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Abstract

Non-thermal plasma, as a potential nitric oxide (NO) removal technology, has been
researched for more than one decade. The advantage of direct non-thermal plasma treatment
is that it is able to generate reactive species from the existing components in the flue gas
without additional catalyst, oxidant or reductant, so any NO removal system based upon this
technology is simple and easy to operate. However, the energy efficiency of non-thermal
plasma technology is lower than the most commonly used selective catalytic reduction
system for NO removal. In order to understand the possible reasons, it is important to
investigate the mechanism of NO removal by direct non-thermal plasma treatment. Two of
the most commonly used non-thermal plasma sources, dielectric barrier discharge (DBD)
and corona discharge, are investigated. The most important reactive species include oxygen
atom (O), ozone (O3) and hydroxyl radical (OH). Different reactive species lead to different
chemical reaction pathways for NO removal. Under different NO concentration and
discharge configurations, the dominant reactive species was found to change from one to

another.

For dielectric barrier discharge, when the initial NO concentration was higher than 420 ppm
under dry condition, it was found that O was the dominant reactive species for NO oxidation
and NO oxidation was independent on O, concentration. When initial NO concentration was
lower than 100 ppm under dry condition, it was found that O; was the dominant reactive
species and NO oxidation was dependent on O, concentration. When NO concentration was
in the range of 120 ppm to 190 ppm, there was a synergistic effect of O and O; on NO
oxidation. NO removal depended on the initial NO concentration. However, no matter what
the initial NO concentration was, the NO removal energy efficiency was lower than
25g/kKWh.

When water vapour (H,O) was introduced into the gas mixture, reactive species OH was
generated and provided an alternative chemical reaction pathway for NO removal. When
initial NO concentration was 1000 ppm, NO removal was in the range of 150 ppm to 200
ppm, but the energy efficiency was in the range of 7 to 12 g/kWh. With an increase of
temperature in DBD reactor, the effect of OH on NO removal was promoted. To further
investigate the OH effect, a novel pin to water corona discharge configuration was used. The
effect of discharge modes from Trichel pulse, pulseless and arc discharge was investigated.

Under arc discharge mode, 200 ppm NO was generated at 6W discharge power. Under



Trichel and pulseless discharge modes, NO removal increased with increasing discharge
power. When initial NO concentration was 1000 ppm, the highest NO removal achieved was
715 ppm with 5.5 g/kWh energy efficiency. In addition, it was found that the energy
efficiency did not reduce with increasing discharge power.

In order to increase the possibility of chemical reaction between NO and reactive species,
higher initial NO concentration was used. To obtain higher NO concentration a process of
NO absorption by activated carbon and thermal desorption was used. This increased the NO
concentration from 1000 ppm up to 6%. It is found that at 6% level, NO could be partially
oxidized by oxygen molecule (O,) and higher O, concentration would obtain higher NO

oxidation rate.

Direct non-thermal plasma treatment can be used for NO removal but the energy efficiency
(less than 30g/kWh) is too low to compete with the mature technologies including selective
catalytic reduction (SCR) and low temperature oxidation (LoTOx) whose energy efficiencies
are higher than 60 g/kWh.

Although the energy efficiency is not improved in this research, the mechanism and
chemical reaction pathways of NO removal are quantitatively analysed under different initial
NO concentration levels by two different non-thermal plasma technologies (DBD and corona
discharge). The dominant reactive species for NO removal can shift from O, O; to OH.

In addition, a novel technology which is a combination of non-thermal plasma, NO
absorption and desorption processes is developed in this research. It offers a new mechanism
for NO removal, because increasing the concentration of NO from ppm level to a few
percentages creates a regime where NO removal can be effectively done by O, rather than
strong oxidants like O and Os. As the formation of O and O is more expensive than that of
0O,, this is a promising research direction for NO removal. However, based on the
investigation in this research, some challenges are found. One is the poor selection between
NO and H,O for activated carbon and the other one is high energy consumption for the

desorption process.
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Chapter 1 INTRODUCTION

Chapter 1 INTRODUCTION

1.1 Overview

Nitric oxide (NO) and nitrogen dioxide (NO,), commonly named as the combined term
nitrogen oxides (NOx), mainly come from the combustion of fossil fuels, especially coal and
diesel. Because 95% of NOx is NO [1], De-nitrification (DeNOX) processes are focused on
NO removal and it is the reason why this research is focused on NO removal. High

combustion temperature and oxygen rich conditions play important roles in forming NOx [2].
There are three main sources for NOx formation during burning fossil fuel [1].

Thermal NOx — The nitrogen component of thermal NOx comes from the air. During high
temperature combustion processes, oxygen molecules are dissociated into oxygen atoms
which can react with nitrogen molecules to form nitric oxide and nitrogen atom. The
resulting nitrogen atom is able to form nitric oxide by reacting with an oxygen molecule

according to the Zeldovich’s mechanism [3, 4], as shown in Equations (1-1) and (1-2).

0+N, > NO+N (1-1)
N+0, > NO+0 (1-2)

Fuel NOx — The nitrogen component comes from fossil fuel rather than from nitrogen in the
air. It is easier to form fuel NOx because of the presence of pre-ionised nitrogen species,
such as -CN, -HCN and -NH in fossil fuel. More than 80% of NO comes from fuel NOx in
coal combustion [5].

Prompt NOx — Nitrogen for prompt NOx comes from the air but relies on the species
generated in fossil fuel reactions. Nitrogen oxidation occurs alongside the processes in Fuel
NOX reactions, as some nitrogen reacts with hydrocarbon species from the fuel (like -C, -CH
or -CH,) to firstly form nitrogen species (-CN, -HCN and -NH) and then, following the

reaction paths of the fuel NOx process to generate NOX.

In general, the concentration of NOx in the flue gas of a coal-fired power plant is in the
range from 200 to 600 ppm depending on the source of coal, i.e. lignite, subbituminous or

bituminous. The flue gas components from coal-fired power plant are shown in Table 1-1.

Table 1-1 Components of flue gas and corresponding volume in flue gas [6]

N (6{0) O H O SO NOy
2 2 2 2

2

80.85% 9.5% 4.5% 5% 1100ppm  200-600ppm

where: 1%=10,000ppm.
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Even though the main output from combustion is NO, NO, is more stable than NO under
atmospheric or even lower temperature. Tropospheric NO, columns are used as an indicator
of where most NOx emissions come from in the world, see Figure 1-1. The locations with
high concentration NO, are predominantly in three areas, North America, Europe and
Southeast Asia (mostly China and Japan)[7].

SCIAMACHY tropospheric NO, columns 2009
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Figure 1-1 Satellite map of the global distribution of tropospheric NO, in 2009 [7]

NOx could bring many problems to people and the environment [8-10]. For example, high
concentration of NOXx in the environment can weaken lung function and cause some
respiratory symptoms. In the United Kingdom (UK), legislation limits the concentration of
NO; in the air to less than 40 pug/m?[11] Chauhan et al [12] showed that with an increase of
50pg/m® (25 ppb) NO,, there was a 2.6% increase in asthma hospital admissions and a 1.3%
increase in daily mortality. In addition, nitric acid generated from NOXx can hinder plant
growth because of the change of pH in soil. Odiyi and Enida [13] showed a change of plant
height by watering with different pH solution for fifteen weeks. The height of the control
plants grew to 54.74cm by watering with distilled water of pH 7, but the height of other
plants grew to only 10.01cm by watering with a solution of pH 2.

As a result of the effect of NOx on human health and the environment, NOx emission
standards are enforced in most of countries. The data for the European Union (EU), the
United State (US) and China are shown in
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Table 1-2.
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Table 1-2 NOx emission standards in EU, US and China, (unit: ppm)

Economical entities Emission standard for new Emission standard for
boiler existing boiler
eyt 250@/100" 250@/100®
ust! 60© 60©/80@
Chinal*® 50® 50©/100®

NOx emission standard for boiler built

(a) before 2016, (b) after 2016.

(c) after 2005; (d) between 1997 and2005;
(e) after 2004; (f) before 2004.

At present, the most widely used technologies for DeNOx is selective catalytic reduction
(SCR) and low temperature oxidation (LoTOXx). SCR uses ammonia as reductant to reduce
NO to N, in the presence of a catalyst. The two most expensive components of SCR are the
catalyst and reductant (ammonia), which are approximately 60% of the total cost [17].
Moreover, the lifetime of the catalyst is approximately 2 years and, because 17g of ammonia
is needed to remove 30g of NO [17], large volumes of ammonia are used continuously.
LoTOx follows an oxidation mechanism to remove NOx by ozone (Os) and, therefore, an
0zone generator and oxygen gas source are needed for the technology. For both technologies,
an additional gas source with or without catalyst is needed so, to improve the process
efficiency and reduce ongoing costs, it is necessary to explore new technologies for NO
removal without use of catalyst and additional gas source. Non-thermal plasma has been
investigated as a potential solution for NO removal by researchers, because it can be used to
treat the flue gas directly without additional catalyst and gas source. Although early work
indicates low efficiencies, it is worthwhile further investigating the potential of non-thermal

plasma technology for NO removal.
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1.2 Research objectives
The objectives of this research are listed below:

e To understand the effect of discharge characteristics of DBD and corona
discharge on NO removal through experiments.

e To assess ways of improving NO removal energy efficiency by DBD and corona
discharge.

e To understand the effect of concentration of nitric oxide, oxygen and water
vapour on reactive species formation for NO removal under DBD and corona
discharge, when NO is in ppm level.

o To understand the mechanism of NO removal in high concentration (a few
percentage in volume).

e To quantitatively identify the dominant reactive species for NO removal under

different circumstances.

1.3 Thesis outline

This research is focused on DBD and corona discharge for NO removal under different gas
compositions and chemical reaction pathways. The thesis is divided into seven chapters and
the contents of the subsequent chapters are presented as follows.

Chapter 2 gives a comprehensive introduction to present commercial and laboratory
technologies for DeNOx. Their mechanisms, advantages and disadvantages are discussed
and compared. Two of the most commonly used non-thermal plasma technologies, DBD and
corona discharges, are introduced. The characteristics of DBD and corona, such as the
electron density in DBD discharge filament and different discharge modes under corona
discharge, are discussed. In addition, the relevant chemical kinetics are investigated in detail,
including the dissociation and ionization energies of different gas species. The chemical
reaction pathways for NO removal by different reactive species (including N, O, OH and O,)

are explained.

Chapter 3 introduces experimental setups and related methodologies. A pneumatic control
system is used to control the flow rate of different gas species. Two types of power supply
are utilised in this research, one is 50Hz AC power supply with maximum 7kV peak voltage
and the second is a DC power supply with maximum 20kV. The electrical signal

measurement system is introduced. In order to measure the signal as accurately as possible,
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nano-second discharge current impulse signals are measured under matched impedance
condition. In addition, in order to quantitatively investigate the discharge characteristics of
DBD, studies of the discharge current amplitude distribution are conducted. The mechanisms
of NOx and ozone measurement are given and calculation of NO removal and energy

efficiency are presented.

Chapter 4 presents the investigation of NO removal under DBD. First, the design of the DBD
reactor and experimental procedures are discussed in detail, including the size of the reactor,
thickness of dielectric and gap and how to get different concentration of NO and O, in the
gas mixture. The discharge characteristics of DBD are analysed, including use of the
Lissajous figure, which provides the capacitances of dielectric, gas gap and total capacitors
and the discharge power, and the discharge current amplitude distribution, which implies the
change of the gas components. Under different gas mixtures, the discharge current amplitude
shows a significant difference. Second, the effectiveness of NO removal is investigated
under different initial NO and O, concentration. In order to analyse the effect of Oz on NO
removal, a reference gas mixture only including N, and O, is used to measure the O3
formation. Comparing the O; formation in the reference gas with that of others, the dominant
reactive species can be identified quantitatively. After the investigation of NO removal under
dry gas conditions, 2.31% H,O vapour is added to the gas mixture to evaluate the effect of
OH reactive species. Study of the results from the coexistence of H,O and O, allows the
effect of OH and O for NO removal to be discussed. In addition, the effect of higher
temperature on NO removal is investigated. Finally, conclusions are given including NO
removal and energy efficiency, the contribution of this research for NO removal technology

and its limitations and challenges.

Chapter 5 presents the investigation of the pin-water configuration corona discharge for NO
removal. First, the pin-water reactor configuration and experimental procedures are
introduced. Compared to a conventional pin-metal plane configuration, the pin-water
configuration can bring more H,O vapour into the gas mixture with the increase of discharge
power, so more OH can be generated. Because of the characteristics of corona discharge,
reactive species are mainly formed at the tip of the pin. The contact between NO and the
reactive species in the gas plasma is important in removing NO. In order to quantitatively
analyse this effect, two gas flow conditions are investigated. One is a controlled gas flow
condition, where a nylon tube is used to guide the simulated flue gas through the volume
around the pin’s tip. The other is an open gas flow condition, where no nylon tube covers the

tip and simulated flue gas can leave the containment vessel above the pin’s tip. For negative
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corona discharge, the effects of discharge modes (including Trichel pulse, pulseless and arc
discharge), gap distance, O, concentration and the pin’s radius of curvature are investigated.
A comparison between the pin-water and the pin-metal plane configurations for NO removal
is made. Finally, the NO removal and energy efficiency are given. The potential and
challenges of this NO treatment technology for industry are discussed.

Chapter 6 introduces a novel technology which combines a NO absorption process by
activated carbon, a thermal desorption process and reactions under a non-thermal plasma.
The aim of this technology is to investigate the NO removal under higher concentration
regime (up to 6%, 60,000ppm) rather than lower level (less than 1000ppm) as discussed in
chapter 4 and 5. NO absorption, thermal desorption and non-thermal plasma treatments are
investigated, respectively. For the NO absorption process, the effects of O, and H,0O
concentrations, temperature, and flow rate are investigated. For the thermal desorption
process, a DC power supply is directly connected to conductive activated carbon to heat the
material and release the trapped species into the N, carrier gas. The effects of N, carrier gas
flow rate and DC current, which controls the heating rate of activated carbon, are analysed to
increase the thermal desorption energy efficiency. The DBD treatment of the desorbed NO
by pure N, and a mixture of N, and O, in 10.5% and 50% O, conditions are analysed and are
shown to result in different NO removal mechanisms. Finally, the advantages and limitations
of this novel technology for NO removal are discussed.

Chapter 7 summarises the findings of this research, including the discharge characteristics of
DBD and corona discharge, the corresponding chemical reaction pathways for NO removal
by different reactive species, NO removal and energy efficiency for NO removal under three
different methods. The contributions of this research to industrial NO removal technology
are introduced. Some unsolved challenges are discussed, such as low energy efficiency for
direct non-thermal plasma treatment and high thermal desorption energy requirement to
desorb NO from activated carbon. Proposed future work is listed in the final part, including
the combination of non-thermal plasma with catalyst, the use of nano-second pulse power to
increase the energy efficiency, the investigation of an alternative absorbent which has higher
selectivity on NO alone and the dynamic process analysis during the gas discharge by laser
induced fluorescence spectroscopic method or building a chemical kinetics model by

simulation.
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Chapter 2 LITERATURE REVIEW

2.1 Introduction

In this chapter, some industrial technologies for NO removal are reviewed. There are two
NO removal pathways, one is NO reduction to N, by selective catalytic reduction (SCR) and
selective non-catalytic reduction (SNCR) technologies. The other one is NO oxidation to
HNO; to NH;NO; by Electron beam (EB) and low temperature O; oxidation (LoTOX)
technologies. The advantages and disadvantages of each industrial technology for NO
removal are discussed in this chapter. In terms of their disadvantages, what the non-thermal
plasma technology can possibly do to overcome them is introduced. The mechanism of how
non-thermal plasma can initiate gas molecule dissociation and ionization is explained. The
chemical kinetics of NO removal are important as this provides theoretical support to the
identification of the dominant reactive species for NO removal in Chapters 4, 5 and 6. There
is more than one reactive species which can remove NO, e.g. N, O, OH and Os, and they
brings different reaction pathway for NO removal. However, some reactive species can
introduce side reactions and some can catalytically react with others, which limits the NO
removal performance. The details of how different reactive species interact with each other
for NO removal are discussed. In addition, some investigations by other researchers,
including work on DBD and corona discharge, are reviewed, as these can provide a good
reference and justification of the experiments conducted in this research.

11
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2.2 DeNOx technologies

2.2.1 Selective catalytic reduction (SCR)

SCR is the most widely used technology to treat NOx, which exists in the effluent gases
from the coal-fired power plant, and other stationary sources. The catalyst applied in SCR is
based on vanadium pentoxide and titanium dioxide. The basic process of SCR has been

explained by Topsoe Nan-Yu [18, 19] and is shown in Figure 2-1.
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Figure 2-1 Process of vanadia-titania based catalyst for NOx removal [18]

On the surface of vanadium pentoxide (V,Os), there are some oxygen functional groups
which are acidic. They can selectively extract ammonia (NHs3) (usually hundreds of ppm)
from the gas phase to the surface of the catalyst. As a result, NH; is chemically absorbed and
a new chemical bond is formed between the catalyst’s oxygen atom and ammonia’s nitrogen
atom, as shown in the transition from status a to status b in Figure 2-1. A restrained
amidogen (-NH,) radical is exposed on the surface of the catalyst; this radical species will
react with NO to remove the molecule from the gaseous atmosphere. The advantage of SCR
is in providing a stable, longer lived site for amidogen to survive on. This dramatically

increases the possibility of reaction between restrained NH, and NO. Finally, in order to
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make the catalytic cycle work, additional hydrogen atoms have to be removed from the
surface oxygen functional group. O, is used to remove hydrogen atoms to form water and
convert the catalyst back to its original status as shown in Figure 2-1. The general reaction
formula is given by equation 2-1:

1
2NH; +2NO + 50, > 2N, + 3H,0 (2-1)

According to (2-1), the molar ratio between NH; and NO is one.

In terms of SCR technology for NO removal, another advantage of the catalyst is in reducing
the activation energy for NH, formation. As shown in Table 2-1, the energy requirement is
reduced by more than five times the original amount because of the presence of the catalyst.

Table 2-1 Activation energy of NH, formation with or without catalyst

With catalyst Without catalyst

Activation energy of NH, 111020 5.73126]
formation (eV) ' '

In conclusion, the advantage of using a catalyst is not only in reducing the activation energy
to obtain NH, radical species, but also in prolonging the lifetime of NH,. This is why SCR

can provide higher than 80% NO removal and is widely used in industry.
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2.2.2 Selective non-catalytic reduction (SNCR)

Compared to SCR technology, SNCR is a cheaper method [21-24] for NO removal. The
most important advantage of SNCR is that it works in the absence of catalyst, so it leads to
approximately 40% reduction on DeNOx cost. However, as the NO reduction rate is only 30-
60% of the SCR process it cannot provide sufficient NO reduction to satisfy the more and
more restrictive NOx emission standards being applied in industry. Although SNCR does not
use a catalyst, ammonia is used in both SCR and SNCR technologies. Because of the
absence of a catalyst in SNCR, the probability of NH, formation is much lower than that in
SCR. Although the general chemical reaction is the same for SCR and SNCR, as shown in
(2-1), the formation of NH, is limited by the shortage of OH and O.

As shown in

Figure 2-2, the main reaction producing NH, is the oxidation of NH; by O or OH radicals
based on equations (2-2) and (2-3), but there is a self-limiting process which prevents a self-
sustaining chain reaction. There are two reaction pathways between resulting NH, and NO.
The pathway in (2-4) forms N,H and OH, which are both able to provide additional O and
OH to sustain the process. The pathway in (2-5) forms the final products N, and H,O vapour,
but it leads to no further O or OH production: the reduction process cannot be sustained.

NH,
A » OH/O l
NH,
NO NO
N,H+OH N,+H,O
0, |

— N,+OH+0
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Figure 2-2 Main reaction pathway for NO removal by SNCR technology [21]

0 + NH; - OH + NH, (2-2)
OH + NH; - H,0 + NH, (2-3)
NO + NH, - N,H + OH (2-4)
NO + NH, - N, + H,0 (2-5)

As shown in reactions (2-6) and (2-7), a hydrogen atom plays an important role in generating
O and OH.

NyH+M — H+ N, + M (2-6)
H+0, - 0+ 0OH (2-7)

where: M can be any gas molecule in the system.
However, NH; will react with H according to (2-8) and, once an H atom is used in the

reaction with NH; rather than O,, it produces species which are less reactive and NH,

formation drops significantly. The self-sustaining chain reactions cannot be realised [21].

H + NH; -» NH, + H, (2-8)

Another possible reason limiting SNCR for DeNOx is that whereas the NH, formed is in the
free state, in SCR the NH, is attached on the surface of the catalyst where restrained NH, has

a longer lifetime and higher opportunities to react with NO.

These two possible reasons lead to low NO removal efficiency in a range from 30% to 60%
in SNCR. In addition, because there is no catalyst to reduce the activation energy for the
reaction between NH; and NO, SNCR’s working temperature needs to be above 800°C
compared to 350°C to 450°C working temperature in SCR.
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2.2.3 Electron beam (EB) for DeNOx

EB technology for DeNOx was developed in the 1990s. Highly energetic electrons play the
most important role in EB technology. The energy level of electrons is in the range from 700
to 800 keV. This technology has been applied in three power plants listed in Table 2-2.

Table 2-2 Main parameters of industrial EB installation for NO removal [25]
Chendu TPP  Hangzhou TPP  Pomorzany EPS,
China (1998) China (2003) Poland (2002)

Parameters (Unit)

Flue gas flow rate (Nm®h) 300,000 305,400 270,000
Flue gas temperature (°C) 150 145 140
NOX concentration (ppm) 410 205 300
NOx removal (%) 18 55 70
Energy efficiency (g/kwh) 45.1 69.8 71.1
800keV 800keV 700keV
EB sources
320 kWx2 320kWx2 260kWx4

As shown in Table 2-2, the working temperature of electron beam technology is
approximately 150°C, which is lower than those required for SCR (350-450 °C) and SNCR (>
800 °C). However, in EB systems the NO removal efficiency ranges from 18% to 70%,
which implies that the efficiency of this technology for NOx removal is related to the
condition of the flue gas. The concentration of particles, water vapour and oxygen in the flue
gas can limit the distance that energetic electrons can travel, so the effective treatment area

can be reduced.

In terms of the mechanism for EB technology for DeNOX, the most important process is gas
molecule dissociation by energetic electrons. However, the electrons are more likely to
collide with high concentration background gas molecules, such N,, O, and H,O vapour,
than low concentration NO. Reactive species, e.g. N, O, O;, HO, and OH, are generated
from collisions and these then react with NO as shown in Figure 2-3 [26]. Since most
reactive species are reactive oxygen species (ROS), i.e. O, O;, HO, and OH, the DeNOx
process follows oxidation pathways instead of reduction pathways. However, ammonia is
still needed to absorb gas phase nitric acid. The reaction product, ammonium nitrate, is a

useful economic by-product as it acts as a chemical fertiliser for agriculture [27].
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e (700k eV — 800k eV

v

Figure 2-3 Electron beam technology reactions for NOx removal

According to the data from Chengdu TPP power plant in Table 2-2, the electron density is in
the range of 10" to 10* /cm®. In dielectric barrier discharge (DBD), the electron density is in
the range of 10™ to 10"/cm? as will be discussed later and shown in Table 2-12. The
electron density in EB technology is 10* times lower than that in DBD, so EB is a relatively
weak ionization process compared to DBD. The main problems of EB technology are
inconsistent efficiency of NO removal, which depends on the condition of the flue gas, and
the high installation cost of the electron beam source, because of radiation concerns. This is
why the development of electron beam technology for DeNOXx has stagnated in the 21%
Century.
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2.2.4 Ozone oxidation

Ozone oxidation technology was registered by Linde as low temperature oxidation (LoTOX)
technology. It was commercialized for DeNOx in petroleum refineries, where the
temperature of the flue gas is usually lower than 150°C. The SCR technology cannot be used
in such low temperature conditions, because the catalyst is inactive. Meanwhile, under
higher temperatures, LoTOx technology cannot be used because of fast Oz dissociation, as
shown in Table 2-3. For instance, the half-life of Oz at 250°C is only 1.5 seconds, but it can
extend to 1.5 hours at 120°C, the extended half-life gives greater chance of useful DeNOXx

reactions.

Table 2-3 Half-life of ozone at different temperatures [28]

Temperature (°C) Half-life
-50 3 months
-35 18 days
-25 8 days
20 3 days
120 1.5 hours
250 1.5 seconds

Ozone is a strong oxidant which can be used for NO oxidation and the final product is N,Os
by the series of reactions shown in equations (2-9) to (2-11).

NO + 05 > NO, + 0, (2-9)
NO, + 03 > NO3 + 0, (2-10)
NO, + NO3 — N,0s (2-11)

The overall reaction is shown in (2-12). The molar ratio of NO:O3 is 1:1.5 to oxidize two NO

molecules to one of the water soluble gas N,Os.

2NO + 305 - N,0s + 30, (2-12)
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N,Os can react with wet scrubber molecules such as NaOH to generate NaNO; in reaction
(2-13). In addition to N,Os, NO, can react with NaOH, as shown in (2-14), which leads to a
reduction of O usage.

N,0s + 2NaOH — 2NaNOs + H,0 (2-13)
2NO, + 2NaOH — NaNO, + NaNOs + H,0 (2-14)

Zhang Jia et al. [29] published the results of an investigation into Oz injection with a NaOH
solution wet scrubber for DeNOXx in which more than 90% of NOx removal was obtained at
a NO to O3 molar ratio of 1:1. In general, for DeNOXx by O; injection with wet scrubber, the
molar ratio of NO to Oz is from 1:1 to 1:1.5, depending on the temperature, residence time

and type of wet scrubber [29-32].

LoTOx technology for NO removal is used in industries where the flue gas temperature is
lower than 150°C. Nowadays, the energy efficiency of commercial oxygen-fed ozone
generators is approximately 150 g/kWh [33-35]. For a petroleum refinery with a flue gas
containing 400 ppm of NO at a flow rate of 120,000 m*/h, the NO output is 64.3 kg/h. Given
that 1.5 O3 molecules is needed to react with, and remove, 1 NO molecule, the O3 usage is
154.3 kg/h. This requires the power rating of O; generator to be 1030 kW.
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2.2.5 Laboratory scale technologies
2.2.5.1 Non-thermal plasma with additional hydrocarbon

A challenge for direct non-thermal plasma treatment is conditions of low NO concentration,
i.e. in ppm range. One of the main reasons is the short lifetime of reactive species generated
by a non-thermal plasma, which leads to a low chance of chemical reaction between reactive
species and NO. Thus it is important to produce a long lifetime reactive species by non-
thermal plasma. This is analogous to ozone oxidation technology, because when the flue gas
temperature is lower than 150°C, O; has a long enough lifetime to react with the low
concentration NO in the flue. However, the difference between ozone oxidation and this
technology is where the oxidant is generated. For ozone oxidation, Oz is generated in an
externally located ozone generator. For this technology, the oxidant is directly generated in
the flue gas. The generation process needs the help of propene, a member of the alkene class
of hydrocarbons [36-40]. The function of propene is to react with the short lifetime reactive
species such as O and OH to generate intermediate species, such as CsHs, CsHgOH, whose
organic group are called R. These then react with O, to form oxidant RO, as shown in Figure
2-4. RO, can selectively react with NO to generate RO and NO, [38].

Propene/OH reactions

CH,0
o NO,
2
OH ‘
C,H,0H RO, 4—» CH,0H + CH,CHO
NO
o NO,
OH 2
H,0+CH, — RO, RO

NO

CH,O

Figure 2-4 Schematic diagram of the chemical reaction mechanism of NO oxidation by
propene under non-thermal plasma treatment [38]
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However, there are two major problems for this technology. One is the high use of costly
propene, in order to obtain full NO oxidation the molar ratio of NO to C3Hg is 1:1 [37]. The
other problem is the formation of organic radicals, such as CH,OH and CH;CHO, which are
toxic and need to be fully oxidized to CO, to avoid secondary contamination. Therefore, this
technology is not commercialized.

2.2.5.2 Activated Carbon NO absorption

Activated carbon is a porous material with an enormous surface area. The surface area of one
gram of activated carbon can be larger than one thousand square-metres. There are many
oxygen containing groups, such as -COOH and -C-OH, on the surface of activated carbon.
They have the ability to chemically absorb polar molecules, such as H,O vapour and NOX.
However, non-polar molecules such as homonuclear diatomic N, O, and symmetric-

structured CO, are not absorbed by activated carbon.

In terms of categories of oxygen functional group on the surface of activated carbon, there
are four main groups: the carboxylic group (-COOH), lactone group (-COO-), hydroxylic
group (-C-OH) and carbonyl group (-C=0). The most popular method to quantitatively
identify the surface oxygen functional groups is Boehm titration [41]. According to the
acidic strength of each functional group, different basic chemical solvents can be used, as in
Table 2-4, to determine the quantity of each oxygen functional group.

Table 2-4 Oxygen functional groups and their corresponding basic solvents [41, 42]

O-functional
-COOH -CO0- -C-OH -C=0
group
NaHC03 NaHC03 NaOH NaOC2H5
Solvent
(0.1M) (0.1M) (0.1M) (0.1M)

In terms of NO absorption by activated carbon, one challenge is its low selectivity between
H,O vapour and NO. As shown in Table 1-1, concentration of H,O vapour in flue gases is
much higher than that of NOx. If some of the surface oxygen functional groups interact with

H,0 vapour rather than NOX, this reduces the NOx absorption by activated carbon.

In addition, as the amount of absorbed NO on the surface of activated carbon increases, the
absorption ability is reduced. Once the NO concentration in the flue gas leaving the

absorbent is higher than the emission standard, the activated carbon needs to be replaced.
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The used activated carbon needs to be regenerated for continuous use. The regeneration
method for activated carbon is called thermal desorption, as it uses high temperature to heat
the activated carbon. With increased temperature, stronger vibration of the absorbed NO
molecules can cause it release from the surface of activated carbon. When all of the absorbed
NO molecules are released, the regenerated activated carbon can be used again. However,
the weight of activated carbon is much heavier than that of the absorbed gases, 5 g of
activated carbon is needed to absorb about 3.5 mL NO, whose equivalent weight is 4.68 mg.
Heating the activated carbon is the main energy consumption during the NO desorption
process as, for thermal desorption, the temperature of activated carbon has to reach
approximately 150°C to desorb all of the absorbed NO from the carbon surface, [43, 44].
Theoretically, using the heat capacity values in Table 2-5, the energy to heat 5g activated
carbon to 150°C from room temperature (20°C) is about 604.5 J. That means the theoretical
energy efficiency for thermal desorption of NO is 27.87 g/kWh. If the heat loss into the

surroundings is also considered, the actual value should be even lower than that.

Table 2-5 Heat capacities of gas phase H,O vapour, NO [45] and NO, [46] and solid state
activated carbon [47].

Species Specific heat [kJ/(kg*K)] at STP
H,O 1.93
NO 0.995
NO, 0.8066
Activated carbon 0.93

Therefore, there are two challenges limiting NO absorption technology. One is how to
selectively absorb NO and the other one is how to effectively remove NO from the activated

carbon.
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2.2.6 Discussion

When comparing the four industrial DeNOx technologies in Table 2-6, even though EB and
SNCR technologies are cheaper, they cannot provide an acceptable NOx removal efficiency
to meet the current NOx emission standards. Neither of these technologies is currently
widely used nowadays. As a result of high NOx removal efficiencies, SCR and LoTOx
technologies are commonly used, despite the high cost.

Table 2-6 Comparison of EB [48], SCR, SNCR and LoTOx [49] technologies for DeNOx

Volume
Capabili Advantages Disadvantages re::Z\)/(al Cost
ty
Low or *Economic by-product *Low reduction rate
EB . *Works at low . 18-70%  Medium
Medium *High ammonia use

temperature

*High removal .
) *High temperature _
SCR High *Less secondary 80-95% High
*Catalyst usage

pollution
*High temperature
. *No catalyst needed *High ammonia use and
SNCR High ) 30-60% Low
*Low cost slip problem

*L_ow reduction rate

*Stable and high

) removal *High cost of ozone )
LoTOx  Medium 80-95% High
*Easy to operate generator

*Works at low

temperature

As shown in Table 2-6, although SCR and LoTOx are the two most commonly used
technologies for NOx removal in different industry sectors. If the flow rate of flue gas is
between 500,000 and 1,000,000 Nm%h (Nm3 is cubic metres in normal condition), usually,

SCR is the first choice, especially, for large scale coal-fired power plants in the range from
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300 to 600MW. LoTOx technology is usually used in relatively smaller scale industry
sectors such as petrochemical refineries and combined heat and power plants (natural gas or
bio fuel burning) where the flue gas flow rate is normally less than 100,000 Nm®/h.

Because the main cost of SCR technology comes from the catalyst and reductant used, it is
not possible to compare its deNOx energy efficiency with that of LoTox technology.
Operational costs of SCR and LoTOx are compared in Table 2-7.

Table 2-7 SCR and LoTOx DeNOXx technologies for 1 ton of NOx removal

Technologies Cost for 1 ton of NOx
SCR $2103-2704 [17]
LoTOx $1700-1950 [50]

The operational cost of SCR in Table 2-7 is for a boiler with 75MW capacity. In this
circumstance, the cost of LoTOX is cheaper than that of SCR, but when the boiler capacity
increases to 300MW or higher, the cost of SCR dramatically reduces, as shown in Figure 2-5
which shows the relationship between boiler capacity and the DeNOx cost for the generation
of 1kWh electricity.

b 8 .

Cost of DeNOx (penny/kWh)
>®

A > N

0'9 A A " I 1 A A
0 200 400 600 80O 1000 1200

Installed capacity of boiler (MW)

Figure 2-5 Relationship between cost of DeNOX and installed capacity of boiler [51]

From this, it can be seen that when the boiler capacity increases from 300MW to 600MW,
the cost of DeNOx reduces from 1.8 penny/kWh to 1.3 penny/kWh, which is approximately
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28% reduction in the cost of DeNOx. The cost reduces further if the boiler capacity increases
to 1000MW. Therefore, according to different circumstances, i.e. the flue gas temperature,
flue gas flow rate and boiler capacity, the best decision can be made between LoTox and
SCR for NO removal.
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2.3 Non-thermal plasma technologies for NO removal

2.3.1 Introduction

Plasma, the fourth state of matter, is ionized gas which consists of various species including
electrons, atoms, molecules and ions. The density of positive ions and negative electrons is
approximately equal, so plasma is an electroneutral state. There are two kinds of plasma
which are identified by the temperature of heavy particles (including atoms, molecules and
ions) and light electrons. One is thermal plasma where the temperature of heavy particles and
light electrons is the same. An arc discharge is a thermal plasma and the temperature of both
heavy particles and light electrons can reach approximately 11,600 K (1 eV). However, for
non-thermal plasma, the temperature of electrons is much higher than that of heavy particles.
The temperature of heavy particles is close to the ambient temperature, but the electron
temperature is in the range of 10,000 to 200,000 K, corresponding to an energy range of 1 to
20 eV. These highly energetic electrons play an important role in gas ionization and
dissociation processes. There are various methods to generate a non-thermal plasma, such as
corona discharge, dielectric barrier discharge, glow discharge, radio frequency and
microwave discharge [52]. Some of the most commonly used atmospheric pressure non-

thermal plasma technologies for DeNOX are discussed in this section [53-57].

Table 2-8 N,, O,, H,O vapour [58] and NO [59] ionization energy by energetic electron.

Reactions lonization energy (eV)
N, +e—> NI +2e 15.6
0, +e— 03 +2e 12.06
H,0 +e > H,0" + 2e 13.0
NO +e > NO* + 2e 9.26

In addition to gas ionization, gas dissociation is also caused by energetic electrons. The
dissociation energy of a molecule is usually less than its ionization energy, as shown Table
2-9. Although the dissociation energy of NO, at 6.536 eV, is close to that of O, and H,0,
direct NO dissociation is rare because of its low concentration (a few hundred ppm).
Energetic electrons mainly collide with the high concentration molecules, i.e. O,, H,0O
vapour and N,. The dissociation energy of N, is much higher than that of O, and H,0, so O,
and H,O dissociation is more common than N, dissociation. Kogelschatz et al. [60] found

that the concentration of O is approximately 100 times higher than that of N in a mixture of
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20% O, and 80% N, using DBD discharge. As the main gases which dissociate are O, and
H,O and these produce O and OH, which are effective reactive species for NOx removal,
this procedure shows promise for DeNOX.

Table 2-9 Dissociation energy for N,, O, H,O [58] and NO [61] dissociation.

Reactions Dissociation energy (eV)
N +e—N(*S)+N(°D)+e 12.181
O,+e—OCP)+0O(°P)+e 5.166
O,+e—O(‘D)+O(°P)+e 7.132
H,0+e—~0+OH+e 5.173
NO+e— N(*S)+O(°P)+e 6.536

where: P/S/D represent the different excited or metastable state of atomic N or O.
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2.3.2 Chemical kinetics of NO removal by non-thermal plasma

For each chemical reaction, the reaction rate is an important parameter to indicate the change
of reactants and product concentrations. There are two parameters which affect the reaction
rate. One is reaction rate constant and the other is concentration of reactants, e.g. the reaction
rate of the second order reaction A+B—C+D can be expressed as (2-15).

reaction rate = k[A][B] (2-15)

where,

k is reaction rate constant, unit; cm3/(mol*s);

[A] is concentration of reactant A, unit: molecule/cm?;
[B] is concentration of reactant B, unit: molecule/cm®.

The reaction rate constant K is defined by the Arrhenius equation, as shown in (2-16).

T\ i (2-16)
= —_— RT =
k A<298K) ¢

where,

T is the absolute temperature, unit: K;

A is the pre-exponential factor, determined by frequency of collisions;
E. is the activation energy for the reaction, unit: J* mol™;

n is the temperature factor;

R is the universal gas constant 8.314472x10 kJ/(mole*K).

For non-thermal plasma NOx removal, chemical reactions between NOx and reactive species
are important. Because of different reactive species, the products generated vary with

different chemical reaction pathways.

In terms of an NO, N, and O, system, oxygen reactive species O and Os are the most
important for NOx removal, as shown in Figure 2-6. However, the effect of O and O; on NO

oxidation needs to be discussed.
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NO/N,/0, system without H,0

(a)

N 0/0; 0, NO,
N, <—— |[NO|/———= N0, —> NO, —> N,0;
0
(b) (©)
0 0
0,— >0 NO ———— NO,
C°
02

Figure 2-6 Chemical reaction pathway of NOx removal (a), chemical reaction pathway of O
formation (b) and chemical reaction pathway for O destruction by NO and NO; (c) in
NO/N,/O, system.

Table 2-10 Chemical reactions for NO oxidation in NO/N,/O, system

Reaction kassx (cm°mol™s™) Ref
0+0,+M-0;+M 1.48x10™ @ [62] (2-17)
0+ NO - NO, 3.01x10™ [62] (2-18)
0+NO, > NO+ 0, 9.74x10" [62] (2-19)
0;+NO - NO, + 0, 1.81<10™ [62] (2-20)
05 + NO, > NO5 + 0, 3.52x10™" [62] (2-21)
NO, + NO3; + M - N,0s + M 6.92x10" ® [63] (2-22)

where: @: the reaction rate constant has changed from 3" order to 2™ order by multiplying
the concentration of M which is 2.462x10" cm,

In (2-17) and (2-22) M is a third reactant, whose function is to absorb extra energy from the
reaction. M can be any molecule in the gas system, e.g. for Oz formation in air, M can be O,
or N,. As shown in Table 2-10, the reaction rate constant for O; formation by the reaction
between O, and O is 1.48x10** cm®mol s This is 2034 and 658 times lower than that for
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the reaction between NO and O and the reaction between NO, and O, respectively. Thus, in a
gas mixture with the same concentrations of NO, NO, and O,, the O generated by non-
thermal plasma predominantly reacts with NO or NO,. O, is difficult to react with O. For the
reactions between NOx and O, O is consumed by the reactions (2-23) and (2-24). Firstly, NO
is oxidized to NO, by O, but then NO, is reduced to NO by O again. During this process as
shown in Figure 2-6 (c), NO is unchanged, but two O are destroyed and converted to one O,

as shown in reaction (2-25).

0+ NO - NO, (2-23)
0+NO, > NO + 0, (2-24)
The overall reaction:
NO
0+0—0, (2-25)

Therefore, NO cannot be completely oxidized by O, because of the side reaction between
NO; and O. However, as mentioned earlier, the reaction rate is dependent on the reaction rate
constant and reactants’ concentration. If the concentration of O, is much higher than that of
NOx which can compensate for the lower reaction rate constant, it is possible to make the
reaction between O, and O more important than that between NOx and O. O; is generated as
oxidant rather than O and results in oxidation of NO to NO,, NO3; and N,Os without the side
reaction, as shown in (2-20)-(2-22). The product of NO oxidation by O is dependent on the
ratio of NO:Os. If the molar ratio of NO:Oj; is 1:1, NO is fully oxidized to NO,. If the molar
ratio of NO:Oj3 can reach 1:1.5, NO can be fully oxidized to N,Os,.

In addition, if H,O is introduced into the gas mixture of NO, N, and O, it produces another
DeNOXx reactive species, OH, for a totally different chemical reaction pathway compared to
O and Os. OH oxidizes NO and NO, to HNO, and HNO; by (2-26) and (2-27) in Table 2-11

without any side reaction as shown in Figure 2-7 (a).

Table 2-11 Chemical reactions for NO oxidation by OH reactive species

Reactions Kagex (cm®mol™s™) Ref
OH+NO+M - HNO, + M 1.72x10™ [64] (2-26)
OH+ NO,+M - HNO; + M 6.4x10™ [62] (2-27)

where: the meaning of M is the same as mentioned in Table 2-10.

30



Chapter 2 LITERATURE REVIEW

The presence of OH not only changes the chemical reaction pathway for NO removal, but

also limits the formation of O and O as shown in Figure 2-7 (b) and (c).

NO/N,/0, system with H,0

@ N 0/0;

0, NO,

OH OH OH
v
HNO, HNO,
02
(b) 0] (©) 0,
OH ———— HO, OH ———— HO,
¢° 0
e
02

20,

Figure 2-7 Chemical reaction pathway for (a) NOx removal, for O and O3 destruction by OH
and HO, in (b) and (c) respectively in NO/N,/O,/H,0 system

In terms of O, it can react with OH to produce HO,, and then HO, reacts with O again to
produce OH. The overall process leads to two O atoms generating one O, molecule, as
shown in (2-28) to (2-30).

0+ OH - HO, (2-28)
O+ HO, - 0OH + 0, (2-29)

The overall reaction:
0+0- 0, (2-30)

Similarly, for O3, reactions with OH shown in (2-31) and (2-32) result in two strongly
oxidant O3 molecules converting to three O, molecules in (2-33).

03 + OH d HOZ + 02 (2-31)
0; + HO, - OH + 20, (2-32)
The overall reaction:
NO
05 + 05— 30, (2-33)
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In general, NO can be converted to N, NO, and HNO, by reactive species N, O or O3 and
OH, respectively, as shown in Figure 2-8. The issue of reactive species O is that it can cause
the regeneration of NO by reacting with NO,. However, when O reacts with O, to form Os,
O3 does not have the side reaction to generate NO. Therefore, in a gas mixture system, it is
important to identify the oxidant for NO removal. As mentioned before, the reaction rate is
dependent on the reactant concentration and the reaction rate constant. Although the reaction
rate constant for the reaction between O and NO is about 10°times higher than that for the
reaction between O and O,, the concentration of O, is much higher than that of NO in the gas
mixture. Whether O or O; is the dominant reactive species is dependent on the specific
circumstances. In addition, N is able to reduce NO to N,, but it is more difficult to form N
than it is to generate other reactive species, such as O, Oz and OH, due to the high
dissociation energy shown in Table 2-9. Once water vapour is introduced into the gas
mixture, OH can bring another reaction pathway to remove NO. The reaction rate constant
between OH and NO is of the same order as that between O and NO. These reactions are

useful information to support the analysis of NO removal in the following chapters.

>

N2 < NO |« 0 NO,

OH

A 4
HNO,

Figure 2-8 NO removal by different reactive species
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2.3.3 Atmospheric pressure non-thermal plasma for DeNOXx
2.3.3.1 Dielectric barrier discharge (DBD)

Dielectric barrier discharge, as one of the most commonly used non-thermal plasma
technologies, has been researched for over one hundred years. The first configuration was
designed by Siemens in 1857 for ozone generation experiments [65]. Given DBD reactor
properties, it is easy to scale up the size of a DBD reactor for treatment of large quantities of
gas [66]. The most successful industrial application using DBD is ozone generation [67, 68]
but it has also been investigated for NO removal by many researchers [69-73]. The most ideal
solution for NO removal is to dissociate NO directly to form N, and O, by energetic electrons
which are generated by DBD, but the challenge is that the initial concentration of NO is
usually a few hundred ppm in the flue gas, so it is difficult for energetic electrons to collide
with NO directly. In most cases, energetic electrons collide with background high
concentration gases such as O,, H,O vapour and N,. When gas dissociation happens, various
reactive species are produced including atomic O, Oz, OH and atomic N which can react with
NO by different chemical reaction pathways as outlined earlier.

In order to initiate the process of gas discharge, the applied voltage has to be higher than the
breakdown voltage under certain gas pressure and distance, as shown in the Paschen curve in
Figure 2-9. Sohst [74] and Schroder [75] provided an empirical formula (2-34) for
calculating breakdown voltage under uniform electric field for air at 20°C condition .

Vy, = 6.72,/pd + 24.36(pd) (2-34)

where:

V, is breakdown voltage in kV
p is the gas pressure in bar

d is the gap size in cm
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Figure 2-9 Paschen curve for air at 20°C condition[76].

In air under normal temperature and pressure conditions, the density of ions is approximately
10%-10% cm®[77, 78]. However, when a discharge is initiated in air, the density of electrons
and ions dramatically increases in the discharge channel, as the electron density can reach
10%-10" cm™ [79], the charge density is increased by more than 10* times. In order to
initiate a gas discharge, a seed electron is required and the applied voltage has to be
sufficient. Seed electrons come from gas ionization by cosmic rays or local radiation from
the earth. When the applied voltage is higher than the minimum breakdown voltage, seed
electrons can obtain enough energy from the electric field to ionize gas molecules and then a
conductive discharge channel can be formed. Using (2-34), for a one cm gap under
atmospheric pressure at 20°C, the applied voltage has to reach 31.08kV to make the
discharge happen.

Two dielectric barrier discharge configurations are shown in Figure 2-10. Both of them are
widely used for non-thermal plasma generation. There is no sharp point for the reactor, so
they are working on uniform electric field condition and the breakdown voltage follows the
Paschen curve in Figure 2-9. Under atmospheric pressure, dielectric barrier discharges work
in the filamentary mode in air and the characteristics of filamentary discharge are introduced
in Table 2-12.
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N \\| Dielectric barrier

Figure 2-10 DBD configurations (a) plate to plate and (b) cylindrical form

Table 2-12 General characteristics of atmospheric pressure dielectric barrier discharges [79]
[80]

Random

filamentary mode

Conditions 1 atm in air/oxygen
Gap size Imm

Peak current density 100-1000A/cm?
Current pulse duration 1-10 ns/filament
Filament radius 0.1mm

Total charge transfer 0.1-1 nC/filament
Peak electron density 10*-10% cm’®
Electron energy 1-10eV

Under the gas mixture of N,, O,, NO with or without H,O for DeNOX, dielectric barrier
discharge works in a filamentary mode. The advantage of a cylindrical configuration is that
the electrical field is uniform for the whole gas discharge area, but for the plate to plate
configuration, if isolation work is not done very well, corona discharge can initiate at the
edge of the plate. The advantage of the plate to plate configuration is that it is easy to change
the structure of the electrode from plate to mesh or multipoint. These configurations produce

a non-uniform field which can make it easier to create electrical discharges.
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Song et al.[81] used a cylindrical dielectric barrier discharge reactor, as shown in Figure
2-11, for NOx removal from a diesel engine, i.e. the gas contained particulate matter and
hydrocarbons. A 15.5 kHz AC power supply was used to produce the plasma. At 50% engine
load condition, the initial NOx concentration was 476 ppm, under different applied voltages
the amount of NOx removed was from 238 ppm to 310 ppm and its energy efficiency was
from 1.8 to 14.4 g/kWh.

s inlet Gas outlet
HV

l Ga
Ground electrode Quartz tube electrode
llh Eﬂ l

B i i

Quartz tube  Valid discharge gap Insulator

Insulator

Figure 2-11 The configuration of a cylindrical dielectric barrier discharge reactor [81]

As discussed above, an advantage of the plate to plate configuration is that the shape of
electrode can be easily changed from one to another. Takaki et al. [82] investigated the effect
of DBD electrode shape on NOx removal using the arrangement in Figure 2-12 (a). The high
voltage electrode was a plane covered by an alumina dielectric barrier, but the ground
electrode used three different configurations as shown in Figure 2-12 (b). The gas mixture
contained N,, O, and NO, the volume ratio of N, to O, was 9 to 1 and NO concentration was
200 ppm. A radio frequency AC power supply (10 kHz) was used to energize plasma. The
multipoint configuration provided the best NO removal results. For 70 ppm NO removal, its
energy efficiency was 12 g/kWh, however, for 200 ppm NO removal, the corresponding

energy efficiency was dramatically reduced to 2 g/kWh.
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Figure 2-12 Experimental setup and electrode configuration [82]

According to the research discussed above, the energy efficiency of dielectric barrier
discharge for NOx removal is less than 15 g/kWh. Although the electron density of DBD is
10" to 10"/cm®, which is 10* times higher than that of an electron beam, the discharge
energy is too concentrated in narrow discharge channels of ~0.1 mm radius. In addition,
because of the short lifetime of reactive species and as they cannot diffuse quickly into the
surroundings, they can only initiate local reactions. The low NOx removal energy efficiency

leads to the difficulty in commercial use of direct DBD treatment for NOx removal at present.
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2.3.3.2 Packed bed dielectric barrier discharge

Some researchers have, rather than using a dielectric to cover the surface of electrodes, filled
the discharge volume with dielectric balls [83-86]. The size of dielectric balls is in the range
from 1 to 5 mm. This system is called packed bed dielectric barrier discharge, see Figure
2-13, discharges occur because the dielectric balls distort the electric field. Commonly used
dielectric ball materials are y-alumina, barium titanate (BaTiO3) and titanium dioxide (TiO,)
because they have very high relative permittivity, e.g. BaTiO3’s relative permittivity is from
1,200 to 10,000. When dielectric balls fill the discharge space, because of high equivalent
capacitance of dielectric balls, most of voltage is applied to the gas gaps. The spherical shape
of a dielectric ball causes distortion of the electric field and discharge is easily initiated at the
contact points on the surface of dielectric balls. In addition, some dielectric materials which
can be considered to be photocatalytic materials, such as TiO,, have the potential to promote
the discharge process: when UV light with a wavelength shorter than 387nm irradiates the
surface of TiO,, an electron - hole pair can be generated. The presence of this electron and
hole promotes the formation of reactive species such as O and OH [87, 88], so the presence
of photocatalytic TiO, can probably promote NO removal process.

Dielectric balls

Figure 2-13 Configuration of packed bed dielectric barrier discharge [83]

Mok et al. [57] used glass beads as the dielectric ball in a DBD reactor and with an initial
NO concentration of 300ppm. After packed bed DBD treatment, the NO concentration was
reduced to 40 ppm and the NO removal energy efficiency reached 16.7 g/kWh. Kim et al.
[83] used two combinations of types of dielectric balls. One was a combination of y-alumina
and BaTiO; (5:1 in volume) and the other one was a combination of y-alumina and TiO, (1:1

in volume). A pulsed high voltage source with rise time of 25ns and duration of 2.5ms was
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applied to energize plasma. From an initial NO concentration of 550ppm, the most effective

NO removal energy efficiency was 16.5 g/kWh for 82% of NO removal.

Packed bed dielectric barrier discharge provides slightly higher energy efficiency for NOx
removal, compared to DBD. One characteristic of packed bed DBD is that the discharge
usually happens at the surface of the contact point of the dielectric balls. If the dielectric is
one form of catalyst which can be activated and promote the formation of reactive species
during the discharge process, the NOx removal energy efficiency can be further promoted.
However, the packed bed structure brings some problems, e.g. when the flue gas contains
particles it is possible that these could block the gas flow and a high pressure drop may occur
as a result of the existence of dielectric balls. As a result, it is better to choose a cylindrical

dielectric material than a filled packed bed to ensure there is no back pressure in the system.
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2.3.3.3 Corona discharge

(a) '\“”V (b)
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Figure 2-14 Schematic structures of (a) pin-plane and (b) wire-cylinder corona discharge

Because of the asymmetric configuration of two electrodes in the arrangements shown in
Figure 2-14 (a) and (b), the electric field is intensively distorted and concentrated at the pin
tip or the wire. When the electric field is high enough to initiate gas breakdown, gas
ionization firstly happens around the pin and the wire, respectively. As mentioned in Table
2-9, the energetic electron plays an important role to generate reactive species for DeNOXx
and its generation process occurs around the pin tip or the wire at the voltage in negative
polarity, hence the description of negative corona discharge. With the increase of distance
from pin or wire, the strength of the electric field drops significantly and, as a result, the
electron attachment effect becomes stronger, as shown in Figure 2-15. In order to be a self-
sustainable discharge, the ionization coefficient o has to be higher than the electron
attachment coefficient n which means the electric field has to be higher than 25kV/cm,
otherwise, electrons are going to be attached to electronegative gas molecules such as O, and
H,0, and form negative ions which cannot make a further contribution to the ionization
process. The effective ionization area is determined by the radius of curvature of the pin and

the applied voltage.
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Figure 2-15 Ionization coefficient o and attachment coefficient 1 at different electric field
strengths in dry air [89]

As indicated in Figure 2-16, with increasing applied voltage, negative corona discharge has
three discharge modes which are Trichel pulse discharge, pulseless discharge and arc
discharge, respectively [90]. At the level when the applied voltage is just high enough to
initiate a gas discharge around the pin, pulsed discharges occur. Because most of the voltage
potential drop is around the pin, the corresponding discharge area is called the ionization
area. The electrons generated in the ionization area move towards the plate, because of their
repulsion by the pin of the same polarity and attraction to the plate which is grounded. The
electron avalanche and the ionic cloud generated cause a reduction in the electric field
between them and the pin. When the total electric field is lower than the breakdown
requirement, the discharge extinguishes. When the electrons moves away from the ionization
area and then the electric field increases to the level required for breakdown, the next
discharge can start again, so the discharges are in pulse mode, which is called Trichel pulse
[91]. With increasing applied voltage, the individual discharge current impulses become
smaller but the time duration between two pulses is shorter. After a given voltage level the

discharge current signals overlap each other and the discharge current reaches a steady state

41



Chapter 2 LITERATURE REVIEW

[92] and becomes constant. This discharge mode is called pulseless discharge. If the applied
voltage is further increased, the pulseless discharge cannot be sustained and it converts to arc
discharge where the discharge current increases significantly and the energy density in the
arc discharge filament is high. At this point the temperature is high enough to produce NO

by the Zeldovich’s mechanism [3].

Negative Corona

i /4&\\ :%

| a | - [ |
Trichel Pulseless Arc
Pulse Corona

Corona

Figure 2-16 The development of negative corona discharge with increasing voltage [90]

In terms of NOx removal by corona discharge, many researchers were focused on reactive
species injection from a nozzle, as shown in Figure 2-17. High voltages were directly
connected to the nozzle and the reaction chamber was grounded. Gas discharge occurred
around the nozzle to generate reactive species, such as O, OH, N and NH,. Kanazawa et al.
[93] investigated the effect of methane (CH,) shower for NOx removal, because methane
could react with O, N and H reactive species to form NH or NH, which reduces NO to N..
The nozzle, whose dimensions are 1.5mm outer diameter, 1.2 mm inner diameter and 5mm
long, was energized by DC power supply. A gas mixture of O, (19.23%), Ar (3.73%) and
CH,4(0.12%) in N, flowed from the nozzle to reaction chamber. At an NO concentration of

200ppm the energy efficiency for NO removal was from 1 to 7 g/kWh. Yan et al. [94]
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investigated NOx removal by a similar reactor configuration. The NO removal energy
efficiency increased from 5g/kWh when NO concentration was 140ppm to 24g/kWh when
NO concentration increased to 421ppm.

—{<— Air

0,(19.23%),
arey  NOMN2 N2 N2/CO2/O2

CH,(0.12%) in N,

Figure 2-17 Experimental setup for corona discharge DeNOx [93, 94]

For corona discharge, the reactive species injection method is not an efficient way for
DeNOx, due to the short lifetime of reactive species. Because the reactive species is injected
to a large reactor, it is not possible to spray the reactive species into a large volume. In order
to increase the NOx removal energy efficiency, the discharge should cover as large a
proportion of the volume of the chamber as possible.

2.3.3.4 Nano second pulsed corona discharge

Pulsed power is able to provide a higher inception voltage compared to other power sources.
As shown in Figure 2-18, although the peak voltage of waveform 1 and 2 are the same, the
breakdown voltage (Vy,) of waveform 1 is larger than that (Vy,) of waveform 2. The impulse

voltage rise time is shorter and the cross-point between the impulse waveform and V-t
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characteristic curve becomes higher [76]: the cross-point represents the breakdown voltage
of the system. The benefit of higher breakdown voltage is to increase the relevant electric
field across the gas gap, and thus to increase the reduced electric field (E/d) which increases
the average electron energy. There is, therefore, a higher proportion of electrons with enough

energy to dissociate gas molecules and the energy input is used more efficiently.
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Figure 2-18 Impulse voltage-time characteristics [76]

In addition, nano-second pulsed power can reduce gas heating losses, caused by vibrational
and rotational quenching, which happen in the glow-like discharge process, as shown in
Figure 2-19. The red colour indicates high heating losses around the wire electrode as longer
duration, glow-like discharges occur. In order to limit heating loss, it is important to control

the pulse duration within 25 ns.

44



Chapter 2 LITERATURE REVIEW

Outer cylinder

V.
|

Streamer ‘Glow-likedischarge
m discharge ¥

ion, 10mm/d
1
|

osit

P
|

Central wire Time, 25ns/div.

Figure 2-19 A streak image typical of pulsed discharge [95]

Namihira and Wang [95-97] investigated NOx removal using pulsed power in a wire-
cylinder configuration. A HV stainless steel wire, 0.5mm in diameter and a copper cylinder
with 76mm internal diameter were used as HV and ground electrodes respectively. When the
pulse duration was reduced to 5 ns, NO removal energy efficiency was seen to significantly
increase, up to 3.75 mol/kWh (112.5 g/kwh), as shown in Figure 2-20.
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Figure 2-20 The NO removal energy efficiency vs. NO removal ratio for different pulse
durations [95]
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The problem with using nano-second pulsed corona discharge is the low energy level of
pulsed power source, as the energy is transmitted from the capacitance of a pulse forming
line. In [97], to generate a 5ns pulse signal a 0.5m pulse forming line, with inductance and
capacitance of 140nH/m and 216pF/m, respectively, has a capacitance of only 108pF. If the

charging voltage is 50kV, according to the capacitor energy equation F = %CVZ, the energy

level of this pulse generator is only 0.135J. In order to increase the energy level the
capacitance has to be increased, however, an increase in capacitance requires an increase in
the length of the pulse forming line which leads to an increase in pulse transmission and,
hence, in the pulse duration. Therefore, it is not currently possible to make a 5ns pulse power
supply with kW level power for industrial application.

2.4 Conclusions

Four current industrial NO removal technologies have been introduced, SCR, SNCR, EB and
LoTOx. SCR and LoTOx are the most popular ones, because they can provide higher NO
removal efficiency. The drawback of SCR and LoTOx are the use of an additional gas source
to support the NO removal process. SCR uses ammonia to reduce NO to N, with the help of
a catalyst. LoTOx uses O3 as oxidant to oxidize NO to N,Os which can be easily collected by
water or alkaline solution to get nitrite. Both technologies provide good results for NO
removal, and at present, the energy efficiency is normally higher than 60 g/kWh.

For non-thermal plasma technology, in terms of chemical kinetics between NOx and reactive
species, two reactive species destruction cycles, which convert strong oxidants O and Os to
0,, have to be considered. One is O destruction by the cycle of formation of NO and NO,
and the other is O and Os destruction by the cycle of formation of OH and HO,. Different
reactive species can produce different NOx removal pathways. Reactive species O can
oxidize NO to NO,, but only partially due to the side reaction between NO, and O to
generate NO. Reactive species O; can oxidize NO to NO, without any side reaction. In
addition, if Os is still present after all of NO molecules are oxidized to NO,, further oxidation
to N,Os can occur. Reactive species OH oxidizes NO and NO, to nitrite acid and nitrate acid,
but limits the formation of O and O;. Four atmospheric pressure non-thermal plasmas have

been introduced, dielectric barrier discharge, packed bed dielectric barrier discharge, corona
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discharge and nano-second pulsed corona discharge. The advantage of non-thermal plasma is
that it can remove NO without the need of catalyst and additional gas source, but the
disadvantage of non-thermal plasma technology is the low NO removal energy efficiency,
usually less than 30 g/kWh in most non-thermal plasmas except for nano-second pulsed
corona discharge. The highest energy efficiency, achieved by 5ns pulse duration pulsed
corona discharge, is 112.5 g/kWh, but it is difficult to increase the power level of a pulse

power system to satisfy the requirement of industry.

This chapter presented the current NO removal technologies used in industry and laboratory.
NO absorption by activated carbon gives another inspiration for NO removal. It is
worthwhile investigating further the effect of combining absorption with non-thermal plasma
technology to analyse the reduction of NO under higher NO concentration. In addition, direct
non-thermal plasma technologies DBD and corona discharge are discussed, including the
mechanism and characteristics. Although the NO removal energy efficiency is too low to be
commercialised, it is important to quantitatively analyse the NO removal process and explore
new ways to improve the energy efficiency. This literature review provides many theories
and principles to support the experiments conducted in Chapters 4, 5 and 6 for NO removal
by DBD and corona discharge.
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Chapter 3 EXPERIMENTAL SETUP AND METHODOLOGY

3.1 Introduction

This chapter presents the information on the experimental arrangements used in this research.
As shown in Figure 3-1 there are six parts, including the pneumatic control system, power
supply system, electrical signal measurement system, non-thermal plasma treatment system
and NOx and O; measurement system, each of them will be explained in detail. First aspect
to be described is the pneumatic (gas flow) control system, which is important as it allows
production of different concentrations of NO, H,O and O,. The variation of initial NOx
concentration is from 100 ppm to 1000 ppm, that of O, is from 0 % to 16.67 % and that of
H,O vapour is from 0% to 2.31%. After that, two power supplies, 0-7 kV 50 Hz AC and 0-
20 kV DC, are discussed to specify their application on different non-thermal plasma
technology. Third, the electrical signal measurement system which is one of the most
important parts in this research is introduced, because it includes the measurement of the
applied voltage, discharge current impulse, charge transfer and discharge power by Lissajous
figure. Finally, the equipment used to measure gas concentration and the equations used to
assess the level of NO removal, NO, and O; formations and their energy efficiencies are
given. These experimental setup and methodologies are important as they provide
underpinning knowledge prior to conducting the experiments in Chapters 4, 5 and 6.

Power supply
system

Electrical signal
measurement system

Pneumaticcontrol

Gas supply system . Non-thermal plasma
system - treatment system

NO, and O,
measurement system

Figure 3-1 Block diagram of the experimental systems
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3.2 Pneumatic control system

A schematic diagram of the pneumatic control system, which allows control of the mixture
of gases in the test cell, is shown in Figure 3-2. It includes three gas sources, two of them are
pure N, and O, and the last one is a mixture of N, and NO where the concentration of NO is
1000 ppm.

Three mass flow controllers from Alicat are normally used to realise the control of NO and
O, concentrations as shown in Table 3-1. Because NO is defined as a corrosive gas, an anti-
corrosive mass flow controller (MCS) is used to control NO gas flow. The other two
controllers (MC) are used for non-corrosive gases, namely pure N, and pure O,.

—
IMCS

l wic [| MC

plpd i

1000ppm

Non-thermal plasma

treatment system

NO N, 0,
in Ny
— — —
where:

MFC is mass flow controller
Both MCS and MC are the models of Allicat mass flow controllers, MCS is for corrosive gas
(including NO) and MC is for non-corrosive gas.

Figure 3-2 Schematic diagram of the pneumatic control system
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Table 3-1 Parameters for different model of Alicat mass flow controller

Controlled Measurement )
Resolution Accuracy
gas range
#0.8% of reading
ALICAT )
] NO in N, 0-10 slpm 0.01 slpm 30.2% of Full
(MCS Series)
scale
Mass 40.8% of reading
ALICAT
Flow ) N> 0-5 slpm 0.001 slpm 30.2% of Full
(MC Series)
controller scale
#0.8% of reading
ALICAT
. 0, 0-500 sccm 0.1 sccm #0.2% of Full
(MC Series)
scale

where:

slpm: standard litre per minute.

sccm: standard cubic centimetre per minute.
1slpm=1000 sccm.

The concentration of NO in the gas entering the plasma can be reduced by the injection of
pure N, to the mixture of 1000 ppm NO in N,. The total flow rate for the NO/N, gas mixture
is held at constant 200 sccm. The concentration of NO under different flow rates of N, and
NO are controllable from 100 to 1000 ppm as shown in Table 3-2.

Table 3-2 NOx concentrations under different N, and NO mixture

FR of 1000ppm NO in N, FR of N, CNO CNOZ
(scem) (sccm) (ppm) (ppm)

200 0 1000 0

120 80 608 0

40 160 206 0

30 170 153 0

20 180 102 0

where:

FR is flow rate;

Cno is the concentration of NO;
Cnoz is the concentration of NO,

The concentration of O, is controlled by adding O, into the 200 sccm N, and NO gas mixture.
For instance, for 4.76 % O, condition, 10 sccm O, is added into the 200 sccm N, and NO gas
mixture. The total flow rate is changed from 200 to 210 sccm. For 9.09 % and 16.67 % O,

condition, the total flow rates are increased to 220 and 240 sccm. Before the plasma is
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applied, for the 1000 ppm NO condition, the concentrations of NO and NO, under different
O, concentration are shown in Table 3-3. Because O, can oxidize NO to NO,, the
concentration of NO decreases and that of NO, increases. In addition, the presence of O,
dilutes the total NOx concentration, so as the O, concentration increased from 0 % to 16.67 %
the total NOx concentration reduced from 1000 ppm to 817 ppm.

Table 3-3 NO, NO, and NOx concentrations under different O, concentration

C02 FR of 1000 ppm NO in N, FR of Og CNO CN02 CNOX

(% vol) (sccm) (sccm) (Ppm) (ppm) _ (ppm)
0 200 0 1000 0 1000
4.76 200 10 855 102 957
9.09 200 20 756 163 919
16.67 200 40 614 203 817

Adding water vapour into the gas phase is realised by passing gas through a 20°C gas
washing bottle, as shown in Figure 3-3. With increasing temperature, the water vapour
saturation pressure increases and more water vapour is held in the gas. In this research, the
temperature of the laboratory is consistently about 20°C, so the saturated water vapour
pressure is 2.338 kPa whose corresponding percentage in volume was 2.31 % (which is the
result of 2.338kpa/101kpa), as indicated in Figure 3-4.

Mass flow
controller

N>+1000 ppm

NO Gas washing

bottle 20°C

Figure 3-3 Adding water vapour in gas phase process
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Figure 3-4 The relation between temperature and water vapour saturation pressure [98]
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3.3 Power supplies

Two different high voltage power supplies are used in this research. One is a 50 Hz AC
power supply which is used to investigate NO removal under DBD, as shown in Figure 3-5.
The other one is a DC power supply which is used to investigate NO removal under pin-

water negative DC corona discharge, as shown in Figure 3-6.
3.3.1 50 Hz AC power supply system

The 50 Hz AC power supply provides voltages up to 7 kV. It consists of an auto-transformer
and a step-up transformer with fixed ratio (240/7000), as shown in Figure 3-5. A 600 kQ
resistor is connected between the AC power supply and the DBD reactor in order to avoid
the risk of a short circuit. Details of the DBD reactor, including dimensions and materials,
are given in Chapter 4.

240/7000 600kQ

AN

Transformer
™ e
~ e
< -
) Auto ’>

N < Transformer

\‘%‘\ 50Hz AC _/ (\:

N )I N
< >
> >
\

\
E

Figure 3-5 Schematic diagram of 240 V/7000 V 50 Hz AC power supply for dielectric
barrier discharge

Mains power is connected to the primary side of the auto-transformer and the voltage on the
secondary side of the auto-transformer is adjustable from 0 V to 240 V. A step-up
transformer with a voltage ratio of 240 V to 7000 V is connected to the secondary side of the
auto-transformer. In these experiments, the voltage applied to the reactor is between 4 kV
and 7 kV. A 50 Q resistor and a 100 nF capacitor are used in series with the reactor to
measure the discharge current and charge transfer, respectively. The details of how to

measurement is made will be given in section 3.4.
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3.3.2 DC power supply system

The DC power supply is made by Glassman High Voltage INC from USA and the model
used in this research is PS/EJ20R30.0F22. The output voltage can be controlled from 0 kV
to 20 kV with a maximum output current of 30 mA. The details of the pin-water corona

discharge reactor, including the dimensions and materials, are given in Chapter 5.

r

Negative
DC source

R 1kQ

Figure 3-6 Schematic diagram of 20 k\V DC power supply for pin-water negative DC corona
discharge

One advantage of the DC power supply is its ability to limit the output current. Before
switching on the power supply, the maximum output current can be pre-set. To maintain the
negative corona discharge in pulseless mode, and avoid the transition to arc discharge, the
maximum output current is pre-set to 1 mA. For the corona discharge reactor, a stainless
steel pin is used. The reason for choosing a 1 kQ resistor in the measurement system is that
the amplitude of discharge current is very low, resulting in a very low voltage when
measured by 50 Q resistor. In addition, no capacitor is required, because discharge power for
corona discharge can be measured by the product of DC voltage and DC current (more

details will be given in Chapter 5).
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3.4 Electrical signal measurements
3.4.1 Voltage measurement

For voltage measurement, two types of voltage probes are used; one is HV probe “Tektronix
P6015A”, which can measure up to 20 kV DC and 40 kV for pulsed signals. The other
voltage probe is Tektronix TPP100, which is used to measure low voltage signals. The basic
parameters of these two probes are shown in Table 3-4.

Table 3-4 Parameters of voltage probes used in this research project

Type Tektronix P6015A Tektronix TPP1000
Maximum input voltage 20KV D_C & 300Vrms
40 kV Peak impulse
Attenuation 1000:1 10:1

Bandwidth 75 MHz 1 GHz

Rise time 4 ns <450 ps

System input resistance 100M Ohm 10M Ohm
System input capacitance 3 pF 3.9 pF
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3.4.2 Current measurement

Two current measurement methods are used. The method used in the DBD experiments is to
measure the voltage across the 50 Q termination, Figure 3-5, through a coaxial cable (RG405
Zy=50Q). The advantage of this measurement is that the nano-second discharge current
impulse is transmitted under matched impedance condition, so there is no distortion between
the measured current impulse and the actual current impulse. The schematic diagram is

shown in Figure 3-7.

HV

DBD Oscilloscope

1 MQ

. 50Q
T connector L
Termination

Figure 3-7 Schematic diagram of current measurement by 50 ( termination

RG405 Z,=50Q

The other method, used for the pin-water corona discharge current measurement, (Figure 3-8)
measures the voltage across the 1 k€ resistor. The reason for using a 1 kQ resistor instead of
a 50 Q resistor is that a larger resistance increases the amplitude of the measured voltage

signal, as discussed in section 3.3.2.

HV

Corona discharge

X10 probe Oscilloscope

1MQ

Figure 3-8 Schematic diagram of current measurement by 1 kQ resistor
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3.4.3 Discharge current amplitude distribution

The discharge current amplitude distribution is an important parameter when investigating
whether there is any change in reactive species in DBD. An explanation of how to measure
the discharge current amplitude distribution is given below. A LeCroy oscilloscope
WaveRunner 625 Zi is used for data acquisition. The bandwidth and sampling rate of this
oscilloscope are 2.5 GHz and 40 Gs/s respectively. One powerful function of the
oscilloscope is to build a histogram of discharge current amplitude distribution. An example
of a single discharge current impulse in pure N, is shown in Figure 3-9, the oscilloscope will

record its amplitude as 2.9 mA.
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Figure 3-9 A single discharge current impulse waveform at pure N, gas condition

At each discharge event above a set magnitude, the trigger level, the discharge current
impulse is displayed and the amplitude of this impulse is recorded. This process is repeated
10,000 times for a single data set. A discharge current impulse distribution can be generated
from this data, Figure 3-10 is an example taken at 210mL/min N, and 7 kV applied peak
voltage for negative half period of AC power supply in the DBD reactor. The average
current amplitude changes with different gas mixtures, as the discharge energy is related to

the gas conductivity. The reactive gas species generated in a discharge can change the
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structure of the original discharge. More information on the relationship between the

discharge current amplitude and the reactive species is given in Section 4.3.

B negative half period in N,

600

400

200

number of occurrences

0 T T T T | —
-14 -12 -10 -8 -6 -4 -2 0

discharge current magnitude (mA)

Figure 3-10 Amplitude distribution of 10,000 negative half period discharge impulses in a
cylindrical DBD reactor: one dielectric layer, gap 0.35 mm, dielectric barrier thickness 1.5
mm, N, at 210mL/min and 7 kV peak applied voltage.
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3.4.4 Discharge power calculation

Two methods are used to measure the discharge power. The first one discussed, used for the
pin-water negative DC corona discharge, uses the product of voltage and current. The other,
for the power calculation in DBD discharges, is based on the Lissajous figure.

3.4.4.1 Product of voltage and current

For DC voltage and current, power can be calculated using equation (3-1):

P=VxI (3-1)
However, if voltage and current signals periodically change with time then the power can be
calculated by (3-2):

1 T
P = T * f U(t) * l(t)dt (3'2)
0

where:

T is time period

[t Is variable current signal with time
V(¢ Is variable voltage signal with time

As mentioned in Chapter 2, negative corona discharge has different modes with increasing
applied voltage. For Trichel pulse discharges, i.e. periodic pulse signals, the power
calculation uses (3-2). When discharge converts to pulseless and arc discharge, they are both
continuous discharge, so the power can be calculated by (3-1). More description on the

waveform of discharge current and voltage will be given in Chapter 5.

3.4.4.2 Lissajous figure of dielectric barrier discharge

One of the most important characteristics of signals in DBD is the Lissajous figure, because
it contains many inherent parameters of the DBD reactor. These include the equivalent
dielectric capacitance (Cq), gap capacitance (Cy) and total capacitance (Ciy), discharge

energy and breakdown voltage of the gap (V).

In Figure 3-11 the x-axis indicates the voltage being applied to the DBD reactor and the y-
axis is the charge transfer, which is measured using an additional capacitor in series

connection. One period of the AC voltage waveform is indicated by A - B - C - D — A.
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AQge

AQyup

(2]} "

AV,

aap

Figure 3-11 A Lissajous figure of DBD for a sinusoidal waveform

A measurement capacitor of 100 nF capacitor is used in this research. This capacitance is
much larger than that of the DBD capacitor to reduce the effect of measurement capacitor on
voltage sharing. Because the measurement capacitor was connected to the DBD reactor in
series, charge transfer in the measurement capacitor was equal to that in total capacitance of
the DBD reactor. At Point A, the applied voltage is at its maximum value in negative
polarity. During the time period from A to B the applied voltage increases to zero and B to C
is the transition to peak positive voltage. The DBD reactor is a pure capacitor and the total

capacitance can be calculated by the slope of line AB in Lissajous figure according to (3-3).
Ceot = AQAB/AVaAB (3-3)

As shown in Figure 3-12, when the applied voltage is lower than the minimum voltage for
gas breakdown from ta to tg, the applied voltage (V,), dielectric voltage (V) and gap voltage
(V) are all sinusoidal waves. Once V, is higher than the minimum voltage for breakdown,
V4 becomes constant with the amplitude of V,, during the breakdown period from tg to tc, so
the change of V, is equal to the change of V4. Dielectric capacitance (Cy) is calculated by

(3-4). A similar argument applies to the positive half period from tc to ta.

Cq = AQpc/AVqy,,. (Where AVy, . = AV, ) (3-4)
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Figure 3-12 Applied sinusoidal voltage and gap voltage waveforms for a DBD

When the values of the total capacitance (Cy) and dielectric capacitance (C4) are calculated,

the gas capacitance (Cy) can be solved from (3-5).

1 1 1

=+ 3-5
Cooc Gy | Ca (-9

In addition, in Figure 3-11 the point at which the Lissajous figure crosses the x-axis signifies
the breakdown voltage of the gap (Vy,). That is the point where the voltage of the
measurement capacitor is zero, which means that no net charge is accumulated on the
measurement capacitor. As the dielectric capacitor and measurement capacitor are in series,
this means that there is no net charge on the dielectric. As the net voltage across the
dielectric barrier is zero, the whole applied voltage is applied only to the gas. The reason
why the dielectric voltage is zero at the cross point is that there are two separate voltage
sources to charge the dielectric capacitor. One is caused by the applied voltage source and
the other is caused by the deposited charges which are generated during the previous half
cycle of the sinusoidal voltage. At the cross point, the voltages across the dielectric barrier,
as generated by the external voltage source and deposited charge, are of the same amplitude
but opposite polarity. Therefore, the total voltage across the dielectric is zero and the applied

voltage is equal to the voltage across the gap. In addition, the cross point is located in the
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discharge time period, so the voltage is the breakdown voltage for the gap. The calculation of
discharge power, from Kogelschatz et al. [60], is the product of working frequency, in UK
50Hz, and the discharge energy in one cycle. The principle of discharge energy (E) in one
cycle in DBD is based on the charge transfer in gap (4Q) and gap voltage (V,) using (3-6):

E =V, 4Q (3-6)

The charge transfer (4Q) is calculated from the product of the capacitance (C) and the
change of voltage (47) across the capacitor in (3-7):
AQ =C-AV (3-7)

As highlighted in Figure 3-12, the total charge transfer through the dielectric capacitance
during the half cycle from ta to tc is given in (3-8):

Qac = Ca - (2Vap. — 2Vy) (3-8)

The same charge transfer must go through the gap capacitance during the same time period.
Because the gap voltage is unchanged during the discharge time period from tg to tc, the
charge transfer for the gap capacitance can be separated into two parts and the charge

transfer during the non-discharge time period from ta to tg is given in (3-9):
Qup = Cg “(2Vp) (3-9)

The charge transfers during the time periods from ta to tc and from ta to tg through the gap
capacitance are known from (3-8) and (3-9), so the charge transfer during the discharge time

period from tg to tc can be solved using (3-10):
Qpc = Qac — Qup = 2C4 - (Va p. Vb) - 2Cg Wy (3-10)

As both charge transfer and applied voltage are known, the energy transfer for a half period
can be calculated using (3-11).

Ca+C,
Cq

E=0Qpc Vy=2Cq"Vp(Vgp. — “Vp) (3-11)

Therefore, the discharge power can be obtained using (3-12):
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Ca+C,

P=2'f'E:4"f'Cd'Vb(Vap._ Cd

V)

where:

f is the frequency of power supply in Hz;

C, is the dielectric barrier capacitor in F;

Cy is the gap capacitor and equal to (Crot P =C4gH7VinF;
Va p.is the peak applied voltage in V;

Vpis the breakdown voltage of gap in V;

P is the discharge power in W.
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3.5 NOx measurement

Concentrations of NO and NO, are measured by the thermal scientific Model 42i-HL NOx
analyser. Some parameters of the NOx analyser are shown in Table 3-5. The sample flow
rate is lower than the actual testing flow rate because the analyser is working with a pump. It
can extract the required amount of gas from the main stream of gas flow and carry out the

measurements as appropriate. The rest of the gas will bypass the detector and be exhausted.

Table 3-5 NOx analyser specifications

Manufacturer . Measurement Sample

Name Function Accuracy

(Part name) range flow rate

High
NOXx Thermal scientific  concentration 1% of full
) 0-5000 ppm 25 sccm
analyser Model 42i-HL NOXx scale
measurement

Display

Analog Outputs
Digital Outputs
Cormmunication Protocols

Flow O3 Cleanser

Switch [—l
Dry Air ()—| C’—{ } ——
l—l (a) Capillary

Ozonator -

(NO Mode)

Electronics
Reaction
Flow

| Chamber
Sensor Sample 1~
— —1 Mode 4‘ P
— LJ —_— Solenoid /N

[capillary

Sample

Eilter

Reaction chamber
Light emission

NOp —=NO
Converter Pressure

(NO, Moge) Transducer

(b)

Exhaust Through
A Suitable Vent ( E L

Pump Q3 Converter

Figure 3-13 NOx analyser schematic flow diagram [99]

The fundamental principle of NOx measurement is to measure the light emission by the

reaction between nitric oxide and ozone.
NO + 0; - NO; + 0,

NO; - NO, + hv
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Following path (a) in Figure 3-13, the emitted light, with a wavelength of about 600nm [100],
is detected by photomultiplier tubes. The intensity of light emission corresponds to the NO
concentration. NO, concentration measurement, following path (b) in Figure 3-13, is based
on the same principle for NO measurement, but there is one more process to reduce NO; to
NO, which is done by molybdenum catalyst at 325 °C.

Mo at 325°C
2NO, ——— S 2NO + 0,

When the mixture of NO and NO, goes through path (b) into the molybdenum converter
chamber, NO, is reduced to NO completely. After that, the measured concentration of NO in
the reaction chamber represents the sum of NO and NO, concentrations, so the difference
between total NOx concentration and NO concentration is NO, concentration. Therefore,
although the concentration of NO, is not directly measured, it can be effectively calculated.
For NO removal, two important parameters are considered: one is the NO removal and the

other is the NO removal energy efficiency, as discussed below.

3.5.1 NO removal and NO, formation

In this research, because O, is able to oxidize NO at atmospheric pressure and room
temperature conditions, some NO is converted to NO, without non-thermal plasma treatment.
With the increase of O, concentration in the gas mixture, more NO is oxidized to NO,. The
initial concentrations of NO and NO, under different O, concentration were shown in Table
3-3. Therefore, NO removal is based on the difference between the initial NO concentration
and the NO concentration after non-thermal plasma treatment. In terms of NO,, because
most of the reactive species are oxidants, the concentration of NO, is usually increased.
Therefore, the recording of NO, formation is based on the difference between the NO,
concentration after non-thermal plasma treatment and the initial NO, concentration. The

definitions of NO removal and NO, formation are shown in (3-13) and (3-14).

Ryo = Cnoi. — Cnov. (3'13)

Fnoz = szo2 t. — szo2 i (3-14)

where:

Rno is the NO removal in ppm;

Fnoz is the NO, formation in ppm;

Cyo ;. 1S the initial NO concentration in ppm;

Cno, i.1s the initial NO, concentration in ppm;

Cyo 1S the NO concentration after non-thermal plasma treatment in ppm;
Cno, ¢.is the NO, concentration after non-thermal plasma treatment in ppm.
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3.5.2 NO removal energy efficiency

At standard conditions (0°C and 1 atm), the molar volume (M,,) of any gas is constant.
M, = 22.4 L/mol (3-15)

As highlighted in Section 3.2, the flow rates of all the gases is controlled by mass flow
controllers (from Alicat), and the setting of the flow rate is based on the same condition (0°C
and 1 bar). Although the laboratory temperature is around 20°C, the mass flow controller has
an inbuilt function to take into consideration of the effect of temperature. Therefore, the

value of molar volume used in (3-16) is 22.4 mL/min.

%*RNO*Mm*6*1O‘5

= (3-16)
NMno P

where:

FR is flow rate at 0°C and latm condition in sccm;
Rno is the NO removal in ppm;

M, is molar mass of NO, 30 g/mol;

P is non-thermal plasma discharge power in W;
nno 1S NO removal energy efficiency in g/kwWh.
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3.6 Ozone measurement

Ozone, O3, concentration has been considered in this research, because it is a reference in
identifying the dominant reactive species between atomic O and Oz for NO oxidation under
different gas conditions. As highlighted in Chapter 2 when discussing the chemical kinetics
of NOx removal, both O; and O can oxidize NO to NO,, but they react differently with NO,.
O acts to reduce NO, to NO, so it can limit NO removal as a result of this side reaction. O
can further oxidize NO, to NO; without any side reaction for NO oxidation. For Os
measurement, a comparison with discharge in a reference gas where NO does not exist is
used. For instance, for 16.67% O, in N, without NO, O; formation is 394 ppm for 7kV peak
applied voltage. However, for 16.67% O, with 1000 ppm NO in N, the NO oxidation rate is
only 148 ppm, not the expected 394 ppm if Oz is the oxidant. According to the difference in
NO removal in the gas mixture where NO exists and the O; formation in the reference gas,
the dominant reactive species for NO oxidation can be identified quantitatively.

In this research, Oz concentration is measured using a BMT 964 ozone analyser, information
about the O analyser is listed in

Table 3-6. In the tests in this work, before using the analyser, at least half hour is given to

warm up and a zero calibration is completed.

Table 3-6 Ozone analyser specifications [101]

Manufacturer . Measurement )
Name Function Resolution Accuracy
(Part name) range
Low ozone 0.4% of

Ozone BMT . 3 3

concentration 0-20 g/Nm 0.01g/ Nm measurement +

analyser (964)
measurement 0.1% of scale

where: g/Nm? represents g/m?® in normal condition (20°C, 1atm)

Ozone measurement is based on the light absorption by Os; at 254 nm UV light. A low
pressure mercury lamp is used as the 254nm light source. When a known concentration of O
passes through the absorption cell, part of the UV light is absorbed by Os. At the end of the
absorption cell, see Figure 3-14, there is a photodiode to receive the remaining UV light. The
initial UV light intensity at the photodiode, Iy, is known. According to the Beer Lambert law,

the corresponding O concentration can be calculated using equation (3-17).

67



Chapter 3 EXPERIMENTAL SETUP AND METHODOLOGY

=1, e #Cos (3-17)

where:

o is the light intensity from the mercury lamp;

| is the light intensity received by the photodiode;
A is constant;

Cos is the concentration of O5;

Gas outlet

Hg L
ELAMD Ly light ‘[

transmission .
. Absorption cell

¢ —

Photodiode

Gasinlet

Figure 3-14 Schematic diagram of the ozone analyser

3.7 Conclusion

In this chapter, the use of a pneumatic control system to get different initial concentrations of
NO, O, and H,O in the gas mixture has been explained. This is the fundamental to
conducting the experiments in the following chapters, as it allows quantitative analysis of the
dominant reactive species for NO removal. The electrical signal measurement also provides
important information to evaluate the performance of different non-thermal plasma
technologies for NO removal, e.g. the measurement of the Lissajous figure and the discharge
current impulse distribution. The Lissajous figure provides information on gap capacitance,
dielectric capacitance and total capacitance, and on the breakdown voltage and the discharge
power. In addition, this chapter provides the general equations for the calculation of NO
removal and energy efficiency which are important parameters to determine the applicability

of non-thermal plasma technologies in this research.
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Chapter 4 DIELECTRIC BARRIER DISCHARGE FOR
NO REMOVAL

4.1 Introduction

As explained in Chapter 2, DBD has been investigated by other researchers [40, 73, 81, 82]
who highlighted the importance of the reactive species such as O, Oz, OH and N for NO
removal, but there has been no guantitative conclusion to identify which reactive species are
more important. According to the chemical kinetics for NO removal, different reactive species
bring different reaction pathways, so confirming the dominant reactive species is worthwhile.
In this chapter, a cylindrical DBD reactor was used for NO removal. The advantage of the
cylindrical configuration is that, because the dielectric is a closed loop, there is no dielectric
boundary and this avoids the occurrence of corona discharge on sharp edges in the reactor.
The discharges which do occur can happen uniformly in the gas gap.

Reactions in five different NO concentration levels were analysed and the effect of O, for
each NO concentration level was investigated. According to the change of NO concentration,
a series of experiments were conducted to determine the dominant reactive species for NO
removal under different initial NO, O, and H,O concentrations. In addition, under different
gas conditions, the characteristics of discharge were found to be different, especially in
respect to the amplitude of discharge current impulse. The average discharge current
amplitude was analysed and compared for different gas mixtures and the relationship between

the average discharge current amplitude and reactive species will be discussed.

4.2 Experimental setup and procedures

The DBD reactor used in this work is shown in Figure 4-1. The total length of the reactor
was 170 mm. An inner stainless steel rod with 6.3 mm diameter was used as the high voltage
electrode. A Pyrex tube with outer and inner diameters of 10 mm and 7 mm was used as the
dielectric barrier. The gas gap between the stainless steel (SS) rod and the Pyrex tube was
0.35mm. The outmost copper tube with outer and inner diameters of 28 mm and 26 mm was
the grounding electrode. The gap between the Pyrex tube and the copper tube was filled with

conductive tap water which became part of the grounding electrode. Both ends of the copper
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tube were sealed by PVC cap with O-ring to avoid water leakage. Finally, the copper
electrode was connected to ground.

O-ring Hv Hv

Gas gap Hy0
inlet

Vater (G)
Glass

Gas

G
as Stainless Steel (SS) rod outlet

inlet

H20
utlet

Figure 4-1 Front and side view of the DBD reactor.

The experimental setup, indicating reactor vessel and electrical, thermal and analytical
instruments applied, is shown in Figure 4-2. A 50 Hz AC power supply (maximum output
voltage was 7 kV at peak) was used to energize the DBD rector. Reactor temperature was
controlled by thermal static circulator (LKB Bromma 2219 MultiTemp II) which provided
constant temperature water flowing between reactor and circulator and the gas temperature
was taken as being controlled by the reactor temperature. Three different test temperatures

were chosen, i.e. 44, 62 and 81°C, for the experimental series.
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Figure 4-2 Schematic diagram of experimental setup
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In respect of the chemical kinetics of NO removal, as mentioned in Chapter 2, when using
atomic O there is a side reaction between NO, and O which generates NO, but if the oxidant
is Os, there is no such side reaction and NO, can be further oxidized to N,Os. The formation
of O; is based on the reaction of O, and O, so O generated by a non-thermal plasma can react
with both NO and O. The reaction rate constant between O and NO is about 1000 times
higher than that between O and O,, but the reaction rate is determined by the reaction rate
constant and each reactant concentration, as discussed in section 2.3.2. Although the reaction
rate constant cannot be changed, the concentration of each reactant can be manipulated.
Therefore, in order to obtain different concentrations of NO, N, was used to dilute an initial
NO concentration of 1000 ppm. Different O, flow rates were chosen into the gas mixture to
change the O, concentration. This was defined as five levels of NO concentration, i.e. high,
upper-medium, medium, lower-medium and low concentration NO. The various gas

concentrations under different O, concentration are shown in Table 4-1.

High concentration NO: initial NO was between 614 ppm and 1000 ppm.

e Upper medium concentration NO: initial NO was between 426 and 550 ppm.

e Medium concentration NO: initial NO was between 158 ppm and 189 ppm.

e Lower medium concentration NO: initial NO was between 126 ppm and 150 ppm.

e Low concentration NO: initial NO was between 84 ppm and 101 ppm.

Although the total gas flow rate of 200 sccm flow rate for NO and N, was constant, the pure
N, gas flow rate was determined by the required NO concentration. For instance, for a
required NO concentration of 600 ppm, the flow rate of 1000 ppm NO in N, was 120 sccm
and that of pure N, was 80 sccm. Similarly, variation in gas flow rates were developed for 200

ppm, 150 ppm and 100 ppm NO condition.

In terms of O, concentration, as shown in Table 4-1, the flow rate of O, varied from 0 to 40
sccm. However, because O, has the potential to oxidize NO to NO,, some NO became NO,
before DBD treatment. In practical situations, the range of NO concentration is from 200 ppm
to 600 ppm, but in order to investigate the chemical reaction pathways for NO removal, the
NO concentration range was expanded from 84 ppm to 1000 ppm, where 84 ppm was at the

low concentration NO condition, and 1000 ppm at high concentration NO condition.
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Table 4-1 NO, NO, and NOx concentration at different conditions prior to non-thermal plasma being applied

L Coz FR of N2 FR of lOOOppm NO in Nz FR of 02 CNO CNOZ CNOx
Cro range definition o4/ vo)  (scem) (sccm) (sccm) _ (ppm) _ (ppm) __ (ppm)
High Cno 0 0 200 0 1000 0 1000
4.76 0 200 10 855 102 957
9.09 0 200 20 756 163 919
16.67 0 200 40 614 203 817
Upper Medium Cyo 4.76 80 120 10 550 41 591
9.09 80 120 20 486 80 566
16.67 80 120 40 426 101 527
Medium Cyo 4.76 160 40 10 189 13 202
9.09 160 40 20 176 15 191
16.67 160 40 40 158 21 179
Lower medium Cygo 4.76 170 30 10 150 8 158
9.09 170 30 20 140 11 151
16.67 170 30 40 126 16 142
Low Cyox 4.76 180 20 10 101 14 115
9.09 180 20 20 93 10 103
16.67 180 20 40 84 9 93
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4.3 Discharge characteristics of DBD
4.3.1 Lissajous figure of DBD

As shown in Figure 4-3, it was found that with the increase in applied voltage, the Lissajous
figures expanded following the same slopes for both the discharge and non-discharge time
periods. The spikes, which exhibited on the positive and negative slopes of the Lissajous

figure, are caused by rapid charge transfer during discharge events.
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Figure 4-3 the Lissajous figures under different peak applied voltage from 4 kV to 7 kV at
4.76% O, and high concentration NO in N, condition

As discussed in Chapter 3, the total capacitance (Cyy), dielectric capacitance (C4) and gap
capacitance (Cg) can be calculated by Equations (4-1) to (4-3).

Ciot = AQAB/AVaAB (4-1)

Cq = AQpc/AVy,,. (Where AVy, . = AV, ) (4-2)
1 1 1

Cot Gy Ca @
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According to measurements of the Lissajous figures in Figure 4-3, the total capacitance,
dielectric capacitance and gap capacitance are 58.8 pF, 155.25pF and 94.13pF respectively.
Using that data the discharge power under different applied voltage can be calculated, based
on Equation (4-4), and the results for a range of applied voltages are shown in Table 4-2.

P=2-fE=4-f-Cy4- _Latly, 4-4
=2-fE=4-fCq-Vy(Vap. c, V) (4-4)

Table 4-2 Power injection to DBD reactor under different applied voltage

Applied voltage at 50Hz (kV) Power injection to DBD reaction (mW)
4 71
5 116
6 171
7 250
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4.3.2 Distribution of impulse current amplitude of DBD

In addition to the information that can be obtained from the Lissajous figure, the discharge
current amplitude measurement is another important parameter to be considered. In order to
have an accurate measurement, the sampling rate and record length are taken as large as
possible. The sample length is 1 Mega samples and the corresponding sampling rate is 100
Ms/s. For the histogram measurement of discharge current amplitude distribution, the sample
length is 20 k samples and the sample rate is 20 Gs/s. In order to obtain an accurate discharge
current amplitude distribution, a total of 10,000 samples were recorded. A 7 kV 50 Hz AC
power supply was used to energize this DBD reactor. For discharge current measurement, it
was measured through a coaxial cable (RG405 Z=50Q) with a 50Q termination as discussed
earlier. The discharge voltage and current waveforms, and discharge current amplitude
distribution for negative half periods are discussed below. Because there is no significant

difference for the positive half periods, they are listed in Appendix A.

4.3.2.1 Current amplitude distribution in the mixture of N,, O, and NO

For 4.76% O, and high concentration NO in N, condition, i.e. 855 ppm NO concentration,
the voltage and current waveforms are shown in Figure 4-4. In order to quantitatively
analyse the amplitude of discharge current, a statistical analysis was conducted to calculate

the average discharge current amplitude of the 10,000 discharge current impulse samples.

In order to avoid triggering of data collection by noise, the trigger has to be slightly lower
than OmA to trigger the proper discharge impulse. When the trigger was placed between 0
and -25mA, due to an oscillation which sometimes accompanied the main discharge impulse,
some positive discharge impulses caused data collection to be triggered. That is why the
discharge current distribution of the negative half cycle, as shown in Figure 4-5, has a gap
between 0 to -25 mA. In addition, although it was found that the maximum discharge
impulse can reach -400mA, after the average of 10,000 discharge impulse samples were

calculated, the average discharge current was found to be -125.66mA.
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Figure 4-4 Voltage and current waveforms for 210mL/min of 4.76% O, and high
concentration NO in N, at 7 kV peak applied voltage for negative half period (10,000
discharge current impulses were measured)
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Figure 4-5 Discharge current amplitude distribution for 210mL/min of 4.76% O, and high
concentration NO in N, at 7 kV peak applied voltage for negative half period (10,000 current
impulses were measured)
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4.3.2.2 Current amplitude distribution in the mixture of N,, O, NO and H,O

A gas mixture of 4.76% O, and high concentration NO in N, flowed through a 20°C gas
washing bottle, adding 2.31% H,O vapour to the gas mixture. The discharge current

amplitude was significantly reduced when water vapour was added, see Figure 4-6.
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Figure 4-6 Voltage and current waveforms for 210 mL/min of 4.76% O,, 2.31% H,O vapour
and high concentration NO in N, at 7 kV peak applied voltage for negative half period
(20,000 current impulses were measured)

Comparing the results from these tests it was found that when 2.31% H,O vapour was added
to the gas mixture, the discharge current amplitude was significantly reduced. As shown in
Figure 4-7, the maximum current was less than -20 mA and the average current was
calculated to be -5.848 mA. The missing data between 0 and -2.5 mA is due to the trigger

setting. A comparison between these two conditions is given in Table 4-3.
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Figure 4-7 Discharge current amplitude distribution for 210 mL/min of 4.76% O,, 2.31%
H,O vapour and high concentration NO in N, at 7 kV peak applied voltage for negative half
period (10,000 current impulses were measured)

Table 4-3 Average impulse current at 4.76% O, and high concentration NO in N, condition
with or without 2.31% H,O vapour

4.76% O,,
2.31% H,0 and high
concentration NO

4.76% O,
and high concentration NO

Average current

. -125.66 mA -5.848 mA
amplitude
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4.3.2.3 Impulse current amplitude distribution in N2 and mixtures of N, and O;

In order to determine why there was such a significant difference in discharge current
amplitude when 2.31% H,0O vapour was added to the gas mixture of NO, O, and N, another
two gas conditions, pure N, and a mixture of 4.76% O in N, were investigated. The voltage
and current waveforms and the discharge current amplitude distribution of discharges in N,
are shown in Figure 4-8 and Figure 4-9, respectively. The average current for N, discharge

condition was -4.075 mA, which was less than that in 4.76% O, and high concentration NO

with or without 2.31% H,O vapour (Table 4-3).
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Figure 4-8 Discharge voltage and current waveforms for 210 mL/min N, at 7 kV peak
applied voltage during negative half period (10,000 current impulses were measured)
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Figure 4-9 Discharge current amplitude distribution at 210mL/min N, and 7 kV peak
applied voltage for negative half period (10,000 current impulses were measured)

When 4.76% O, was added to pure N, the discharge current increased significantly
compared to that in pure N, (Figure 4-10). The maximum current amplitude increased
significantly from -10 mA to -165 mA: average current amplitude increased from -4.075mA
to -56.77 mA.
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Figure 4-10 Discharge voltage and current waveforms for 210 mL/min of 4.76% O, in N, at
7 kV peak applied voltage for negative half period (10,000 current impulses were measured)
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Figure 4-11 Discharge current amplitude distribution for 210mL/min of 4.76% O, in N, at 7
kV peak applied voltage for negative half period (10,000 current impulses were measured)
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4.3.2.4 Discussion of discharge current amplitude under different gas mixtures

The average discharge current amplitude for four different gas mixtures are shown in Table
4-4. When O, and a mixture of O, and NO were added respectively to pure N,, the value
increased to -56.77 mA and -125.66 mA from -4.075 mA. However, when H,O vapour was
added to the gas mixture of NO, O, and N,, the effect of O, and NO was reduced and the
average current amplitude was reduced to -5.848 mA, close to the value in pure N,.
Therefore, the amplitude of discharge current, which varied from a few mA to over one

hundred mA, depended on the components of the gas mixture.

Table 4-4 The average discharge current amplitude for four different gas mixtures

. 4.76% O+ 4.76% 0,+2.31% H,0
o)
N, 4.76 ﬁoz n high concentration +high concentration
2 NO in N, NO in N,
Average 475 mA  -56.77 mA -125.66 mA -5.848 mA
current

As shown by the Lissajous figures in Figure 4-12, there was no clear difference in the total
charge transfer for the four different gas mixtures. This suggests that more discharge
filaments of smaller discharge current amplitude developed, in agreement with visual

inspection of the discharge data shown in Figure 4-13: note the change in vertical scale.
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Figure 4-12 Lissajous figures for four different gas mixtures
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Figure 4-13 Discharge currents for four different gas mixtures at 7 kV peak applied voltage.

In addition, it was found that the breakdown voltage increased with the addition of O,, NO
and H,O vapour to N,, see Table 4-5 and Figure 4-14.

Table 4-5 Breakdown voltages for four different gas mixtures

4.76% O,+ 4.76% O,+
(0]
N, 4'7:;/:] 0, high concentration 2.31% H,0 high
2 NO in N, concentration NO in N,
Breakdown ;647 1704 1995 2315
voltage (V)
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Figure 4-14 Breakdown voltage for four different gas mixtures

A possible reason for the small discharge current amplitude in N, is that there were many
metastable and excited states of N, in the gap as a result of the discharges. These were the
source for generating seed electrons for gas discharge, being much easier to ionize and to
produce free electrons in comparison to the ionization of ground state N,: the ionization
energy of ground state N, is approximately 15.6 eV [102], while an electron colliding
with N,(a’1Z7) (a metastable state of N,) requires only 7.03 eV to initiate the ionization.
Some energy levels of metastable and excited states of N, are shown in Table 4-6. When
there are many metastable N, molecules, discharge occurs in a Townsend-like discharge
mode, where the density of charges in a filament is low and the distortion of local electric

field is not significant [103], so the discharge current amplitude is small.

Table 4-6 Some metastable and excited states of N, and their correspond energy level.

Species state Energy (eV)
N, A3X] (metastable) 6.22
N, B3I1, (excited) 7.39
N, a’ 127 (metastable) 8.57
N, C311, (excited) 11.05
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However, as shown above, in experiments when 4.76% O, was added to N,, discharge
current amplitudes increased significantly and the average current amplitude increased from
-4.075 mA to -56.77 mA. One possible reason for the change of discharge current
magnitudes is related to the high quenching rate of O, to metastable states of N, shown in
Table 4-7. Basically, O, can quickly react with N,’s excited and metastable states and so
there is less chance for these excited states of N, to generate atomic N, because they are
guenched by O, and NO and used to dissociate O,. Brandenburg [104] stated that the lifetime
of N,’s excited and metastable states are reduced significantly by the presence of O,, e.g.
1000 ppm of O, would effectively reduce the lifetime of N,’s metastable states, so 4.76% O,
would be expected to significantly reduce the number of N, molecules metastable states.
With the decrease in N, atoms in metastable states, gas ionization would become more
difficult and require a higher electric field. This is one possible explanation for the increase
of breakdown voltage from 1637 V to 1704 V. In turn, under higher electric field the density
of charges in a discharge filament would be high enough to distort local electric fields, which

caused an abrupt increase in the discharge current amplitude [104].

For 4.76% O, and high concentration NO in N, condition, where 855 ppm NO existed in the
gas mixture, the effect of NO is similar to, but even stronger than, that of O,, because the
guenching effect of NO on N,’s metastable states is higher than that of O,. The quenching
rate of NO is an order higher than O, for metastable states of nitrogen N,(43Z,) and
N,(a'1xy) (Table 4-7). The presence of NO significantly changes the average discharge
current amplitude from -56.77 mA to -125.66 mA (Table 4-4) and the corresponding
breakdown voltage increased from 1704 V to 1995 V (Table 4-5).

Table 4-7 Quenching effect of O,and H,O and NO on N,’s metastable states [105].

Reactions A (cm®s™)

N,(43%,)+ 0, > N, + 0, 1.3-2.5 x10™
N,(A3%,)+ H,0 - N, + H + OH 5.0 x<10™
N,(43Z,) + NO - N, + NO(A*1T*) 7.0 <10
Ny(a'157) + 0, —» N, + 0(3P) + 0(3P) 2.8 <10™
N»(a’'%y) + NO - N, + 0(PP) + N(*S) 3.6 <10
Ny(a''Zy)+H,0 >N, + OH +H 3.0x10™"
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However, when 2.31% H,O vapour was introduced to the gas mixture, the discharge current
reduced from -125.66 mA to -5.848 mA. Although H,O vapour has the ability to quench
N,’s excited states, H,O electron attachment ability played a more important role in limiting
the amplitude of discharge current. As shown in Table 4-8, the electron attachment cross
section of H,O is more than six times higher than that of O, and NO. It can capture free
electrons to limit the development of discharge filament, which leads to a higher breakdown
voltage (Table 4-5). Under this condition the breakdown voltage was further increased, to
2315 V, because of the confinement of free electrons. Negative ions generated as a result of
electron capture did not contribute to additional ionization, so the amplitude of the discharge

current was small.

Table 4-8 Gas species’ corresponding peak values for an electron attachment cross section

Gas species Peak cross section Reactions

H,O [106] 6 10" cm™ e” +H,0 > OH+H~
0,[107] 1.4 x10™ cm™ e~ +0,>0+0"
NO [108] 1.1 x10™ cm™ e"+NO->N+0~

4.4 Effect of oxygen on NO removal

As shown in Table 2-2, practical flue gases have an O, concentration of 4.5%, approaching
the concentration of O, used in this experiment, from 4.76%. In order to analyse the effect of
O, on NO removal, O, concentration was further increased to 16.67%. In this series of
experiments no water vapour was added to the gas mixture and, as the dew point of cylinder
gas was -40°C and the gas temperature was controlled at 44°C, the water vapour effect can
be ignored. The NO removal and energy efficiency were investigated under different applied
voltages. During the DBD process O, played an important role in generating O and Os, two
important reactive oxygen species for NO removal. In order to quantitatively analyse the
effect of O3 for NO removal, a reference experiment was conducted by using a mixture of N,

and O, but without NO: it provides a reference level of O; formation.

4.4.1 Oz formation in reference gas without NO

For the reference experiment, the gas mixture consisted only of N, and O,. The aim of

measuring Oz formation in the reference gas condition was to probe which of the reactive
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species, O and Oz, was more important for NO removal. As discussed in Chapter 2, both O
and O; can oxidize NO to NO,, but O causes a side reaction to produce NO as a result of the
reaction between NO, and O. Oz does not cause any side reaction for NO removal.
Therefore, if NO removal is close to the Oz formation in the reference gas, Os is the
dominant reactive species for NO removal. The flow rates of N, and O, under different O,
concentration are shown in Table 4-9. The O; formation curves for different O,
concentration under different applied voltage, seen in Figure 4-15, indicate a linear
relationship between applied voltage and O; formation for all three O, concentrations. The
increase of O; formation with increasing applied voltage was faster when the concentration
of O, was higher. The volumes of Oz formed were 143 ppm, 253 ppm and 394 ppm, for
4.76%, 9.09% and 16.67% O, respectively at an applied voltage of 7kV. It should be noted
that data points with error bars in this chapter are the average of 5 results and the error bar is

the standard deviation of these results.

Table 4-9 Flow rates of N, and O, for different O, concentration

FRof N FRof O
Coz (% VO|) 2 2
(sccm) (sccm)

4.76 200 10
9.09 200 20
16.67 200 40
450 . . . 450

" 476% 0O, y=27.3x-48.3 1
107 o 9.09% 0, y=49.5x-90 140
3504 4 16.67% O, y=80.2x-167.0 - 350
E 300 4300

g ]
£ 250 % 20

e 4

S

S 200 1 - 200
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Figure 4-15 O; formation under different applied voltage
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In addition, an O; formation curve under different O, concentration for a peak applied
voltage of 7kV and a corresponding discharge power of 0.25 W is shown in Figure 4-16.
Under this level of discharge power, the side reaction between O and O; is negligible,
providing a linear relationship between O; formation and O, concentration.

400 ® O, formation y=20.8x+51.8 - 400
- 300

300

200 + - 200

O, formation (ppm)

100 + - 100

5 10 15 20
Oxygen concentration (% vol)

Figure 4-16 O; formation under different O, concentration at 7 kV peak applied voltage
under the mixture of O, and N,

4.4.2 High concentration NO condition

The initial concentrations of NO and NO, under different O, concentration are shown in
Table 4-10. During the discharge process under different O, concentration, no Os; was

measured from the output of the DBD reactor.

Table 4-10 NO, NO, and NOx concentrations for high concentration NO condition before

DBD treatment
Coz FR of 1000ppm FR of 02 CNO CN02 CNOX
(% vol) NO in N, (sccm) (sccm) (ppm)  (ppm) (ppm)
4.76 200 10 855 102 957
9.09 200 20 756 163 919
16.67 200 40 614 203 817

For 4.76% O, and high concentration NO in N, condition, NO and NO, concentrations
changed as the applied voltage increased from 0 kV to 7 kV, Figure 4-17. Because there was

no discharge below 4kV, there was no change in NO and NO, concentration for applied
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voltages in the range of 1kV to 3kV. For applied voltages in the range of 4kV to 7kV the
concentration of NO gradually reduced from 855 ppm to 642 ppm, indicating that 213 ppm
NO had been removed. The concentration of NO; increased from 102 ppm to 247 ppm which
indicated the formation of 145 ppm NO,. The 68 ppm difference between NO removal and
NO, formation would be caused by atomic N reducing NO to N,. As shown in Figure 4-18,
with the increase of applied voltage from 4 kV to 7 kV, the NO removal increased from 111
ppm to 213 ppm,

According to equation (4-5), the energy efficiencies under different applied voltages can be

calculated.

FR -
. :m*RNO*Mm*6*105 (4-5)
NO p

The discharge power (P) under different applied voltages was shown in Table 4-2. Because
the flow rate (FR) is 210 mL/min and the molar mass of NO (M,,) is 30g/mole, for the range
of the removal rates (Ryo), i.e. 111ppm, 146 ppm, 177 ppm and 213 ppm, the NO removal
energy efficiency was calculated to be 25 g/kwWh, 20.98 g/kWh, 17.19 g/kWh and 13.2
o/kWh, respectively see Figure 4-18.
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Figure 4-17 NO and NO, concentrations at different applied voltage at 4.76% O, high

concentration NO in N, condition
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Figure 4-18 NO removal and energy efficiency at different applied voltage under high
concentration NO, 4.76% O, in N, condition

In order to consider the effect of O, concentration on NO removal, two additional oxygen
concentrations of 9.09% and 16.67% were investigated at a high concentration NO condition.
For a 9.09% O, condition, with the increase in applied voltage from 4 kV to 7 kV, although
the amount of NO removed increased from 96 ppm to 168 ppm, the NO removal energy
efficiency reduced from 22.67 g/kWh to 11.98 g/kWh, see Figure 4-19. For 16.67% O,
condition, with the increase of applied voltage from 4 kV to 7 kV, NO removal increased
from 83 ppm to 148 ppm but NO removal energy efficiency reduced from 19.79 g/kWh to
10.4 g/kWh, see Figure 4-20. The general trend of NO removal and energy efficiency was

similar to that for 4.76% O,, i.e. less efficient with increasing O, concentration.
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Figure 4-19 NO removal and corresponding energy efficiency at different voltage under

high concentration NO, 9.09% O, in N, condition
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Figure 4-20 NO removal and corresponding energy efficiency at different voltage under
high concentration NO, 16.67% O, in N, condition

As shown in Figure 4-21, it was found that both the NO removal and energy efficiency

curves were shifted downwards with increasing O, concentration.
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Figure 4-21 Effect of O, concentration on NO removal and energy efficiency at high

concentration NO condition
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In order to determine the reason for this, a comparison between NO removal and NO,
formation was made at 7 kV peak applied voltage, Figure 4-22. It was found that NO
removal was reduced with increasing O, concentration, but NO, formation was nearly
constant. As mentioned before, there was an additional reaction pathway (4-6) for NO
removal by N which led to the difference between NO removal and NO, formation. However,
according to the trend shown in Figure 4-22, N became difficult to generate with increasing

O, concentration, so the reason why NO removal reduced was the reduction in N formation.
N+NO->N,+0 (4-6)

This was probably related to the quenching effect of O, on the metastable states of N,. As
discussed before, the dissociation energy for N, was 12.181eV, so electrons needed to have
at least 12.181 eV to dissociate a ground state N,. The energy requirement for an electron to
dissociate N, (A3Z} ) metastable state reduced to 5.961 eV. While the energy of the electrons
was mainly in the range of 1 to 10 eV, see Table 2-15, it was easier to dissociate metastable
state N,, rather than the ground state N,. However, because of the quenching effect of O,,
many metastable states of N, transferred their energy to O, and become ground state N,. The

possibility of obtaining N was less for higher O, concentration.
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Figure 4-22 NO removal and NO, formation at different O, concentration under high
concentration NO condition, 7 kV peak applied voltage.

For a constant NO, formation under different O, concentrations at high concentration NO

condition, a comparison was made between O formation in the reference gas and the NO,
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formation at the high concentration NO condition in Figure 4-23. If O3 is the dominant
reactive species for NO oxidation at high concentration NO condition, then NO, formation
should increase rather than being constant with increasing O, concentration. As this was not
the case, one possible reason could be that NO oxidation is caused by O rather than O3. The
side reaction between NO, and O to form NO could limit the NO, formation, as discussed in

Chapter 2 chemical kinetics for NOx removal.
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Figure 4-23 Comparison between NO, formation in high concentration NO condition and O3
formation in reference gas condition at 7 kV peak applied voltage

The reason why O was the dominant oxidant at high concentration NO condition could be
verified by analysing the reaction rate. The reaction rate constant between atom O and O,, in
Figure 4-24, was 2034 and 658 times lower than that of the reaction between O and NO, and
the reaction between O and NO, respectively. The total concentration of NO and NO, was
approximately 1000 ppm, but the concentration of O, was in the range of 4.76% to 16.67%,
i.e. about 47.6 to 166.7 times higher than that of NOx. However, O would be expected to
react with NOXx rather than O,, i.e. O would be the dominant oxidant for NO oxidation under

a high concentration NO condition.
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Figure 4-24 The chemical reaction pathways and reaction rate constants for NO removal

In addition, the relationship between the output concentration of NO and NO, was
considered. If O is uniformly distributed in the gas gap for NO oxidation, according to the
reaction rate constant shown in Figure 4-24, the ratio of NO to NO, concentration is
expected to be 1:3. However, as shown in Table 4-11, the measured NO and NO,
concentrations after DBD treatment were 648 ppm and 247 ppm at 4.76% O, condition. The
corresponding ratio was 1:0.381, i.e. much higher than 1:3. When the concentration of O,
increased to 16.67%, the concentration of NO and NO, became 466 ppm and 353 ppm
respectively and the ratio was 1:0.758, i.e. still higher than 1:3. This suggests that O was not
present throughout the whole gas gap. As mentioned before, the discharge is in the
filamentary mode under atmospheric pressure and the lifetime of O is in tens of ps, so O can
only exist in the discharge filament, where the ratio of NO to NO, should 1:3, but the
effective volume was much smaller than the whole reactor volume. The ratio of NO to NO,
concentration was larger than 1:3, i.e. the chemical equilibrium between NO and NO, may

be achieved in the discharge filament but not achieved in the whole reactor.

Table 4-11 NO and NO, concentration at 0 kV and 7 kV peak applied voltage

Co2 (%0 vol) Vap. (KV) Cwnoy (PPM)  Cinoz) (PPM) Ratio Cno/Cnoz
4.76% 0 855 102 1:0.119
7 648 247 1:0.381
9.09% 0 756 163 1:0.216
7 588 302 1:0.514
16.67% 0 614 203 1:0.331
7 466 353 1:0.758
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4.4.3 Upper medium concentration NO condition

In order to further analyse the dominant reactive species at a lower NO concentration
condition, experiments on upper medium concentration NO were conducted. The initial
concentrations of NO and NO, for upper medium concentration NO condition are shown in
Table 4-12. The initial NO concentration was diluted to the required concentration by adding
N,. Some NO was oxidized to NO, by O,, and NO, concentration increased with increasing
O, concentration. As shown in Figure 4-25, there was no significant difference for the NO
removal and energy efficiency under difference O, concentrations. For peak applied voltage
of 4kV approximately 90 ppm of NO was removed with 22g/kWh energy efficiency. When
the peak applied voltage increased to 7kV, the NO removal was 150 ppm with 12g/kWh
energy efficiency.

Table 4-12 NO, NO, and NOx concentrations for upper medium concentration NO condition
before DBD treatment

Co> FR of N, FRNOfOJ.IOnOONppm FR of O, Cro Cno2 Chrox
(% vol) (sccm) (scem) 2 (sccm)  (ppm)  (ppm)  (ppm)
4,76 80 120 10 550 41 591
9.09 80 120 20 486 80 566
16.67 80 120 40 426 101 527
Upper medium NO concentration
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Figure 4-25 NO removal and energy efficiency for upper medium concentration NO
condition at 4.76% O, condition, 9.09% O, condition and 16.67% O, condition
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As discussed before in comparing the NO removal and energy efficiency between high and
upper medium concentration NO conditions, with increasing O, concentration the amount of
NO removed was reduced, because of the reduction of N formation at a high concentration
NO condition. However, according to Figure 4-25, NO removal was nearly unchanged at
upper medium concentration NO condition. This suggests that N had difficulty in reacting
with NO at this upper medium concentration: the difference between NO removal and NO,
formation is less than 20 ppm for the three O, concentrations, as shown in Figure 4-26. As
shown in Table 4-13, the ratio of Cyo to Cno, Was consistently much higher than 1:3, so the

chemical equilibrium between NO and NO, was not achieved.
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Figure 4-26 NO removal and NO, formation at different O, concentration at upper medium
concentration NO condition, 7 kV peak applied voltage

Table 4-13 NO and NO, concentration at 0 kV and 7 kV peak applied voltage

Co2 (vol) Vap. (KV) Cnoy (ppm) Cno2) (ppm) Ratio of Cno/Cnoz

4.76% 0 550 41 1:0.075
7 395 181 1:0.458
9.09% 0 486 80 1:0.165
7 329 222 1:0.675
16.67% 0 426 101 1:0.237
7 277 246 1:0.888
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A comparison was made between Oz formation in the reference gas and NO, formation in
upper medium concentration NO condition, see Figure 4-27. NO, formation was nearly
constant and did not follow the trend of Oz formation in the reference gas, so it was proved

that O is the dominant reactive species at upper medium NOXx condition.
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Figure 4-27 Comparison between NO, formation in upper medium concentration NO
condition and O formation at reference gas condition 7 kV peak applied voltage
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4.4.4 Medium concentration NO condition

The initial concentrations of NO and NO, for medium concentration NO condition are
shown in Table 4-14. For medium concentration NO, the NO removal and energy efficiency
curves are shown in Figure 4-28. With increasing applied voltage, NO removal increased but
NO removal energy efficiency decreased. This was the same trend as high and upper
medium concentration NO conditions, however, it was found that with increasing O,
concentration, the NO removal and energy efficiency were both increased in medium
concentration NO condition, see Figure 4-28. When the peak applied voltage was 7kV, the
NO removal and energy efficiency were 109 ppm and 7.92 g/kWh at 4.76% O, concentration
condition, but they increased to 155 ppm and 14.77 g/kWh when O, concentration increased
to 16.67%. One possible reason was that some O had the chance to react with O, to generate
O which can oxidize NO without any side reaction.

Table 4-14 NO, NO, and NOx concentrations for medium concentration NO condition
before DBD treatment

Cor  FROFN, FRNogliOnoﬁlppm FRofO, Cno  Crnor  Cuox
(% vol) (sccm) 2 (sccm) (ppm)  (ppm) (ppm)
(sccm)
476 160 20 10 189 13 202
9.09 160 40 20 176 15 101
16.67 160 40 40 158 21 179
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medium NOXx concentrion
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Figure 4-28 NO removal and energy efficiency for medium concentration NO condition at
4.76% O, condition, 9.09% O, condition and 16.67% O, condition

In order to analyse whether there is O3 generated to oxidize NO, a comparison was made
between O3 formation in the reference gas and NO, formation at medium concentration NO
condition. Figure 4-29 indicates that there was a drop in NO, formation when O,
concentration increased from 9.09% to 16.67%. In addition, according to the concentrations
of NO and NO, shown in Table 4-15, it was found that the ratio of NO concentration (42
ppm) and NO, concentration (144 ppm) was 1:3.43 at 9.09% O, condition, which was close
to 1:3. If O, concentration further increased to 16.67%, the ratio became 1:130 which was
much less than 1:3. If O is the reactive species for NO oxidation, at the chemical equilibrium
condition, the ratio of NO concentration and NO, concentration cannot be lower than 1:3.
However, as the actual ratio was 1:130, this suggests that another reactive species, O3, was
generated which can break the chemical equilibrium between NO and NO,, In addition, for
an O, concentration of 16.67%, the total concentration of NO and NO, reduced from 179
ppm to 133 ppm as the peak applied voltage increased from 0 kV to 7 kV. Firstly, as
discussed for high concentration NO, the contribution of N to reduction of NO at 16.67% O,
condition was negligible. A possible reason was that part of NO, was further oxidized to

N,Os, the amount of which could not be measured. Comparing the NO removal at medium
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NO concentration condition and Oz formation at reference gas condition: for 4.76% O,
condition, O3 concentration in the reference gas was 143 ppm and NO removal was 101 ppm
at medium NO concentration condition; for 9.09% O, condition, Oz concentration in
reference gas was 253 ppm and NO removal was 134 ppm at medium NO concentration
condition. This suggests that even though O3 oxidizes NO and NO,, the contribution was not
dominant. Therefore, NO oxidation was part of the synergistic effect of O and Oz in medium

concentration NO condition.
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Figure 4-29 Comparison between NO, formation in medium concentration NO condition
and O3 formation in reference gas condition at 7 kV peak applied voltage

Table 4-15 NO and NO, concentration at 0 kV and 7 kV peak applied voltage

Co2 (vol) Vap. (KV) Cnoy (Ppm) Cwoz) (ppm) Ratio of Cno/Cno2

4.76% 0 189 13 1:0.069
7 88 114 1:1.295

9.09% 0 176 15 1:0.085
7 42 144 1:3.429

16.67% 0 158 21 1:0.133
7 1 130 1:130
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The NO removal at different initial gas concentrations but with consistent 4.76% O, is
illustrated in Figure 4-30. NO removal increased but energy efficiency decreased with
increasing applied voltage: reduction in NO concentration made it was more difficult to
maintain the same NO removal efficiency. At higher initial concentration of NO while under
the same applied voltage, more NO was removed and higher energy efficiency was achieved
Figure 4-30 (b). As shown, at 7 kV peak applied voltage, the energy efficiency reduced from
13.2 g/kWh, 11.9 g/kWh to 8.2 g/kWh respectively for high, upper medium and medium

concentration NO conditions.
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Figure 4-30 (a) NO removal and NO, formation and (b) energy efficiency at different
applied voltage at 4.76% O, condition for high (solid square), upper medium (solid circle)
and medium (solid up triangle) concentration NO conditions
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4.4.5 Lower medium concentration NO condition

The initial concentrations of NO and NO, for lower medium concentration NO condition are

shown in Table 4-16. As shown in Figure 4-31, for 4.76% O, condition, NO removal

increased and energy efficiency decreased with increasing applied voltage: at 7 kV peak

applied voltage, NO concentration reduced from 150 ppm to 46 ppm.

Table 4-16 NO, NO, and NOx concentrations for lower medium concentration NO condition
before DBD treatment

Cos  FRON, FRNoglanﬁlppm FROfO, Crno  Crnoz  Cuo
(% vol) (sccm) 2 (sccm)  (ppm)  (ppm)  (ppm)
(sccm)
4.76 170 30 10 150 8 158
9.09 170 30 20 140 11 151
16.67 170 30 40 126 16 142
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Figure 4-31 NO removal and energy efficiency at 4.76% O, and
concentration NO in N, condition

lower medium

For 9.09% O, condition, as mentioned before, there is no discharge before the applied

voltage increased to 4kV. It was found that when the applied voltage increased to 6kV, NO

was nearly fully oxidized. Based on the earlier investigations, that meant O; was generated

for NO oxidation, as O cannot oxidize NO in such high concentration due to the side reaction
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between NO, and O: for O, there is no side reaction. When the applied voltage was
increased to 7 kV, NO, concentration reduced from 142 ppm to 100 ppm, see Figure 4-32.
During this experiment, no O; was measured, indicating that all generated Oz was used up.
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Figure 4-32 NO and NO, concentration at different applied voltage under 9.09% O, lower
medium concentration NOx in N, condition

For 16.67% O, condition, as seen in Figure 4-33, NO was fully oxidized at 5 kV, as
evidenced by the zero NO content. This was 1kV less than the value for 9.09% O, condition
to fully oxidize NO. When the applied voltage increased to 6kV, NO, was fully oxidized and

05 was measured at the output of DBD reactor.
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Figure 4-33 NO and NO, concentration at different applied voltage under 16.67% O, lower
medium concentration NOx in N, condition

Because O3 can be measured only after all of NO and NO, have fully oxidized to N,Os, it
was necessary to consider how to quantitatively analyse how much O3 was generated in total,
Equation (4-7) was used to calculate the equivalent O; formation, As highlighted in Chapter
2, and shown in Figure 4-34, there is no side reaction to oxidize NO and NO, to N,Os by Oa.

ACNO - ACNOZ
Cequal 03 = ACNO rem T e 2 form + COB (4_7)

where:
ACyo rem represents O; usage for NO removal,

ACNO rem—ACNO2 form

> represents NO, oxidation to N,Os ( including the initial NO, and
generated NO, from NO oxidation) ;

Co, represents the remaining Oz measured after all of NO and NO, are oxidised to N,Os.
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3 08 0,:3.52e"7

>NO, —— NO,

NO

F, 3
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Figure 4-34 Chemical reaction pathways and reaction rate constants for NOx oxidation by O
and O;
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For reaction (4-8), M is a third reactant whose function is to absorb extra energy from the
reaction. M can be any kind of molecule in the gas mixture. [M] is the concentration of M, at
standard condition; [M] is 2.6875x10" cm™

NO, + NOs + M = N,0s + M (4-8)

In order to analyse the effect of O, concentration for NO and NO, oxidation, only the
condition where the peak applied voltage was 7kV was used: the corresponding NO, NO,
and Os concentration are listed in Table 4-17. According to (4-7), the equivalent Os;
formation can be calculated at a lower medium concentration NO condition.

For 4.76% O, condition:
Cequal 03 = 107 ppm

NO was not fully oxidized and there were 43 ppm NO left. No further oxidation for the
conversion of NO, to N,Os No O3 was measured.

For 9.09% O, condition:

Cequaro, = 140 + 25.5 = 165.5 ppm
NO was fully oxidized and some NO, was further oxidized to N,Os. No O3 was measured.
For 16.67% O, condition:

Cequaro, = 126 + 71+ 58 = 255 ppm

Both NO and NO, were fully oxidized to N,Os and there was some O; remaining.

Table 4-17 NO, NO, and O3 concentration at 0 kV and 7 kV peak applied voltage

O, concentration  Applied voltage ~ Cnoy ppm Cnoz) ppm Co3 ppm

4.76% 0 150 8 0
7 43 115 0

9.09% 0 140 11 0
7 0 100 0

16.67% 0 126 16 0
7 0 0 58
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A comparison was made between equivalent O3 formation at a lower medium concentration
NO condition and O3 formation at reference gas condition, see Figure 4-35. It was found that
the equivalent O; formation curve increased with O, concentration, but the slope of increase
was slower than Oz formation in the reference gas. However, if the equivalent O3 formation
at medium concentration NO condition was considered, the curve was even flatter than that
at lower medium concentration NO condition. This indicates that as the NO concentration
reduced, the contribution of O; became greater. If O is the dominant reactive species, the
equivalent Os; formation should be the same rather than increasing with increasing O,
concentration, as seen in Figure 4-35.
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Figure 4-35 Equivalent O3 formation at medium and lower medium concentration NO
condition and O3 formation at reference gas condition under different O, concentration at 7
KV peak applied voltage
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4.4.6 Low concentration NO conditions

In order to further promote the effect on O; for NOx oxidation, lower concentration NOXx
was investigated: initial concentrations of NO and NO, are listed in Table 4-18. For 4.76%
O, condition, NO removal increased and energy efficiency decreased with increasing applied
voltage. When peak applied voltage increased to 7 kV, NO was fully oxidized, as indicated
in Figure 4-36 by the concentration reducing from 101 ppm to 0 ppm.

Table 4-18 NO, NO, and NOx concentrations for low concentration NO condition before
DBD treatment

Co FR of N, FRNO.E)l:)nOONppm FR of O, Crno Cno2 Cnox
[0) 2

@ovo)  (eom)  NoNeCoom) (opm) (opm)  (pprm)

4,76 180 20 10 101 14 115

9.09 180 20 20 93 10 103

16.67 180 20 40 84 9 93
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Figure 4-36 NO removal and energy efficiency at 4.76% O, and low concentration NO in N,
condition
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For 9.09% and 16.67% O, condition, NO was fully oxidized at 4 kV peak applied voltage.
When the applied voltage increased to 5kV, NO, concentration reduced to zero and Oz was
found. With increasing applied voltage, the concentration of O; continued to increase, as

shown in Figure 4-37.

(a) 9.09% O, condition
100 | 4 100

€ ]

o _

= 804 80 €

C o

9 ] £

© c

£ 604 60 2

(] ©

o =

5 5

(&)

~ 40 40 §

S S,

5 (@)

e) 20 20

pd

0- T T T i T T 0
0 1 2 3 4 5 6 7
Applied voltage (kV)
16.67% O, condition
250 - 250
(b)
@ 200 200 =
IS - g
T
L 1504 150 €
E S
o ' g
S o
o 100 100 8
0 | 5
zZ o
S 504 50 ©
(@)
Z |
0 - T T T T T T T 0
0 1 2 3 4 5 6 7

Applied voltage (kV)

Figure 4-37 (a) NO and NO, concentration at different applied voltage under 9.09% and (b)
16.67% O, low concentration NOXx in N, condition
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In order to make a comparison, only data from the condition where the peak applied voltage
was 7kV were used. The equivalent O; formation was calculated and is shown in Table 4-19
and Figure 4-38. The calculated equivalent Oz production was close to that in the reference
gas, so the dominant reactive species was Oz for NO removal at low concentration NO

condition.

Table 4-19 Comparison between calculated equivalent O; in low concentration NO
condition and Os production in reference gas condition at 7 kV under different O,
concentration.

COZ(% ) CO3 equ (ppm) CO3 in reference gas (ppm)
4.76 121 143
9.09 230 253
16.67 365 394
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Figure 4-38 Equivalent Oz formation in low concentration NO condition and Oz formation
in reference gas condition under different O, concentration at 7 kV peak applied voltage
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4.4.7 Conclusions

In total, five ranges of NO concentration were investigated. Comparing the equivalent O
formation curves for different concentration of NO in the gas mixture and in the reference
gas, where no NO was in the gas mixture, the dominant reactive species could be identified,
see Figure 4-39. The dominant reactive species changed from O to O3 as NO concentration
decreased: for high and upper medium concentration NO, the dominant reactive species for
NO oxidation was O; for medium and lower medium concentration NO, both O and O;
contributed to NO oxidation; for low NO concentration, the dominant reactive species was
Os.

T T T T T
—m—at high C, condition
400 —@— at upper medium C, condition I 400
—A— at medium C,, condition 1
—Vv— at lower medium C,, condition /E\
at low C,, condition S
’g —*— at reference gas condition RS
300 + - 300 w0
= @
2 o
3
g 3
3 5
@) =
200 200 @
(<))
P
=
[se}
O
O
100 + ~ 100
T T T T T T
5 10 15 20

oxygen concentraion (%)

Figure 4-39 Equivalent O; formation at five different NO concentration conditions and O
formation at reference gas condition under different O, concentration at 7 kV peak applied
voltage, the gas conditions are as indicated in the key on the figure.

As highlighted in the Literature Review, the concentration of NO in practical flue gases is in
the range of 200 ppm to 600 ppm, so, based on the results of the investigation, the dominant
reactive species is O and the side reaction can limit the NO removal energy efficiency. In the
experiments in this Chapter, the highest NO removal energy efficiency was approximately

25 g/kWh, which is higher than the results obtained by other researchers. Song et al [81]
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attained 14.4 g/kWh energy efficiency in a cylindrical DBD reactor and Takaki et al [82]
attained 12 g/kWh energy efficiency in a plate-multipoint DBD reactor. However, compared
to present industrial DeNOx technologies, LoTox and SCR, the energy efficiency of NO
removal by direct DBD technology is still too low to be used. LoTox technology for DeNOXx
uses O3 to oxidize NO, but the difference between LoTox and direct DBD treatment is the
location that Os is generated. For LoTox technology, O is generated in an independent DBD
reactor and then injected into the flue gas. The gas source to generate O is pure O, rather
than the flue gas, so the energy efficiency to generate Oz can achieve 150 g/kWh [33, 34]
which is six times higher than the energy efficiency achieved in this DBD reactor: LoTox
does however require the additional gas source. The experimental work so far has not

considered the effect of water vapour and this will be explored in the next section.
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4.5 Effect of water vapour on NO removal

As mentioned before, O was the dominant reactive species for NO oxidation at high
concentration NO condition, but O can bring a side reaction between NO, and O to generate
NO, which limits the NO removal. Therefore, another reactive species, OH, was used to
investigate its potential for NO removal at high concentration NO condition. As shown in
Figure 4-40, NO and NO, can be oxidized to HNO, and HNO; by OH. NO, is generated by
the reaction between HNO, and OH.

N o
N, < NO < - NO,
0 /r
OH H OH

Figure 4-40 Chemical reaction pathway for NO removal by OH [62, 109-111]

In this work, H,O vapour is introduced into the gas phase by passing a dry gas through a gas
washing bottle at 20°C, 2.31% H,O vapour is added to the gas mixture. The NO removal and
energy efficiency results at 4.76% O, and high concentration NO in N, condition are shown
in Figure 4-41. NO removal and energy efficiency in 2.31% H,O vapour condition was lower
than that in zero H,O condition. When peak applied voltage was 7 kV, NO removal
significantly reduced to 151 ppm at 2.31% H,O vapour condition from 213 ppm at zero H,O
condition. NO removal energy efficiency reduced from 13.23 g/kWh to 10 g/kWh. Luo J et
al. [112] presented a similar result for NO removal at 35°C, i.e. the presence of H,O vapour
reduced NO removal and corresponding energy efficiency.
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Figure 4-41 (a) NO removal and (b) energy efficiency at zero and 2.31% H,O vapour for
4.76% O, and high concentration NO in N, condition, 44°C and 210 sccm total flow rate.

Comparing the moist gas results with dry gas data implies that the presence of 2.31% water
vapour reduced NO removal. Although OH has the advantage of reacting with NO without a
side reaction, OH also brings some problems for NO removal. As shown in Figure 4-42(a)
and Table 4-20, atomic O can react with OH to produce HO, and then HO, reacts with O

again to produce OH. The overall process leads to two O atoms to generate one O, molecule.
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A similar process exists for the reaction between OH and Os, as seen in Figure 4-42(b),

where two strong oxidant Oz molecules are converted to three O, molecules.
(a) (b) 0,
0 O; Y .
OH HO, OH HO,
O, o 20, O,

2

Figure 4-42 OH catalytical react with (a) O and (b) O;

Table 4-20 H,0 vapour related chemical reaction with O and O5[110, 113, 114]

Reaction rate constant at 298K

Reactions s
cm/(moleculees)
OH + 03 > HO, + 0, 7.25x10™
HO, + 0; - OH + 20, 2.01x10™"
OH+0-0,+H 3.26><.|.0-11
0;+H - HO, 30110
HO, + 0 - OH + 0, 57510

In order to quantitatively analyse the effect of OH on O and O; destruction, a reference gas
which consists of 4.76% O, and 2.31% H,O vapour in N, was used to evaluate the formation
of Oz Compared to zero H,O condition, at 7 kV peak applied voltage O; formation was
reduced from 143 ppm to 46 ppm, see Figure 4-43 (a). The energy efficiency of O3
production at 7kV was reduced from 17.1 g/kWh to 5.6 g/kwWh, Figure 4-43 (b), so the
presence of 2.31% H,O vapour has a significantly negative effect on Os; formation in

dielectric barrier discharge.
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Figure 4-43 (a) O; formation and (b) energy efficiency at zero (square) and 2.31% (circle)
H,0O for 4.76% O, in N, condition, 44°C and 210 sccm total flow rate

For a peak applied voltage of 7kV, 46 ppm of O; was formed at reference gas condition, but
151 ppm of NO was removed at 4.76% O,, 2.31% H,O vapour and high concentration NO
condition. As one Oz molecule is responsible for removal of one NO molecule, the difference

in number of NO removed indicates that 105 ppm NO removal is related to OH.

To further investigate the relationship between O, and H,O for NO removal, different O,
concentrations were used: the results are shown in Figure 4-44. The difference between NO
removal and NO, formation does not change significantly as the O, concentration increases

from 4.76% to 16.67%. The data on NO removal and NO, formation are listed in Table 4-21.
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The differences between NO removal and NO, formation were 91 ppm, 84 ppm and 78 ppm
respectively for 4.76%, 9.09% and 16.67% O, condition. As discussed in dry and 16.67% O,
condition, the contribution of metastable N is negligible due to the quenching effect of O, on
N,’s excited and metastable states. Here the different between NO removal and NO,
formation is related to OH only.

Table 4-21 NO removal and NO, formation at different O, concentration at 7kV, on 2.31%
H,0O vapour and high concentration NO condition

The difference between NO

Co2(%) NO( rerII:]())vaI NO, (for:]\;i tion removal and NO, formation
pp pp (ppm)
0 151 58 93
4,76 151 60 91
9.09 116 32 84
16.67 90 12 78

In addition, it was found that under 2.31% H,O vapour and high concentration NO condition,
there was little difference in NO removal and NO, formation at zero and 4.76% O,
concentration. This implies that the contribution of O to NO oxidation at 4.76% O, condition
was compensated by the additional OH formation at zero O, condition. As O, concentration
increased to 9.09% and 16.67%, NO removal reduced. In general, an increase of O,
concentration leads to an increase of O production, so one possible reason for the reduced
reaction was that higher O production would limit the reaction between OH and NO, as more
OH may react with atomic O, then the effective amount of OH for NO removal would reduce.
NO, formation was reduced because the chemical reaction between HNO, and OH to

generate NO, was limited because of the shortage of OH.

117



Chapter 4 DIELECTRIC BARRIER DISCHARGE FOR NO REMOVAL

200 : . : . : . : . 200
®  NO removal
160 E % 4 NO, formation - 160
2 3
g 1201 % -120 &
S LS
3 + 8
E 80+ Lgo E
o o
L
0 i A 5
z 1 + %
40 N - 40
i
1
0 T T T T T T T T 0
0 5 10 15 20

O, concentration (%)

Figure 4-44 NO removal and NO, formation at different O, concentration at 7 kV peak
applied voltage, 2.31% H,0O and high concentration NO condition
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4.6 Effect of temperature on NO removal

In this section, the effect of higher temperatures, namely 62°C and 81°C, were investigated
for NO removal at high concentration NO condition. The initial concentration of NO, NO,
and NOx for high concentration NO condition at 62°C and 81°C was the same as the

concentration in 44°C, as shown in Table 4-22.

Table 4-22 NO, NO, and NOx concentrations for high concentration NO condition before
DBD treatment at 62°C and 81°C

Flow Flow rate Flow c c C
Co2 rate of of 1000ppm rateof . N _wNO2 NOX
. initial initial Initial
(% vol) N, NO in N, 0, (ppm) (ppm) (ppm)
(sccm) (sccm) (sccm) bp bp bp
4.76 0 200 10 855 102 957
9.09 0 200 20 756 163 919
16.67 0 200 40 614 203 817

From the Lissajous figures at different temperatures at zero H,O 4.76% O, and high
concentration NO in N, condition, Figure 4-45, it was found that higher temperatures cause
an increase in the relative permittivity of the Pyrex which forms the wall of the reaction
vessel. This was determined by the increase in aspect of the Lissajous figure which
represents dielectric capacitance. In addition, the discharge power increased with
temperature, shown as an increase in the Lissajous figure area and reported in Table 4-23.
The injected powers for 44°C, 62°C and 81°C temperatures were 0.2506 W, 0.2688 W and
0.3374 W respectively. Some parameters of the DBD reactor under different temperatures,

including the capacitance of dielectric and gas gap, are listed in Table 4-23.
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Figure 4-45 Lissajous figure at different temperature, total flow rate was 210sccm on 4.76%
O, and high concentration NO in N, condition at 7kV voltage

Table 4-23 Breakdown voltage, power injection, capacitances of gas, dielectric and total
capacitors under different temperatures
V=TkV Vi (V) Pais (W) Cuwt (PF)  Cq (PF) Ca (PF)

44°C 1606 0.2506 58.6 94.13 155.25
62°C 1851 0.2688 59.48 88.21 182.62
81°C 1990 0.3374 61.56 87.56 207.37

In order to explore the mechanism of NO removal at 62 and 81°C, the reference gas with no
NO was used for the O; formation measurement. As expected, using the reduced reaction
rate constant reported in [115], when the gas temperature increased, Oz formation was
reduced, Figure 4-46. The details of O3 formation and energy efficiencies under different
applied voltage and O, concentration are listed in Appendix B.
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Figure 4-46 O, formation at different O, concentration for gas temperatures of 44°C, 62°C

and 81°C at 7 kV peak applied voltage

At 62 and 81°C, three NOx concentration conditions were used to analyse the change of
dominant reactive species for NOx oxidation, these are shown in Table 4-24.

Table 4-24 NO, NO, and NOx concentration at high, medium and low concentration NO
conditions at 62°C and 81°C

Crox range Cos  FROFN, FRNogliOnoﬁlppm FRofO, Cwo  Cnoz  Chox
definition (% vol) (sccm) (sccm) 2 (sccm) (ppm) (ppm) (ppm)
High Cno 4.76 0 200 10 855 102 957
9.09 0 200 20 756 163 919
16.67 0 200 40 614 203 817
Medium Cyo  4.76 160 40 10 189 13 202
9.09 160 40 20 176 15 191
16.67 160 40 40 158 21 179
Low Cno 4.76 180 20 10 101 14 115
9.09 180 20 20 93 10 103
16.67 180 20 40 84 9 93

According to the curves of equivalent O; formation in high, medium and low concentration

NO conditions and O3 formation in reference gas condition, the trend of NOx oxidation at 62
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and 81°C were similar to those at 44°C, as shown in Figure 4-47. At high concentration NO
condition, the dominant reactive species was atomic O. NO oxidation did not increase with
the increase of O, concentration. At medium concentration NO condition, NO oxidation was
slightly increased with the increase of O, concentration, but the increase rate was much
lower than that for Oz formation at the reference gas condition. This means that NO
oxidation was the synergistic effect of atomic O and Os. At low concentration NO condition,
NO oxidation was mainly a result of O3, as evidenced by the equivalent Oz formation curve

being close to the O3 formation curve at the reference gas condition.

62°C
400 400
(a) —a— high concentraion NOx condition i
—e— medium concentraion NOx condition %
] —a— low concentraion NOx condition T
’g —%*— reference gas condition
S 300 - 300
A=
= —
9 g_
© s
% 200 -200 §
= ¢ g
o £
= o
5 : .
g 100 F100 O
=]
o
w
0 T T T 0
5 10 15 20
Oxygen concentration (%)
81°C
T 400

400 T u T
—u— high concentration NOx condition
—e— medium concentration NOx condition
—A— |ow concentration NOx condition

I L
—x— reference gas condition 1

300 A 300

200 - 200

(b)

O, formation (ppm)

100 ~ ’/JE 100

Equivalent O, formation (ppm)

0 T T T 0
5 10 15 20

Oxygen concentration (%)

Figure 4-47 Equivalent O3 formation at high (square), medium (circle) and low (up triangle)
NO concentration condition and Oz formation at reference gas (star) condition at (a) 62°C

and (b) 81°C at 7 kV peak applied voltage.
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4.7 Synergistic effect of H,O vapour and gas temperature on NO removal

As highlighted in Section 4.6, 2.31% H,O vapour reduced the removal of NO at 44°C. NO
removal and energy efficiency were lower than that for zero H,O vapour. The negative effect
of OH on the formation of atomic O was stronger than the positive effect of OH on NO
removal.

In order to see the effect of H,O vapour on the trend of NO removal and NO, formation,
discharge with 1.21 % H,O vapour in the gas mixtures was investigated, data is given in
Figure 4-48. The concentration of 1.21% H,O vapour was realised by controlling the
percentage of gas going through the gas washing bottle. Given that the total flow rate for
4.76% O, condition was 210 sccm, 100 sccm of gas bypassed the gas washing bottle and 110
sccm of gas went through the gas washing bottle, resulting in a 1.21% concentration of H,O
vapour. Under these conditions, it was found that when the temperature increased to 62°C or
81°C, NO removal was not reduced but was slightly increased. In addition, the formation of
NO, reduced and the difference between NO removal and NO, formation increased. Given
that the difference between NO removal and NO, formation was related to OH only, and
considering Figure 4-48, this means that the higher temperature at 62 and 81°C promoted the
formation of OH. When the temperature was at 44°C, H,O vapour hindered NO removal by
competitively collecting atomic O to limit the reaction between atomic O and NO. When the
temperature reached 62 or 81°C, NO removal by OH was more efficient.

One possible reason why higher temperature promotes NO removal is related to the reaction
rate constants in Table 4-25. The reaction rate constant between atomic O and OH is more
significantly affected by temperature than that of the reaction between atomic O and NO or
between OH and NO. At higher temperatures the reaction between atom O and OH is limited
by the reduction of reaction rate constants, of at least 17%. However, the reaction between
atomic O and NO would be promote as the reaction rate constant increased by 8.97%, so

more atomic O and OH were available to react with NO, and NO removal increased.
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Figure 4-48 NO removal and NO, formation at different H,O concentration 7 kV peak

applied voltage and 210 sccm total flow rate. 4.76% O, high concentration NO in N,
condition

Table 4-25 The reaction rate constant at different temperature for chemical reactions

. The change
reactions Kt 300K Kot 75K Kt 00K fK
0

0+ NO - NO, [68] 3.01510 3928x10 "  +8.97%
OH + NO - HNO,[116] 1.04x10"" 910510 -12.5%
0+ OH - 0, + H [113] 326510 269510 -17.48%
0, +H - HO, [113] 301510 175510 -41.96%

HO, + 0 - 0, + 0H[117] 571510 a7ax0 11%

In order to further distinguish the effect of atomic O and OH at 62 °C and 81°C, different O,
concentrations were investigated at 2.31% H,O vapour and high concentration NO in N,
condition, see Figure 4-49. The general trend of NO removal and NO, formation were

similar to that at 44°C. At H,0 vapour concentration of 2.31%, NO removals were nearly the
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same as those at zero O, and 4.76% O, conditions. This implies that OH is the dominant
reactive species for NO removal. With the increase in the reactor’s temperature, the NO
removal was increased, but the promotion of NO removal from 62°C to 81°C condition was
lower than that from 44°C to 62°C condition. In addition, as shown in Table 4-23, the power
injection increased with increase of temperature. It was found that the highest NO removal
energy efficiency 12.6 g/kWh, this was achieved at 62°C rather than 81°C.
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Figure 4-49 (a) NO removal and NO, formation and (b) energy efficiency at different O,
concentration at 44°C (square), 62°C (circle) and 81°C (up triangle); the gas condition was
2.31% H,0, high concentration NO, and peak applied voltage of 7 kV
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4.8 Conclusions

For those discharge characteristics of DBD which were investigated, it was found that
because of the quenching effect of O, and NO on N,’s metastable states, the presence of O,
and NO were able to increase the average discharge current significantly, i.e. up to more than

one hundred mA from a few mA.
The reduction of N,’s metastable states can limit the formation of N.

Most of the discharge energy is transferred to O, and dissociation of O, is more significant
than that of N, so the reactive species for NO removal is O or Os, rather than N. The effect
of H,O vapour on discharge current was not the same as that of O, and NO. Electron
attachment played an important role in limiting the discharge development in gases
containing H,O vapour: the average discharge current was reduced to a few mA. Finally, the
reduction of N,’s metastable states by the quenching effect of O, and NO, and electron
attachment effect of H,O vapour caused an increase in breakdown voltage.

For NO removal, the effects of O, H,O vapour and temperature were extensively
investigated under different NO concentration conditions. For a gas temperature of 44°C: in
high and upper medium concentration NO, the dominant reactive species for NO oxidation
was O; in medium and lower medium concentration NO, both atomic O and O; contributed
to NO oxidation; in low concentration NO, O3 was the dominant reactive species for NO
oxidation and could further oxidize NO, to N,Os without any side reaction. Compared to
situations of zero H,O condition, when there was 2.31% H,O vapour in the gas mixture, OH
played the dominant role for NO removal, but there was a 30% reduction in the NO removal,
from 213 ppm to 151 ppm, and 24.4% reduction in energy efficiency, from 13.5 g/kWh to 10
g/kWh. However, when gas temperature increased to 62°C and 81°C, the effect of water
vapour promoted NO removal. In terms of the NO removals and energy efficiency, the
highest energy efficiency was 25.05 g/kWh with 105 ppm removal rate at 4kV under 44°C,
zero H,O high concentration NO condition. However, at a 2.31% H,O vapour and high
concentration NO condition, the highest energy efficiency reduced to 12.6 g/kWh with 206
ppm removal rate at 62°C and 7kVcondition.

In terms of a practical flue gas, the concentration of H,O vapour was approximately 5%,
which is higher than that used in these experiments. Based on the experimental results, if
direct DBD technology is used to treat the practical flue gases, the dominant reactive species
should be OH. In addition, according to the finding of higher temperature promoting the

removal of NO by OH, it is worthwhile investigating the NO removal performance at even

126



Chapter 4 DIELECTRIC BARRIER DISCHARGE FOR NO REMOVAL

higher temperature, since the temperature of flue gas can be higher than 400°C. In addition,
the results discussed are at a condition of 2.31% H,O content, if the concentration of H,O
vapour was further increased then more OH might be generated. It is worthwhile
investigating another type of non-thermal plasma configuration to increase the effect of H,O.
A method of pursuing this is by using liquid water as one of the electrodes. Experiments
using this type of electrode are discussed in the next chapter.

In addition, if H,O vapour can be removed from the flue gas before DBD treatment, the
concentration of NO is an important parameter when considering methods to remove NO.
When NO concentration is lower than 100 ppm, the direct DBD treatment can be applied.
However, if NO is higher than 400 ppm, it is better to use LoTOXx technology in order to

avoid the side reaction between NO, and O which generates NO.
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Chapter 5 NEGATIVE DC CORONA DISCHARGE FOR
NO REMOVAL

5.1 Introduction

In this chapter, to determine the potential of OH reactive species for NO removal a pin-water
configuration corona discharge reactor was investigated. This configuration has uses liquid
water as one of the electrodes, discharge on to water acts to generate reactive species OH.

This pin-water corona discharge configuration was usually investigated for degradation of
organic compounds in water [118-126], specifically species such as phenol [84, 85] and
methylene blue [86], because OH’s oxidation potential is higher than that of atomic O and O,

as shown in Table 5-1.

Based on experience in early stages of experimental work, positive corona discharge too
easily converted to arc discharge. This led to the NO formation rather than its removal. As a
result, it was determined that it would be better to apply negative polarity discharge to

systematically analyse the ability of pin-water corona discharge for NO removal.

Table 5-1 Oxidizing potential for some oxidizing agents [127]

Oxidizing agent Oxidation potential (V)
F, 3.06
OH 2.80
@) 2.42
O; 2.08
H,0O, 1.78
0, 1.23

However, the arrangement has not been used for NO removal in the gas phase, so in this
chapter, the pin-water configuration was investigated for this purpose. The advantage of a
water electrode was to provide additional H,O vapour for generation of OH reactive species:
with increasing discharge power more water can be evaporated to give gas phase H,0. In

addition, OH species do not cause side reactions which affect NO removal, Figure 5-1.
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Figure 5-1 The main chemical reaction pathway for NO removal by OH

As highlighted in Chapter 2, three discharge modes can occur under negative electric fields,
i.e. Trichel pulse discharge, pulseless discharge and arc discharge. Investigation of NO
removal under these three modes is reported in this chapter. In addition, given that the
ionization area of corona discharge is around the pin, experiments were conducted to identify
the importance of ionization area. In one experiment, the gas flow was controlled to make
sure that all gases passed the pin’s tip before leaving the reactor. For comparison, the other
experiment was conducted under open gas flow condition, where some of the gas could leave
the reactor without passing the discharge regime around pin’s tip. In addition, the effect of

gap discharge and O, concentration were analysed in this chapter.

5.2 Experimental setup

A schematic diagram of the experimental setup is shown in Figure 5-2. A negative DC
power supply (Glassman HV) was used to energise non-thermal plasma. The signal at the
stainless steel pin connected to high voltage was measured using a Tektronix P6015A HV
probe. Discharge current was determined by measuring the voltage across a 1kQ resistor. A
Tektronix DPO5104B Digital Phosphor Oscilloscope, with 1GHz bandwidth and 10Gs/s
sample rate, was used to record voltage and current signals. Two gases were used, one was
pure O, and the other one was 1000 ppm NO in N,. As in the previous experiments, the gas
flow rate was controlled by Alicat mass flow devices. Ozone monitor (BMT964) was used to
measure O5 concentration and NOx analyser (Thermo Scientific model 42i-HL) was used to
measure NO and NO, concentration. Deionised water, from a Milli-Q water purification

system, was used as ground electrode. The water conductivity was 6 uS/cm.
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Figure 5-2 Schematic diagram of experimental setup
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As outlined above, there were two corona discharge reactor configurations investigated in
this chapter. Gas flowed into the reactor vessels through a port in the side of the acrylic tube
(OD x ID = 60mm x 50mm), which formed the body of the vessel, and left the reactor
through a vent in the centre of the HV electrode. The controlled gas flow configuration in
Figure 5-3 (a), used a nylon tube (OD>ID=6mm>4mm) between pin and main electrode. The
edge of nylon tube was at the same height as the pin’s tip, so all of the gases flowed through
the ionization area of the corona discharge and has contact with the plasma before leaving
the reaction chamber. In the open gas flow configuration, shown in Figure 5-3 (b), the nylon
tube was absent. There was an 18.5mm height difference between the pin’s tip and the vent
at the bottom of the main electrode, so some gas passed through the gas outlet without
making contact with the plasma in the ionization area, which reduced the function of corona
discharge for NO removal. The base of the ground electrode was made of stainless steel and
a controlled amount of water was inserted into the reactor through the side of the acrylic tube
by syringe. The conductivity of water was 6 uS/cm, so the liquid water was a highly resistive
electrode. To fix the position of the high voltage stainless steel pin electrode in the centre of
the gas outlet, grub screws were applied to opposite sides of the pin. This also ensured good
contact between the pin and the power applied to the main electrode.

Main

electrode Main

Gas output electrode } Gas output

e g

J

Grub
screw

Gas input Gas input

—

Figure 5-3 Pin-water negative corona discharge reactors: (a) controlled gas flow

configuration and (b) open gas flow configuration
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In order to investigate the effect of gap discharge between the pin and the water surface, the
volume of water injected into the reactor is controlled. Three gap sizes (4mm, 6.5mm and
9mm) are created by injecting 60mL, 65mL and 70mL of water into the reactor, as shown in
Figure 5-4.
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65 mL H,O
60 mL H;0

Figure 5-4 Schematic diagram of three different gap distances controlled by the volume of

water in the reactor

The variation in concentration of NO and NO, under different O, concentration in the
reactor, prior to the discharge experiments, are shown in Table 5-2. As the O, concentration
increased from 0% to 16.67%, NO concentration reduced from 1000 to 588 ppm and NO,
concentration increased from 0 to 190 ppm. Therefore, even without the additional action of
discharge, O, has the potential to oxidize NO to NO..
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Table 5-2 NO, NO, and NOx concentrations under different O, at high concentration NO

condition (before corona discharge treatment)

Flow rate
Flow of Flow c c c
Cnox Fange Coz rate of rateof . N _~NO2 NOx
X7 1000ppm initial initial  Initial
definition (% vol) N, NO in N O, (ppm) (opm)  (ppm)
(sccm) 2 (sccm) PP PP PP
(sccm)
High Cnox 0 0 200 0 1000 0 1000
4.76 0 200 10 851 92 943
9.09 0 200 20 737 154 891
16.67 0 200 40 588 190 778

For corona discharge, the ionization area was around the pin’s tip where the electric field
was the strongest. Outside the ionization area, the electric field reduces dramatically and no
reactive species are generated. This is the drift area, so called because the electric field in
this area is too low to initiate new gas ionization, however, longer lived reactive species
generated in the discharge can interact in this region. The lifetime of OH is very short, Ono
et al.[87] found that the lifetime of OH in a humid N,/O, mixture was in the range of 10-
100 ps, so it had to be used in situ. In order to make use of generated OH by corona
discharge, it would be better to direct all of the gases into the ionization area, so controlled

gas flow configuration was used.
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5.3 NO removal under controlled gas flow configuration

The pin-water corona discharge reactor under controlled gas flow configuration is shown in
Figure 5-5. The pin’s radius of curvature was 0.3mm in this experiment. The distance
between the pin’s tip and water surface was 6.5mm, using, as indicated in Figure 5.4, 65mL

of water. Between tests the water was removed from the reactor and fresh water was injected.
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Figure 5-5 The pin-water corona discharge reactor under controlled gas flow configuration
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5.3.1 Effect of discharge mode

The discharge mode investigation was conducted at 4.76% O, and high concentration NO
condition. The first discharge mode for pin-water negative corona discharge was Trichel
pulse discharge. The characteristics of Trichel pulse discharge were the same as pin-metal
configuration. As the applied voltage increased, the amplitude of impulse current reduced,
but the impulse repetition rate increased. However, when the applied voltage reached -5.8kV,
as indicated in Figure 5-6 (a), the impulse current started to be continuous. There was a DC
current of about -30 pA but, in addition, there were current pulses: the duration of the first
pulse was only approximately 70 ns but the amplitude could reach 400 pA, this was followed
by a series of smaller discharges lasting about 400ns. When the applied voltage was -8.2kV,
the discharge mode changed from Trichel to pulseless discharge, as seen in Figure 5-6 (b),
the discharge current was nearly constant with an amplitude of -200 pA. If the applied
voltage was further increased, the discharge mode became arc discharge. As shown in Figure
5-6 (c), the applied voltage dropped to -3kV, but the discharge current amplitude increased
from - hundred pA to -2mA.
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Trichel Pulse mode
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Figure 5-6 The voltage and current waveforms for controlled gas flow configuration,

(a) Trichel pulse discharge mode, (b) pulseless discharge mode and (c) arc discharge mode
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Photographs of the discharge activity were taken and the following observations were made.
First, in the Trichel discharge mode image shown in Figure 5-7 (a), a luminous spot was seen
at the pin’s tip and a luminous triangle area was observed below the pin and towards the
water surface, but the brightness of the triangle area was much weaker than that at the pin’s
tip. However, at higher applied voltage, the discharge mode became pulseless discharge. The
light from the pin tip increased until the nylon tube was glowing and the luminous area

below was expanded and brighter than that in the Trichel pulse mode, see Figure 5-7 (b).

(a)

(b)

Figure 5-7 Images of pin-water negative corona discharge (a) Trichel pulse discharge and (b)

pulseless discharge (exposure time 10s)
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In terms of the NO removal and energy efficiency, the initial concentration of NO and NO,
were 851 ppm and 92 ppm, respectively, see Table 5-2. Under different discharge powers, in
both Trichel pulse and pulseless modes the NO removal linearly increased with increasing
discharge power, the graphed data of NO removal is shown in Figure 5-8 (a). In addition, the
NO removal energy efficiency also increased with increasing power, see Figure 5-8 (b). For
discharge powers lower than 0.7 W, when the discharge was in Trichel pulse mode, the
energy efficiency increased from 3 to 4.5 g/kwWh. For higher discharge power, when the
discharge mode was pulseless, the NO removal energy efficiency increased from 5g/kWh up
to 6 g/kwh.

In general, with the reduction in NO concentration in the gas mixture, the NO removal
energy efficiency tended to reduce. However, in this specific discharge configuration, the
NO removal energy efficiency increased with increasing discharge power. There are two
possible reasons. One relates to the effective plasma volume. As shown in Figure 5-7, with
increasing discharge power, the luminous area expanded from only the region of the pin to
the whole gap between the pin and the water surface. The brightness of the discharge around
the pin was stronger in the pulseless discharge mode, so the effective ionization area was
larger, which led to an increase in the opportunity of contact between NO and non-thermal
plasma. Another possible reason was water evaporation. As the discharge power increased,
more energy was transferred to the water electrode and the temperature of the water surface
was increased, so more H,O molecules were evaporated from the water’s surface. In addition,
the temperature in the luminous volume between the pin and the water surface would be
increased, and the saturated water vapour pressure would also be increased, see Figure 3-4.
As a result, more H,O vapour could be sustained in the gas phase to generate OH. When the
power reached approximately 2W, it was found that the inside wall of the acrylic tube was
coated with a layer of water fog. As a result of the increased power, the increase in the
ionization area and H,O vapour concentration in the gas phase led to an increase in NO

removal energy efficiency.

As shown in Figure 5-9, it was found that NO concentration was reduced from the initial 851
ppm to 241 ppm at the discharge power of 1.869W. In addition, the NO, concentration
reduced from 92 ppm to 47 ppm with an increase in discharge power. The reduction rate of

NO, was much slower than that of NO.
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Figure 5-8 (a) NO removal and (b) energy efficiency for controlled gas flow configuration

corona discharge at 4.76% O, and high concentration NO condition.
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Figure 5-9 NO (square symbol) and NO, (circle symbol) concentrations for different
discharge power at 4.76% O, and high concentration NO conditions

However, if the applied voltage was further increased, the pulseless discharge could not be
sustained and was converted to arc discharge and the amplitude of current and voltage was
changed to -2050uA and -3KV respectively. The active discharge area shrank into a narrow
filament. The actual arc discharge filament was much thinner than that shown in the 10s
exposure in Figure 5-10 (a). The reason for that was that the discharge filaments kept
moving between pin and water surface, over the course of the 10s exposure all of the

discharge filaments images were added together to produce the wide light band in the image.
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Figure 5-10 (a) Arc discharge image and (b) the corresponding NO removal in the red circle

It was found that NO was generated rather than being removed under arc discharge mode.
When the arc discharge power was 6W, it had a negative effect on NO removal, Figure 5-10

shows -200 ppm NO removal, which meant that 200 ppm NO was generated.

Using a 0.25s exposure time, as shown in Figure 5-11, the arc discharge filament was
observed to be thinner than that of the pulseless discharge, i.e. the energy density in arc
mode was much higher than that in pulseless discharge. The temperature of an arc discharge

at atmospheric pressure was reported as being of the order of 10°K [128].
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T

Figure 5-11 Arc discharge image of pin-water negative arc discharge (exposure time 0.25s)

The main reactions in the Zeldovich mechanism for NO formation at high temperature are
given in Table 5-3. When the gas temperature is 2400K or higher, the Zeldovich mechanism
becomes significant, e.g. during the fossil fuel burning process, gas temperature plays an
important role in NO formation. As shown in Figure 5-12, at 1500K the equilibrium NO
concentration [NO]; is 2000 ppm, and the time to reach 1000 ppm (0.5[NO],) is
approximately 1000s, a relatively slow NO formation process. At a gas temperature of
2500K, the equilibrium NO concentration increases to 25000 ppm and the time to reach
12500 ppm is less than 10ms. Therefore, an arc discharge under higher discharge power,
which would bring higher gas temperatures, would cause more NO to be generated over a

shorter time period.

Table 5-3 Main high temperature NO formation reactions in Zeldovich’s mechanism [3, 4].

Reactions k (at 2400K)
N+0,->NO+0 7.6110™" (Fast reaction)™*’!
O0+N,—>NO+N 2.21x10™" (Slow reaction)!**
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Figure 5-12 NO equilibrium concentration and the time to reach half of the equilibrium
concentration of NO at different temperatures [131]

5.3.2 Effect of pin to water surface distance

As stated above, injecting different amounts of water into the reactor adjusted the distance
between the pin and the water surface. For 4mm, 6.5mm and 9mm gap distances, the water
volumes injected were 60mL, 65mL and 70mL respectively.

The effect of pin to water surface distance was investigated at 4.76% O, and high
concentration NO condition in the controlled gas flow reactor. It was found, from the data
presented in Figure 5-13, that the NO removal and energy efficiency increased with
discharge power for 6.5mm and 9mm gaps. For the 4mm gap NO removal was negative

because the discharge was in arc mode, so NO was generated by the Zeldovich’s mechanism.

Comparison of NO removal between 6.5mm and 9mm gaps is made in Table 5-4. For the
same discharge current of approximately 150 pA, the 6.5 mm gap pin voltage was -7.62 kV
while at 9mm it increased to -10 kV: the power injection was greater at 9mm gap but the
removal rate was lower. For the 6.5 mm gap and -9.21 kV, the NO removal was 610 ppm
with the energy efficiency of 5.51 g/kwWh. For the 9mm gap and -11.4 kV, NO removal
reduced to 362 ppm with 2.74 g/kWh energy efficiency. The NO removal and energy
efficiency results for the 6.5 mm gap were nearly twice those for the 9 mm gap, despite
higher energy being injected at the larger gap.
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Figure 5-13 Controlled gas flow reactor with 4mm (square), 6.5mm (circle) and 9mm (up
triangle) gap distance: (@) NO removal and (b) NO removal energy efficiency against

discharge power at 4.76% O, and high concentration NO condition.
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Table 5-4 Pin voltage, discharge current, power applied, NO removal and energy efficiency

for three different gap distances under controlled gas flow condition

Gap size Vpin (kV) Current  Power (W) NO removal Energy y

(nA) (ppm) (9/kWh)
4mm -1.54 -752 1.16 -30 -0.44
-1.46 -1036 1.51 -74 -0.83
6.5 mm -7.62 -148 1.13 348 5.21
-9.21 -203 1.87 610 5.51
9mm -10 -149 1.49 146 1.65
-11.6 -192 2.23 362 2.74

5.3.3 Effect of oxygen

The initial concentration of NO and NO, before discharge treatment are listed in Table 5-2.
The initial concentration of NO reduced from 1000 ppm to 588 ppm when the O,
concentration increased from 0% to 16.67%. As shown in Figure 5-14, under the same
discharge power, for O, concentrations in the range from 0% to 9.09% there was no obvious
difference in NO removal, but at an O, concentration of 16.67%, the NO removal reduced

significantly.

The effect of O, concentration on NO removal under wet condition in this discharge reactor
was similar to that for DBD conditions which were investigated in Chapter 4. The difference
was that the concentration of H,O vapour in the DBD was fixed at 2.31% by a 20°C gas
washing bottle, but in the pin-water reactor the concentration of H,O vapour was dependent
on the injected discharge power. For NO removal by DBD under the same discharge power
condition, the NO removal was the same at 0% and 4.76% O, conditions and started to
reduce at 9.09% and further reduced at 16.67% O, concentration condition. Under pin-water
corona discharge conditions, the NO removal started to reduce until the O, concentration
reached 16.67%. As discussed in Chapter 4, the discharge in high concentration O, produced
more atomic O in the discharge area and part of the OH reacted with O, rather than NO. For
the pin-water corona discharge, one possible reason why the NO removal started to reduce at
16.67% O, condition, rather than 9.09% O, condition was similar to that at DBD condition,
but the balance between the increase in atomic O and the reduction of OH to react with NO

was able to sustain the change until 9.09% O, concentration. When O, concentration
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increased to 16.67%, the reduction of OH was higher than the increase of atomic O, so NO
removal was reduced. Both atomic O and OH not only reacted with NO, but also with each
other. The reaction between atomic O and OH did not consume OH, however, if more and
more atomic O and OH were interacting than reacting with NO, the NO removal would
reduce.
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Figure 5-14 O, effect on (a) NO removal and (b) energy efficiency at different discharge

power for 6.5mm gap: (square) - 0% O, condition, (circle) - 4.76% O, condition, (up triangle)
- 9.09% O, condition and (down triangle) - 16.67% O, condition O,
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Table 5-5 Pin voltage, discharge current, power applied, NO removal and corresponding

energy efficiency for four difference oxygen concentrations under controlled gas flow

O, Vpin Current Power NO removal  Energy g
concentration (kV) (nA) (W) (ppm) (g/kWh)
0% -7.36 -143 1.05 296 4.52
-8.8 -231 2.03 715 5.65
4.76% -7.62 -148 1.13 348 5.21
-9.21 -203 1.87 610 5.51
9.09% -8.62 -113 0.97 280 5.08
-9.6 -178 1.71 521 5.39
16.67% -10.1 -156 1.58 286 3.49

In terms of the O, concentration effect on NO removal under Trichel pulse and pulseless
discharge, as shown in
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Table 5-5, when O, concentration was zero, the highest NO removal was 715 ppm at the
discharge power of 2.03 W and the energy efficiency reached 5.65 g/kwh. However, as O,
concentration increased from zero to 16.67%, NO removal reduced from 715 ppm to 286
ppm and NO removal energy efficiency reduced to 3.49 g/kwWh. For 4.76% and 9.09% O,
concentration, NO removal energy efficiencies were 5.51 and 5.39 g/kWh respectively, but
the NO removal reduced to 610 ppm and 521 ppm. In addition, it was found that when O,
concentration increased from 0% to 16.67%, the maximum discharge current under pulseless
discharge mode reduced from -231uA to -156pA while the applied voltage increased from -
8.8kV to -10.1kV.

5.3.4 Contribution of ozone for NO removal

In order to analyse the effect of O; or atomic O on NO removal in pin-water corona
discharge condition, a reference gas was used to measure the concentration Oz under
different discharge power, similar to the method used in the DBD discharge. The reference
gas was a gas mixture of 4.76% O, in N, but with no NO. Because measurement of atomic O
was not possible in this experiment, the output O3 concentration was treated as a probe to
indicate how many effective O were generated during the corona discharge process. From
the O; formation data shown in Figure 5-15 it was found that as the discharge power
increased both O; formation and NO removal increased but the O3 formation rate change was
much lower than that of NO removal. When the discharge power was 0.4 W, the O;
formation was 17 ppm while the NO removal achieved 126 ppm, a difference of 109 ppm.

When the discharge power increased to 1.7 W, the O3 formation increased to 138 ppm and
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NO removal was 552 ppm, so the difference expanded to 414 ppm. If NO was removed by O
or O3, NO removal should be lower than or close to O; formation at reference gas condition,
but actually, it was much higher than the O; formation. This suggests that OH became more
significant for NO removal under the pin-water corona discharge configuration. In addition,
as shown in Figure 5-16, OH can catalytically destroy Os, so the formation of Oj is limited
by the presence of H,O vapour.
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Figure 5-15 O; generation (square) in reference gas and NO removal (circle) at 6.5mm gap

size, 4.76% O, and high concentration NO condition under different discharge power
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Figure 5-16 OH catalytically convert O3 to O,

5.3.5 Comparison between water and metal grounding

In order to investigate further the effect of the water ground electrode on NO removal, the
controlled gas flow reactor with no water present was used, i.e. a metal ground electrode.
The configuration of controlled gas flow pin-metal corona discharge reactor for this work is
shown in Figure 5-17. There was no water in the reaction chamber. Before conducting this
experiment, the reactor was cleaned and dried by pure N, (dew point is -40°C) for 15
minutes to completely remove H,O vapour from the reactor. The gap distance was set to
6.5mm and the gas mixture used was 4.76% O, and high concentration NO condition, as it
was for the experiments in Section 5.3.1. The HV electrode is adjustable so the whole HV
electrode, including pin and nylon tube, moved downwards to ensure that the gap distance is
fixed 6.5mm and the gas passed between the pin’s tip and the nylon tube, into the plasma,
before venting.
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Figure 5-17 Pin-metal corona discharge reactor, controlled gas flow configuration

As shown in Figure 5-18, there were some indications of the important role of a water
electrode for NO removal in a corona discharge. First, under pin-metal configuration, the
highest discharge power sustained in pulseless discharge mode was 1.30 W, at this power the
NO removal was 62 ppm and the NO removal energy efficiency was 0.80 g/kWh. However,
under the pin-water configuration, the maximum discharge power sustained in pulseless
discharge was 1.87 W, at this power NO removal and energy efficiency were 610 ppm and
5.51 g/kwh which were 9.84 and 6.85 times higher than that at the pin-metal configuration.
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Figure 5-18 (@) NO removal and (b) energy efficiency at different applied power for pin-
water (square) and pin-metal (circle) configuration at 4.76% oxygen and high concentration
NO condition

The maximum sustainable discharge power in pulseless mode in the pin-metal configuration
was lower than that in the pin-water configuration (Table 5-6), i.e. 1.30 W and 1.87 W
respectively. In addition, it was found that for pin-metal pulseless discharge the NO removal
energy efficiency also increased with increasing discharge power, which indicated the same
tendency as the pin-water configuration’s results. The reason for that relates to the effective

ionization area in discharge. As shown in Figure 5-7, in transition from Trichel to pulseless
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discharges, due to increasing voltage, the effective ionization region expanded and this

promoted NO removal energy efficiency.

Table 5-6 Pin voltage, discharge current, power applied, NO removal and energy efficiency

for pin-metal and pin-water configuration

o Pin voltage Discharge Power  NO removal Energyy
Conditions
(kV) Current (nA) (W) (ppm) (9/kWh)
Pin-metal -5.264 -224 1.18 40 0.57
-5.586 -233 1.30 62 0.80
Pin-water -7.62 -148 1.16 348 5.21
9.21 -203 1.87 610 5.51

The discharge currents for both reactor electrodes were able to reach -200uA, see Table 5-6,
but the pin voltage was much higher in pin-water configuration (-9.21 kV) than in pin-metal
configuration (-5.586 kV). The increase in voltage probably relates to H,O vapour’s
electron attachment ability, as discussed in Chapter 4, the presence of H,O vapour can
significantly increase the breakdown voltage in DBD. With the increase in discharge power,
more H,O vapour evaporated in the gas phase and, as free electrons more easily attach to
H,O vapour, the promotion of ionization process is more difficult. The suppression of
ionisation reduces the likelihood of transfer to arc discharge, so the pin voltages can be

higher while sustaining pulseless discharge.

The luminous regions between the pin and ground electrode in pin-water and pin-metal
configurations are compared in Figure 5-19. As stated above, the pin-water configuration
sustained a maximum voltage of -9.21 kV in pulseless discharge, for the pin-metal
configuration it was -5.586 kV. For corona discharge, the distortion of electric field was
significant and high electrical field existed around the pin. An increase in the applied voltage
from -5.586 kV to -9.21 kV would result in the electric field around the pin increasing to
almost twice the intensity, so the effective ionization area would expand. It should be noted
that the luminance area between the pin and the water surface is not the ionization area, the
ionization area is still concentrated around the pin. In the pulseless discharge mode, the
luminous area represents the positive column of glow discharge. The electron energy level in
this area is about 2 eV [132, 133], although this is much lower than that required for gas

dissociation they still have enough energy to excite molecules and produce light. As the pin-
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water configuration has a higher maximum applied voltage, -9.21kV, the average electron
energy should be higher and produce more light. In addition, it was found that the light
intensity at the pin’s tip was stronger for the pin-water configuration. Therefore, the
advantage of the pin-water configuration is that, due to the higher voltage potential sustained
in the pulseless discharge mode, it is not only able to provide reactive species OH, but also to
expand the effective ionization area to improve NO removal and energy efficiency.

(a)

(b)

Figure 5-19 Images of (a) a pin-metal discharge at -5.586kV and (b) a pin-water discharge at
-9.21kV

5.3.6 Effect of pin’s radius of curvature

After investigating the advantage of having water as the grounding electrode, another aspect

which was investigated in pin-water configuration with controlled gas flow is the pin tip’s
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curvature. The pin with 0.3mm radius of curvature was replaced by a pin with 0.5mm

curvature. The gap distance was maintained at 6.5mm.

As shown in Figure 5-20, there was no obvious effect on NO removal as the O,
concentration increased from 0% to 9.09%, but when O, concentration increased to 16.67%,
NO removal was lower. This was similar to the results obtained for a 0.3mm pin (Figure
5-14), but despite the maximum discharge power in pulseless mode increasing, the energy

efficiency with the 0.5mm pin has decreased.
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Figure 5-20 (a) NO removal and (b) energy efficiency at different discharge power using a

pin with 0.5mm radius of curvature at a 6.5mm gap: gas mixture O, content (square) is 0%,
(circle) is 4.76%, (up triangle) is 9.09% and (down triangle) is 16.67%
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As shown in Table 5-7, O, concentration had a negative effect on the highest pulseless
discharge current and power. The maximum discharge currents under pulseless discharge
were -233 pA, -178 pA, -162 pA and -133 pA for 0%, 4.76%, 9.09% and 16.67% O,
concentration, respectively. The maximum discharge power before the transition from
pulseless discharge to arc discharge were reduced from 2.749W, 2.438W, 2.2W to 1.822 W
with the increase of oxygen concentration from 0% to 16.67%.

Table 5-7 Pin voltage, discharge current, power applied, NO removal in ppm and energy

efficiency for 3 oxygen concentrations for 0.5mm pin under controlled gas flow condition

Oxygen Pin voltage Discharge Power NO removal Energy
Concentration (kV) current (nA) (W) (ppm) ]
(9/kwWh)
0% -7.44 -153 1.14 200 2.82
-11.8 -233 2.75 723 4.23
4.76% -11.25 -113 1.27 242 3.21
-13.7 -178 2.44 581 4.02
9.09% -12.5 -136 1.7 337 3.50
-13.58 -162 2.20 462 3.71
16.67% -13.7 -133 1.82 220 2.33

To compare the effect of radius of curvature of the pin electrode, 0.3mm and 0.5mm, on NO
removal and energy efficiencies data are listed in Figure 5-21 and Figure 5-22. It was found
that the pin with smaller radius of curvature had a positive effect on NO removal. In terms of
NO removal, from Figure 5-21 it was found that the maximum NO removal was similar for
both pins, but the energy consumption was less for the pin with 0.3mm radius of curvature.
For the pin with 0.3mm radius of curvature for O, concentration of 0%, 4.76%, 9.09% to
16.67%, the maximum NO removal values were 715 ppm, 610 ppm, 521 ppm and 286 ppm
respectively: for the 0.5mm pin, the equivalent values were 723 ppm, 581 ppm, 462 ppm and
211 ppm. In terms of NO removal energy efficiency, for O, concentrations in the range of 0
to 9.09% the 0.3mm pin had an energy efficiency of around 5 g/kWh, for the 0.5mm pin it
was around 3.5 g/kWh, which was an approximately 30% reduction. For an O, concentration
of 16.67%, a similar reduction was found, from 3 g/kWh to 2 g/kWh.
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Figure 5-22 NO removal energy efficiency by pins with (a) 0.3mm radius and (b) 0.5mm

radius under controlled gas flow-water condition at different O, concentration

5.4 NO removal under open gas flow condition

The configuration of the open gas flow pin-water discharge reactor is shown in Figure 5-23.
As outlined above, the difference between open and controlled gas flow was set by whether
the nylon tube was used or not. For a controlled gas flow condition, the use of the nylon tube
guided the gas flow through the ionization area of the corona discharge, because the pin’s tip
was at the same horizontal level as the nylon tube. For open gas flow condition, as the
aperture of the gas outlet was 18.5mm above the pin (d,), not all of the gas flow was through
the ionization area of the corona discharge. The pin’s radius of curvature was 0.3mm in this
experiment. The effects of the distances between the pin’s tip and water surface (d,) from

4mm, 6.5mm to 9mm were investigated and are reported in this section.
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Figure 5-23 The pin-water discharge reactor under open gas flow configuration

5.4.1 Effect of oxygen

For these experiments, in order to compare the results with those from the controlled gas
flow study, the distance between pin and water surface was 6.5 mm. NO removal and energy
efficiency are shown in Figure 5-24. The effect of O, concentration at 16.67% was not as
obvious as in the results obtained in the controlled gas flow reactor. For O, concentration of
0%, 4.76%, 9.09% and 16.67%, the maximum NO removal values were 365 ppm, 320 ppm,
233 ppm and 58 ppm. The maximum discharge power in pulseless mode reduced from
2.651W, 2.4 W, 1.8 W to 1.435W. The NO removal energy efficiency was lower than 2.5
g/kwWh for all of O, concentration conditions while under the controlled gas flow
configuration the energy efficiency achieved was up to 5.5 g/ kWh. The main reason may
relate to the lifetime of OH. As mentioned in [134], the lifetime of OH is under 100ps,
therefore NO needs to move through the ionization area to react with OH. For the open gas
flow configuration, some NO containing gas flows out of the reaction vessel above the

discharge ionization area and has no contact with the plasma, therefore, as expected, the NO
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removal results were lower than those under the controlled gas flow configuration. A

quantitative comparison between controlled and open gas flow data is made in Section 5.4.2.
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Figure 5-24 (a) NO removal and (b) energy efficiency at different discharge power: 0.3mm
radius pin with 6.5mm gap under open gas flow conditions: O, concentration key - (square)
is 0%, (circle) is 4.76%, (up triangle) is 9.09% and (down triangle) is 16.67% O,
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5.4.2 Comparison between controlled and open gas flow condition

For a zero percent O, concentration condition, the maximum NO removal could reach above
715 ppm at 2.03W for controlled gas flow configuration, but for open gas flow configuration,
NO removal was reduced to 280 ppm at 2.3W (Figure 5-24), i.e. more than 400 ppm
reduction in open gas flow condition. This proves the importance of contact between NO and
reactive species to increase the NO removal.

Table 5-8 Pin voltage, discharge current, discharge power, NO removal and energy

efficiency for three oxygen concentrations for open gas flow configuration

Co2 Pin voltage Discharge Power NO removal  Energy y
(% vol) (kV) current (npA) (W) (ppm) (g/kWh)
0 -6.21 -248 1.54 80 0.83
-7.07 -375 2.65 365 221
4.76 -6.29 -191 1.20 66 0.93
-8.25 -291 2.4 320 2.25
9.09 -8.21 -194 1.59 138 1.53
-8.56 -234 2.00 233 2.06
16.67 -9.08 -158 1.43 58 0.78

Comparing the data in
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Table 5-5 and Table 5-8 shows that there is a big difference between the controlled gas flow

configuration and open gas flow configuration.

At zero percent O, concentration condition, the controlled gas flow’s maximum discharge
current under pulseless mode was -231 pA, but for open gas flow it was -375 pA. The
maximum discharge current also increases for O, concentrations of 4.76%, 9.09% and
16.67%. When the O, concentration was 4.76%, for controlled gas flow configuration, the
highest voltage in pulseless mode is -9.21kV with a current of -203 pA, for open gas flow
configuration, it is -8.25 kV with a current of -291 pA. The reduction of the transition from
pulseless to arc discharge from -9.21 kV to -8.25 kV suggests that the presence of nylon tube
can make the transition much easier. In the controlled gas flow configuration, the inner
surface of the nylon tube can accumulate negative charges when discharge happens at the
pin’s tip. As the polarity of accumulated charges is the same as that for the pin, the discharge
is more difficult to initiate and the maximum voltage to sustain in pulseless discharge mode

is higher, but the discharge current is lower.

In addition, the shapes of the luminous area for open and controlled gas flow configurations
were investigated (Figure 5-25). For open gas flow configuration, it was a triangle-shaped
luminous area, but for controlled gas flow configuration, it was a bell-shaped luminous area,

which nearly covered the cross section of the nylon tube.
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(a)

(b)

Figure 5-25 Images of pulseless discharge (a) controlled gas flow configuration at -9.21kV

and (b) open gas flow configuration at -8.247 kV (exposure time is 10s)

A possible reason for the wider luminous area in the controlled gas flow configuration is as
follows: as nylon is a dielectric material, when discharge occurs electrons could move to the
nylon tube’s surface and stay there, left image in Figure 5-26. With increasing applied
voltage, more and more free charges attach to the edge of the nylon tube. As the polarity of
deposited charges is the same as that of pin, they broaden the area of high electric field

across from the ground water electrode to expand the discharge area. So the nylon tube not
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only channels the gas flow through the ionisation region but also expands the equivalent high
voltage electrode area.

-V -IHV
— | Nylon
“l tube
ML :

Figure 5-26 Left image - controlled gas flow configuration with charges deposited on the
surface of nylon tube and right image - open gas flow configuration, no deposited charge.
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5.4.3 Effect of pin to water surface distance

The effect of the gap distance was also examined under the open gas flow condition. Three
gap sizes 4mm, 6.5mm and 9mm were investigated and the data are shown in Table 5-9.
Comparing the data in Table 5-4 and Table 5-9: for the 4mm gap, under controlled gas flow
pulseless corona discharge was not sustained, but for open gas flow configuration, pulseless
discharge was realised and the maximum NO removal was 257 ppm with 3.104 g/kWh
energy efficiency (Table 5-9). For the 6.5mm gap, the maximum NO removal reduced from
610 ppm in controlled gas flow to 320 ppm in open gas flow. For the 9mm gap, the
maximum NO removal reduced from 362 ppm in controlled gas flow to 182 ppm in open gas
flow. Although the open gas flow configuration provided a higher current injection, both NO
removal and energy efficiency were lower than under controlled gas flow configuration. In
terms of NO removal energy efficiency, under controlled gas flow configuration, the highest
energy efficiencies were 5.51 g/lkWh and 2.74 g/kWh for 6.5 mm and 9 mm gaps, but under
open gas flow the highest energy efficiencies reduced to 2.25 g/kWh and 1.32 g/kwh for
6.5mm and 9mm gaps respectively. In open gas flow configuration it was found that the

performance was better when the gap was 4mm than that at 6.5mm.

Table 5-9 Pin voltage, discharge current, discharge power, NO removal and energy
efficiency for three gap sizes for open gas flow configuration at 4.76% O, and high

concentration NO conditions

conditions  Pin voltage Discharge Discharge  NO removal Energy 1
(kV) current (UA) Power (W) (ppm) (g/kWh)
4 mm gap -4.38 -242 1.06 134 2.13
-4.92 -284 1.40 257 3.10
6.5mm gap -7.09 -239 1.69 130 1.30
-8.21 -294 2.4 320 2.25
9mm gap -9 -199 1.79 92 0.87
-10.04 -231 2.32 182 1.32
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5.5 Conclusions

These experiments investigated the potential of pin-water negative corona discharge for NO

removal by reactive species OH, which had no side reaction.

First, it was found that NO removal energy efficiency increased with increasing discharge
power. There were two possible reasons proposed. One was the expansion of the ionization
area in the transition from Trichel pulse discharge to pulseless discharge. The other was the
increase in H,O concentration in the gas phase: higher concentration of OH led to an
increase in the NO removal. In addition, because of the short lifetime of OH, both the NO
removal and energy efficiency were higher under the controlled gas flow configuration than
under open gas flow configuration. For instance, for the gas containing 4.76% O, and an
initial NO concentration of 851 ppm, under controlled gas flow the NO removal was 610
ppm with 5.507 g/kWh energy efficiency, but under open gas flow NO removal reduced to
320 ppm with 2.25 g/kWh energy efficiency. This significant difference was determined by
the contact between plasma and gases. If the ionization area was far from the gas outlet, part
of NO containing gas left the reactor without contacting the OH species in the ionisation
region. The effect of oxygen concentration on NO removal was not significant in the range
of 0% to 9.09%, but had a negative effect when it increased to 16.67%. NO removal was
investigated under Trichel pulse discharge, pulseless discharge and arc discharge modes and
it was found that NO removal was realised using Trichel pulse and pulseless discharge
modes, but NO was generated in arc mode. As outlined in this Chapter, as a result of
increased gas temperature NO generation followed Zeldovich’s mechanism. When the arc

discharge power reached 6W, it generated 200 ppm of NO.

Second, the pin’s radius of curvature affected the NO removal results. For gas containing
4.76% O,, the pin with 0.3 mm radius of curvature resulted in 610 ppm NO removal with
energy efficiency of 5.507 g/kWh, however, for the pin with 0.5mm radius of curvature, NO
removal was reduced to 581 ppm with energy efficiency of 4.02 g/kWh. A sharper pin may

improve NO removal and energy efficiency.

Third, in order to confirm that OH species had a positive impact on NO removal the effect of
water electrodes was investigated using a pin-metal discharge arrangement. The results
(Figure 5-18) indicated that the effect of water electrode was positive for NO removal. The

water electrode not only provided H,O vapour to generate OH, but also increased the
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maximum voltage which will sustain pulseless discharge, which can increase the ionization

area of the corona discharge.

In this chapter, a novel pin-water corona discharge was investigated for NO removal. The
new configuration increased the OH species effect on the NO removal reactions, but the
energy efficiency is lower than 6g/kWh which is too low to be commercialised. As
mentioned before, the pin-water corona discharge has been investigated as a water
purification technology, so it is a better choice to combine these two pollutants treatments
process together in one reactor to improve its applicability.
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Chapter 6 IMPROVING NO REMOVAL BY PRE-
CONCENTRATION USING ACTIVATED CARBON

6.1 Introduction

As highlighted in the Literature Review, the concentration of NO in flue gases is usually a
few hundred ppm, so the collision between an energetic electron and an NO molecule
seldom happens during non-thermal plasma treatment. To improve on the opportunity to
have an electron react with NO, it is worth investigating a new method of increasing the
concentration of NO in the flue gas. In this chapter, a 2-stage process is presented: low
concentration NO (1000ppm) from a flue gas is absorbed onto activated carbon granules and
then a thermal desorption process is used to release a high concentration of NO (up to 6%).
At 6% concentration level, the NO removal mechanism was investigated guantitatively. It is
important to analyse the difference between NO removal under ppm level and percentage
level, from the chemical kinetics point of view. The aim of this chapter is to investigate the
performance of non-thermal plasma for NO removal when NO concentration is in percentage

level.

The Literature Review indicated that activated carbon was one of the most widely used
absorbents in collecting a range of chemicals [88, 135, 136] including NOXx. Activated
carbon is a porous material with higher than 1000 m?/g specific surface area [27, 137]. There
are many oxygen functional groups on the surface of activated carbon, including carboxylic
group (-COOH), lactone group (-COO-), hydroxylic group (-C-OH) and carbonyl group (-

C=0). These play an important role in low concentration NO absorption.

In this set of experiments, the effects of temperature, gas flow rate and concentration of O,
and H,O vapour on the NO absorption process by activated carbon were investigated. After
thermal desorption, direct non-thermal plasma treatment of high concentration NO was
investigated to determine NO removal and energy efficiency and the dominant reactive

species was identified.
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6.2 Experimental setup

To create high concentration NO for removal by direct non-thermal plasma treatment, there
were three main processes (Figure 6-1). First, there was the low concentration NO absorption
process by activated carbon, Figure 6-1(a). Secondly, there was the thermal desorption of
NO, Figure 6-1(b): although two methods were tried for the thermal desorption, as discussed
in 6.2.3, the figure shows the direct method which was more successful. Finally, after high
concentration NO was released from activated carbon, it was treated by DBD directly, Figure
6-1(c). The DBD reactor is a meshed electrode DBD. As explained in Chapter 2, the plate to
plate configuration is easier when changing the shape of the electrode. The non-uniform
structure of the mesh electrode meant that it was easier to initiate discharge because of the
change in electric field distribution. In addition, in Chapter 4 it was found that the maximum
power level of cylindrical DBD reactor was 0.25W, which is too low to treat high
concentration NO, so a more powerful DBD reactor, up to 1.044W power at 7kV, was used

in this chapter.

A schematic diagram of the equipment used in the DBD treatment of desorbed high
concentration NO is shown in Figure 6-2. A 50Hz AC power supply (maximum output
voltage was 7kV) was used to energize the DBD reactor. As with previous work, the gas
flow rates were controlled by Alicat mass flow controllers. A Tektronix P6015A HV probe
with a bandwidth of 75 MHz was used to measure the voltage applied to the reactor. A
100nF capacitance was used to measure charge transfer and discharge power by Lissajous
figure, a Tektronix DPO5104B Digital Phosphor Oscilloscope with 1GHz bandwidth and
10Gs/s sample rate was used to record electrical signals. NOx analyser (thermal scientific
model 42i-HL) was used to measure NO and NO, concentration. Finally, all data were

recorded and analysed in Matlab and Origin.
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Figure 6-1 Schematic diagram of (a) NO absorption process, (b) thermal desorption process

and (c) DBD treatment on desorbed high concentration NO
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Figure 6-2 Schematic diagram of DBD of thermally desorbed high concentration NO.

In these experiments, five grams of activated carbon was put into a Pyrex tube with
dimensions of 15mm x 11mm (OD x ID) and 300mm long. As shown in Figure 6-3, the
effective length of the five grams activated carbon in the Pyrex tube was approximately
120mm, both ends of the container were sealed by rubber stoppers and glass wool was used
to fix the position of activated carbon inside the tube. In addition, activated carbon is a good
conductor, so for the thermal desorption process, a DC power supply was connected to both
ends of the activated carbon: two steel pins connect the activated carbon to the DC power
supply. The shape of the activated carbon pellet was cylindrical. The diameter was
approximately 4mm and the length was in the range of 4mm to 7mm.

Glass wool

Gasinlet Gas outlet

Activated carbon
- 120mm

Steel pin

300mm |

Figure 6-3 Schematic diagram of activated carbon container
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6.3 Activated carbon NO absorption

As measured by the Brunauer-Emmett-Teller (BET) method in liquid nitrogen, the specific
surface area of activated carbon used in this set of experiments was 1358 m?/g with pore
volume 0.47742 cm3y. In this chapter, the success of the absorption-desorption regime is
demonstrated. The gas input in this experiment was 1000 ppm NO and the flow rate was
210mL/min. As shown in Figure 6-4, after the process of absorption and desorption, the NO

concentration was increased up to 6% and the flow rate reduced to 50mL/min.

" Low concentration - ™ High concentration
(Cyo=1000ppm) Conversion (Cyo UP t0 6%)
— —
High flow rate — Low flow rate
__ (210mL/min) L (50mL/min)

Figure 6-4 Change in gas properties due to NO absorption and thermal desorption processes

6.3.1 Effect of oxygen concentration

As mentioned before, NOx absorption by activated carbon is based on their molecular
polarity. The oxygen functional groups on the activated carbon surface can absorb polar
molecules. The polarity of gas molecules is related to their dipole moments. For homo-
nuclear diatomic molecules such as N, and O, their dipole moments are zero because of
their symmetric molecule structure. Unsymmetrical gas molecules, e.g. H,O, NO and NO,
are polar and can be absorbed by activated carbon, dipole moments are given in Table 6-1.

Table 6-1 Molecules dipole moment [138]

Substance in gas phase Dipole moment <10 [C.m]
N, 0
O, 0
H.0 6.2
NO 0.5
NO, 1.3
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The effect of O, concentration on NO absorption over 17.5 min absorption process is shown
in Figure 6-5. The reason why the absorption time is set to 17.5 min is that when the O,
concentration was 4.76%, the escaping NO concentration was 35 ppm, which satisfies the
50ppm NOx emission standard,
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Table 1-2. When O, concentration was reduced to 2.44%, NO concentration slowly
increased to 100 ppm after 17.5min absorption process, which meant that more than 90% of
NO was absorbed by activated carbon. However, when O, concentration was 0%, NO
concentration increased to 950 ppm in less than 200s, which meant that there was only 50
ppm NO being absorbed. As the majority of NO escaped the activated carbon when there
was no O, in the gas flow, O, played an important role for NO absorption process.
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Figure 6-5 NO absorption curve with different oxygen concentration in gas mixture, (square)
for 0% O,, (circle) for 2,44% O, and (up triangle) for 4.76% O,

As indicated in the data in Table 6-2, the total volume of NO at the input to the tube over the
17.5min adsorption process was 3.5mL and the volumes of NO output were 3.31mL, 0.35mL
and 0.12mL respectively for 0%, 2.44% and 4.76% O, conditions. With the increase in O,

concentration, more NO could be absorbed by activated carbon.

Table 6-2 The volume of NO absorbed in activated carbon after 17.5min absorption process

1000 ppm 0, 0, Volume of NO Peak Cno

NO in N, flow rate  concentration  NO into Adsorbed at outlet of
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flow rate (mL/min) (%) cylinder  in17.5min absorption

(mL/min) (mL) (mL) tube (ppm)
200 0 0 35 0.19 950
200 5 2.44 35 3.15 100
200 10 4.76 35 3.38 35

In order to investigate why only 50 ppm NO was absorbed by activated carbon when there
was no O, in the gas mixture, activated carbon’s ability to absorb NO, was evaluated. As
explained in Chapters 4 and 5, O, was able to oxidize NO to NO, and the dipole moment of
NO, is 2.6 times higher than that of NO (Table 6-1), so it was important to analyse activated
carbon NO, absorption ability under 0% O,. The gas used was 1000 ppm NO, in N, and the

flow rate was 200mL/min. The NOXx concentration curves are shown in Figure 6-6.

It was found that although the initial gas was NO,, the output of NO, was nearly 0 ppm, but
the output of NO was gradually increasing and the trend in NO increase was similar to that in
4.76% O,, 1000 ppm NO in N, condition. This indicates that in the earlier work the absorbed
species was NO,, rather than NO, because NO, can be absorbed at the condition of zero O,
condition. Therefore, when the input gas was NO, the presence of O, was important in

converting NO to NO, for effective NO absorption.
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Figure 6-6 NO (circle) and NO, (square) concentration curves after going through activated
carbon, when the gas was NO, (1000 ppm) in N, at 200mL/min flow rate.

In addition, Rubel et al. [44] explained the process of NO absorption by activated carbon in
the presence of O, (Figure 6-7). There are two intermediate states before NO, is absorbed on
the surface of activated carbon. First, the absorbed NO molecule and O, molecule interact to
generate a positive NO ion and a negative O, ion on the surface of activated carbon. After
that, another NO molecule interacts with the negative O, ion. The absorbed negative O, ion
splits into two negative atomic O ions. Each of these reacts with one absorbed positive NO
ion to leave two NO, attached on the activated carbon surface. The reason why NO is
positive but O, is negative on the activated carbon surface probably relates to the electron

affinity of gases. As shown in Table 6-3, NO has a lower electron affinity than O.,.
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Figure 6-7 NO absorption on activated carbon with the assistance of O2 [44]

Table 6-3 Electron affinity ability of O,and NO [139]

Gas species Electron affinity
NO 0.026 eV
0, 0.451 eV

6.3.2 Effect of temperature

The effect of temperature on activated carbon NO absorption process was investigated under
the condition of 4.76% O, 1000 ppm NO in N, concentration at 210mL/min flow rate.
Because activated carbon is a conductive material, two methods were used to increase the
temperature. The first used an external water bath: activated carbon was put in a U-shaped
Pyrex tube, so it could be immersed into the water bath and the temperature of activated
carbon was controlled by the water temperature. The other method was to energise activated
carbon by using a DC source (30V 2.5A) directly. The temperature was controlled by
applying different DC currents and temperatures were measured by a thermometer. The total

resistance of 5g activated carbon was approximately 12.25 Ohms.

For the water bath heating method, the concentration of NO at the output of the tube
containing activated carbon for a range of temperatures is shown in Figure 6-8: note that

higher values of NO indicate that less is being absorbed by the activated carbon. Higher
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temperature of activated carbon made it more difficult to absorb NO, possibly because the
vibration of surface oxygen functional group was stronger. As shown in Table 6-4, after
17.5min absorption the stabilised NO concentrations were 360 ppm, 470 ppm and 590 ppm
for activated carbon temperatures of 60°C, 70 °C and 80°C, respectively.

—a— heating by water bath 60C
—e— heating by water bath 70C 800 1000
—A— heating by water bath 80C [ ' ' '

600

500

400

300

200

NO concentration (ppm)

100

T T T T T T T T T T
0 200 400 600 800 1000

time (s)

Figure 6-8 Activated carbon NO absorption ability, temperature was controlled by water
bath, (square) for 60°C, (circle) for 70°C, (up triangle) for 80°C

Table 6-4 NO concentration under different activated carbon temperature, temperature

controlled by water bath

Temperature of activated carbon (°C) NO concentration (ppm)
60 360
70 470
80 590
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For direct energising activated carbon by DC power supply, NO concentration curves at
different temperatures are shown in Figure 6-9. The DC current is constant at 0.3A, 0.6A and
0.8A to heat the activated carbon to 60°C, 80°C and 100°C. Since the whole reactor is
exposed to the surroundings, the heating loss is significant. Because the temperature control
by the DC power supply was more sensitive than by the water bath heating method, the
temperature division was increased to 20°C instead of 10°C. Comparing Figure 6-8 and
Figure 6-9, it was found that the steady state was achieved more quickly by a direct DC
power supply method. One possible reason was the heat was directly generated from
activated carbon itself: in the water bath heating method, the heat was first transferred to the
Pyrex tube and then absorbed by activated carbon, so it took a longer time to reach the

expected temperature.
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Figure 6-9 Activated carbon NO absorption ability, temperature was controlled by power

injected to activated carbon itself, (square) for 60°C, (circle) for 80°C, (up triangle) for 100°C

As shown in Table 6-5, the stabilised NO concentrations were 340 ppm, 580 ppm and 800
ppm respectively for activated carbon temperatures of 60 °C, 80 °C and 100°C, respectively
after 17.5min absorption process. Comparing the results for 60°C and 80°C from Table 6-4

and Table 6-5, the stabilised NO concentration are very close: for 60°C the values were 360
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ppm and 340 ppm and for 80 °C they increased to 590 ppm and 580 ppm, respectively. This
means that there is no significant difference in activated carbon NO absorption ability by
internal or external heating methods. The main difference is the response time needed to
reach the stable absorption state. Direct heating by DC power supply is much faster than that
by water bath. In addition, it was found that when the temperature increased from room
temperature to 100°C, the NO concentration after absorption tube was increased to 800 ppm
from 35 ppm. If the temperature is further increased up to 230°C [27], activated carbon can
directly convert to NO desorption state. Therefore, in order to maximize the activated carbon
NO absorption ability, the temperature of activated carbon is better to be 20°C when the

temperature is in the range of 20°C to 100°C for the NO absorption process.

Table 6-5 NO concentration under different activated carbon temperature, temperature

controlled by DC source

Temperature of activated carbon (°C) NO concentration (ppm)
60 340
80 580
100 800
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6.3.3 Effect of flow rate

The effect of flow rate on NO absorption process was investigated and the data is presented
in Figure 6-10. The concentration of O, was 4.76% for all three flow rates. At the higher
flow rate, the output NO concentration after the absorption process was higher. This means
that less NO was absorbed by the activated carbon, because the residence time of NO in

activated carbon was less.

NO adsorption on diff. flow rate
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Figure 6-10 Flow rate effect on NO adsorption at condition of 4.76% O, and 1000 ppm NO
and N, in balance, (plus) for 630mL/min flow rate, (circle) for 420mL/min flow rate, (cross)

for 210mL/min flow rate

As shown in Table 6-6, NO concentrations after 17.5min absorption process were 35 ppm,
132 ppm and 220 ppm respectively for 210 mL/min, 420 mL/min and 630 mL/min flow rates.

Table 6-6 Flow rate effect on NO absorption ability

Total FR  FRof 1000 ppm NOinN,  FRof O, Cno after absorption

(mL/min) (mL/min) (mL/min) (ppm)
210 200 10 35
420 400 20 132
630 600 30 220
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6.3.4 Effect of water vapour concentration

NO absorption by activated carbon is dependent on the oxygen functional group, because
they are able to absorb polar molecules. As shown in Table 6-1, H,O is a polar molecule
with a higher dipole moment than NOx. It is worth investigating the effect of H,O on the NO
absorption process, because H,O exists with NOx in practical flue gases (Table 2-2). Here,
as in earlier experiments, water vapour was added to gas by passing it through a gas washing
bottle at 20°C (Figure 6-11). The effect of 2.31% H,O vapour on NO absorption was
investigated and the data are presented in Figure 6-12.

\

MFC () F-
analyser
Gas washing bottle at
20°C
1000ppm NO
+|\,]2

Figure 6-11 NO absorption process with the presence of 2.31% H,0 in the gas mixture
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Figure 6-12 NO concentration after going through activated carbon chamber at 0% (square)

and 2.31% (square) H,O vapour condition with 4.76% O, and 1000 ppm NO in N,
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It was found that the negative effect of 2.31% H,O vapour on NO absorption was significant.
When 2.31% H,O vapour was in the gas mixture, NO concentration was increased to 55 ppm
quickly. After approximately ten minutes absorption process, NO concentration increased to
88 ppm at 2.31% H,O vapour condition, compared to 31 ppm at 0% H,O condition. The
final NO concentration increased more than 2.8 times from 31 ppm to 88 ppm, so the
selectively of activated carbon on H,O vapour and NO was poor. For practical flue gases the
H,O vapour concentration was approximately 5% and, as indicated in the results above, the
effectiveness of activated carbon for NO absorption would be further reduced. This indicates

the difficulty in commercialising the technology of NO absorption by activated carbon.
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6.4 Thermal NO desorption process
6.4.1 Characteristic of thermal NO desorption process

As shown in Figure 6-8 and Figure 6-9, no matter where the thermal energy came from
(external water bath heating or internal direct DC power supply), the adsorption ability of
activated carbon for NO was similar. Therefore, in order to heat activated carbon faster, the
direct DC power supply was used (Figure 6-13). In the Pyrex tube there was high resistance
at the contact points between captivated carbon pellets. Because O, can support combustion,
when O, took part in the desorption process, the temperature at contact points was high
enough to ignite activated carbon. Therefore, only N, was used for the desorption process, to

avoid the possibility of activated carbon combustion.

The NO absorption process was the same at 4.76% O,, 1000 ppm NO in N, condition. The
total gas flow rate was 210 mL/min. After 17.5 minutes of absorption, the volume of
absorbed NO was 3.5mL.

DC source
For thermal
desorption

Figure 6-13 Thermal energy directly connected to activated carbon for desorption

For the desorption process, the carrier gas was N, at 50mL/min flow rate. In addition, the
maximum measurable NOx concentration for Thermo Scientific High Level NOx Monitor
42iHL was 5000 ppm, so a dilution system was added before the desorbed high
concentration NO went to the NOx analyser (Figure 6-14). The flow rate of the dilution

system was 700 mL/min by N,. As shown in Table 6-7, it was found that the volume of
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desorbed NOx was 3.28mL which was slightly less than the absorbed 3.38 mL. The
difference between absorbed NOx and desorbed NOx may have been caused by the activated
carbon, which could reduce NO to N, by (6-1).

C+2NO - N, + CO, (6-1)

Table 6-7 Information about the NO absorption and desorption processes

Input gas mixture 0,(4.76%vol), NO (1000ppm) in N,

Flow rate of NO(1000ppm) in N 200 mL/min

Flow rate of O, 10mL/min

Total Vo injected and time 3.5mL in 17.5mins

Desorption gas and flow rate N2, 50mL/min

Dilution system gas and flow rate N2, 700 mL/min

Total desorbed NO 3.11mL

Total desorbed NO; 0.17mL

Total desorbed NOx 3.28 mL

Heating system power and time 75 W, 4 mins (2.5A, 30V)
> Dilution system l

>

NOXx
analyser

MFC

Figure 6-14 Schematic diagram of thermal desorption process with dilution system
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A NO concentration curve during the thermal desorption process is shown in Figure 6-15. It
was found that the highest NO concentration reached 60000 ppm, equal to 6%. The dilution
system ensured that the NO concentration which went through the NOx analyser was lower
than 5000 ppm. The time duration for complete NO desorption was approximately 240s.
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Figure 6-15 NO desorption curve using 50 mL/min N, (the effect of dilution has been

considered.)

As mentioned earlier, the advantage of the absorption process was to convert low
concentration NO in high flow rate to high concentration NO in low flow rate. A comparison
between input NO concentration and thermal desorption NO concentration is shown in
Figure 6-16. In order to have a clear comparison between input NO concentration and
thermal desorption NO concentration, the thermal desorption NO concentration curve was
divided by ten. The duration of absorption was 17.5min and the input NO concentration was
1000 ppm, but the output NO concentration was able to reach 60,000 ppm, which is sixty
times higher than the input NO concentration. The NO existing time was reduced from 17.5

min to 4 min (240s).
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Figure 6-16 The input NO concentration curve (circle) and the output (divided by 10) NO

concentration curves during thermal desorption process (square)

6.4.2 Effect of N, flow rate

When the flow rate of nitrogen was increased from 50mL/min to 100mL/min, as expected,
the peak concentration of desorbed NO was reduced to almost half, from 60,000 ppm to
28,000 ppm (Figure 6-17). In addition, the total existing time of NO at two flow rate
conditions was nearly about 240s, because NO desorption was determined by the
temperature of activated carbon. When the temperature reached the required temperature for
full desorption, all absorbed NO would be released. As shown in Table 6-8, the total
desorbed NOx volumes in different desorption flow rates were nearly the same. They were

3.28mL and 3.26mL respectively for 50mL/min and 100mL/min desorption flow rates.
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Figure 6-17 NO desorption curve by different nitrogen flow rate (square) 50mL/min, (circle)
100 mL/min

Table 6-8 The volume of NO, NO, and NOx by different desorption flow rate

Adsorption Desorption flow Volume of Volume of  Total volume

NO rate NO NO, of NOXx
3.5mL NO 50 mL/min 3.11mL 0.17 mL 3.28 mL
3.5mL NO 100 mL/min 3.08 mL 0.18 mL 3.26 mL

6.4.3 Effect of DC current amplitude

In terms of thermal energy for desorption, the DC power supply was directly connected to
the activated carbon and, according to the thermal NO desorption curve, the total NO
desorption time was about 240s. If it is assumed that this time was the connection time for
the DC power supply, then the energy can be calculated. As the DC current was 2.5A and
the resistance of activated carbon was approximately 12.25 Ohms, then after 240s heating
process, the total energy used to desorb 3.28mL NOx was about 18375J. Therefore, the
desorption energy efficiency calculated by (6-2) was 0.86 g/kWh for full NOx desorption

process.
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Vo, * 30 * 3.6 x 10°
D= 5 4%1000+E

v
— 4821 * ’]V;x (6-2)

where:

np is the thermal desorption energy efficiency in g/lkWh;
E is the heat energy in J;

Vo, is the volume of desorbed NOx in mL.

As a result of the low thermal desorption energy efficiency needed to fully desorb all
absorbed NO in activated carbon, partial desorption was investigated to increase desorption
energy efficiency. One possible advantage for partial desorption in this experiment was less
heating time. The thermal desorption system was exposed in open air, so the heating losses
were higher for longer process times. From Table 6-9, when the heating time was reduced to
13s from 240s, the heating energy was 995J, and there was 0.752mL NO desorbed from
activated carbon which was 21.49% of the input NO volume. Desorption energy efficiency
increased to 3.644 g/kWh from 0.86 g/kWh for the full desorption process.

Table 6-9 NO desorption by controlling the heating energy to ~1000 J (Absorption time was
still 17.5 minutes and the volume of input NO was 3.5mL)

DC ] Energy ] Thermal NO
Heating = Desorbed Desorption )
current injection desorption energy
time (s) NO (mL) rate (%) o
(A) J) efficiency (g/kWh)
2.5 13 995 0.752 21.49 3.644

In order to investigate the effect of heating time on thermal desorption energy efficiency,

four DC currents were used. The total heat energy injected was nearly the same at ~1000J.

As shown in Table 6-10, for applied DC currents of 1A, 1.5A, 2A and 2.5A the volumes of
desorbed NO were 0.6mL, 0.67mL, 0.72mL and 0.752mL, respectively. The volume of NO
desorbed was calculated by integrating the concentration of NO in time and multiplying by
the flow rate. The heating time varied significantly, from 13s to 80s, for consistent 1000J
energy injection. It was found that with longer heating time, the desorbed NO volume
reduced from 0.752mL to 0.6mL, and corresponding thermal desorption energy efficiency
reduced. Therefore, the increased heating time required because of reduced current had a

negative effect on the thermal desorption energy efficiency in open air conditions.
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Table 6-10 NO desorption when heating energy injection was approximately 1000 J,
(Absorption time was still 17.5 minutes and the volume of input NO was 3.5mL)

Thermal NO
DC ] Energy ) )
Heating o Desorbed Desorption desorption
current ) injection
A) time (s) ) NO (mL) rate (%0) energy effy
(9/kWh)
1 80 980 0.60 17.14 2.952
1.5 36 992 0.671 19.17 3.261
2 20 980 0.72 20.57 3.542
2.5 13 995 0.752 21.49 3.644

NO desorption curves by different values of current are shown in

Figure 6-18. For 1A condition, the rate of NO desorption was relatively slower than the other
three conditions. The peak value of NO concentration was half of that in the other three DC
current conditions, but it had longer time for desorption. For 1.5A, 2A and 2.5A, the

difference was not significant, but higher current provided a higher peak value over a short

period.
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Figure 6-18 Desorption curves at different heating currents, 1A (square), 1.5A (circle), 2A
(up triangle) and 2.5 A (down triangle) for approximately 1000J heat energy injection

6.5 Desorbed NO treatment by DBD

The desorbed gas with high concentration of NO was treated by meshed dielectric barrier
discharge. The configuration of the meshed DBD reactor is shown in Figure 6-19. Because
of the mesh structure, gases were able to directly pass through the discharge area. There were
three layers of 0.1mm thickness PVC as dielectric, and two layers of # 28 Stainless steel 304
material meshes, whose parameters were a 0.56mm aperture and 0.35mm wire diameter,

between two brass electrodes. The actual meshed DBD reactor is shown in Figure 6-20.

f n
! —» Brass electrode
A e A —3 0.1mm PVC flim
T T W T N Wy #28 stainless steel mesh
N r

Figure 6-19 Schematic diagram of meshed dielectric barrier discharge reactor configuration

‘

Figure 6-20 Image of meshed dielectric barrier discharge reactor
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6.5.1 DBD treatment in nitrogen

As shown in Figure 6-21, during the DBD treatment process, O, was not used, so there was
no O3z formation. Because the concentration of NO was increased to 6%, the possibility of
NO dissociation by energetic electron and NO reduction by N by (6-3) was increased
significantly compared to 1000 ppm NO condition. A 0.5L chamber was placed at the end of
the DBD reactor chamber, in order to provide more time for the reaction between reactive
species and NO.

N+NO >N, +0 (6-3)

Dilution system

Y

05L
chamber

DBD reactor
chamber

50Hz High
Voltage Supply

MFC

Figure 6-21 Schematic diagram of desorbed high concentration NO treatment by DBD in N,

Desorption curves for three different N, flow rates (50mL/min, 200mL/min and 200mL/min)

are shown in

Figure 6-22. At 50 mL/min N, condition, the residence time of gases in the DBD reactor was
four times longer than at 200mL/min. The maximum NO concentration was 1670 ppm at
50mL/min of N,, but was 1306 ppm when the N, flow rate was 200mL/min. Therefore, a

longer residence time significantly promotes the NO removal process.
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Figure 6-22 NO concentration curves for different N, flow rates of 50 mL/min (square),

100mL/min (circle) and 200mL/min (up triangle).

As highlighted in Table 6-8, the initial amount of desorbed NO and NO, after thermal
desorption process were 3.11 mL and 0.17 mL respectively. Volumes of NO and energy
efficiencies under different N, flow rates are shown in Table 6-11. The discharge power was
constant at about 1.044 W: the DBD treatment time was set to 240s because, as shown in
Figure 6-15, the NO existed for 240s in the gas stream. It was found that the highest NO
removal energy efficiency (excluding the energy consumption in the thermal desorption
process) was 56.82 g/kWh at 50 mL/min N, condition. With an increase of N, flow rate, the
NO removal energy efficiency reduced to 32.51 g/kwWh at 200 mL/min N, condition.

Table 6-11 N, flow rate effect on NO removal by meshed DBD treatment

NO removal Energy

Flow rate of N, Vo after DBD o ) Vo2 after DBD
) efficiency excluding
(mL/min) treatment (mL) ) treatment (mL)
heating energy (g/kWh)
50 0.5474 56.82 0.178
100 1.1063 46.06 0.2061
200 1.8105 32.51 0.2241
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In order to investigate the effect of the initial NO concentration on NO removal energy
efficiency, gas with 1000 ppm NO in N, at 200mL/min condition was investigated under the
same discharge power. As shown in Figure 6-23 and Table 6-12, NO concentration was
reduced from 1000 ppm to 445 ppm after 1.044W DBD treatment and the corresponding
energy efficiency was 8.53 g/kWh. However, as shown in Table 6-11, under the same flow
rate of 200mL/min the NO removal energy efficiency achieved was 32.51 g/kWh, which was
3.8 times higher than 8.53 g/kWh. Therefore, if the initial NO concentration was higher, NO
could be treated more efficiently by DBD under the mixture of NO and N,

0 200 400 600 800
‘ = 200mL/min 1000ppm NO in N,
1000 S -_ -4 1000

—~ [ ]
g no DBD .
£
5 . .
"§ 500 - " 4500
c
8 n DBD at 1.044W
o ]
8 n
% 0 —| — 40

0 200 400 600 800

time (s)

Figure 6-23 NO concentration before and after DBD treatment at 1.044W for 1000 ppm NO
in N, gas condition

Table 6-12 NO removal and energy efficiency by direct DBD treatment at 1000 ppm NO in
N, condition

Flow rate of
) Cno before DBD Cno after DBD NO removal energy
1000 ppm NO in o
) treatment (ppm) treatment (ppm) efficiency (g/kwh)
N, (mL/min)
200 1000 445 8.53
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6.5.2 DBD treatment in a mixture of nitrogen and oxygen

Y

Dilution system

O,/Air injection

0\ 00\ 00\ 00\ 0

05L
chamber

000\ 00\ 00\ 0

DBD reactor
chamber

50Hz High
Voltage Supply

59 AC
MFC
. il

Figure 6-24 Schematic diagram of desorbed high concentration NO treatment by DBD in a

mixture of N, and O,

For the NO desorption process, only N, can be used, because O, can cause the activated
carbon to burn. However, for the DBD treatment process, although NO removal under pure
N, has been investigated, it was thought that adding O, to the DBD gas would be
advantageous. In this section, NO removal under the mixture of N, and O, has been analysed:
O, was added through another gas connection into the DBD reactor, as shown in Figure 6-24.
As discussed in Chapter 4, when O, was added to the gas the formation of N was reduced
significantly, the main reactive species for desorbed NO was taken to be atomic O and Oa.
The concentration of O, in the gas mixture was controlled by the source of additional gas:
the total gas flow rate in the DBD was 100 mL/min. For the NO desorption, N, flow rate was
50mL/min, therefore, when 50mL/min air was used, the concentration of O, in the DBD gas
was 10.5%. When 50mL/min O, was used, the concentration of O, in the DBD gas increased
to 50%. The results of NO and NO, concentration curves by DBD treatment with 1.044W
discharge power at 10.5% and 50% O, concentration conditions are shown in Figure 6-25. It
was found that although the initial volume of adsorbed NO was 3.5mL, NO and NO,
concentration were higher and the NO and NO, existing times were longer at 10.5% O,
concentration condition. As shown in Table 6-13, the volumes of NO were reduced to 0.62
mL and 0.205 mL but the volumes of NO, were increased to 1.7 mL and 0.748 mL after the
DBD treatment at 10.5% and 50% O, concentration conditions. For the same flow rate of
100 mL/min, the volume of NO was 1.1063 mL in the DBD treatment at pure N, condition,
as shown in Table 6-11. Under the system employed here NO volume reduced to 0.62 mL
and 0.205 mL at 10.5% and 50% O, in N, conditions. Similarly the volume of NO; increased
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from 0.2061mL to 1.7mL and 0.748mL. Therefore, when there was O, in the gas mixture,
NO oxidation was more important than NO reduction by N. One possible reason why the
volume of NO, at 50% O, was lower than that at 10.5% O, could relate to the conversion of
NO; to N,O3 or N,O4 at high concentrations.
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Figure 6-25 NO (square) and NO, (circle) concentration curves by DBD treatment with
1.044W discharge power at 10.5% and 50% O, concentration conditions
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Table 6-13 The volumes of NO and NO, after DBD treatment with 1.044W discharge power

at 10.5% and 50% O, concentration conditions

] Volume of NO after Volume of NO, Volume of NOx
O, concentration

%) DBD treatment after DBD (mL)
(mL) treatment (mL)

10.5 0.62 1.7 2.32

50 0.205 0.748 0.953

In order to quantitatively analyse the effects of atomic O and O3 on NO removal, a reference
gas was used where there was no NO in the gas mixture. The corresponding O; formations
are shown in Table 6-14. Concentrations of Oz at 10.5% and 50% O, condition were 1150
ppm and 4920 ppm, respectively. Because there was no cooling system for this DBD reactor,
05 concentration at the beginning was higher than at the final stable condition (Figure 6-26).
In addition, it was found that for 50% O,, the concentration of O; generated at 1.044W
discharge power was ten times less than the maximum NO concentration from the desorption

process. For 10.5% O, concentration condition, the difference was multiplied by 52.

Table 6-14 O formation by DBD at reference gas condition under 1.044W discharge power

O O
? ) Flow rate of  Flow rate of Flow rate of ? )
concentration ) ] ) . concentration
O, (mL/min) air (mL/min) N, (mL/min)
(%0) (Ppm)
50 50 0 50 4920
10.5 0 50 50 1150
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Figure 6-26 NO desorption curve (square) and O; formation curves at 10.5% (circle) and 50%
(up triangle) O, concentration conditions. In order to make them comparable, NO desorption

curve reduced by a factor of ten

Because of the concentration of Oz in the reference gas, the contribution of O; for NO
removal was supposed to be less than 10%. It is possible to have another oxidant to oxidize
NO at high concentration NO condition. As explained in Chapter 4 and 5, O, has the
potential to oxidize NO, so it is worthwhile reducing the discharge power in order to reduce
the formation of reactive species including O and Os. The maximum voltage of the 50Hz AC
power supply used to energize the DBD was 7kV. For applied voltages of 7kV, 6kV, 5kV
and 0kV, the corresponding discharge power was 1.044W, 0.75 W, 0.5 W and 0 W. It was
found that the volume of NO and NO, were almost constant, independent of discharge power.
The results are shown in Figure 6-27 and Table 6-15. For the data points with error bars, the

data is the average of 3 results and the error bar is the standard deviation of these results.
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Figure 6-27 The volume of (a) NO and (b) NO, after DBD treatment in 10.5% and 50% O,
under different discharge power
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Table 6-15 The volume of NO and NO, under different discharge power at 10.5% and 50%

O, concentration conditions

Discharge

O, concentration (%) power (W) Vo (ML) Vo2 (ML)

10.5 0 0.69 1.76

0.5 0.64 1.77

0.75 0.65 1.77

1.044 0.62 1.7

50 0 0.27 0.81

0.5 0.22 0.82

0.75 0.21 0.87

1.044 0.21 0.75

As highlighted in Table 6-8, the volume of NO and NO, after thermal desorption were 3.11
mL and 0.17 mL, so approximately 95% of NOx was NO. The reaction between NO and O,
was not significant when NO concentration was in ppm range, but for a high NO
concentration (up to 6%), this reaction plays an important role in NO oxidation: the reaction
is shown in (6-4). If the NOx concentration increases from 1000 ppm to 6%, an increase of
sixty times, the increase of reaction rate is 3600 times (60x60) because it is a second order
the concentration of NO. This was the main reason why, without DBD treatment, NO could
be oxidized effectively. However it was found that the reduction in NO was much less than

the formation of NO,, which meant that part of NO, was converted to other species.

NO + NO + 0, » NO, + N0,[117] (6-4)

In addition, for high concentrations of NO and NO,, reactions (6-5) and (6-6) could happen
[62, 110]. The formation of N,O3; and N,O, could lead to the reduction in total measured
NOX, because they cannot be measured by the NOx analyser. Therefore, although O, could
be used as the major oxidant for NO oxidation at a high NO concentration, it was difficult to
fully oxidize NO by O,. When NO concentration was reduced to hundreds of ppm, strong
oxidants such as O; and OH were still needed to completely remove all the NO.

NO + NO, - N, 0, (6-5)
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6.6 Conclusions

First, an absorption-desorption process using activated carbon has been used to convert low
concentrations of NO in a high flow rate to a high concentration in a low flow rate. NO could
then be treated more efficiently by non-thermal plasma. During the absorption process,
slower flow rates and lower temperatures would promote the NO absorption process and
higher amounts of NO would be absorbed by activated carbon. H,O vapour had a negative
effect on the NO absorption process: because of H,O’s larger dipole moment, activated
carbon’s NO absorption ability was reduced by half. The O, molecule plays an important
role in NO absorption. Without the existence of O, in the gas mixture, only 5% of NO can be
absorbed by activated carbon. For 4.76% O, condition, more than 95% of NO can be
absorbed, but the absorbed species is NO, rather than NO.

Secondly, the thermal desorption process allowed the concentration of desorbed NO to be
increased to 6% when the flow rate of N, was 50 mL/min. The concentration of NO
increased 60 times from 1000 ppm to 6%. Because of high energy consumption for full NO
desorption, partial desorption was investigated and it was found that under the same heating
energy injection, larger DC current with shorter operating time could provide a higher NO
desorption and thermal desorption energy efficiency: this may have resulted from lower heat
losses to the surroundings.

Thirdly, for the DBD treatment of desorbed NO, when desorbed NO was treated by N, alone,
higher concentration NO increased NO removal energy efficiency significantly. When O,
was added to the gas mixture, it was found that high concentration NO could be oxidized by
O, effectively and the oxidation rate increased with increasing O, concentration. When the
O, concentration was 50%, about 91% of NO can be oxidized by O,. The contribution of

reactive species atomic O and O3 in DBD treatment was negligible for NO oxidation.

NO absorption and desorption processes do open a new research direction to solve the
problem of NO removal. Apart from the energy injection for thermal desorption, it is a very
promising development to economically remove NO, because O, can effectively oxidize
high concentration NO and the cost of O, is much cheaper than that of O and O3. In addition,
because of high concentration NO, or N,O, generated, it is possible to further improve the
treatment procedure by combining with nitric acid production processes, which can offset the
cost of this NO removal technology. However, in terms of NO absorption technology for

industrial applications, there are still many challenges to be overcome. For practical flue
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gases, water vapour always exists, so it is important to improve activated carbon selectivity
on NO rather than water vapour. In addition, the energy required for thermal desorption
process is too high to be used in industry and a less expensive desorption technology is
needed to make it affordable.
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Chapter 7 CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

Nitric Oxide (NO) is a gas pollutant which is harmful to both people and the environment, it
is important to keep exploring new technologies to remove NO, e.g. to improve efficiency.
This research is mainly focused on the use of non-thermal plasma technology for NO
removal. It investigated the chemical reaction pathways and mechanisms of NO removal by
different non-thermal plasma technologies, including Dielectric Barrier Discharge (DBD)
and corona discharge. Chemical kinetics of NO removal by different reactive species

including O, O3, O, and OH were analysed theoretically and experimentally.

Under cylindrical DBD, most NO was oxidized rather than reduced, so reactive species O,
O; and OH are more important than reactive species N for NO removal. However, the
guestion of which reactive species is dominant is dependent on the reaction rate, which is
controlled by two parameters, i.e. the reactant concentration and the reaction rate constant.
The reaction rate constant between NOx and atomic O is approximately three orders higher
than that between O, and atomic O to generate Os, so for different NO and O, concentration,
the dominant reactive species changed. When the O, concentration was in the range of 4.76
to 16.67% and the NO concentration was higher than 420 ppm, most of the atomic O
generated from non-thermal plasma reacted with NOXx, rather than O,, so the dominant
reactive species for NO removal was O. However, that brings a side reaction between NO,
and atomic O to generate NO. It was proved that the formation of NO, was constant with the
increase in O, concentration (Chapter 4). However, for NO concentrations of less than 100
ppm, Oz became the dominant reactive species for NO oxidation, because NO oxidation
increased with the increase in O, concentration. The equivalent O; formation in the gas
mixture containing NO is close to the O3 formation in a reference gas that contained no NO,
i.e. O firstly reacts with O, to generate Os;, when NO concentration is lower than 100ppm.
When NO concentration is in the range of 120 ppm to 190 ppm, there is a synergistic effect
of O and Os. However, when 2.31% H,O vapour was added to the gas mixture, the dominant
reactive species became OH, which reacted with NO without any side reaction but limited
the formation of O and O; by catalytically converting them to O,. It was found that NO
removal was reduced with increasing O, content when 2.31% H,O vapour was in the gas
mixture. One possible reason for that is the occurrence of chemical reaction between OH and

O, which reduces the number of OH species which can react with NO. Further investigation
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found that an increase in temperature could promote the effect of OH for NO removal, due to

a reduction of reaction rate constant between OH and O.

There is always water vapour in the raw flue gas from the combustion of fossil fuel, so the
effect of H,O vapour on chemical reactions is inevitable. Therefore, the dominant reactive
species for NO removal in practical flue gas should be OH if direct DBD treatment is used in
practice. Based on the trend of the temperature effect in wet condition, a higher temperature
may provide a better NO removal performance, but further experiments are needed to prove
the validity. If H,O vapour can be extracted from the practical flue gas, the NO removal
technology can be chosen based on the initial NO concentration. When NO concentration is
lower than 100 ppm, direct DBD treatment is suitable and cheap. When NO concentration is
higher than 420 ppm, LoTOx technology is needed to fully remove NO, because the
existence of the side reaction between O and NO, will limit the oxidation of NO. Although
the dominant reactive species are gquantitatively identified under different condition in this
research, the energy efficiency is still lower than 30g/kWh. It is necessary to explore a
synergistic solution associated with non-thermal plasma technology to improve the NO

removal energy efficiency.

In addition to the findings of the transition of the dominant reactive species under different
gas conditions, it was found that the filamentary discharge current impulse amplitudes were
dependent on the gas compositions. For an applied peak voltage of 7kV, at 100% N, the
average discharge current amplitude was -4.075 mA, but when 4.76% O, was added to the
N, the value increased to -56.77 mA. If a mixture of 4.76% O, and 1000 ppm NO was added
to N,, it further increased to -125.66 mA. However, when 2.31% H,O vapour was added to
the mixture of O,, NO and N, it significantly reduced to -5.848 mA. In addition, when O,
NO and H,O vapour were added to N, one by one, the gap breakdown voltage increased. The
main reasons for these changes were the quenching effect of NO and O, on metastable states
of N, and H,O’s electron attachment ability. First, metastable states of N, played an
important role in generating seed electron and kept the density of charges low in discharge
filaments in Townsend-liked discharges, so the discharge current amplitude is low in N,.
However, the presence of NO and O, would eliminate these metastable states. In their
absence, the charge density increased and the discharge converted to a streamer-like
discharge, so the average discharge current amplitude and the breakdown voltage were
higher than that in N,. Because the quenching effect of NO is stronger than O,, the average
discharge current amplitude at 4.76% O, and 1000 ppm NO in N, was higher than at 4.76%
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O, in N,. However, when 2.31% H,0O vapour was added to the mixture of NO, O, and N,,
the average discharge current significantly reduced from -125.66 mA to -5.848 mA. A
possible reason was that when H,O vapour was added, the quenching effect of NO and O,
was not dominant, but the electron attachment on H,O was more important. Once electrons
attach to form negative water vapour ions, they are not useful in stimulating gas ionization.
Discharge processes become limited, so discharge current reduced and higher breakdown

voltages resulted.

Because there is no side reaction between OH and NO, non-thermal plasma discharge using
liquid water as one electrode was applied to investigate the potential of OH for NO removal.
The main purpose of the liquid water electrode is to generate more OH, water evaporation
becomes stronger with increasing discharge power. Under the pin-water configuration, three
modes of negative DC discharge occurred under increasing voltage, namely Trichel pulse
discharge, pulseless discharge and arc discharge. Under Trichel pulse discharge, only the gas
around the pin tip was luminous. The NO removal and energy efficiency is low. With
increasing applied voltage, initially the amplitude of discharge pulses reduced but the
discharge frequency increased, at higher voltage the discharge current became DC and the
discharge converted to pulseless mode. In pulseless discharge the whole volume between the
pin and the water surface was luminous. The NO removal and energy efficiency were
continuously increasing which was different from the DBD treatment process. In DBD, with
the increase of discharge power, NO removal was increased, but NO removal energy
efficiency was reduced. Two possible reasons are that with the increase in applied voltage,
the effective ionization area was increased and the concentration of H,O in the gas phase was
also increased, which can generate more OH to remove NO. However, once the discharge
mode converted to arc, the mechanism changed completely, non-thermal plasma became

thermal plasma and NO was formed by the Zeldovich mechanism.

In this electrode system a similar trend to that in the DBD was found. Under wet condition,
the increase of O, concentration also caused the reduction of NO in corona discharge. The
difference is that for DBD, the NO removal started to reduce when the O, concentration
increased to 9.09%. For the pin-water negative corona discharge, it started to reduce when
the O, concentration reached 16.67%. One possible reason for the reduction of NO removal
with increasing O, concentration is that the reaction between O and OH was promoted but
the reaction between OH and NO was limited. At 4.76% O, and high NO concentration,
although 610 ppm of 851 ppm NO (72% NO removal efficiency) was removed by corona
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discharge, the energy efficiency was only 5.5 g/lkWh. For DBD, although only 210 ppm of
855 ppm NO (24.6% NO removal efficiency) was removed, the energy efficiency was
13.2g/kWh. The difference between DBD and pin-water discharge is the energy injection.
The energy injection in DBD was only 0.25W, but for pin-water discharge, it was 1.87W.
The discharge energy is concentrated on the pin only, so the energy efficiency is low. For
direct non-thermal plasma treatment, it is better to use a low energy density discharge
configuration like DBD to improve the energy efficiency, the energy density of corona

discharge is too high to use commercially.

After the investigation of direct non-thermal plasma treatment for NO removal in less than
1000 ppm concentration, NO removal in higher concentration (up to 6%) was investigated,
because it could increase the possibility of a collision between energetic electron and NO.
Firstly, activated carbon was used to absorb low concentration NO (1000 ppm) from the gas
mixture. Activated carbon as a porous material has an enormous surface area and oxygen
functional groups on the surface play important roles for NO absorption. Analysis of the
absorption ability under different O, concentrations showed that the absorbed species was
NO, rather than NO. When there was no O, in the gas mixture, only 50 ppm from 1000 ppm
NO was absorbed. For an O, concentration of 4.76%, 965 ppm NO was absorbed.

Comparing NO concentration before and after activated carbon NO absorption and thermal
desorption processes, it was shown that NO concentration could be increased from 1000 ppm
at a flow rate of 210 mL/min to a peak concentration of 6% at 50 mL/min. However, there
was one serious problem for thermal desorption process, the thermal desorption energy

efficiency was only 0.86g/kWh.

For the DBD treatment process on the desorbed high concentration NO, two gas mixtures
were investigated. One was desorbed high concentration NO with N,. Without the activated
carbon NO absorption and thermal desorption processes, under 200 mL/min flow rate and
1.044W discharge power, the NO removal energy efficiency was only 8.53 g/kwh for 1000
ppm NO condition. For the 6% NO at the same experimental conditions, the NO removal
energy efficiency increased to 32.51 g/kWh. There was nearly 4 times increase in NO
removal energy efficiency, if the energy injection for thermal desorption process was ignored.
Another advantage of NO absorption technology was that the gas desorption flow rate can be
reduced. If the flow rate reduced to 50mL/min from 200mL/min, the energy efficiency
increased to 56.82g/kWh from 32.51g/kWh.

206



Chapter 7 CONCLUSIONS AND FUTURE WORK

Other gas mixtures of high concentration NO with N, and with two O, concentrations were
investigated. One was 10.5% O, and the other one was 50% O,. It was found that NO
removal was nearly the same for DBD powers in the range of OW to 1.044W. In this system
NO could be oxidized by O, effectively, without the need for the stronger oxidants O and Oj:
as the cost of generating O and O; could be saved, this could be a promising technology for
NO removal. It also had the potential to incorporate the process to form nitric acid, as an
economic by-product, to further reduce the overall cost of NO removal. However, there are
two challenges for NO removal by activated carbon. One is poor selectivity on NO
absorption when H,O vapour is in the gas mixture and the other is high energy consumption
of the thermal desorption process, so it is important to explore new materials or modified
activated carbon which has better selectivity on NO and investigate another desorption

method, rather than thermal desorption.
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7.2 Future work

This research has investigated the mechanism of NO removal by DBD and pin-water
negative corona discharge. The characteristics of DBD and pin-water negative corona
discharge and chemical kinetics for NO removal were also investigated. In order to have a
comprehensive understanding of the NO removal process by non-thermal plasma, the
following aspects of the research can be investigated further.

In this research, the chemical Kinetic analysis was based on the species of final products and
their concentrations. It is important to have a deep understanding of the dynamic analysis
from the beginning of discharge to the end. The development of each reactive species during
the discharge process was important. Some spectroscopic instruments are important in
evaluating the dynamic process, such as Laser Induced Fluorescence (LIF). It is also
important to build a dynamic model to evaluate the discharge process and chemical kinetics.
In addition, as highlighted in Literature Review, the highest NO removal energy efficiency
was 112.5 g/kWh in a wire to cylinder reactor when using 5ns HV pulse voltage [95]. The
main function of nano-second pulse was to limit the heat loss process, because the heat loss
started to be significant after about 20ns. It is possible to increase the NO removal energy
efficiency by using a HV pulse voltage with less than 5ns pulse duration. In corona discharge
for NO removal in this research it was found that the contact between NO and OH was
important, because of the short lifetime of OH. The general lifetime of reactive species is in
us, so it was valuable to investigate an alternative reactive species which has a longer
lifetime. The help from the catalyst may be important in prolonging the lifetime of the
reactive species. For example in SCR technology, NH; can be absorbed by the catalyst and
the active part, NH, , would be exposed on the surface to react effectively with NO. Because
NH, is constrained at the surface of the catalyst, the lifetime is long enough to react with NO,
that is why the performance of SCR is much better than that of SNCR. Therefore, non-

thermal plasma with a catalyst is a potential technology to explore for NO removal.

When NO concentration was increased to a percentage level, after NO absorption and
desorption processes, NO oxidation can be realised by O,. However, because of the poor
selectivity between NO and H,O for activated carbon, it is important to investigate
absorbents to find ones which only absorb NO. In terms of the desorption process, thermal
desorption is not practical, following concerns about energy consumption. It is better to
investigate alternative desorption technologies such as gas discharge or the change of

pressure method where absorption is in high pressure and desorption is in low pressure.
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Appendixes

Appendix A - Discharge current waveforms for positive half period under
different gas components

(a) For the mixture of N,, O, and NO.
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Figure 0-1 Discharge voltage and current waveforms at 210mL/min (4.76% O, and high
concentration NO in N, condition) and 7 kV peak applied voltage for positive half period
(10,000 current impulses measured)
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Figure 0-2 Discharge current amplitude distribution at 210mL/min (4.76% O, and high
concentration NO in N, condition) and 7kV peak applied voltage for positive half period
(210,000 current impulses measured)
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(b) For the mixture of N,, O,, NO and H,O
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Figure 0-3 Discharge voltage and current waveforms at 210mL/min (4.76% O,, 2.31%H,0
and high concentration NO in N, condition) and 7 kV peak applied voltage for positive half
period (10,000 current impulses measured)
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Figure 0-4 Discharge current amplitude distribution at 210mL/min (4.76% O,, 2.31%H,0
and high concentration NO in N, condition) and 7 kV peak applied voltage for positive half
period (10,000 current impulses measured)
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(c) For N, alone.
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Figure 0-5 Discharge voltage and current waveforms at 210mL/min N, and 7 kV peak
applied voltage for positive half period (10,000 current impulses measured)
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Figure 0-6 Discharge current amplitude distribution at 210mL/min N, and 7 kV peak
applied voltage for positive half period (10,000 current impulses measured)
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(d) For the mixture of N, and O,
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Figure 0-7 Discharge voltage and current waveforms at 210mL/min (4.76% O,in N,) and 7
kV peak applied voltage for positive half period (10,000 current impulses measured)
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Figure 0-8 Discharge current amplitude distribution at 210mL/min (4.76% O, in N) and 7
kV peak applied voltage for positive half period (10,000 current impulses measured)

221



APPENDIXES

Appendix B - O; formation and energy efficiency at different
temperatures

When water vapour was added to gas mixture, O; formation and energy efficiency are
suppressed as shown in Figure 0-9 and Figure 0-10. In general, both temperature and water

vapour have a negative effect on NOx removal treatment.

Figure 0-9 O; formation at zero and 2.31% H,O condition in different applied voltage and

44°C condition
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44°C conditon
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Figure 0-10 O; formation energy efficiency at dry and 2.31% H,O condition in different
applied voltage and O, concentration at 44°C, 62°C and 81°C gas temperature
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Appendix C - Matlab Code: for discharge current and Lissajous figures

A) Positive half period discharge current amplitude comparison under different gas

mixtures

load 'positive VI curve under diff gas mixture.mat';
time=time.*1000;

$pure nitrogen:

subplot (5,1,1),plot (time,Va N2);

set (gca, 'FontSize',12);

xlabel ('time (ms)', 'fontsize',12);

ylabel ('Appleid voltage (V) ', 'fontsize',12);
axis([-2,8,-5000,100001);

grid on;

legend ('N2") ;

subplot (5,1,2),plot(time, I N2*1000,'r");
set (gca, 'FontSize',12);

xlabel ('time (ms) ', 'fontsize',12);
ylabel ('current (mA)','fontsize',12);
axis([-2,8,-5,201);

legend ('N2") ;

grid on

subplot (5,1,3),plot(time, I N202*1000, 'k");
set (gca, 'FontSize',12);

xlabel ('time (ms)','fontsize',12);

ylabel ('current (mA)','fontsize',12);
axis([-2,8,-30,150]);

legend ("N2+4.76%02") ;

grid on

subplot (5,1,4),plot (time, I N202NO*1000, 'b");
set (gca, 'FontSize',12);

xlabel ("time (ms)','fontsize',12);

ylabel ('current (mA)','fontsize',12);
axis([-2,8,-30,250]);

legend ('N2+4.76%02+1000ppmNO") ;

grid on

subplot (5,1,5),plot (time, I N202NOH20*1000, 'g");
set (gca, 'FontSize',12);

xlabel ('time (ms)','fontsize',12);

ylabel ('current (mA)','fontsize',12);
axis([-2,8,-5,201);

legend ('N2+4.76%02+1000ppmNO+2.31%H20") ;

grid on
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B) Negative half period discharge current amplitude comparison under different gas

mixtures

load 'negative V I curve under diff gas.mat';
time=time.*1000;

$pure nitrogen:
subplot(5,1,1),plot (time,Va N2);

set (gca, 'FontSize',12);

xlabel ('time (ms)', 'fontsize',12);

ylabel ('Appleid voltage (V) ', '"fontsize',12);
axis([-2,8,-10000,500017);

grid on;

$legend ('N2+4.76%02") ;

subplot (5,1,2),plot(time, I N2*1000,'r");
set (gca, 'FontSize',12);

xlabel ('time (ms)', 'fontsize',12);

ylabel ('current (mA)', 'fontsize',12);
axis([-2,8,-20,51);

legend ('N2") ;

grid on

o o

subplot (5,1,3),plot(time, I N202*1000,'k"); % 1.3 times
set (gca, 'FontSize',12);

xlabel ('time (ms)', 'fontsize',12);

ylabel ('current (mA)','fontsize',12);
axis([-2,8,-100,3071);

legend ('"N2+4.76%02") ;

grid on

subplot (5,1,4),plot(time, I N202NO*1000, 'b");
set (gca, 'FontSize',12);

xlabel ('time (ms)', 'fontsize',12);

ylabel ('current (mA)', 'fontsize',12);
axis([-2,8,-300,100]);

legend ('N2+4.76%02+1000ppmNO") ;

grid on

subplot (5,1,5),plot (time, I N202NOH20*1000, 'g");
set (gca, 'FontSize',12);

xlabel ('time (ms)', 'fontsize',12);

ylabel ('current (mA)','fontsize',12);
axis([-2,8,-20,51);

legend ('N2+4.76%02+1000ppmNO+2.31%H20") ;

grid on
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C) Lissajous figures comparison under difference gas mixtures

load('liss.mat")

plot (Va N2 7kV,Vcm N2 7kv.*100,'r");

hold on;

plot (Va_7kV_noH20 noNO,Vcm 7kV_noH20 noNO.*100, 'k');
plot (simp Va 7kV noH20,simp Vcm 7kV _noH20.*100, 'b');

plot (simp Va 7kV_H20,simp Vcm 7kV_H20.*100, 'g');

set (gca, 'FontSize',16);
xlabel ('Voltage (V)','fontsize',16);
ylabel ('Charge transfer (nC)', 'fontsize',16);

axis ([-8000,8000,-800,8001);
set (gca, 'xTick',-7000:4000:7000) ;
set (gca, 'yTick',-8:2:8);

o\°

o\°

grid on;
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