2NO and CH2NO — CHNO are formed
through reactions:

CHN + OH — CH2NO (R3.15)

CH2NO — CHNO + H (R3.16)

Reactions R3.17 to R3.20 are found during pyridine pyrolysis with « of 2-25.

In addition, R3.21 occurs when « value is larger than 4.

CN + OH — CHNO (R3.17)
CN + H20 — CHNO + H (R3.18)
CNHO — CNO +H (R3.19)
CH2NO — NH2 + CO (R3.20)
CNHO — CO + NH (R3.21)

Taking the findings from Figures 3.6¢ and 3.6d together, it can be concluded
that the contribution of OH to HCN consumption via R3.15 is dominant when « is
0, 1 and 25, which accounts for water has an insignificant influence on HCN
production. However, in « = 2-10 cases, water molecules increase the HCN vyield
at the end of simulations owing to their promotional effects on pyridine pyrolysis.
Moreover, OH radicals enhance the generation of new paths for NH and NH2
generation (R3.20-R3.21), and both are key precursors to NHs. H20 also
promotes the transfer from NH2 to NH3 via R3.22. Thus, the number of NH3 shows
an upward trend with water addition during pyridine pyrolysis.

H20 + NH2 — NHsz + HO (R3.22)

Figure 3.7b illustrates the mechanisms of nitrogen-free intermediates during
pyridine pyrolysis under varying « cases. It is clear that C4H4 and C4H3 are the
key initial nitrogen-free species in all conditions [94]. Furthermore, C2H2 and C2H
mainly derive from the pyrolysis process of C4Hs and C4Hs. C4H2 is generated
through the loss of one H atom from C4Hs.

Besides, under water-addition conditions, oxygen-containing intermediates
are found from the reactions between OH radicals and intermediates (C4Hs, C4H2,
C2H2 and C2H), which will further convert to CO finally. However, there are

significant differences in the reaction pathways regarding CO generation at
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different water concentrations. Specifically, when water concentrations in
systems are low (a = 1-4), OH mostly reacts with C2 molecules to produce
oxygen-containing intermediates via the following reactions:
C2H + OH — C2H20 (R3.23)
C2Hz2 + OH — C2H30 (R3.24)
And C2H30, C2H20 and CHO are important precursors generating CO when
a ranges from 1 to 4. For « of 2-25, CO converts to CHO2 via R3.25:
CO + OH — CHO2 (R3.25)
COg2 is produced by the thermal decomposition of CHO2 by R3.26 in a = 4-
25 cases.
CHO2 - CO2+H (R3.26)
In the cases with o of 5-25, the reactions between OH and Cs and Ca

intermediates are observed via R3.27-R3.29:

CsHs + OH — C3H40 (R3.27)
C4H2 + OH — C4H30 (R3.28)
C4Hs3 + OH — C4H40O (R3.29)

And C4H20, C4H30, C3H3z0, C3H20 and C20:2 are important precursors to
generate CO. Besides, the pathway HCN — CH2NO — CO is found under water-

containing conditions.

79



NH » NH, > NH;
A
................. |
co
CNO
Black: 0-25 Red: 1-25 Blue: 2-25
b 10ss C4H.0 CaHs CaH,0 [~ ¥ C3H,0 |- = CaH,0
7 Xe
/ 7
5&10 '
P CyHy = CdTSO _/“ 55/
___’C4H20\ / ._/
b’ 425
CoHy FE22—a] CoH, 222 C,H,0 &5 cO [~ — —»| CHO, Co,

[} 3 [y A W T |
; | g5
CsHsN | |CcHO |
i I /! :
L4 v h 4 995 | . |

C4Hs > CoH = » CoH,0 2725 CHO, = 22= > C,0,

Black: 0-25 Red: 1-25 Dark Red: 1&5 Blue: 2-25 Pink: 4-25

Sky Blue: 5&10 Purple: 25

Figure 3.7 Influence of H20 on pathways during pyridine pyrolysis. (a)
nitrogenous species. (b) nitrogen-free species. The numerical numbers represent

values of a. Boxes in yellow are the start of reactions.

3.3 Discussion

In this section, the impacts of H20 molecules on the pyridine pyrolysis
process were explored via ReaxFF MD simulations. The novel intermediates and
reactions were revealed that had not been described in earlier studies [66, 95].
Furthermore, the impacts of H20 on the pyridine consumption rates and ring-
opening reactions of pyridine were explained at atomic scales. According to our
simulation results, it can be concluded that water addition is an effective method
to modify the pyridine pyrolysis process, which may be used to enhance NOx
removal behaviors for the coal splitting and staging process.

Specifically, nitrogenous species in coal pyrolysis gas occupy a vital position
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in the NOx removal performance during the coal splitting and staging process [7,
194, 195]. In addition, although nitrogen-containing compounds perform better in
terms of NOx removal than nitrogen-free species, nitrogen-free species also
affect the conversion from NOx to N2 [196, 197]. According to the simulation
results, water molecules significantly modify the numbers and types of nitrogen-
containing and nitrogen-free compounds in pyrolysis gas, which can be used to
achieve maximum NOXx reduction performance by controlling the components in
pyrolysis gas.

In general, water has a monotonic influence on the pyridine pyrolysis process,
which benefits the control process of pyridine pyrolysis. However, non-monotonic
behaviors also occur in terms of water concentrations in intermediate species
(C202, C3H20, and C3H30) and consumption rates of pyridine. When « is lower
than 10, C202, C3H20, and CsH3O are formed via condensation reactions (CO
reacts with CO, Cz2H2 and C2Hs, respectively). Considering the yields of C202,
CsH20, and CsHs0 are found to be minimal and their contributions to the pathway
from NOx to N2 are minor [172, 173], thereby their impacts on NOx reduction
could be ignored. In addition, the non-monotonic behavior with respect to pyridine
consumption rates and water content indicates that different control measures

are necessary as the pyrolysis process goes on in real life.
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Chapter 4 Mechanisms of NO Removal by HCN and NHs
4.1 Effects of temperature on NO removal performance

4.1.1 Simulations details

To investigate the NO abatement by HCN and NH3 processes, two systems
with configurations of 120NO/120HCN/9002 and 120NO/120NH3/3002 are
produced with the density of 0.15 g/cm3, respectively. The reactant equivalence
ratios are obtained from the reduction equation as follows:

4NO + 4NHs + O2 — 4Nz + 6H20 4.1)

4NO + 4HCN + 302 — 4N2 + 2H20 + 4COz2 4.2)

The bond order, time step and total simulation time are 0.3, 0.1 fs and 1000
ps, respectively. At the start, each system goes through 20 ps of energy
minimization and equilibration at 40 K to optimise the initial geometric
configuration. After that, the simulated system is heated to final temperatures

(2400 K to 3400 K with 200 K increments) and maintained at target temperatures.

4.1.2. Results

4.1.2.1 Comparison of NO Reduction by HCN and NH;

Figures 4.1a and 4.1b indicate that high temperatures accelerate HCN and
NHs consumption significantly. NHs is reduced quicker than HCN molecules in all
cases. When it comes to NO molecules, high temperatures can improve NO
reduction capabilities by NH3z. However, in HCN cases, the numbers of NO almost
keep the same between 2400 K and 3000 K, and slightly decline with temperature
rising over 3000 K. Furthermore, as shown in Figures 4.1e and 4.1f, the yield of
N2 rises with temperature increasing in both HCN and NHas conditions, and there
is considerably more N2 production when NO is removed by NH3 than by HCN.
That indicates NHs outperforms HCN in terms of NO reduction. To further
understand the NO reduction process, reaction pathways are studied in Sections
4.1.2.2 and 4.1.2.3 subsequently.
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Figure 4.1 Time evolution of main species of NO reduction from 2400 K to 3400
K. (a) HCN; (b) NHs; (c) NO removal by HCN; (d) NO removal by NHs; (e) N2 in
HCN condition; (f) N2 in NH3 condition.

4.1.2.2 Mechanisms of NO Reduction by HCN

Figure 4.2 depicts the pathways of NO removal by HCN at temperatures
ranging from 2400 K to 3400 K. It can be noticed that high temperatures
encourage novel N2 production routes, such as N —N2, HN2 —N2, CN202 — N2
at 2600 K-3400 K and NH — N2 at 3400 K. HCN presents three distinct

contributions to the NO reduction process.
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Figure 4.2 Pathways during NO removal with HCN. The starting species is HCN

in the yellow box.

Firstly, a part of HCN is oxidized forming NO via the pathway HCN — CN —
CNO2 — NO, which has reserve impacts on NO removal. The second pathway is
N2 generation by channels HCN — CHNO — CNO — C2N202 — CN20 — N2 and
HCN — CHNO — CNO — C2N202 — N2. The key intermediate C2N20:2 is formed
via R4.1.

CNO + CNO — C2N202 (R4.1)

CNO is produced via the oxidation of HCN. As a result, although N2 is
generated, it makes no contribution to NO abatement. Thirdly, HCN is converted
to radicals N, NH, and CNO via oxidation and decomposition processes, which
then react with NO via R4.2 to R4.7 to produce No.

CNO + NO — CN202 (R4.2)
CNO + NO — CO + N20 (R4.3)
NH + NO — HN20 (R4.4)
NH + NO — N2H + O (R4.5)
NH+NO —->N2+H+O (R4.6)
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N+NO—->N2+0O (R4.7)
Besides R4.6 and R4.7, the following are the primary reactions related to N2
generation from N20, HN20, CN20, C2N202, CN202 and HN2 during NO reduction

by HCN:
N20 — N2+ O (R4.8)
NO + N20 — N2 + NOz2 (R4.9)
HN20 — N2 + HO (R4.10)
CN20 — N2 + CO (R4.11)
C2N202 — N2 + CO + CO (R4.12)
CN202 - N2+CO +0O (R4.13)
N2H + CO2 — N2 + CHO2 (R4.14)
N2H — N2 + H (R4.15)

To better understand how temperature influences the numbers of NO and N2
at the end of simulations, Tables 4.1 and 4.2 analyse the NFs of the key reaction

pathways related to N2 and NO.

Table 4.1 Net flux (NF) of key channels for NO consumption and generation
during NO abatement with HCN at 2400 K to 3400 K.

Pathways 2400 K 2600 K 2800 K 3000 K 3200 K 3400 K
CNO — CN202 46 54 34 46 48 43
CNO — N20 15 19 25 18 20 18

NH — HN20 11 13 15 17 12 21

N — N2 0 5 8 6 9 12

NH — N2H 0 0 11 11 6 7

NH — N2 0 0 0 0 0 12
Total NO consumption 72 91 93 98 95 113
CNO2 — NO 37 51 57 60 43 55

Net consumption 35 40 36 38 52 58
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Table 4.2 Net flux (NF) of key channels for N2 generation during NO abatement
with HCN at 2400 K to 3400 K.

Pathways 2400 K 2600 K 2800 K 3000K 3200K 3400K
N20 — N2 39 40 36 54 50 44
HN20 — N2 13 15 14 19 9 6
CN20 — N2 17 14 19 19 21 15
C2N202 — N2 11 12 10 19 11 14
CN202 — N2 0 11 13 17 30 30

N — N2 0 5 8 6 9 12

N2H — N2 0 6 15 8 11 13

NH — N2 0 0 0 0 0 12
Total 80 103 115 142 141 146

As observed Table 4.1, the net NF of NO reduction nearly remains constant
between 2400 K and 3000 K and increases when the temperature exceeds
3000K. This is consistent with the variations in NO numbers at various
temperatures illustrated in Figure 4.1c. Furthermore, NO abatement and
generation occur concurrently during NO abatement with HCN. Overall, the NF
of NO removal rises with rising temperature due to the enhancement of
combinations between NO and NH&N (R4.4-R4.7), but the promotion effects of
temperature on the reaction between CNO and NO are insignificant. The NO
formation is derived from the CNOz2 pyrolysis via R4.16.

CNO2 —- NO + CO (R4.16)

The NF of R4.16 follows a parabolic trend and peaks around 3000 K, which
accounts for the amount of NO nearly remains the same between 2400 K and
3000 K.

The NF of the key reaction channels for N2 generation under NO removal
with HCN cases is shown in Table 4.2. The total NF of N2 generation rises
dramatically with increasing temperatures, which accounts for that high
temperature enhances the yields of N2 during NO reduction process. In detail, the
rise in N2 generation is mostly by the enhancement of channels CN202 — N2
(R4.13), N — N2 (R4.7), N2H — N2 (R4.14&R4.15), and NH — N2 (R4.6).

In summary, as temperature rises, NO abatement and N2 production
increase by the promotion of channels:

a. HCN — CN —- CNO2 - N — N2
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b. HCN — CNHO — NH — N2

c. HCN — CNHO — NH — HN20 — N2H — N2
d. HCN — CNHO — NH — N2H — N2

e. HCN — CNHO — CNO — CN202 — N2

4.1.2.3 Mechanisms of NO Reduction by NH3

According to Figure 4.3, the key species for NO removal are NH, NH2 and
NHs via R4.17-R4.34. And R4.17 only happens at 2600 K-3400 K.

NH3z + NO — HN20 + H2 (R4.17)
NHs + NO — H2N20 + H (R4.18)
NHs + NO + HO — H2N20 + H20 (R4.19)
NH2 + NO — H2N20 (R4.20)
NH + NO — HN2 + O (R4.21)
NH+NO —->N2+H+O (R4.22)
NH + NO — HN20 (R4.23)
N2H + NO — N2 + HNO (R4.24)
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Figure 4.3 Channels of NO removal with NHs. The beginning species is NH3 in

the yellow box.

N2 is formed by reactions:

HN20O — N2 + HO (R4.25)
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HN20 - N2+ H + O (R4.26)
N2H — N2 + H (R4.27)
N2H + HO — N2 + H20 (R4.28)
N2H + NO — N2 + HNO (R4.29)
N2H2 — N2 + H2 (R4.30)
N20 —- N2+ O (R4.31)
H2N20 — N2 + H20 (R4.32)
H2N20 — N2 + H + HO (R4.33)
NH+NO —->N2+H+O0O (R4.34)

NH — N2z takes place between 3200 K and 3400 K, while H2N20O — N2 occurs
under 2400 K-3000 K and 3400 K conditions. In addition, the channels related to
N2 generation NH3 — NH2 — H2N20 — N2H — N2 and NH3 — NH2 — H2N20 —
N2 are also supported by earlier research [118, 119].

Additionally, there are reaction pathways of N2 formation from NHs without
NO removal. First, N2H4 is generated via R4.35-R4.36, which will be transformed
to N2 via N2H4 — N2H3 — N2H — N2 and N2H4 — N2H3 — N2H2 — Na.

NH2 + NH2 — N2H4 (R4.35)
NH3s + NHs — N2Hs + H + H (R4.36)
NHs + NH3z + O2 — N2H4 + HO2 + H (R4.37)

To further understand the effects of temperature on the numbers of NO and
N2 in products finally, the contributions of each channel associated with NO
removal and N2 generation at varying temperatures were investigated, as
illustrated in Tables 4.3 and 4.4. The total NF of NO abatement and N2 generation
rises with increasing temperatures, agreeing well with the final amount of NO and

N2 with temperatures ranging from 2400 K to 3400 K.
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Table 4.3 Net flux (NF) of key channels for NO consumption during NO reduction
with NH3 at 2400 K-3400 K.

Pathways 2400 K 2600 K 2800K 3000K 3200K 3400K
NH — HN20 12 16 31 34 35 47
NHsz — H2N20 18 16 16 18 26 21

NH2 — H2N20 71 69 65 60 27 34
NH3z — HN20 0 4 5 7 3 7

NH — HN2 0 0 0 0 16 15

NH — N2 0 0 0 0 7 13
Total 101 105 117 119 114 137

Table 4.4 Net flux (NF) of key channels for N2 generation during NO reduction
with NH3 at 2400 K-3400 K.

Pathways 2400 K 2600 K 2800 K 3000K 3200K 3400 K
HN20 — N2 41 46 53 53 57 49

N2H — N2 50 60 58 58 72 78
N2H2 — N2 13 11 20 18 24 17
N20 — N2 1 15 9 15 13 20
H2N20 — N2 13 3 8 18 0 7

NH — N2 0 0 0 0 7 13
Total 128 135 148 162 173 184

As shown in Table 4.3, the pathway NH — HN20 via R4.23 plays a dominant
role to the rise in NO reduction as temperature increases. And NH2 — H2N20
through R4.20 is essential for NO removal especially at 2400 K-3000 K.
Furthermore, high temperatures present reverse effects on the combination of
NH2 and NO. At 3200 K-3400 K, channels NH — N2H via R4.21 and HN — N2
through R4.22 are enhanced.

With temperatures ranging from 2400 K to 3400 K, HN20O — N2 via R4.25-
R4.26 and N2H — N2 via R4.27-R4.29 are promoted with the increase of
temperature. The pathway N2H2 — N2 via R5.30 is slightly enhanced over 2400
K to 3400 K. Regarding the channel N20 — N2 via R4.31, its contribution to N2
production nearly keeps constant from 2400 K to 3200 K and rises at 3400 K. At
3200 K-3400 K, the channel NH — N2z through R4.34 is enhanced between 3200

K to 3400 K.
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According to the above study, it is concluded that high temperatures enhance
N2 generation, NO consumption and NO removal by NHs via the following
channels:

f. NHz — NH — HN20 — N2

g. NHs - NH — N2H — N2

h. NH3 — NH — N2

4.1.3 Discussion

In this part, ReaxFF MD is used to explore the mechanisms of NO abatement
with HCN and NH3 at various temperatures, which are important in NOx reduction
via coal pyrolysis gas. To better regulate NOx emissions, it is crucial to examine
the NO removal behaviours of HCN and NHs in the light of existing publications.

In earlier research [118, 119, 130, 198], the amount of NO is used to indicate
NOx removal effectiveness. Whereas nitrogenous species can also be converted
to NOx in the burnout zone, emitting pollutants into the atmosphere. As a result,
as shown in Figure 4.4, the amount of N2 generated in simulations is employed
as an indication to indicate the reduction behaviours of nitrogenous reactants.
The increase of temperature significantly improves NOx control effectiveness in
both HCN and NHs conditions, and NH3 has approximately 19.1% more capacity
than HCN for NO removal from 2400 K to 3400 K. Furthermore, the optimum
temperature is not detected in the simulation results during NO reduction via NH3,
that is inconsistent with the phenomenon reported in the ammonia based SNCR
method [118, 119, 130, 198]. This is because SNCR operates in excess oxygen
atmospheres, and high temperatures encourage NHs oxidation resulting in
decreased NO reduction efficiency. Whereas, in the reburning zone, NO
molecules are reduced under fuel-rich circumstances where the oxidation of
nitrogen-containing species is supressed. Thereby, the NO removal with NH3

behaviours is not limited as temperatures rise.
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Figure 4.4 Reduction efficiency of nitrogen-containing reactants.

According to above findings, increasing reactive temperatures is an efficient
way to increase the NOx removal behaviours of coal pyrolysis gas. Increasing the
NHs content in coal pyrolysis gas can also benefits the control of NOx emissions,
which may be accomplished by raising pressure, temperature and water content

during coal pyrolysis [94, 117].
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4.2 Effects of Oxygen and HCN/NH: on the NO Removal

Performance

4.2.1 Simulation Details

The reactant equivalence ratios are computed using the reduction equation,
as indicated in Equations (4.1) and (4.2). (4.2). Amolar ratio, A, is proposed to aid
analysis, as demonstrated in Equations (4.3) and (4.4), respectively. As indicated

in Equation (4.5), R is the ratio of the number of HCN or NH3 to that of pyridine.

_ 4n(0,)
~ 3n(NO) (4.3)
_ 4n(0,)
= 2(NO) (44)
_ n(HCN or NH3)
= (NO) (4.5)

where n(NO), n(Oz2) and n(HCN or NH3) means the amount of NO, Oz and
HCN or NHs, respectively.

Table 4.5 summarises the simulated mixes. Cases 1 and 4 are for
comparison when NO is reduced by HCN and NHs with A and R values of 1.
Cases 2 and 3 are designed to study the impact of O2 concentrations and
HCN/NO ratios on NO abatement performance by HCN, where A and R ranges
from 0.0 to 0.8 and 1.2 to 2.0 with a 0.2 increment, respectively. Similarly, Cases
5 and 6 are used to investigate the impact of the number of O2 and NH3z molecules
on NO reduction behaviour by NH3 under varying A and R values. The density of

all simulations is kept at 0.15 g/cm?.
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Table 4.5 Case set-ups.

ID #of NO # of HCN # of NH3 # of O2 A R

1 120 120 0 90 1.0 1.0

2 120 120 0 0-72 0.0-0.8 1.0

3 120 144-240 0 90 1.0 1.2-2.0
4 120 0 120 30 1.0 1.0

5 120 0 120 0-24 0.0-0.8 1.0

6 120 0 144-240 30 1.0 1.2-2.0

To optimize the initial configuration of reactants, each system goes through
20 ps of energy reduction and equilibration at 40 K. Following that, the systems
are heated to 3000 K and then held at that temperature. For all simulations, the

time step and the overall simulation time are 0.1 fs and 1000 ps, respectively.

4.2.2 Results

4.2.2.1 Effects of A Values on NO Removal Performance by HCN and NH;

Figures 4.5a and b illustrate the amount of NO and N2 produced during NO
reduction by HCN and NHs at various A values. The number of NO grows when
O2 concentrations rise, and the rising trend is more pronounced when NO is
eliminated by HCN rather than NHs. High O2 concentrations hinder N2 production
in NO reduction by NH3 conditions. However, during NO reduction by HCN, N2
production presents a parabolic pattern, culminating at A = 0.6. This result is
consistent with experimental investigations showing that the best NOx reduction

efficiency by coal pyrolysis gas occurs under fuel-rich conditions [5].
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Figure 4.5 Numbers of (a) NO and (b) N2 for A ranging from 0 to 1 at the end of

simulations.

Figure 4.6 presents chemical pathways at various A levels to gain a further
understanding of how O:2 influences NO reduction by HCN and NHs. In all
circumstances, CNO, NH, and N are key intermediates for NO consumption, as
shown in Figure 4.6a. In A = 0.0-0.2 conditions, the responses of NO consumption
by HCN and CN are detected. The formation of NO and N from intermediate
CNO:z2 is found with A = 0.2-1.0 & 0.4-1.0. When A values are 0.0, 0.4, and 0.6,
CN2 will react with NO to create CN3O. Thermal breakdown of intermediates
HN20, HNz, N2O, and CN20 for N2 molecules is observed in A = 0.0-1.0 conditions.
CNO and N reactions with NO production occur in A = 0.6 and 0.0-1.0,
respectively. The pathway CN3O — Nz is found in situations with A from 0.0 to 0.6.
The thermal breakdown of C2N202 and CN20: is discovered with A = 0.2-1.0.

Figure 4.6b shows the chemical pathways involved in NO elimination by NHs.
The primary intermediates are the same in all circumstances, however the
reaction routes alter during the NO reduction process at varied Oz concentrations.
When A values are 0.0-1.0, the major intermediates to consume NO molecules
are NHs, NH2, and NH, whereas HN20, N2H, and N2H:2 are significant precursors
to N2 production. The pathway N2H3s — N2 is found with A = 0.0. NHz — HN20
and N2H2 — NH are not identified with at 0.6 and 0.2, respectively. When values
are between 0.0 and 0.4, the pathways NH — N2H3, NH — N2H, and H2N20 —
N2H occur. The conversion from NHs to NH is found in A = 0.0 and 0.2 cases.
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Figure 4.6 Reaction pathways of NO abatement by (a) HCN and (b) NHsz under

varying A values. HCN and NHs are the starting molecules in yellow boxes.

Tables 4.6 and 4.7 study the NF of key pathways related to N2 and NO during
NO abatement with HCN and NHs, respectively, to further discover how O:2
impacts the numbers of NO and N2 at the conclusion of reactions. As shown in
Table 4.6, the NF of NO consumption varies about 95 with A ranging from 0.0 to
1.0. However, NO generation by route CNO2 — NO is promoted at high Oz
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concentrations during NO reduction by HCN, resulting in a decrease in net NO
consumption with rising A, which is consistent with the fluctuation of NO numbers
at different A values in Figure 4.5a. Although the impact of O2 on the NF of NO
consuming is negligible, the NFs of pathways associated with NO consumption
varies at different A levels. Specifically, a reduction in Oz concentrations inhibits
the NO consumption routes CNO — CN202 and CNO — N20, but increases NO
consumption via intermediates HCN, CN, and CN2. The NF of conversion from
NH to HN20 reaches its maximum value at A = 0.4. The influence of O2 on N —
N2 and NH — HNz2 are negligible.

In terms of N2 formation, the NF of N2 generation follows a similar pattern to
the N2yield, which peaks at A = 0.6. Among the N2 production routes, O2 favours
the pathways CN20 — N2, C2N202 — N2, and CN202 — N2 when A ranges from
0.0 to 1.0. The contribution of N20O — N2 is nearly unchanged with of 0.2-1.0, but
it is considerably inhibited at A of 0.0 case. Over A = 0.0-0.6, O2 molecules have
an insignificant effect on the conversion of N2H to N2, while in A = 0.8-1.0
conditions, they inhibit this process. As A increases, the NF of N — N2 varies
slightly as A increases. The NF of N2 production from HN20 reaches its maximum
with A of 0.6. In addition, CNO — N2 and CN3O — N2 are discovered with A = 0.6
and 0.0&0.6, respectively.
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Table 4.6 Net flux (NF) of key channels linked with NO and N2 during NO
abatement with HCN at A = 0-1.

Pathways 0 0.2 0.4 0.6 0.8 1
HCN — CHN:20 13 2 0 0 0
CN — CHN20 11 7 0 0 0 0
CN — CN20 15 6 0 0 0 0
CNO — N2 0 0 0 1 0 0
CN2 — CNsO 7 0 10 10 0 0
CNO — CN202 20 22 38 30 48 46
CNO — N20 4 9 15 14 13 18
N — N2 5 7 6 6 8 6
NH — HN20 13 20 23 22 22 17
NH — HN:2 7 7 8 9 5 1
Total NO consumption 95 80 100 102 96 98
CNO2 — NO 0 8 14 31 45 60
Net NO consumption 95 72 86 71 51 38
CNO — N2 0 0 0 1 0 0
CN3O — N2 10 O 0 7 0 0
N20 — N2 20 48 45 42 45 54
HN20 — N2 18 15 24 26 20 19
CN20 — N2 8 11 1 17 16 19
C2N202 — N2 0 8 7 13 14 19
CN202 — N2 0 11 5 12 13 17
N — N2 5 7 6 6 8 6
N2H — N2 24 32 16 23 17 8
N2 generation 85 132 114 157 133 142

Table 4.7 shows a declining trend with rising values for the NFs of NO
consumption and N2 generation, which is consistent with the changes in NO and
N2 quantities seen in Figure 4.5. Overall, with A varying from 0.0 to 1.0, the NF of
NO reduction by NH radical almost stays the same. The pathway NH — HN20 is
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weakened when A is less than 0.4 because NH is converted to N2H. As O2
concentrations rise, the contribution of NH2 to NO abatement declines noticeably.
In contrast to NH2 — HN20, NH2 — H2N20 has a parabolic trend that reaches its
lowest point at A = 0.6. Additionally, when the amount of Oz2 rises, the reactions
between NO and NHs molecules are slightly impeded. O2 has an insignificant
impact on the channels HN20 — N2, N20O — N2, and H2N20 — N2 in terms of N2
production. When A is high, N2H — N2 and N2H2 — N2 are inhibited, which
reduces the production of N2. Additionally, the pathway N2Hs — N2 is observed
with A of 0.0.

Table 4.7 Net flux (NF) of key channels linked with NO and N2 during NO removal
with NHsz at A = 0-1.

Pathways 0 0.2 0.4 0.6 0.8 1
NH — HN20 33 21 21 32 38 34
NH — N2H 7 7 14 0 0 0
NH2 — H2N20 89 69 61 44 54 60
NH2 — HN20 4 12 8 22 14 0
NHs — HN20 11 13 10 0 7 7
NH3z — H2N20 22 29 22 20 23 18
Total NO consumption 166 151 136 118 136 119
HN20 — N2 53 58 52 49 54 53
N2H — N2 66 76 64 61 69 58
N2H2 — N2 30 34 28 17 23 18
N20 — N2 23 18 21 19 26 15
H2N20 — N2 13 5 7 12 2 18
N2H3 — N2 11 0 0 0 0 0
Total N2 formation 196 191 172 158 174 162

In summary, Oz has a detrimental effect on NO reduction in conditions of NO
reduction with HCN because it encourages HCN oxidation, which produces NO
molecules via HCN — CN — CNO2 — NO. The intermediates for NO removal
vary from CN, HCN, and CN2 to CNO with A rising, even while the NF of NO
molecules consumption almost keeps the same under different O2 concentrations.
Besides, Oz encourages the formation of the CNO radical greatly, which can then

react with NO or itself to produce N2. However, the N2 yield reaches its maximum
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when A is 0.6 since A values larger than 0.6 prevent the generation of N2 from
HN20, N2H, CNs3O, and CNO. Additionally, Oz inhibits N2 production and NO
removal behaviours when NO is reduced by NHs. This is due to the weakening of
NO consumption by NHs and NH2 forming H2N20 or HN20 when O:2
concentrations rise. Furthermore, the weakening of the pathway NH3/NH2/NH —

HsN2 — H2N2 — N2 caused by an increase in O2 reduces the generation of No.

4.2.2.2 Effects of R Values on NO Reduction Performance by HCN and NH;

As shown in Figure 4.7, raising R values in both NO reduction by HCN and
NHs situations improves the NO reduction and N2 generation performance. With
R rising from 1.0 to 2.0, the reduction efficiencies of reactants containing nitrogen
increase by 7.7% and 3.8%, respectively. However, their profiles show downward
tendencies when R is greater than 1.6, which is consistent with earlier research
[198].
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Figure 4.8a presents reaction pathways of NO reduction by HCN with
changing R values. High R values enhance the generation of novel intermediates
and paths to N2. In particular, the routes CN — C2N20 — CN2 — CN3O — N2, CN
— CNO, CNO — N, and HN20 — N2zH are found as R is greater than 1.2. In R =
1.6-2.0 situations, the conversion of NH to N2 and HN20 to N20 takes place.
There are two routes that produce N2 when R values are 1.8 and 2.0: CN —
CHN20 — N2 and CN2 — C2N30 — Na2. In the instance where R = 1.6, there is
no conversion from N to N2. N2 is formed from CNO with R=1.2 & 1.6 & 1.8.

The primary intermediates stay the same when R values rise in NO reduction
by NHs cases as illustrated in Figure 4.8b. However, distinct reaction paths exist
for various R values. For example, when R value is over 1.2 and 1.8, respectively,
the channels NH2 — HN20 and N2Hs — N2 are discovered. N2H4 to NH
conversion takes place between R = 1.0 and 1.8. In the range of R = 1.6 to 2.0,
NH is formed from NH3 and converted to N2Hs, N2Hz, and N2H. The production of
N2 from H2N20 is not identified when Ris 1.2.
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Figure 4.8 Reaction pathways of NO abatement by (a) HCN and (b) NHsz under

varying R values. HCN and NHs are the starting molecules in yellow boxes.

Figure 4.8 presents the alteration of chemical channels during NO
abatement by HCN and NHs at various R values, however the reason why high
R values improve NO reduction effectiveness remains unknown. The net flux (NF)
of the key channels related with NO and Nz after NO reduction using HCN and
NHs with R changing from 1.0 to 2.0 is investigated subsequently.

As shown in Table 4.8, the NF of NO removal improves greatly as R
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increases, whereas NO production from CNO2 reduces slightly, which explains
why high R values improve NO reduction behaviours by HCN. R values have
minimal effect on the NF of N — N2. CNO's contribution to NO removal reaches
the highest point in the R = 1.4 condition because of the channels CNO — CN202
and CNO — N20. The channels of NO consumption via CN, CN2, and NH are
encouraged with R rising. In detail, the NF of NH — HN20 increases from R=1.0
to 1.6, but drops when R exceeds 1.6. The conversion from NH to N2H and NH
to Nz is promoted in R = 2.0 and 1.6-2.0 cases, respectively. In terms of N2
generation, high HCN/NO ratios boost N2 production from CHN20, C2N3O, CNsO,
N2H, and NH. R values present insignificant effects on the NF of CNO — N2, N2O
— N2, and N — N2. High HCN/NHs ratios inhibit CN202 — N2 significantly. N2
production from CNO — C2N202/CN20 — N2 is promoted in R = 1.0-1.6, but

weaken in R = 1.6-2.0 cases.
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Table 4.8 Net flux (NF) of key channels linked with NO and N2 during NO
reduction with HCN at R = 1.0-2.0.

Pathways 1.0 1.2 1.4 1.6 1.8 2.0
CN — CHN20 0 0 0 0 3 6
CNz2 — CNsO 0 10 7 18 14 22
CNO — N2 0 14 0 6 5 0
CNO — CN202 46 38 60 47 34 45
CNO — N20 18 10 23 13 17 8
N — N2 6 10 10 0 8

NH — HN20 17 24 40 43 31 35
NH — N2H 11 12 8 13 11 17
NH — N2 0 0 0 11 5 17
NO consumption 98 118 148 151 128 158
CNO2 — NO 60 54 55 49 45 45
Net NO consumption 38 64 93 102 83 113
CHN20 — N2 0 0 0 0 13

C2N30 — N2 0 0 0 0 10

CNO — N2 0 14 0 6 5

CN3O — N2 0 5 6 7 3 13
N20 — N2 54 42 48 36 49 47
HN20 — N2 19 26 32 41 29 36
CN20 — N2 19 28 25 27 27 24
C2N202 — N2 19 13 17 19 17 17
CN202 — N2 17 11 12 9 8 12
N — N2 6 10 10 0 8 8
N2H — N2 8 19 21 28 31 37
NH — N2 0 0 0 11 5 17
N2 generation 142 168 171 184 205 220

Regarding NO removal by NH3s, the NO abatement with NHz increases with
R rising mostly through the NH3 — H2N20, as shown in Table 4.9. The conversion
of NH to HN20 and HN:2 stays nearly constant under different R values.
Furthermore, when the NHs3/NO ratio grows, the contribution of NH2 to NO
abatement (mostly via NH2 — H2N20) decreases initially and then increases

when R exceeds 1.4. In terms of N2 production, high R values encourage the N2
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formation from N2H3s, N2H, and N2Hz2 to N2. NH3/NO ratios have insignificant effect
on the conversion of HN20 to N2 with R = 1.0-1.8, however, improve HN20 — N2
when R =2.0. With increasing R, the NF of N2O — N2z production drops marginally.
Furthermore, the NF of pathway H2N20 — N2 reduces when R increases from

1.0 to 1.2, but increases when R exceeds 1.2.

Table 4.9 Net flux (NF) of key channels linked with NO and N2 during NO removal
with NHs3 at R = 1.0-2.0.

Pathways 1.0 1.2 1.4 1.6 1.8 2.0
NHs — HN20 7 10 11 10 4 12
NHsz — H2N20 18 27 48 45 34 66
NH2 — H2N20 60 44 40 64 75 78
NH2 — HN20 0 8 12 8 12 2
NH — HN20 34 37 36 30 28 24
NH — HN2 0 0 0 4 10 10
NO consumption 119 126 147 161 163 192
HN20 — N2 53 53 53 54 50 66
N2H — N2 58 91 98 137 144 145
N2H2 — N2 18 29 34 55 58 65
N20 — N2 15 23 13 11 20 6
H2N20 — N2 18 0 8 6 14 22
N2H3 — N2 0 0 0 0 14 15
N2 generation 162 196 206 263 300 319

To sum up, increasing the HCN/NO and NH3/NO ratios can improve NO
reduction behaviours, however the reduction efficiency peaks at R = 1.6. In detail,
the promotion of NO reduction performance is by the reactions between NH
radical with NO molecules, finally generating N2. Furthermore, high R values
stimulate N2 production by introducing additional routes HCN — CN — CHN20
— N2 and HCN — CN — C2N20 — CN2 — CN3O — N2. In addition, higher
HCN/NO ratios promote "self-consumption" of HCN for N2 synthesis through HCN
— CNO — C2N202/CN20 — N2 and HCN — CN — C2N20 — CN2 — C2N30 —
N2. In terms of NO removal by NHs, increasing the number of NHs molecules
improves NO reduction performance mostly by boosting the interaction of NO

molecules with NH3 and NH2z to form H2N20, which eventually converts to Na.
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Besides, high R values benefit the "self-consumption" effect of NHs by the
conversion of N2H3 and N2H2 to N2, which is generated by the reactions of NHs,
NH2, and NH.

4.2.3 Discussion

When NO is removed with HCN, O2 promotes the formation of key
intermediates (CNO and NH), which can then combine with NO to generate N2.
However, Oz also has a negative impact on NO reduction due to NO generation
from the oxidation of HCN, which accounts for the maximum N2 formation in the
A = 0.6 condition.

O2 molecules only present detrimental impacts on its behaviour when NO is
reduced by NHas. Unlike HCN, species NH3, NH2, and NH may combine with NO
molecules to produce N2 without first producing oxygen-containing intermediates.
O2 molecules, on the other hand, may mix with NHi species to generate
macromolecules such as N2HsOz2, N3H9O4, NaH120s, N5sH150s, and NsH180s. That
hinders the combination between NHi and NO molecules, explaining why Oz has
a detrimental impact on NO reduction.

Given that coal pyrolysis gas contains both HCN and NHs, the ideal A is about
0.6 depending on the percentage of HCN and NHs, which is lower than the value
(approximately 0.9) in earlier experimental research [5]. This might be due to the
inhibition of nitrogen-free species on the NO reduction process in fuel-rich
circumstances. Extended simulations with CH4, CO, and H2 additives during NO
removal using HCN and NHs are necessary to gain a comprehensive
understanding of the impacts of diverse nitrogen-free species (CH4, CO, and Hz)
on NO removal.

The "self-consumption" phenomenon happens in both HCN and NH3
situations during the NO elimination procedure. That is, N2 is formed from HCN
or NHs molecules without combining NO molecules, resulting in inadequate
reduction agents. Furthermore, oxidation of HCN generating NO is found in NO
removal by HCN conditions, resulting in a decrease in NO reduction behaviours.
As a result, increasing HCN/NO and NHs/NO ratios can improve reduction
behaviours, which reaches its peak when R is 1.6 in both HCN and NHj3 situations.
In practise, the ratios of nitrogen-containing species to NO may be adjusted by

controlling operational factors like temperature [7], pressure [94] and water
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content [117] during coal pyrolysis.

107



4.3 Effects of Nitrogen-free Species (CH4, CO and Hz) on NO

Removal Performance by HCN and NH;s

4.3.1 Simulation Details

The reactant equivalence ratios are computed according to Equations (4.1)
and (4.2). Each system contains 120NO and 120HCN or NHs to investigate the
NO removal process by HCN or NHs. To investigate the impact of nitrogen-free
species on NO abatement by HCN and NHs, simulated systems with CH4, CO
and Hz addition are used under molar ratios of 0.5, 1.0, and 1.5 conditions. The
density of all systems is kept constant at 0.15 g/cm?.

Each system goes through 20 ps at 40 K of equilibration and energy
minimization to optimize the starting configuration before "production simulation".
The systems are then heated to 3000 K and temperatures are held constant. The
time step and overall simulation time are chosen as 0.1 fs and 1000 ps,

respectively, for all simulations.

4.3.2 Results

4.3.2.1 Nitrogen Distribution in Products during NO Reduction by HCN and NH3 under
Different Additives

Figure 4.9 presents the nitrogen distribution during NO abatement using
HCN and NHs with various additions. Overall, nitrogen-free additions have a
considerable impact on the yields of the key nitrogenous products (NO, N2,
HCN/CN, CxNyOz and NH;).

As shown in Figures 4.9a and 4.9b, CH4 promotes NO reduction in both HCN
and NHs conditions. Besides, the conversion of NO to N2 production is
suppressed by CHs4 molecules in NO abatement by HCN and NHs cases. CH4
enhances the fraction of HCN/CN, NHi, and CxNyO:z in both HCN and NH3
conditions.

Figures 4.9c and 4.9d show how CO affects nitrogen distribution when NO
is reduced by HCN and NHs. The CO influence addition on NO consumption in
HCN instances is negligible, whereas CO marginally inhibits NO consumption
when NO is removed by NHs. CO addition suppresses N2 formation in both HCN

and NHs conditions. The proportion of HCN/CN increases with CO addition in NO
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removal by HCN cases. As shown in Figure 4.9c, the values of CxNyOz and NHi
are nearly identical. CO addition enhances the generation of CxNyO: and
HCN/CN during NO reduction with NHs, but has insignificant effect on NHi
generation.

Regarding the impacts of H2 on NO removal behaviours, as shown in Figures
4.9e and 4.9f, H2 considerably enhances NO consumption and N2 generation in
all cases. In the instance of NO removal by HCN, the addition of H2 raises the
percentages of HCN/CN and NHi, while the CxNyOz content remains constant
during H2/NO values ranging from 0 to 5. NHi concentration increases with H2
addition when NO is removed by NHs.

To summarize, the foregoing results show that the addition of nitrogen-free
species can change the nitrogen distribution in products when NO is removed by
HCN and NHs. The channels are examined in order to further investigate

mechanisms subsequently.
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Figure 4.9 Nitrogen distribution on products during NO reduction process. (a)
HCN with CH4 addition. (b) NHs with CH4 addition. (c) HCN with CO addition. (d)
NH3s with CO addition. (e) HCN with Hz addition. (f) NHs with H2 addition. CxNyO:
present species containing C, N and O elements. NHi is an umbrella term of NH3,
NH2 and NH.

4.3.2.2 Effects of CH4 Addition on Mechanisms of NO Abatement by HCN and NH3

Figure 4.10a presents the reaction pathways of NO removal by HCN in the
presence of CH4 molecules. N, CNO, NH, and NHz are main intermediates
formed during the oxidation and breakdown of HCN, which can eventually

combine with NO molecules to generate N2. The conversion from N to N2 occurs
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when the CH4/NO molar ratios are 0 and 0.5. CNO participates in interactions
with NO to produce CN202 and N20, and finally N2. CNO — CN202 occurs in all
conditions, however CNO — N20 occurs only when the CH4/NO molar ratios are
0 and 0.5. N2 is formed from CNO with CH4/NO ratio of 0. CH4 presents
insignificant influence on N2 formation from processes in which NH combines with
NO to produce HN20 and N2H. CH4 enhances the formation of NH2 intermediates
in all cases. NH2 consumes NO molecules when CH4/NO molar ratios are 0.5 and
1.0.

Figure 4.10b shows that in NO reduction with NH3 conditions, NHs, NH2, and
NH are key species to consume NO forming intermediates such as H2N20, HN20,
and N2H, which eventually convert to N2. CH4 has little effect on NO consumption
via NH2 — H2N20 and NH — HN20. NH3 — H2N20 and NH3z —HN20 are not
found in CH4/NO ratio of 1.5 conditions. The conversion from NH to N2H happens
with CH4/NO of 0.5. In all circumstances, the key precursors for N2 generation
are N2H2, N2H, and HN20, however conversion from H2N20 to N2 is not found
with CH4/NO ratio of 0.5. In addition, N2H2 and a portion of N2H can be created
directly from NHi (NH3, NH2, and NH) species without NO reduction.
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Figure 4.10 Reaction pathways of NO abatement by (a) HCN and (b) NH; with
CHa4 addition. The numbers in the figure are the molar ratios of CH4 to NO. HCN

Table 4.10 shows the NF analysis of the primary pathways that is adopted to

CHa4 suppresses N2 generation from reactions between CNO and NO or CNO via

pathways CNO — CN202/N20 — N2 and CNO — C2N202/CN20 — N2 when NO
is removed with HCN. Under different CH4/NO values, the NF of NH — HN2O/N2H
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determine how CHas influences the NO removal behaviours with HCN and NHs.



— N2 is nearly constant. In addition, the NF of CN — CNO2 — NO and CN —
CNO2 — N — N2 declines with CHs4 addition. In general, CH4 inhibits the
conversion of HCN to NO through CN20. Because of the inhibitory effect of CH4
on NO formation, the number of NO consumption nearly remains constant under
varying CH4/NO ratios. Besides, the NO removal by NH and NHs is inhibited in
NHs cases with CH4 addition rising. The NF of NH2 — H2N20 is at its lowest in
the CH4/NO ratio of 1 case. In terms of N2 production, the contribution of HN20,
N20, and H2N20 reduces when CHs4 is added; nevertheless, the NFs of N2H —
N2 and N2H2 — N2 fluctuate as CH4/NO ratio rises. To summarise, the presence
of CH4 molecules inhibits the behaviours of NHs and HCN in converting NO to Na.
This is consistent with the variations in N2 production in Figures 4.9a and 4.9b;
the chemical effects of CHs4 on nitrogen-containing species are studied to
determine the N distribution changes in NO, HCN/CN, CxHyOz, and NHi

subsequently.

Table 4.10 Net flux (NF) of key channels for NO consumption and N2 generation

in the NO abatement process by HCN and NHzs with varying CH4/NO molar ratios.

NO reduction 0 05 1 1.5 NO reduction 0 05 1 1.5
with HCN with NH3

CNO — CN202 46 9 14 14 NH — HN20 34 27 18 15
CNO — N20 18 11 0 O NH — N2H 0 10

NH2 — H2N20 0 10 19 O NH3 — HN20 7 9

NH — HN20 17 17 9 22 NHs;— H2N20 18 12 10

NH — N2H 1 9 9 8 NH2 — H2N20 60 36 30 59
N — N2 6 5 0 0 NO consumption 119 94 64 74
NO consumption 98 61 51 44 HN20— N2 53 45 37 31
CNO2 — NO 60 28 22 7 N2H — N2 58 67 64 59
Net NO consumption 38 33 29 37 Na2H2—N: 18 22 15 19
N20 — N2 54 33 16 12 N20—->N2 15 14 14 5
HN20 — N2 19 24 15 17 H2N20 — N2 18 3 0 6
N2H — N2 8 11 23 17 N2 formation 162 151 130 120
CN20 — N2 19

C2N202 — N2 19

CN202 — N2 17

N — N2 6

N2 formation 88 79 54 46

In NO removal by HCN cases, the addition of CHs4 enhances NO
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consumption by producing HNO via R4.38 and R4.39.

CHs4 + NO — CHs3 + HNO (R4.38)

CaHoNcOd + NO — CaHb-1NcOd + HNO (R4.39)

HNO improves NH formation and CH4 enhances the formation of NHi through
the conversion from CH2NO to NH..

CHs has the abilities to react with CNO forming C2H3sNO (R4.40), which can
then be transformed to HCN/CN through the C2H3NO — CH2N/CH3sN — HCN/CN
route. The addition of CH4 lowers the quantity of OH, O, and O2 by the formation
of CO, hence reducing the consumption of HCN and CN via the CN — CNOg,
HCN — CHNO, and HCN — CH2NO pathways. As a result, CH4 molecules
enhance the amounts of HCN and CN at the end of reduction processes.
Furthermore, CH4 enhances the reactions between hydrocarbons (CxHy) and
nitrogen-containing species such as NO, HNO, and HCN/CN, raising the number
of CxNyOz in products.

CHs + CNO — C2H3NO (R4.40)

CHs + NH2 — CHsN (R4.41)

When NO is removed with NH3 molecules, CHsN is produced by R4.40 in
CHas-containing cases, which can eventually be transformed to HCN and CN.
Additionally, increased HNO production leads to the enhancement of NO
consumption. HNO also limits the consumption of NHi, lowering NO reduction
behaviours. The amount of CxNyOz in products increases mainly due to the

reactions between hydrocarbons (CxHy) and nitrogenous intermediates.

4.3.2.3 Effects of CO Addition on Mechanisms of NO Abatement by HCN and NHs

The addition of CO molecules alters the chemical pathways in NO abatement
by both HCN and NHs as shown in Figure 4.11. When NO is removed by HCN
with CO addition, the routes CN — C2NO2 — CNO and HN20O — N2H are
discovered. CNO — N20 happens when CO/NO ratios are 0, 0.5 and 1.5. CHNO
— CHN20:2 is observed in the CO/NO ratio of 0.5 case. NO consumption through
NH — N2H occurs when CO/NO ratio ranges from 0 and 1.5. N2 production from
interactions between N and NO is not identified in CO addition conditions, As to
CO influence on the NO removal process by NH3z, CO suppresses the channels
N2H3 — N2H and N2H2 — N2H, which occur only when the molar ratio CO/NO is
less than 1.5. The pathway H2N20O — N2H occurs when the molar ratio CO/NO
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ranges from 0.5 to 1.0. There is no N2 production from H2N20 in the CO/NO ratio

of 1.0 case.
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Figure 4.11 Reaction pathways of NO abatement by (a) HCN and (b) NHs with
CO addition. The numbers in legends are the molar ratios of CO to NO. Boxes in

yellow indicate species at the start of the reactions.

The effect of CO on the number of NO and N2 is further demonstrated
through NF analysis of NO and N2z production reactions. CO reacts with oxygen-

containing species (such as O2, O, HO) to produce CO2 when NO is removed by
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HCN. CO2enhances the pathway CN — C2NO2 — CNO through reactions R4.41
and R4.42.
CN + CO2 — C2NO2 (R4.41)
C2NO2 — CNO + CO (R4.42)
The reduction of O2 prevents the pathway CN — CNOs2. As illustrated in Table
4.11, the NFs of CNO2 — NO and CNO2 — N — N2 decrease with CO/NO ratios.
CO inhibits the combination of CNO and NO, although it has a negligible effect
on NO consumption by the NH radical. In total, the NF of net NO consumption
fluctuates under varying conditions, which explains the NO trend in Figure 4.9c.
When it comes to N2 production, the NFs of C2N202 — N2 and CN20 — Nz reduce
slightly with CO addition. CO weakens N2 production through CNO — CN202/N20
— N2. CO speeds up the pathway N2H — N2, but slows down the conversion from
HN20 to N2. The reactions between CO and oxygen-containing intermediates
weaken the conversion of HCN/CN to species such as CNO2, CH2NO, and CHNO.
CO has an insignificant influence on CxNyOz and NHi generation and consumption,
and the CxNyOz and NHi concentrations are nearly constant in all circumstances.
In NO removal by NHs cases, CO reacts with NH2 to generate CH2NO, which
is then transformed to CNO and CN (R4.43-R4.47). Thus, the concentrations of
CxNyOz and HCN/CN rise.

CO + NH2 — CH2NO (R4.43)
CH2NO — CNO + Hz (R4.44)
CH2NO — CHNO + H (R4.45)
CHNO — CN + HO (R4.46)
CNO + CO — CO2 + CN (R4.47)

The capacity of CxNyOz to convert NO to N2 is much lower than that of NH;
species, resulting in a fall in NO reduction performance in CO addition conditions.
As indicated in Table 4.11, this finding accords with that the NFs of NO
consumption and N2 generation decreasing in CO addition situations. CO, in
detail, has insignificant effect on NO consumption by NH3 via channels NHz —
HN20 and NH3z — H2N20. As molar ratio CO/NO increases, the conversion of NH
to HN20O is weakened. The NF of NH2 — Nz rises first and subsequently falls, with
the highest NF occurring at the CO/NO of 0.5 case. When it comes to the
production of N2, high CO addition inhibits the pathways HN20O — N2H and H2N20
— N2. The effects of CO on the conversion from N2H2 to N2 and N20 to N2 are
insignificant.
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Table 4.11 Net flux (NF) of key channels for NO consumption and N2 generation
in the NO abatement by HCN and NHs with varying molar ratios of CO to NO.

NO reduction 0 05 1 1.5 NO reduction 0 05 1 1.5
with HCN with NH3

CNO — CN202 46 36 43 37 NH—HN0 34 29 22 23
CNO — N20 18 13 0 14 NHs — HN20 7 6 5 3
CHNO — CHN:202 0 1 0 0 NHs — H2N20 18 11 18 14
N — N2 6 0 0 0 NHz2 — H2N20 60 71 29 39
NH — HN:20 17 23 27 18 NOconsumption 119 116 74 79
NH — Nz2H 11 0 0 7 HN20 — N2 53 49 34 28
NO consumption 98 83 70 76 N2H-—>N: 58 60 48 45
CNO2 — NO 60 51 39 32 N2H2—N: 18 17 18 16
Net NO consumption 38 32 3 44  N20 — N2 15 1 19 18
N20 — N2 54 39 30 24 H2N20 > N: 18 7 0 8
CN20 — N2 19 19 18 16  Nzgeneration 162 144 119 115
C2N202 — N2 19 13 13 16

CN202 — N2 17 15 15 14

N — N2 6 0 0 0

HN20 — N2 19 14 16 15

NoH — N2 8 11 17 19

N2 formation 142 111 109 104

4.3.2.4 Effects of H2 Addition on Mechanisms of NO Reduction by HCN and NH3

The channels of NO abatement by HCN and NHs with H2 molecules are
shown in Figure 4.12. The presence of Hz facilitates the transformation of NH2
into H2N20, NH into N2, and HN20 into N2H. In circumstances where H2/NO ratios
are 0 and 1.5, respectively, N — N2 and H2N20 — HN20 are found. The
conversions from NH to N2H and C2N202 to N2 take place with the H2/NO values
ranging from 0 to 1.0. The pathway NH2 — HN20 is shown in the NO reduction
by NHs conditions with H2/NO ratio ranging from 0.5 to 1.0. The conversion from
NH3 to HN20 is not observed in the H2/NO ratio of 0.5 case. Nz is produced from
N20 when H2/NO ratios are 0.0 to 1.0.

117



d > NO
» CN » CNO, > N —R——— === I
T [ - I
HCN » CH,NO » C;N,0, » CN,0 | |
| I
» CHNO » CNO » CN,O, s N, H=
| A A &
| !
NH, ———— N)O
P —————
. v V'
! NH » HN,O
H>N->0 I -
2NV >~
A NoH
—*» 0015 —-—*»0010 ——— 0.080.581.5
0.5-1.5 ——r» 15 —-—r 0.0
b * NpH;3  NpH;
\ +
—> NpH, » NH N,H
L ______\‘_
I * Y
NH, > H,N,O » HN,O > N, [+
F Y o A
/"/ ' v
—— NH3 - N20
—* 0010 ————+>0510 ——-- > 0.0&1.0&1.5 0.0-1.0

Figure 4.12 Reaction pathways of NO abatement by (a) HCN and (b) NH3 with
H2 addition. The numbers in legends are the molar ratios of H2 to NO. Boxes in

yellow indicate species at the start of the reactions.

Table 4.12 presents the NF of the primary routes connected to NO
consumption and N2 production, which is adopt to further account for changes in
nitrogen-containing products with H2 addition during NO removal process. H2
decreases the NF of CNO — CN202/N20 and N — N2 in NO reduction with HCN
conditions, but it somewhat encourages NO removal by the NH radical and the
generation of HN20, N2, and N2H. H2 molecules benefit the channel CH2NO —
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NH2 — H2N20. In terms of NO production, the channel CN — CNO2 — NO is
markedly inhibited by the presence of Hz. Additionally, the contribution of the CNO
radical to N2 generation through CNO — C2N202/CN20/CN202/N20 — N2
reduces with the presence of Hz. Hz2 addition promotes N2 formation from the NH
radical through NH — N2, NH — HN20O/N2H — N2. In NO removal by NHs cases,
the NF of NO consumption rises significantly with the addition of Hz, whereas the
conversion from NH and NH2 to N2 decreases with the addition of H2 molecules.
In addition, H2 encourages the conversion of N2Hz2 to N2, but has insignificant
effect on N2 formation from HN20O and Nz2H. H2 molecules inhibit the conversion
from H2N20 to N2. As to the channel N2O — N2, the NF almost stays the same
across the range of H2/NO = 0.0 to 1.0, but it drops to zero in the case of 1.5. The
NO and N2z concentration on the products in Figures 4.9e and 4.9f are discordant
with the overall NF changes of NO consumption and N2 generation in both the
HCN and NHs conditions. The chemical reactions of H2 connected with NO and

N2 are investigated in order to explain this phenomenon.
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Table 4.12 Net flux (NF) of key channels for NO consumption and N2 generation

during NO abatement with HCN and NHs with varying molar ratios of H2 to NO.

NO reduction 0 05 1 1.5 NO reduction 0 05 1 1.5
by HCN by NH3

CNO — CN202 46 51 31 19 NH-—HN:20 34 22 23 25
CNO — N20 18 11 0 7 NHz — HN20 0 11 8 2
NH — HN20 17 26 25 27 NH2— H2N20 60 64 54 48
NH — N2 0 5 NHs — HN20 7 0 12 6
NH — N2H 11 7 NHs — H2N20 18 26 18 58
NH2 — H2N20 13 21 NO consumption 119 123 115 139
N — N2 0 0 HN20O — N2 53 58 47 53
NO consumption 98 113 76 81 N2H — N2 58 74 50 59
CNO2 — NO 60 29 14 2 N2H2 — N2 18 22 25 31
Net NO consumption 38 84 62 79 N20— N2 15 16 16 O
HN20 — N2 19 32 25 36 H2N20 - N: 18 3 8 7
NH — N2 0 5 7 N2 formation 162 173 146 150
CN20 — N2 19 23 15

C2N202 — N2 19 N 11

CN202 — N2 17 13 4

N20 — N2 54 39 32 34

N — N2 6 0 0 0

N2H — N2 8 21 26 33

N2 formation 142 144 120 123

H2 molecules promote the formation of H radical, which improves the process
of converting NO to HNO via R4.48. In both the NO removal with HCN and NH3

conditions, that is the primary cause of the drop in NO content in products.
H+ NO — HNO

(R4.48)

Additionally, H2 molecules promote the generation of HN202, which will

ultimately form N2 (R4.49-R4.51). These reactions explain how Hz promotes N2

generation during the NO reduction process.

N202 + H — HN202
HNO + NO — HN20:2

HN202 — N2 + O + HO

HNO forms lower the formation of N2 and NHi as it is less reactive with

(R4.49)
(R4.50)
(R4.51)

nitrogen-containing species than NO. H2 reduces the content of active species

(like OH, O, and Oz2) through the promotion of H20 formation, which prevents the
pathway HCN/CN — CNO2/CHNO/CH2NO. In circumstances when NO is
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reduced by HCN and NHs, the rise of HNO with H2 addition also helps the

generation of NH.

4.3.3 Discussion

In this section, ReaxFF MD is adopted to examine the impact of CH4, CO,
and Hz on the effectiveness of HCN and NHs in reducing NO. The distribution of
N element in products may be altered by changing the concentration of various
nitrogen-free species, which shows that altering the nitrogen-free species in coal
pyrolysis gas may be an effective strategy to enhance NO reduction efficiency.

In terms of NO reduction, the modelling results as well as findings from
earlier research indicate that hydrocarbons perform better in NO decrease than
H2 and CO [196, 197]. The primary explanation is that the reactive H radicals in
CHa4 can accelerate the transformation of NO into HNO. The effects of CO on NO
content in products are negligible. N2 is adopted as the indicator for NO removal
efficiency since the nitrogen-containing intermediates (HCN/CN, NHi, and CxNyO3)
in the reburn zone will generate NOx through oxidation process in the burnout
zone.

Of the three additives, H2 performs the best for N2 production and CH4 the
poorest. The formation of Nz is inhibited by CO and CH4, whereas is enhanced
by H2 molecules. Thus, altering operating conditions during the coal pyrolysis
process can reduce the CH4 and CO contents, which can be a useful approach
to increase NO reduction efficiency [94, 117]. Additionally, the nitrogen-free
species' contribution to N2 formation is noticeably less than that of the
intermediates from HCN and NHs, which agrees with other experimental findings
that nitrogen species dominate the NOx removal behaviours by coal pyrolysis gas
[5, 7].
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Chapter 5 Assisted Pyridine Combustion
5.1 Pyridine Combustion Assisted by Electric Field

5.1.1 Simulation Details

Table 5.1 displays the initial parameters of the investigated systems. Every
system contains 80 pyridine molecules, and the density of each system stays at
0.3 g/cm?3. The following global reaction is used to calculate the equivalency ratio
(A) of pyridine oxidation:

CsHsN+6.7502 — 5CO2+NO+2.5H20 (5.1)

System 1 simulates the pyridine combustion process under stoichiometric
conditions (A =1). Electric strengths ranging from 1 to 7.5 V/nm are applied in +X
direction to investigate the effects of EF on pyridine combustion in systems 2-5,.

Figure 5.1 displays the specifics of the system setups.
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Figure 5.1 Simulated systems for pyridine combustion under different E values.
(a) pyridine combustion system, (b) pyridine molecules, (c) oxygen molecules. H,

C, N and O are represented in white, grey, blue and red, respectively.
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Table 5.1 Case set-ups.

System  Number of CsHsN Number of O EN- Density Box size
molecules molecules nm-" (g/cm?3) (nm)
1 80 540 0 0.3 5.07
2 80 540 1 0.3 5.07
3 80 540 25 0.3 5.07
4 80 540 5 0.3 5.07
5 80 540 7.5 0.3 5.07

The cutoff and time step were set at 0.3 and 0.1 fs, respectively. First, at a
temperature of 500 K for 100 ps, each system performed energy minimization
and system equilibration. The system temperatures were then increased to 2600
K with heating rate of 100 K/ps. The system temperatures were then maintained
constant after that. The simulation lasted for a total of 1000 ps. All data was

logged every 100 fs.

5.1.2 Results

5.1.2.1 Time Evolution of Species Number and Reactants

The impacts of EF on consumption rates of reactants during oxidation are
investigated using the temporal evolutions of CsHsN and O2 with E ranging from
0 to 7.5 V/nm. Figures 5.2a and 5.2b shows that EF slows the consumption of
CsHsN and O2 at E = 0 to 2.5 V/nm, however, speeds up consumption rates
between 2.5 to 7.5 V/nm. The species number in simulated systems with varied
E values over 1000 ps is shown in Figures 5.2c and 5.2d. Overall, the number of
species initially rises quickly to its highest value and then consistently declines
after that. Additionally, when EF strength grows, more species can be generated
during pyridine combustion. According to the aforementioned results, the
application of EF changes the consumption rates of reactants and the number of
species during pyridine combustion, which is consistent with earlier research [153,
199].
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Figure 5.2 Time evolution of species number and reactants. (a) CsHsN; (b) Oz;
(c) the number of species (E = 0-2.5 V/nm); (d) the number of species (E =
0&5&7.5 V/nm).

5.1.2.2 Influence of Electric Field on Nitrogenous Products (NO, NO: and N;)

The influence of the EF on the production of important nitrogenous
compounds is depicted in Figure 5.3. When the E value is between 0 and 7.5
V/nm, the yield of NO exhibits a decreasing trend with increasing EF strength.
However, EF always has a negligible impact on the production of NO2 and N2
during pyridine combustion. The pattern of NOx (the total of NO and NO2)
fluctuations under varying EF strengths, which is also similar to that of NO since

NO outweighs NO2 in magnitude.
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Figure 5.3 Influence of EF on the numbers of main nitrogenous products. (a)
NO and NOz; (b) NOx (NO + NO2) and No.

Transfer pathways of the key nitrogenous intermediates with and without the
application of EF were examined in order to explore how the EF alters the
formation of important products. In most cases, oxygenation of pyridine
molecules begins with the formation of oxygen-containing intermediates (CsHsNO,
CsH4NO2, CsH4aNO, and CsHsNO:2). The chain species that result from those
intermediates then open rings. The chain then breaks down into HCN, CN, CNO,
and HNO, which undergo a series of reactions to transform into the primary
products that contain nitrogen. The results on the pyridine oxidation reaction
mechanisms are in good accord with earlier studies [193]. This thesis focuses on
the chemical channels leading from CN, HCN, HNO, and CNO to important
nitrogenous products (NO, NO2 and N2).

C2N202 is a key intermediate for the production of N2, which is produced by
reaction R5.1 (CNO + CNO — C2N20z2), as illustrated in Figure 5.4. When E
values are from 0 to 5 V/nm, N2 is generated by reactions R5.2 (C2N202 — CN20
+ CO), R5.3 (CN20 — N2 + CO), and R5.4 (C2N202 — N2 + 2CO). However, N2
is produced by the pathways C2N202 — C2HN203 — N2 and CN202 — CHN20s
— CHN202 — N2 when the E value is 7.5 V/Inm. The oxidation of pyridine leads
to NO formation through five channels. Specially, NO is produced via the thermal
breakdown of CHNO3, CNO:2 as well as by the oxidation of HNO and CNO3 with
OH, O2 and HOzin all cases. NO is formed by the channel CNO2 — CNO4 — NO
at E=2.5and E = 7.5 V/nm. The production of HNO2, HNO3, NO2, and CN20:2
consumes NO molecules in all cases. In all circumstances, NOz2 is formed by the
channels NO — NO2, NO — HNO3 — NO2 and NO — HNO2 — NOz2 in all cases.

The pathway for NO2 consumption is through NO2 — CNOs. CNO/HCN —
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CHNO2 — CNOzis found at E=5 & 7.5 V/nm cases.
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Figure 5.4 Influence of EF on channels of key nitrogenous species. The
beginning intermediates are in blue boxes. The numerical values represent EF

strengths.

The net flex (NF) values of important channels is listed in Table 5.2 to further
show the contributions made by each channel to the formation of NO2, NO and
N2. Overall, when the EF strength increases, the changes of net NF and yields of
the three key products (N2, NO2 and NO) coincide, demonstrating the reliability of
the NF analysis in a thorough understanding of chemical processes.

In detail, during pyridine combustion, an increase in EF strength prevents
NO formation while benefiting NO consumption. Among them, EF has a negligible
impact on the conversion from CNOs and CNO2 to NO. The conversion from
CNO2 to NO through R5.5 (CNO2 — CO + NO), however, is weaken with E values,
which explains the variations in total NO production under different circumstances.
Regarding the consumption of NO, EF enhances the conversion of NO to CN20:2
and HNOg2, but has insignificant effect on the channels NO — NO2 and NO —
HNOs. Therefore, NO — CN202 via R5.6 (NO + CNO — CN202) and NO — HNO:2
through R5.7 (NO + OH — HNO2) is main pathway that promotes NO
consumption with rising EF strength.

Over the range of E = 0-7.5 V/nm, EF has approximately the same effects

on NO2 consumption and formation. When the EF strength is between 0 and 1
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V/nm, the production and consumption of NO2 rise as the EF strength increases,
but when E is over 1 V/nm, the conversion decreases with E value increasing.
These findings suggest that both NO2 formation and consumption together
account for the insignificant impact of EF on net formation of NO2. As E rises,
R5.8 (HNO3s — OH + NOz2) and R5.9 (OH + HNO3 — NO2 + H202) that produce
NO2 from HNOs are supressed. The rise in EF intensities improves the conversion
of HNOz2 to NO2 with E ranging from 0 to 1 V/nm. On the other hand, when E is
between 1 and 7.5 V/nm, the generation of NOz2 is slightly inhibited by increasing
EF strength. Therefore, as EF strength increases, HNOs and HNO2 both
contribute to NO2 formation. The total NF of N2 formation nearly stays constant
throughout a range of EF strengths, despite the EF switching the channels of N2
generation from CN20 (R5.3) and C2N202 (R5.4) to CHN202 via R5.10 (CHN202
— N2 + CHO2) and C2HN20s3 via R5.11 (C2HN203 — N2 + CHO2 + CO).
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Table 5.2 Net flux (NF) of channels related to NO2, NO and N2 with E = 0-7.5
V/nm.

Pathways 0 1 2.5 5 7.5
CNO2 — NO 90 86 55 56 33
HNO — NO 13 7 13 7 -1
CHNO3z — NO 14 5 9 22 18
CNO3 — NO 12 12 5 8 10
CNO4s — NO 0 0 11 0 2
Total NO generation 129 110 93 93 62
NO — CN202 8 6 13 14 19
NO — NO- 3 4 4 9 -5
NO — HNO3 17 7 8 2 13
NO — HNOz 2 23 14 33 32
NO consumption 30 40 39 58 59
Net NO generation 99 70 54 35 3
NO — NO: 3 4 4 9 -5
HNO3; — NO2 13 5 2 -3 2
HNO2 — NO2 1 17 5 13 12
Total NO2 generation 17 26 11 19 9
NO2> — CNO3 7 11 4 2 1
Net NO2 generation 10 15 7 17 8
CN20 — N2 5 10 8 7 0
C2N202 — N2 7 8 8 3 0
CHN202 — N> 0 0 0 0 7
C2HN203 — N2 0 0 0 0 6
Total N2 generation 12 18 16 10 13

5.1.2.3 Influence of Electric Field on Nitrogen-free Products (CO and CO3)

The numbers of CO2, CO and unburned carbon (CxHyNzOn) at various EF
values are compared in Figures 5.5a—5.5¢c. When E values are from 0 to 7.5 V/nm
cases, CO production is limited as the EF strength rises. However, when the EF
rises, the amount of COz initially remains the same between E = 0 and 2.5 V/nm
while exhibiting an increased trend between E =2.5 and 7.5 V/nm. The production
of unburned carbon (CxHyNzOn) is also enhanced by a rise in EF. The CO and
CO2 reaction processes at various E values during pyridine combustion were

investigated to show how the EF impacts the numbers of CO and COo..
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Figure 5.5 Influence of EF on key nitrogen-free products. (a) CO; (b) COz; (c)
unburn carbons (CxHyNzOn); (d) percentages of CO and CO:2 formed by
decomposition of oxygen-containing species.

The formation of CO and CO:2 occurred in two phases during the burning of
pyridine. Pyridine molecules are first oxidized to produce intermediates that
contain oxygen atoms, and then ring-opening processes create chain species.
Through the reactions R5.12 (CxHyNzOn — Cx-1HyNzOn2 + CO2) and R5.13
(CxHyNzOn — Cx-1HyNzOn-1 + CO), those chained intermediates are thermally
decomposed to produce CO and COa. Figure 5.5d shows that in the conditions
of E=1&2.5V/nm, EF only marginally suppresses the formation of CO2 resulting
from the pyrolysis of oxygen-containing species. The rise in E values, however,
dramatically improves R5.12 when the EF strength value exceeds 2.5. Following
that, CO is converted to COz2, which results in the generation of CO2. Table 5.3
lists the NF of channels linked with CO2 and CO under various EF strengths.

CO is consumed through pathway CO — CO2/CO3/CHO2/CHOs3. R5.14-
R5.22 are key reactions via which EF presents substantial inhibitory effects on
the generation of COz2, COs, and CHO2 from CO.
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HO2 + CO— OH + CO2 (R5.14)
02+ CO — O + CO2 (R5.15)
NO2z + CO — NO + CO2 (R5.16)
Oz + HO + CO — HO2 + CO2 (R5.17)
0 +CO — CO2 (R5.18)
HO + CO — H + CO2 (R5.19)
02 + CO — CO3 (R5.20)
HO + CO — CHO> (R5.21)
H202 + CO — OH + CHO> (R5.22)

Additionally, variations in EF strength have an insignificant impact on the NF
of conversion from CO to CHOs through R5.23 (CO + HO2 — CHOs). With
increasing EF intensities, the total NO consumption presents a declining trend.
As previously indicated, EF benefits the generation of unburned carbon in all
conditions and reduces the CO2 produced by the pyrolysis of oxygen-containing
species with E =5 & 7.5 V/nm. Therefore, CO formation during pyridine oxidation
is mostly inhibited, which accounts for the drop in CO number with increasing EF
intensities.

Table 5.3 also shows that the major precursors to CO2 formation are CO,
COs, CO4, CHO2, CHO3 and CHOs4. Specifically, under all conditions, EF
intensities enhance the conversion of CO to CO2 through R5.15-R5.19.
Additionally, the NF of conversion from COs to CO:2 presents a parabolic trend as
E values rise and reaches its maximal point at E = 1 V/nm mainly through R5.23
(CO3 — O + CO2). The EF enhances the pathway CHO2 — CO2 when E is
between 0 and 5 V/nm, while it reduces when E is between 5-7 V/nm. Under
various circumstances, the reaction R5.24 (CHO2 + O2 — COz2 + HOy) is vital for
the pathway CHO2 — CO:a. As a result of R5.25 (CHO3 — CO2 + HO) and R5.26
(CO4 — CO2 + O2), high EF also enhances the production of CO2 from CHO3 and
COs4. When the EF intensity is more than 1 V/nm, the NF of the conversion from
CHO4 to CO2through R5.27 (CHO4 — CO2 + HO2) first increases with E ranging
from 0 to 1 V/nm, and then drops. Overall, the NF of CO2 generation is slightly
increased between E = 0 and 2.5 V/nm, while it falls between 2.5 and 7.5 V/nm.
While CO:2 is produced via the pyrolysis of oxygen-containing species in
circumstances where E = 1-2.5 V/nm, the encouraging effect of EF on CO:2
formation leads the nearly constant CO:2 production. The reaction R5.12 plays a

dominant position on COz2 production when E is greater than 2.5 V/nm, leading to
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an increase in COz2 yield.

Table 5.3 Net flux (NF) of channels linked with CO and CO2 with E = 0-7.5 V/nm.

Pathways 0 1 2.5 5 7.5
CO — CO2 171 159 142 69 26
CO — CO3 259 258 236 213 205
CO — CHO, 126 84 84 47 26
CO — CHO3 21 21 30 10 10
Total CO consumption 577 522 492 339 267
CO — CO2 171 159 142 69 26
CO3; — CO2 163 182 165 138 125
CHO2 — CO2 101 115 127 147 97
CHO3; — CO2 65 66 85 80 116
CHO4 — CO2 10 0 16 26 27
CO4 — CO2 0 0 0 7 20
Total CO2 consumption 510 522 535 467 411

5.1.3 Discussion

ReaxFF MD is used to provide insight on the impacts of EF on pyridine
combustion. Results show that EF contributes positively to the regulation of CO
and NO emissions generation during pyridine combustion. In addition, the
modifications of the principal products (COz2, CO, NOz2, NO, and N2) are explained
at the atomic level.

By directing charge carriers to move in particular directions during fuel
combustion, the EF can change the interactions between charged species [33].
Additionally, the reactivity of the mixture is increased by the collision of
accelerating species with neutral molecules. In this way, EF modifies the fuels’
combustion processes.

Additionally, the effectiveness of EF in reducing pollutants at various EF
strengths is compared. The data above indicates that in the E = 7.5 V/nm case,
where the numbers of CO, NO and NOx are lowered by 90%, 61% and 48%
respectively, the inhibitory impact of EF on emissions is excellent. The unburned
hydrocarbons are additionally encouraged by an increase in EF strength, which
lowers combustion efficiency and increases ash formation. As a result, different
emission criteria may be met by altering the EF's intensities.

Due to the temporal difference between simulation and experimental
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timescales, EF strengths in ReaxFF MD are often several magnitudes higher than
those in experiments, which is also corroborated by previous research [200-202].
Because of the expensive computational costs, ReaxFF MD frequently speeds
up simulations by using higher temperatures than in experiments, which has been
verified to replicate the response processes shown in experiments [94, 154, 183].
This strategy greatly speeds up particle random motion compared to
experimentation. As a result, stronger EF intensities are needed to alter particle

motion and product yields in MD simulations.
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5.2 Pyridine Oxidation with Ozone Addition

5.2.1 Simulation Details

Seven simulated systems are constructed with the number of Oz addition
changing from 0 to 240 in order to study the effects of Oz addition on pyridine
combustion. The density of all systems is 0.3 g/cm?®. The ratio of the number of
pyridine, n(CsHsN), to the number of ozone, n(O3s), is defined as B to aid in
analysis. In all systems, the numbers of O2 and CsHsN are 540 and 80,
respectively. The setup details of each system are listed in Table 5.4. Figure 5.6

shows an initial configuration of CsHsN/O2/O3 system.

'S

@

Figure 5.6 Initial configuration of CsHsN/O2/O3 system. Red: O2. Yellow: Os. Light

grey: H atom. Dark grey: C atom. Blue: N atom.
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Table 5.4 Information of modelling systems.

NO. Number of molecules B Box length (nm)
1 80C5H5N/54002/003 0 5.07
2 80C5H5N/54002/4003 0.5 5.21
3 80CsH5N/54002/8003 1 5.34
4 80CsH5N/54002/12003 1.5 5.46
5 80CsH5N/54002/16003 2 5.57
6 80CsH5N/54002/20003 25 5.69
7 80CsH5N/54002/24003 3 5.79

The bond order cutoff and timestep are 0.3 and 0.1 fs, respectively. Each
system goes through equilibration and energy minimization at 500 K for 100 ps
before the reactive simulations to optimise the initial configuration. The reactive
temperature is then raised to 2600 K (heating rate: 100 K/ps) and maintained at

that level. For each simulation, the simulated time is 1000 ps.

5.2.2 Results

5.2.2.1 Time Evolution of Reactants

Figure 5.7 presents the temporal evolution of the key reactants in 8 = 0-3.
Figures 5.7a and 5.7b show that the consumption rates of CsHsN rise as the
amount of Os addition increases, demonstrating that Oz has the abilities to
accelerate fuel combustion. As shown in Figure 5.7c, in the ozone-free condition,
the number of O2 lowers all the time; in the ozone situations, the amount of O2
firstly reaches a maximum value and then decreases. The peak quantity of O2
increases as values increase. Figure 5.7d indicates that the first 100 ps are totally
utilised by Os molecules. Figures 5.7c and 5.7d imply that Os-related processes
may explain the first rise in O2 quantity. More specifics of Os reaction pathways

are required to substantiate such a conclusion, as presented in the next section.
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Figure 5.7 Time evolution of main reactants. (a) CsHsN (8 = 0-1.5); (b) CsHsN (8
= 0&2-3); (c) Oz; (d) Os.

5.2.2.2 Reaction Mechanisms of O; and O3

This section investigates the reaction processes of O3 and O2 to further
explain the impacts of ozone on the reaction rates of the primary reactants.
Through R5.28 and R5.29, Oz reacts with species to form HO2 and oxygen-
containing intermediates.

CxHyOzNn + O2 — CxHyOz+2Nn (R5.28)

CxHyOzNn + O2 — CxHy-10zNn + HO2 (R5.29)

The oxygen-containing intermediates decompose by dissociation of O and
OH:

CxHyOzNn — CxHyOz1Nn + O (R5.30)

CxHyOzNn — CxHy-10z-1Nn + OH (R5.31)

O:2 reacts with H and OH generating HO2 and HO3 via R5.32 and R5.33,

respectively.
O2+ H — HO2 (R5.32)
O2+ OH — HOs3 (R5.33)

As indicated in R5.34 and R5.35, H202 is generated through HO2 reacts with
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H20 and HOz2, respectively.

HO2 + H20 — H202 + OH (R5.34)

HO2 + HO2 — H202 + O2 (R5.35)

Aside from R5.36 and R5.34, the reaction of H20 and O, as well as the
breakdown of H202, both bringing active OH radicals.

H20 + O —- HO + HO (R5.36)

H202 — HO + HO (R5.37)

The active species (OH, HO2, HOs, and H202) formed by Oz eventually
engage in reactions that produce important products such as NO, NOz, N2, CO
and COz2. The Os related processes in pyridine combustion with ozone addition
are divided into three categories: heat degradation, reactions with hydrocarbons,
and reactions with other main radicals [13]. O2 and O are released during the
thermal breakdown of ozone through R5.38:

O3 — 02+ O [13] (R5.38)

O2 and oxygen-containing intermediates are generated from the reactions of
ozone with hydrocarbons via R5.39:

CxHyOzNn + O3 — CxHyOz+1Nn + O2 (R5.39)

Ozone concentrations are related to the reactions of Os and intermediates.

The reactions between Oz and OH to generating HO2 are through R5.40-R5.42.

HO2 + O3 — O2 + O2 + OH [13] (R5.40)
OH + O3 — O2 + HO2 [13] (R5.41)
HO2 + O3 — O2 + HO3 (R5.42)

In conditions where 8 = 1.5-3, O3 combines with O to produce O2 through
R5.43. When S is greater than 2, Os molecules take part in reactions with H and
Os via R5.44 and R5.45.

O3+ 0 — 02+ 02[13] (R5.43)
O3 +H — O2+ HO [13] (R5.44)
O03+03—>02+02+02 (R5.45)

To sum up, O3 has abilities to enhance the oxidation of reactants directly.
Furthermore, O3 could aid in the generation of OH, HO2, HO3, O2 and H202, which
explains the growing profiles of O2 in ozone-addition cases (Figure 5.7c) and the
highest yields of OH, HO2, HOs, and H202 with (Figure 5.8). Furthermore, as
demonstrated in Figures 5.7a and 5.7b, a rise in active radicals promotes fuel

combustion, leading to quicker consumption rates of pyridine molecules.
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Figure 5.8 Maximum number of HO3, H202, HO2 and HO.

5.2.2.3 Impacts of O3 on the Production of Main Products

Figures 5.9a and 5.9b show that the number of CO drops with rising 8, but
that increasing ozone increases CO2 generation during pyridine combustion
when 8 changes from 0 to 1.5. The variations in CO and CO:2 production with are
not noticeable when B is larger than 1.5. Figures 5.9c and 5.9d indicate that the
yields of NO and NO:2 follow the same pattern as CO and CO2. According to
Figure 5.9f, when g is larger than 0.5, the number of N2 falls with the increase of
O3 molecules in system. It is clear from Figure 5.9e that NOx has the opposite
tendency as N2. The effect of ozone on NOx and CO production is consistent with
earlier research [46, 47].

The impacts of ozone addition on product yields are examined subsequently.
The channels of nitrogen-free and nitrogen-containing products are identified in
Sections 5.2.2.4 and 5.2.2.5, respectively, further determining the impacts of

ozone on the generation of main products during pyridine combustion.
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Figure 5.9 Influence of O3z on the numbers of key products. (a) COz; (b) CO; (c)
NO; (d) NOz; (e) N2; (f) NOx.

5.2.2.4 Reaction Pathways of CO and CO.

During the pyridine oxidation process, nitrogen-containing compounds are
produced in two stages. As illustrated in R5.46 and R5.47, the first generation of
CO and CO:z2 is due to the thermal breakdown of oxygen-containing precursors.
The CO will then be transformed to COz2 via reactions with active species (HOz2,
HOs3, O2, O3 and H202).

CxHyOzNn — Cx-1HyOz1Nn + CO (R5.46)
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CxHyOzNn — Cx-1HyOz2Nn + CO2 (R5.47)

It is clear from Figure 5.10 that the impacts of ozone on the ratios of R5.46
and R5.47 are insignificant, which are 63% and 37%, respectively. The results
show that the rise in CO2 generation with O3 additives is due to the promotion
influence on the conversion from CO to CO2 during pyridine oxidation. Table 5.5
depicts the NF of the key pathways associated in CO2 conversion. The findings
indicate that ozone greatly promotes the CO consumption and CO2 formation
when B is less than 1.5, but the yields of CO and CO:2 nearly remain constant

when B = 1.5-3, which agrees well with the ozone impact on CO and COg yields

in Figure 5.9.
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Figure 5.10 Proportion of CO and CO:2 formed from oxygen-containing species

pyrolysis.

The conversion from CO to CHO2, CHO3, CHO4 CO2, CO3 and COs4 are the
six pathways for CO consumption. It is clear from Table 1 that the NF of CO —
COsincreases as B rises. Whereas, ozone has no effect on the conversion of CO
to CHOs. As illustrated in Table 5.6, R5.48 and R5.49 are the reactions that
generate CO3 and CHOs from CO, respectively.

The pathways CO — CHO2 and CO — CO:2 present similar tendencies,
peaking at B8 = 0.5 and 1.5, respectively, and subsequently decreasing with
increasing ozone addition in the pyridine oxidation. The conversion from CO to
CHOz is through R5.50 to R5.52. The reaction between CO and OH occupies a
dominant position in the generation of CHO2. The CO2 generation from CO
through six different pathways, as shown in R5.53 to R5.58.
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CO:2 formation from reaction between CO with H202 is observed in 8 = 0&3
cases (R5.59). In all ozone-containing conditions, CO will combine with O3z to
produce COz2 (R5.60).

Furthermore, ozone stimulates the reactions R5.56, R5.58, and R5.60, as
well as the channel CO — CO2 when B ranges from 0 to 1.5. R5.53, R5.54, and
R5.58 are inhibited with B over 1.5, leading in a decrease in CO2 conversion.
Furthermore, at 8 = 3, CO molecules are transformed to CHO4 and CO4 via R5.61
and R5.62.

Mutual transformation channels for important intermediates formed by R5.48
to R5.62 (such as the conversions from CHO2 to CHO4 and COs to CHO3) are
discovered. The transfer channels of CO2 production are the primary emphasis
of this section. Table 9.2 illustrates the NF of CO2 generation pathways through
CHO2, CHO3, CHO4, CO, CO3 and CO4. Overall, ozone encourages the pathways
CO — CO2, CHO3 — CO2, and CHO4 — COz2. The NF of the conversion from
CHOz2 to CO2 peaks at B = 0.5 and gradually drops as B climbs to 3. The NF of
the conversion from CO4 to COz2 is zero when B = 0-1.5, whereas ozone increases
COz2 production when is more than 1.5.

According to R5.63 through R5.68, COz2 is formed via thermal breakdown of
COs3 and interactions of CO3 with H20, O2, OH, HO2 and CO. R5.63 to R5.66 are
found in all conditions. R5.67 occurs in 8 = 0-1.5, 2 and 2.5 conditions, while
R5.53 occurs in cases with 8 ranging from 1 to 3. Furthermore, the rise in NF of
pathway COs — CO2 with increasing B is attributed to ozone molecules
enhancing R5.63. The pathway CHO2 — COz is through reactions R5.69 to R5.73.

R5.69 to R5.71 occur in all conditions. R5.72 occurs with =0 & 1-2. R5.73
occurs when 8=0.5, 1, 2.5, and 3. The major reaction from CHO2 to CO2 is R5.69.
R5.74 and R5.75 are used to convert CHO3 to CO2, and R5.60 occurs exclusively
inthe B=1, 2, and 3 situations. Increasing ozone addition enhances R5.75, which
is the primary cause of the enhancement of the pathway CHO3 — CO2. The
conversion from CHO4 — CO2 and CO4 — CO2 are depicted in R5.76 and R5.77,

respectively.
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Table 5.5 Net flux (NF) of key channels related to conversion from CO to COa.

Pathways 0 0.5 1 1.5 2 25 3
CO — CO2 171 164 165 181 178 151 155
CO — CO3 259 273 280 283 312 323 310
CO — CHO2 126 147 143 133 121 121 125
CO — CHO3 21 24 23 26 24 23 26
CO — CHOq4 0 0 0 0 0 0 7
CO — COq4 0 0 0 0 0 0 4
Total CO consumption 577 608 611 623 635 618 627
CO — CO2 171 164 165 181 178 151 155
CO3 — CO2 163 223 215 232 232 259 232
CHO2 — CO2 101 155 106 138 123 118 124
CHO3; — CO2 65 70 64 76 76 71 75
CHO4 — CO2 10 12 28 11 19 38 27
COs — CO2 0 5 2 1 9 15 30
Total CO2 generation 510 629 580 639 637 652 643

Table 5.6 List of reactions linked with CO2 generation.

ID Reactions ID Reactions

R5.48 CO + 02— CO3 R5.63 CO3— CO2+0O

R5.49 CO + HO2; — CHOs R5.64 CO3+ H,O — CO2 +HO + HO
R5.50 CO + OH — CHO: R5.65 CO3+ OH — CO2 + HO2
R5.51 CO + H02 — CHO2 + HO R5.66 CO3+ Oz — CO2 + O3

R5.52 CO + HO3 — Oz + CHO- R5.67 CO3+ CO— CO2 + CO2
R5.53 CO + HO>— CO. + HO R5.68 CO3+ HO, — CO2 + Oz + HO
R554 CO+0,—CO2+0 R5.69 CHO, + O, — CO2 + HO-
R5.55 CO +NO; — CO2+NO R5.70 CHO, - COz+H

R5.56 CO + 02+ HO — CO, + HO; R5.71 CHO; + HO — H>0 + CO;
R5.57 CO+ 0 — CO2 R5.72 CHO2 + H202 — H20 + CO2 + HO
R5.58 CO+OH - CO2+H R5.73 0Oz + CHO, - CO2+HO +0O
R5.59 CO + H202 — H20 + CO2 R5.74 CHOs; — CO2 + HO

R5.60 CO+ 03— CO2+ 0 R5.75 CHOs3;+ O, — CO2 + HO3
R5.61 CO + O+ HO — CHO4 R5.76 CHO4 — CO2 + HO>

R5.62 CO + O3 — COq4 R5.77 CO4— CO2 + O3

5.2.2.5 Reaction pathways of NO, NO; and N:

Figure 9.6 depicts the NO and NO: transfer mechanisms at various

concentrations.

HNO, CNO, and CHNOsz and CNO2
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intermediates for NOx production during pyridine combustion. Further information
on the processes of pyridine combustion can refer to previous works [193, 203].
The channels CNO3s — NO, CNO2 — NO, HNO — NO and CHNO3s — NO occur
in all situations during NO production, and NOs NO is detected in the 8 = 0.5-2
and 3 conditions. NO is consumed forming HNO3, NO2, HNO2 and CN202. The
conversion from NO to CN202 exists only when B ranges from 0 to 2.5.
Furthermore, HNO2 and HNOs are key species in the production of NO2. When
the range of B is between 0.5 and 3, the pathways CNO2 — CNO4 — NO2 and
HNOs4 — NO:2 are identified, and HNO4 is mostly derived from the conversion of
NOs, HNO2 and HNOs. In terms of NO2 consumption, NO2 — NOs and NO2 —
CNOs occur when 8 = 0.5-1.5&2.5-3 and 0-1&2&3, respectively.
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Figure 5.11 Influence of ozone on the channels of NO and NO2. The starting

species are in yellow boxes. The numerical values represent S values.

To further understand the effects of ozone on the generation of NO and NOz,
the NF values linked with NO and NO2 were carried out, as illustrated in Table
5.7. The NF of NO net generation shows a declining trend, which is consistent
with the number of NO at various O3 additions. Furthermore, rising 8 promotes
NO creation marginally, whereas O3 dramatically increases NO consumption. As
a result, it can be deduced that the effects of O3 on NO consumption occupy an
important position in the yield of NO in products. Furthermore, pathways NO —
NO2 and NO — HNO:z rise with 8 values. The NF of NO — HNOs3 drops firstly until
it reaches its lowest value in the 8 = 1.5 case, then increases as S is higher than

1.5. Regarding the conversion from NO to CN202, its NF almost keeps constant
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with B8 = 0-1, but drops when S is greater than 1.

The conversion between NO and NO: is presented in Table 5.8 as R5.78 to
R5.85. In ozone addition situations, R5.78, R5.79, R5.81, and R5.82 are detected.
R5.80 occurs in B = 0-2.5 of the instances. R5.83 occurs with of 1 and 3. In B =
0.5-3 occurrences, R5.84 is observed. R5.85 occurs exclusively in the 8 =2 case.
When g varies from 0-1.5, R5.78, R5.79, and R5.81 all play vital roles in NO yield.
Ozone, in particular, stimulates the pathway NO — NOz2 via R5.79 and R5.81, but
inhibits the conversion from NO2 to NO via R5.78, explaining the rise in NO
consumption via NO — NO2 with B less than 1.5. When S is greater than 1.5, Os
presents insignificant impact on R5.78, R5.79, and R5.81, but it enhances the
total production of NO»2.

Pathways NO — CN202 and NO — HNOg3 are via reactions R5.86 and R5.87,
respectively. The channel from NO to HNO:2 is by R5.88 to R5.91. R5.88 and
R5.89 have been observed in all conditions. R5.90 is found in 8 = 0.5 and 2-3
conditions. R5.91 may be found in 8 = 0.5&1&2-3 conditions. Furthermore, NO +
HO — HNO2 (R5.89) plays important role in the pathway NO — HNO:z.

In terms of NO2 generation and consumption, the NF of NO2 net generation
is consistent with NOz2 yield under varied ozone circumstances. Furthermore, the
NF of NO2 consumption almost keeps constant, therefore the amount of NO: is
governed by NO2 formation. Furthermore, ozone increases NO2 production from
HNO4 and NO. The NF of the conversion from HNOs to NO:2 is decreasing with 8
= 0-1, however this pathway is promoted by ozone when g is greater than 1.
Regarding NO2 formation from HNO2 and CNOz2, the NF of them rises to a peak
at B = 1.5 and subsequently falls. The results show that ozone's enhancement
influence on NOz2 production from HNO2, NO, HNO4 and CNO4 produce a rise in
NOz2 quantity with 8 = 0-1.5. Furthermore, when  is increased from 1.5 to 3, the
suppression of NO2 generation from CNO4 and HNOz2 leads to the yields of NO2
remaining essentially constant.

The NO2 production from CNO4, HNO3s and HNO4 are through R5.92 to
R5.94. The pathway HNO2 — NO:2 are through reactions R5.95 to R5.97, the
reaction between HNO2 and O2 (R5.96) is the primary source of NO2 generation.

In terms of N2 generation, C2N20:2 is the primary precursor produced by
R5.98. C2N202 — N2 (R5.99) and C2N202 — CN20 — N2 (R5.100 to R5.101) are
two channels forming N2. The addition of ozone during pyridine burning hinders

the conversion of C2N202 and CN20 to N2, resulting in a reduction in N2
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production as the value of B8 increases.

Table 5.7 Net flux (NF) of key channels related to NO, NO2 and No.

Pathways 0 0.5 1 1.5 2 25 3
CNO2 — NO 90 101 113 112 117 96 127
HNO — NO 13 18 12 6 11 11 25
CHNO3z — NO 14 6 1 9 2 9

CNO3 — NO 12 6 12 9 6 5

NOsz — NO 0 5 1 1 9 0 -2
NO generation 129 136 149 137 145 121 161
NO — CN20- 8 7 9 2 1 4 0
NO — NO: 3 10 38 18 27 22 33
NO — HNO3 17 16 7 8 5 17 24
NO — HNO; 2 -2 32 51 24 53 32
NO consumption 30 31 86 79 57 96 89
Net NO generation 99 105 63 58 88 25 72
HNO3; — NO2 13 10 1 14 6 11 24
HNO2 — NO2 1 12 17 44 18 26 25
CNO4 — NO2 0 9 13 6 10 12

HNOs — NO2 0 1 2 -5 8 2

NO:2 generation 17 42 71 77 69 73 98
NO2 — CNO3 7 8 10 0 5 0 10
NO2 — NO3 0 4 -2 -1 0 7 -1
NO2 consumption 7 12 8 -1 5 9
Net NO2 generation 10 30 63 78 64 66 89
CN20 — N2 5 11 7 0 5 0
C2N202 — N> 7 7 0 0
N20O — N> 0 0 0 2
N2 formation 12 16 14 10 7 5 2
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Table 5.8 List of reactions linked with NO, NO2 and Na.

ID Reactions ID Reactions

R5.78 CO +NO2 — CO2+ NO R5.90 HNO2+HO2, — H20 + 02+ NO
R5.79 HO2+ NO — HO + NO: R5.91 0O2+HNO2; — HOs; + NO

R5.80 H202+NO — H20 + NO: R5.92 HNOs; — HO + NO:

R5.81 NO+0O — NO: R5.93 CNO4 — CO2+ NO;

R5.82 H+NO2 — NO +HO R5.94 HNO; — HO2 + NO2

R5.83 CO3z+NO — CO2+ NO2 R5.95 HNO;+HO — H.0 + NO;

R5.84 HO2+NOz; — O2+NO + HO R5.96 HNOz+ Oz — HO2 + NO;

R5.85 NO+ 03 — 02+ NO2 R5.97 HNO2 — H+ NO2
R5.86 NO + CNO — CN20: R5.98 CNO + CNO — C2N202
R5.87 NO + HO2 — HNO3 R5.99 C2N202 — N2+ 2CO
R5.88 H202+NO — HNO: + HO R5.100 C2N202 — CN20 + CO
R5.89 NO +HO — HNO: R5.101 CN20 — N2+ CO

5.2.3 Discussion

When ozone is introduced to pyridine combustion, it alters reactant
consumption rates and production yields by directly interacting with species and
promoting the formation of active intermediates such as H202, OHs, HO2 and HO.

According to the current study, ozone performs well in decreasing CO and
NO emissions with B8 = 0-1.5. The selective catalytic reduction (SCR) method,
which uses NHz to convert NO molecules to N2 with costly catalysts, can minimise
exhaust gas treatment operating expenses by lowering NO emissions. In the
meantime, ozone increases the proportion of NO2 in NOx pollutants during coal
combustion, which can be easily eliminated by water. Whereas ozone molecules
promote the oxidation of nitrogenous species instead of N2 formation, increasing
NOXx (total NO and NO2) pollutants, agreeing well with previous research [46, 47].
Therefore, in practice, ozone concentrations should be adequately engineered

during fuel combustion.
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Chapter 6 Conclusions and Future Work
6.1 Conclusions

In the present thesis, the underlying mechanisms of nitrogen element
migration during coal splitting and staging as well as assisted combustion were
investigated by ReaxFF MD simulations. Specifically, pyridine pyrolysis process
in both water and water-free environments was studied first. The influence of
varied water concentrations on pyridine pyrolysis processes was thoroughly
revealed. In addition, the processes of NO abatement by nitrogen-containing
species in pyrolysis gas (HCN and NHs) are investigated using ReaxFF
simulations under varying temperatures, oxygen (O2) content, nitrogen-
containing species content and nitrogen-free components (CH4, CO and H2)
addition, respectively. Finally, ReaxFF MD simulations are performed to explore
the impacts of electric field (EF) and ozone (O3) on pyridine oxidation. The main

conclusions are summarized as follows:

6.1.1 Effects of Water on Pyridine Pyrolysis

In the starting stages of pyridine pyrolysis, H20 molecules promote the
formation of active OH species and speed up pyridine reduction. Water has an
inhibiting effect on pyridine consumption as pyrolysis progresses because it
significantly slows down the condensation process of pyridine molecules.
Additionally, during pyridine pyrolysis, H20 molecules play an important role on
the overall species numbers, and intermediates are discovered and defined in
varying situations. H20 molecules also lower the polycondensation product's (Cs+)

N content.

6.1.2 Mechanisms of NO Removal by HCN and NHs

During NO abatement, HCN contributes in three different ways. The first way
involves the oxidation of HCN to NO via HCN — CN — CNO2 — NO. The second
process is N2 generation through HCN — CHNO — CNO — C2N202 — N2 and
HCN — CHNO — CNO — C2N202 — CN20 — N2, which have no contribution to
NO consumption or generation. Finally, the NO combines with radicals (N, CNO
and NH) from HCN to produce N2. Besides, part of NH3 molecules directly
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produce N2 without reacting with NO through NH3s/NH2 — N2H4 — N2H3 — N2H
— N2 and NH3/NH2 — N2H4 — N2H3 — N2H2 — N2. N2 can also be formed from
interactions between NO and nitrogenous species (like NH, NH2 and NH3). Also,
NHs is about 19.1% higher performance in NO removal than HCN, and it is less
influenced by temperatures. The increase of temperature improves NO reduction
performance under both HCN and NHas circumstances.

In the NO reduction with HCN cases, O2 shows negative influence on the NO
removal owing to the promotion of HCN oxidation forming NO molecules.
Although the NF of NO molecules consumption almost remains the same under
varying O2 concentrations, the intermediates of NO consumption change from
CN, HCN and CN2 to CNO with A increasing. O2 molecules promote the
generation of CNO radical significantly, which can react with NO or itself (CNO)
and generate N2 eventually. However, the number of N2 reaches maximum when
Ais 0.6 due to the inhibition on the N2 formation from HN20, N2H, CN3O and CNO
when A is greater than 0.6. Besides, the performance of NO removal and N2
formation is suppressed by O2 under NO reduction by NHs. That is because the
NO consumption by NH3 and NHz generating H2N20 or HN20 is weakened as O2
concentrations increase, which will be converted into N2 eventually. Moreover,
the increase of Oz decreases the N2 formation.

The increase of HCN/NO and NH3/NO ratios can promote NO removal
performance, but the reduction efficiency peaks at the R value of 1.6. Specifically,
the enhancement of NO removal is mainly by the promotion of the reactions of
NH radical and NO molecules, and forming N2 eventually. In addition, high R
values also promote N2 formation. Moreover, the ‘self-consumption’ of HCN for
N2 formation is enhanced with the rising HCN/NO ratios. Regarding NO
abatement with NHs, the increase of NH3 molecules improves the NO reduction
performance mainly by promoting the reaction of NO molecules with NH3z and
NH2 to generate H2N20, which will convert to N2 finally. Also, the ‘self-
consumption’ effect of NHs is promoted by high R values via the conversion from
N2H3 and N2Hz to N2, which is produced by the reactions between NH3, NH2 and
NH.

CHa4 benefits NO reduction in both HCN and NH3 cases. On the other hand,
the conversion from NO to N2 formation is inhibited in the NO abatement by HCN
and NHs with CH4 addition. The proportion of HCN/CN, NHi and CxNyO: is

promoted by CH4 molecules in both HCN and NH3 cases. The influence of CO
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addition on the number of NO in the HCN cases is insignificant, but CO slightly
promotes the number of NO in the NH3 cases. The yields of N2 decrease with CO
addition in both HCN and NHs cases. When NO is removed by HCN, the
percentage of HCN/CN increases slightly with CO addition. The numbers of
CxNyOz and NH; almost remain the same. For NO removal with NH3, CO addition
promotes the formation of CxNyOz and HCN/CN, but has insignificant influence
on NHi production. Hz2 molecules promote the NO consumption significantly and
N2 formation slightly in both HCN and NH3 cases. In NO removal by HCN cases,
the H2 addition also increases the percentages of HCN/CN and NHi, but the
CxNyO: content remains the same with H2/NO ratio changing from 0 to 1.5. The
NHi content shows an upward trend with Hz addition during NO reduction with
NHs.

6.1.3 Pyridine Assisted Combustion

With E ranging from 0 to 2.5 V/nm, EF reduces CsHsN and O2 consumption,
while it speeds up reaction rates when E ranges from 2.5 to 7.5 V/nm. Additionally,
when the EF intensities rise, more species can be produced during pyridine
combustion. Additionally, EF lowers the yields of NO and CO, but in all
circumstances has little effect on NO2 and N2. When the EF intensity is more than
2.5 V/nm, the number of COz2 rises, but it almost remains constant between E =
0 and 2.5 V/m.

The amount of CO decreases as the O3/CsHsN ratio rises, but as the ratio
rises from 0 to 1.5, more CO:2 is produced during the burning of pyridine. The
generation of CO and COz almost remains same when the O3/CsHsN ratio is more
than 1.5. Similar to CO and COz, respectively, the numbers of NO and NO2 exhibit
a similar pattern. When the O3/CsHsN ratio is larger than 0.5, the amount of N2
falls while the amount of Oz increases. Ozone encourages pyridine's overall NOx

emissions.

In summary, the current thesis offers new insight into underlying mechanisms
of pyridine pyrolysis, NO abatement by nitrogenous agents in pyrolysis gas (HCN
and NH3) and fuel-NOx emissions formation process assisted by EF and ozone
at atomic-level, which are important processes related to NOx regulations. That

may contribute to optimisation of operating conditions to achieve lower NOx

148



emissions during coal combustion and development of future high-performance
NOx reduction technologies. This research also proves that ReaxFF MD is a
valuable and promising approach to explore chemical mechanisms that is well

consistent with previous studies.

6.2 Future Work

In the current thesis, a series of important reactions related to NOx control
were revealed at atomic scales and pointed out key reaction pathways and
elementary reactions through ReaxFF MD simulations. In future work, the
following areas can be improved and extended:

A. It is beyond the capabilities of ReaxFF (or ‘regular ReaxFF’) MD to
describe sub-atomic phenomena like electron transport processes, calculate
potential profiles, determine transition states for elementary reactions and kinetic
parameters during pyrolysis, oxidation and reduction processes. To expand the
understanding of key reactions, it is anticipated that the results from current
conventional ReaxFF MD simulations will be further investigated via the hybrid
ReaxFF (recently developed eReaxFF [204, 205]), or QM approaches.

B. Due to the limitations of the current computational speed, the simulated
times and spatial scales are limited, which is significantly smaller than those in
experiments. Also, to study the complete chemical process, the strategy,
artificially increasing the parameters like temperature, pressure and EF strength
of the system, is adopted in ReaxFF MD simulations. Although it is a common
strategy, it still remains debatable. Further work can focus on the quantitative
analysis of the errors of the strategy and the improvement of the capability of
ReaxFF MD at large time and temporal scales using advanced computational
techniques.

C. By studying the important reactions related to NOx formation and
reduction in theory, a number of new ways of regulating fuel NOx emissions were
demonstrated during coal combustion in the current work. Suitable
experiments ,for instance coal assisted combustion as well as coal splitting and
staging process, can be carried out to put these methods into practice. The
combination of experimental and theoretical methodologies leads to a more
comprehensive understanding of important reaction mechanisms and the

discovery of new phenomena.
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D. To accelerate the study of the nitrogen mitigation process, the model was
simplified by choosing the main nitrogen-containing compound, pyridine, as the
representative in this thesis. However, there are other important components, like
functional groups and alkali metals in coal that may affect the NOx control
process. Thus, this area still needs further investigation.

E. The development of low-cost, highly efficient catalysts is another
promising way to control NOx emissions. Data-driven techniques have the
capability to reveal complete feature-property connections between materials
based on scientific data. Therefore, data-driven methods for material design
related to NOx reduction will be a promising way to develop more clean and

effective methods for NOx control.
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