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1. INTRODUCTION

A growing problem in densely populated areas is atmospheric pollution. Among
various gaseous pollutants, nitrogen oxides NO and NO,, commonly labelled by
the term NOy, are subject to increasingly strict regulations because of their
detrimental effect on the environment. Created primarily in fuel combustion
processes and exiting into the atmosphere, they can be the precursors of acid
rain and smog and have adverse health effects on the population [1-5]. For this
reason it is important to develop different methods of NO, removal from
exhaust gases.

The main conventional methods for NO, removal are scrubbing, selective
catalytic reduction (SCR) and NOj storage reduction (NSR). In scrubbing, NOy
gases are absorbed in liquid solutions, in which they form salts and nitrogen
acids. In SCR, the NOy species are reduced on the surface of a catalyst in the
presence of certain reducing agents [4]. In NSR, NO, gases are removed in a
cyclic operation: the initial step of adsorption onto a surface is followed by a
change in gas composition, which in turn induces reduction of the adsorbed
species [6]. These methods suffer from poor absorption and adsorption of NO,
which generally constitute the majority among NOy emissions [2, 3]. Therefore,
oxidation of NO to NO, is necessary to improve NOy removal.

Non-thermal plasma (NTP) can be applied for the oxidation of NOy because
of its property to produce highly oxidizing species, such as O and OH radicals
and ozone [7-9]. NTP enables the process to be carried out at low temperatures
and has the possibility of fast adaptation to quickly changing gas composition.
The method can also be combined with the usage of catalysts to further improve
oxidation efficiency, which has been shown in several previous studies [10—-13].
A potentially suitable class of materials for this purpose is metal oxides, which
can function both as catalysts and adsorbents. In scientific literature, direct
adsorption of NOy on the surfaces of metal oxides has been studied, along with
surface reaction pathways [14-19]. However, in the presence of plasma-
generated active species the surface processes are less clear.

In the present thesis, the role of metal oxide powders was investigated in the
oxidation of NOy by plasma-generated species. Studies were carried out to
construct mathematical models describing the removal processes in both single-
stage and two-stage catalyst placement configurations. The influence of TiO,,
v-Al,O; and y-Fe,O; were compared in the case of NOy oxidation in the two-
stage system. Additional experimental and data analysis techniques were
applied to clarify the processes taking place on the surfaces of the metal oxide
powders during the oxidation process.

In the structure of the current thesis, the following major parts can be
highlighted. In chapter 2, an overview is given on the basis of scientific
literature, summarizing the main aspects of NO, sources and adverse effects,
conventional methods of their removal and the main aspects of removal
methods with plasma and catalyst. In chapter 4, details concerning experimental



equipment and measurement methods are provided. The first part of chapter 5
deals with the oxidation of NOy directly by plasma and the effect of catalyst in
the single-stage configuration. In section 5.2, the efficiency of indirect plasma
oxidation of NOy is analyzed. Section 5.3 is devoted to in-depth analysis of the
collected data and additional measurements for the purpose of constructing
models for surface processes.



2. SCIENTIFIC BACKGROUND

2.1. Sources and adverse effects of NO,

NOy is a generic term that is usually assigned to the gases NO and NO,. Among
nitrogen oxides, these compounds are the most relevant to atmospheric pollution.

NOy compounds are mainly formed by reactions between nitrogen and
oxygen at high temperatures. For this reason, the most important sources of NOy
involve fuel combustion — motor vehicles, industrial power plants and
technologies, etc. Diesel engines, for example, are problematic in this regard,
especially those of marine vessels, which can produce NOy emissions up to
1300 ppm [1]. Although the ratio of emitted NO and NO, may vary, depending
on the conditions of operation, NO constitutes a large majority (above 90%) in
primary NOy emissions [2, 3].

Other sources of NO, are less relevant to the current thesis but nevertheless
worth mentioning. Processes related to agriculture may also cause NOy
emissions though the production of fertilizers and the use of nitrogen fixing
plants [20, 21]. Among non-anthropogenic sources the most noteworthy is
lightning, in which rapid heating and cooling processes emulate conditions
similar to high-temperature fuel combustion, producing significant quantities of
NO from N, and O, [22].

NO and especially NO, are toxic to humans. They can cause eye and throat
irritation, lung injury, respiratory and cardiovascular diseases [4, 5]. In addition,
NOy have a number of indirect adverse effects. Upon reaching the atmosphere,
NO slowly oxidizes to NO,, which can in turn react with water vapor to form
nitrogen acid HNOs;. The latter, together with sulfuric acid H,SO,, is an
important component of acid rain and smog. Acid rains have a significant effect
on soil and streamwater chemistry through large quantities of calcium and
magnesium being lost from the soil complex and exported by drainage water.
Acidification of soils in turn have adverse effects on forest ecosystems.
Lowering of pH in surface waters can also cause the reduction of biodiversity in
lakes and rivers. Acid rains can also damage buildings and monuments, made of
limestone and marble, which contain large amounts of calcium carbonate [23].
Additionally, NO, can react with various organic compounds to generate
harmful products, such as ozone, nitroarenes, nitrosamines, nitrate radicals and
nitryl chloride [24].

Due to the impact of NOy on the environment and public health, increasingly
strict regulations have been implemented to their emission from fuel
combustion. For example, mobile sources in the European Union have the limits
of 60-82 mg/km for petrol and 80-125 mg/km for diesel vehicles [25].
Combustion plant emissions must adhere to 50-225 ppm [26] and marine diesel
engines to 2-3.4 g/kWh [27]. The specific limits within these ranges depend on
the size of vehicle or plant.
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2.2. Conventional methods for NO, removal

Several methods have been developed that involve the reduction of NO, to N,
and O, (or H,O). One such process, which has also been applied in practice, is
selective non-catalytic reduction (SNCR). In this method, ammonia (NH;) or
urea (a.k.a. carbamide, NH,CONH,) is injected into the appropriate location of
the burner outlet to react with NO, that is formed in fuel combustion. The
products of the redox reaction are N, and H,O (and CO, in case of urea). The
main drawback of the method is that it is only effective at high temperatures, in
a limited range around 1000 °C. This in turn introduces complications related to
mixing, as the reacting agents must efficiently reach high-temperature regions
to avoid NOx slip [28].

In selective catalytic reduction (SCR), ammonia or urea are used as reducing
agents, but a catalyst is used to enable the NO removal process to proceed at
lower temperatures, typically in the range 300—800 K. The catalysts are usually
materials enhanced by noble metals (e.g. Pt/AL,Os3), base metal oxides (e.g.
those containing vanadium) or zeolites (e.g. Cu-ZSM-5). Compared to SNCR,
SCR reduces energy consumption due to lower temperatures and can remove
over 90% of NOy, making it thus far the most popular NO, control method. On
the other hand, the use of catalyst introduces its own problems like surface
poisoning and limited catalyst lifetime, as well as extra costs related to the
applied materials [4].

NOjy storage reduction (NSR) is based on cyclic operation in which NOy is
alternately stored on a surface and reduced. The catalyst traps NOy in lean-burn
conditions in a process, which involves oxidation of NO to NO, and adsorption
of NO,. Before the maximum adsorption capacity is reached, the catalyst is
exposed to a rich environment of the exhaust, which induces the release of NO,
from the surface and its reduction to N,. NSR catalysts typically include alkali
or alkaline-earth and precious metals, the most common composition being Pt
and Ba supported on y-Al,Os;. The method has proven to be challenging in its
complexity, stemming from the cyclic and transient nature of the process,
mutual dependence of different steps, the existence of various deactivation
mechanisms, etc. [6]

Removal of NOy by absorption can be achieved by the use of scrubbing
solutions, which have been applied in the chemical industry. Nitrites and
nitrates are produced in case of alkaline solutions, whereas nitric and nitrous
oxides are formed in case of water. As a drawback, HNO, is formed, which can
decompose and result in reproduction of NO. Furthermore, the removal of NO
suffers from poor absorption and would need to be oxidized to NO, [4].

The methods described above have undergone extensive research and
development and have been put to use in various applications. Nevertheless,
they exhibit certain downsides, e.g. related to either high energy consumption
(SNCR) or cost of catalysts (SCR, NSR). There is also the issue of low
flexibility in reacting to fast-changing gas composition and the need to
regenerate catalyst surfaces. Given the abundance of NO within NO, the
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difficulties of direct NO removal presents itself as a problem and the oxidation
of NO to NO, is often necessary.

2.3. Removal by oxidation in plasma devices

Non-thermal plasma (NTP) can be applied for the purpose of gaseous pollutant
removal, utilizing its property to produce active radicals like O, N or OH, which
in turn can oxidize the pollutant species. The efficiency of NTP stems from
selective transfer of energy to relevant processes without heating the gas.
Another advantage of plasma treatment is its possibility of fast adaptation to
quickly changing conditions and gas composition. In addition, it is possible to
combine removal by NTP with other methods described above to mutually
improve their respective performances.

NTP at atmospheric pressure for the purpose of pollutant removal can be
produced by various techniques and experimental devices. These include
dielectric barrier discharge (DBD), corona discharge, packed-bed and surface
discharge reactors, characterized by the formation of streamers and micro-
discharges. Microwave, radio frequency and gliding arc discharges have also
been investigated for the use of gas processing [29-31]. These devices use
pulsed or AC power supply and their performance can be controlled by the
input power, frequency and pulse shape [32].

In case of pollutant removal, investigations have mostly focused on DBD,
corona and packed-bed reactors. In the context of the current work, DBD is of
the main interest. In this method, high AC voltage is applied to a small
discharge gap which includes a dielectric barrier to separate the electrodes. In
atmospheric pressure and especially in the presence of oxygen, formation of
microdischarge channels takes place. The role of the dielectric barrier is to
terminate the microdischarges before their increasing temperature leads to the
development of arc discharge. Additionally, the charging of the dielectric
enables the estimation of input energy during a period of applied voltage
waveform [33, 34].

Since the concentration of NO in exhaust gas is relatively low, its direct
dissociation by electron impact is not the primary mechanism of removal.
Instead, the kinetic energy of electrons is deposited mainly into N, and O,.
From the point of view of NOy removal, the most important processes
associated with this energy are the dissociation reactions [7]

e+tN,—>e+N+N,
e+0,—>e+0+0.

In the presence of H,O, electron impact or reaction with metastable O-radical
can also produce OH-radicals. The most useful are the oxygen radicals because
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of their ability to oxidize NO to NO,. Their production can consume up to 30%
of the input energy [8].

An additional important process is the reaction of the O-radicals with O, to
produce ozone:

O0+0,+M — O3 + M.

Both O and O; are able to oxidize NO to NO,, whereas O; can additionally
oxidize NO, further to N,Os. While Oj is relatively stable at room temperature,
the lifetime of O is less than 100 ps [9], which prevents it from exiting the
plasma reactor. This fact leads to the distinction of two different configurations
of NO, removal systems, based on NTP. In direct oxidation by plasma, the
polluted gas stream is directed through the plasma reactor and both O and O;
participate in the oxidation of NO,. In indirect plasma oxidation, the exhaust is
directed through a separate reaction chamber with an additional input from the
plasma reactor, leaving Os the only oxidizing agent.

2.4. Pollutant removal by plasma-catalytic systems

Despite its advantages, pollutant removal by NTP, either directly or indirectly,
also has its downsides. For example, high values of input energy may be needed
in case of slowly progressing oxidation reactions, such as the oxidation of NO,
to N,Os. Additionally, a potential problem is presented by ozone that is created
in the plasma and that can subsequently exit the reactor, causing secondary
pollution. Improvement of the beneficial oxidation reactions, as well as limiting
the emission of O, can be achieved by combining NTP with the usage of solid-
state catalysts.

The catalyst can be placed either between the electrodes in a DBD reactor,
which is referred to as the single-stage configuration, or into a separate chamber
downstream, which is called the two-stage configuration. The catalyst is usually
in the form of a powder and there are several techniques of its placement. For
example, in a packed-bed reactor, the powder fills the void between the pellets
[10]. Ceramic foams and honeycombs include microporous channels, which
facilitate the formation of surface microdischarges [11, 12].

The mutual interaction between plasma and catalyst is most complicated in
the single-stage configuration. The modification of the catalyst surface by
plasma mainly includes processes related to adsorption, but also local tempera-
ture increase and photocatalysis. Species created in plasma above the catalyst
surface can adsorb and subsequently either dissociate or remain intact, migrate
on the surface, penetrate into pores or diffuse into the bulk of the catalyst. The
adsorbed species may react with either other compounds on the surface or gas-
phase reactants. They can also desorb from the surface into the gas phase. A
possible beneficial outcome of adsorption is increased reaction time and improved
yield of products because of surface reactions. Compared to conventional
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catalysis, combining catalysts with plasma provides additional reaction pathways
that have lower energy barriers and higher rates [13].

The role of atomic oxygen and ozone is important in catalyst activation by
plasma, as some catalysts have the ability to decompose ozone on the surface.
In this process, a reservoir of O-radicals is created on the surface, which can in
turn increase oxidation rates. Decomposition of ozone is also useful for
reducing the amount of it escaping to the outlet of the system [13].

The effect of photocatalysis is based on the formation of electron-hole pairs
as a consequence of plasma-generated UV-radiation, resulting in additional
surface reactions. However, the importance if this effect is found to be smaller
than those described previously [35, 36].

In addition to plasma modifying the catalyst surface, the presence of catalyst
may also alter the properties of the discharge. For example, the addition of a
dielectric material into a DBD reactor changes its capacitance. Surface
roughness and the presence of pores can introduce local variations in the electric
field, which can change the yield of chemical species in the discharge through
altering the electron energy distribution [13]. A catalyst can also change the
nature of the discharge, e.g. transitioning from volume to surface discharge,
observed in case of BaTiO; and TiO, [37, 38].

In view of the above, a synergistic effect occurs, in which case the overall
effect of plasma and catalyst combined is greater than the sum of the individual
effects by plasma and catalyst separately. This can manifest in improved yields,
selectivities of energy efficiency, etc. [13]

The interaction between plasma and catalyst is less complicated in the two-
stage system. The main influence of plasma on the functioning of the catalyst is
due to plasma-generated chemical species that have long enough lifetimes, so
that they are able to travel from the discharge region to the surface of the
catalyst. Typically those include, e.g. in case of air plasmas, ozone, NO and
NO,. Upon reaching the catalyst, these species can undergo adsorption and
other surface processes. For example, decomposition of ozone has been found
to be an important step in two-stage plasma-catalytic destruction of volatile
organic compounds [39, 40]. Furthermore, chemical processes in the plasma
may release energy that increases gas temperature, altering the working
conditions of the catalyst. In addition, vibrationally exited molecules are created
in plasma, which, depending on the rate of vibrational relaxation, may reach the
catalyst surface [13].

2.5. Mathematical models of removal processes

Removal by NTP or plasma-catalytic systems has been extensively studied in
case of volatile organic compounds (VOC). In direct plasma oxidation, O and
OH radicals are the main reagents taken into account in global kinetic models
[41, 42]. The radical production efficiency is usually assumed to be uniform
within the discharge area and independent of input power and gas flow rate. The
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radicals take part in oxidation reactions with the pollutants, as well as
scavenging reactions, where they are lost to processes with other species. These
processes can be described by the following general model [43]:

reaction rate expression
etA—>R+A Rl _ gp (M
de
X
R + X — products % = —k[R][X] 2)
d[R]
R + S; — products ar Z ksi[R][S] 3)
i

In these equations, X represents the pollutant, A is the carrier gas species, R is
the radical and the symbols S; represent scavenger species. The quantity G is the
radical production efficiency, P is the plasma power density, k is the rate
coefficient for the radical-pollutant reaction and ks; is the rate coefficient for the
i-th scavenging reaction.

The system of equations (1)—(3) can be solved numerically to obtain
theoretical removal plots. Alternatively, although the decomposition processes
of VOCs can be complicated, simplifications and approximations may be
possible to obtain analytical expressions to characterize pollutant removal. For
example, since reaction (2) is usually fast, it can be assumed that radicals R are
consumed as quickly as they are created. In this case, steady-state approxi-
mation holds, i.e. the net rate of change of radicals d[R]/dz = 0. This condition
leads to an expression for the steady-state value of [R], the substitution of which
into equation (2), followed by integration of the system yields an algebraic
equation for [X]. At low degrees of removal this equation can be written in the
simplified form

e =ew(-5) #- 5<[x]o +¥> @

where F is the specific input energy (plasma power P divided by flow rate) and
[X]o 1s the initial concentration of the pollutant.

In conditions, where the rate of the useful oxidation reaction is much greater
than the rate of radical scavenging, i.e. k[X]o>>Y ksi[S;], the removal degree
depends on [X]y, as shown by examples in Figure 1 (left). In the opposite case,
where the scavenging reactions are faster, the initial concentration of the
pollutant only weakly influences the removal degree (Figure 1, right) [43].
Usually the scavenging reactions are faster, which leads to a large fraction of
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radicals being prevented from participating in pollutant oxidation reactions. As
a consequence, the energy efficiency of the process is reduced. The necessary
energy to reach a given oxidation degree could be reduced by introducing a
catalyst, on the surface of which the radical pollutant reaction may be faster
[44].

10° . 10°
D —— 1000 ppm |3 i —— 1000 ppm |
IR —=— 500 ppm 1 + ——500 ppm 1
'\ \\ -—=- 100 ppm |] 3 -—=-100 ppm |1
- b . -
= \ =
T vy ad N
1007 4 \ . ~ N
— Foy \ 1 — N\
s \ \ s R\
\ D\
\ \ \\‘\
\ \ N
\ ‘\\
\ \ \§
1072 . |\ T 107! T T T T -
0 50 100 150 200 0 200 400 600 800 1000
E/JL7! E/JL™!

Figure 1. Examples of theoretical removal plots, comparing cases where the initial
concentration of the pollutant is 100, 500 and 1000 ppm. On the left: radical attack
dominates, on the right: scavenging reactions dominate.

Improvement due to catalysts is mainly connected with O and Os, created in the
plasma. As oxidation of VOC by ozone proceeds slowly [45], the formation of
O; is considered a scavenging reaction, reducing the amount of necessary
O-radicals. Decomposition of ozone on the surface of the catalyst can restore
the supply of atomic oxygen and increase the overall efficiency of pollutant
removal [46].

Similar principles may be considered in constructing mathematical models
for NO, removal and the addition of catalysts have led to improvements in the
oxidation of NO [47, 48]. However, there are important differences between the
oxidation of VOCs and NO,, that need to be taken into account. As the reaction
between NO and Oj; is fast, the conversion of O-radicals to Os; is a useful
reaction instead of a scavenging one [49]. On the other hand, in case of NOyx a
back-reaction occurs, in which NO, reacts with O-radicals and NO is recreated
[49, 50]. These differences influence the use of catalysts in the oxidation of NO
in plasma-catalytic systems.
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3. RESEARCH OBJECTIVES

The general goal in the studies included in the current thesis was to investigate
the role of catalysts in the oxidation of NOy by plasma species. The following
division into subgoals was made.

The first objective was to compare the oxidation efficiency and the influence
of catalysts in different experimental configurations. Experiments with direct
oxidation of NO, by plasma were carried out in a single-stage system; indirect
plasma oxidation of NOy was investigated, using a two-stage configuration for
catalyst placement.

The second objective was to compare different materials that can be used as
catalysts. For this, metal oxides TiO,, y-Al,O; and y-Fe,O; were chosen, partly
on the basis of their relatively low cost and easy availability, making them
suitable for possible applications. Regarding applications, determining optimal
conditions for the method was also part of the research agenda.

The final objective was to investigate processes taking place on the surface
of catalysts. Within this aim, the following stages were carried out:

e calculating amounts of substances on the surfaces of different metal oxides
at different conditions;

¢ identifying compounds on the surface by in-situ DRIFTS methodology;

e based on findings, proposing possible reaction mechanisms.

17



4. EXPERIMENTAL SETUP

4.1. General description

The experiments were conducted in a flow-through system, presented in
Figure 2, which depicts the initial gas supply, different configurations of the
plasma-catalytic system, and the measurement setup for gas phase reaction
products.

plasma reactor

Y ——  e——

JAN N,:NO I
Y
VA VA VA plasma reactor  catalyst chamber
AN 7\ 7\

— —
02
— —>

=
(@]
N
absorption cell I .@

N,:NO

o N NO spectro-
2 2 meter

Figure 2. Experimental setup for direct oxidation by plasma (a) and indirect plasma
oxidation (b).

The experiments were carried out in dry air conditions. The initial gas supply
was composed of oxygen, nitrogen and NO, the flow rates of which were set
with Alicat Scientific flow controllers. The total flow rate was 0.5-2 L/min. The
oxygen content ranged from 10% to 50% in different experiments and the initial
concentration of NO was 200-800 ppm.

The plasma-catalytic system was used in different arrangements, depending
on the method of plasma usage. In case of direct oxidation by plasma, the
mixture of N, O, and NO was directed through the plasma reactor, which also
contained the catalyst powder. In case of indirect plasma oxidation, only the O,
stream was directed through the plasma reactor, which was applied as an ozone
generator. The resulting mixture of N, O, NO and O; was then directed
through the catalyst chamber of the same build and dimensions. The plasma
reactor and the catalysts are described in more detail in sections 4.2 and 4.3.

An electrically heated oven was used to set the temperature of the chamber
containing the catalyst — either the plasma reactor in case of the single-stage
arrangement or the catalyst chamber in case of the two-stage arrangement. The
temperature was measured using an Osensa Innovations fiber-optical temperature
sensor FTX-100-Gen.
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The gas phase reaction products were detected by UV absorption and pro-
cesses on the surface of the catalysts were monitored by DRIFTS. These methods
are described in sections 4.4 and 4.5.

4.2. Plasma reactor

The DBD reactor (Figure 3) was of coaxial structure, with a stainless steel
cylinder of 14 mm in outer diameter as the inner electrode. A quartz tube of
16.3 mm in inner diameter functioned as the dielectric barrier and a steel mesh
around the tube functioned as the grounded electrode. The length of the reactor
was 8.5 cm and, given the discharge gap of 1.15 mm, the volume of the active
zone of the reactor was 4.7 cm’. In the two-stage system, used for indirect
plasma oxidation of NO,, a second chamber with the same geometrical
parameters was used for the placement of the catalyst.

inner electrode

Y=~

=

O R—
J > U ) > Uy catalyst
o= G _:’—_ quartz tube
L

1 outer electrode

Figure 3. Longitudinal section schematic and circuit diagram of the plasma reactor in one-
stage configuration, used for direct oxidation by plasma. Parameter values: C; = 23 pF,
C, =213 nF.

A sinusoidal voltage was generated by a signal generator HQ Power
DVM20FGCN, which was connected to a power amplifier Industrial Test
Equipment Co, Inc “Powertron” A 500 RF. The inner electrode of the plasma
reactor was powered over a transformer with a turns ratio 1000. A capacitive
voltage divider was used to measure the applied voltage and an additional
capacitor was connected in series with the plasma reactor, to measure the charge
accumulating on the dielectric surface (Figure 3). The voltage waveforms
(U, Uc) were recorded by a digital oscilloscope Velleman PCS500. The range of
frequencies used in the experiments was 100-5000 Hz and the peak-to-peak
value of applied voltage was 14 kV.

The input power was measured by the method of Lissajous figures [34]. The
plot of O=C,Uc vs U results in the appearance of a parallelogram, (Figure 4) the
area of which is equal to the work done by the electric field during one period to
displace charges. Multiplying this work by the frequency of the applied voltage
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gives as a result the power directed into the discharge. The specific input energy
(SIE) was obtained by dividing the input power with the gas flow rate through
the plasma reactor.
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Figure 4. An example of a Lissajous figure, formed during the operation of the plasma
reactor.

In experiments that were conducted with indirect plasma oxidation, an
important quantity was the concentration of ozone at the inlet of the catalyst
chamber. For this purpose, a separate series of calibration measurements
without catalyst was carried out to obtain a relationship between SIE and the
corresponding concentration of ozone, measured by UV absorption (section
4.4). The above-described setup enabled to control the value of S/E and, in case
of indirect plasma oxidation, the concentration of ozone at the inlet of the
catalyst chamber. Stemming from the uncertainty of S/E, the uncertainty of the
inlet concentration of ozone was estimated to be within 10%.

4.3. Catalysts

Nanopowders of TiO,, y-Al,O; and y-Fe,O; (Figure 5) were investigated for
their effectiveness as catalysts. The powder was pressed on the inner wall of
either the plasma reactor (in case of one-stage system) or the catalyst chamber (in
case of one-stage system), forming a thin coating of 0.1-0.2 mm in thickness.

Figure 5. Metal oxide powders (from the left): TiO,, y-Fe,03, y-Al,O;.
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Commercial Degussa P25 powder with 80% in anatase and 20% in rutile was
used for the investigation of TiO,. The diameter of the particles is below 25 nm
and the specific surface area is above 50 m*/g. The total mass of TiO, powder
ranged from 0.3 g to 0.81 g in different studies included in the current thesis.

The powders of y-AlL,O; and y-Fe,O; were obtained from Sigma Aldrich.
Both powders consisted of particles below 50 nm in diameter and above
50 mz/g in specific surface area. The total mass of y-Al,O; was 0.57 g and the
total mass of y-Fe,O; ranged from 0.4 to 0.61 g in different studies.

One of the main reasons for selecting these materials as catalysts was their
relatively low cost, especially compared to SCR catalysts, which contain
precious metal additives. In addition, TiO, is known for its photocatalytic
property [35], which provides a point of comparison with Al,O; that has a large
band gap. Fe,O; is known for its activity in ozone degradation [51].

4.4. Detection of gas phase reaction products

To analyze the gas composition exiting the plasma-catalytic system, the mixture
was directed through an optical absorption cell with the length of 20 cm. The
absorption cell was illuminated by a Hamamatsu L7296-50 deuterium lamp and
an Ocean Optics 4000 spectrometer was used to record the absorption spectra
(Figure 2). The spectrometer has a 200-850 nm wavelength range and a 1.5-2.3
nm optical resolution.

Calculation of the concentrations of different gases was based on the Beer-
Lambert law

— 1 ,—0Nd
I =1I,e "%,

where [, and / are the intensity of UV-radiation before and after the absorption
cell, respectively, ois the absorption cross-section of a specific gas molecule, N
is the average concentration of these molecules in the absorption cell and d is
the length of the absorption cell. The quantity given by the spectrometer is
A =log(ly/]), so the concentration of the substance is given by

2.3034
T od
The method enabled the measurement of concentrations of NO,, N,Os and Os,
with their absorption cross-sections obtained from MPI-Mainz UV/VIS spectral
atlas [52]. To determine the concentration of NO, a separate calibration
procedure was carried out with NO/N, mixtures of known compositions and
without plasma generation.
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Figure 6. Examples of absorption spectra.

Figure 6 shows two examples of typical absorption spectra, corresponding to
different gas compositions. The spectrum on left-hand panel was obtained with
indirect plasma oxidation at low O; concentrations, with partial oxidation of NO
to NO, and consequently no absorption bands visible for O; or N,Os. The
spectrum on right-hand panel was obtained at high O; concentrations, in which
case all of the NO, was oxidized to N,Os.

It can be seen that overlapping of different absorption bands is present,
requiring additional data analysis procedures to subtract the absorption caused
by different substances. This is especially the case for N,Os, for which
obtaining the absorption around 200 nm band required the subtraction of
absorption by both NO, and O;. A separate experiment was carried out, in
which case 1% of H,O was added to the mixture, to verify that the absorption
around 200 nm was not due to HNOj; in the main experiments. The assignment
of the absorption band to N,Os was additionally confirmed by the fact that the
sum of concentrations of NO, NO, and twice that of N,Os corresponded to the
inlet concentration of NO.

The considerations described above increased the uncertainty of the outlet
concentrations. The uncertainty was additionally increased by adsorption of
N,Os5 on the windows of the absorption cell and the decrease of the sensitivity
of the spectrometer below 200 nm. As a result, the estimated uncertainty for the
outlet concentration was 15 ppm for NO, 20 ppm for NO; and 30 ppm for N,O:s.

4.5. Detection of surface species by DRIFTS

In case of TiO, with indirect plasma oxidation, additional series of experiments
were carried out with a modified setup to study the catalyst surface directly. For
that purpose, diffuse infrared Fourier transform spectroscopy (DRIFTS) was
applied.

Instead of using the catalyst chamber similar to the plasma reactor, 30 mg of
TiO, powder was placed in a smaller chamber with a powder sample holder and
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a ZnSe window. The IR spectra were recorded using an Interspec 2020
spectrometer supplied with a Pike Technologies DiffusIR diffuse reflectance
accessory. The spectral resolution of the spectrometer was 4 cm™', 5-100 scans
were accumulated for one spectrum. The catalyst chamber was heated to 100 °C
by an electrical heating tape. The spectra were recorded with various inlet
concentrations of NO and Os, which were similar to other experiments, and the
reference spectra were obtained with NO as the only nitrogen oxides species in
the gas stream.

23



5. RESULTS AND DISCUSSION

5.1. Direct oxidation of NOy by plasma

In direct oxidation by plasma the gas mixture consisting of N,, O, and NO was
directed to the inlet of the plasma reactor, which was turned on for 5 minutes.
The concentrations of gas-phase reaction products were measured at the outlet
by UV absorption. The results that are presented in the current section, were
obtained in experiments, where the total flow rate was 1 L/min, the O, content
in the initial mixture was 10% and the inlet concentration of NO was 360 ppm.
The temperature in the plasma reactor was 110 °C and the catalytic effect of
Fe,O; was investigated [I].

Figure 7 presents the outlet concentrations of NO and NO; at different values
of specific input energy (S/E), measured in experiments without catalyst. The
oxidation of NO to NO, can be seen, with the conversion degree increasing with
SIE at values below 100 J/L. At higher values of S/E, starting from approximately
100 J/L, a saturation effect occurs, in which the concentrations of NO and NO,
remain constant while increasing S/E. This effect indicates a significant
limitation on the effectiveness and applicability of the oxidation of NO directly
by plasma. Both the saturation values and the oxidation efficiencies at low SIE
values (characterized by the slope of the tangent line of the NO, curve of
Figure 7) depended on the O, fraction and temperature and exhibited tendencies
similar to those obtained with a surface barrier discharge reactor [53].
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Figure 7. The outlet concentrations of NO and NO,, as functions of specific input
energy (SIE), in direct oxidation by plasma without catalyst. The inlet concentration of
NO was 360 ppm, temperature 110 °C. The theoretical curves are calculated by Eq. (9).

The results shown in Figure 7 can be numerically simulated, using the following
reactions and corresponding rate coefficients:
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0+0,+M—0;+M, ki =5.6x10%(7/298) *® cm®s ™, (5)

O+NO+M —NO,+M,  k=8.6x10°4(7/298) ¥ em®s ™, 6)
O +NO; = NO + 0O, ks =5.5x10" e em’ s, (7)
NO + O3 — NO, + O,, ky = 210712 g 1IGRT 3 1 ®)

J

molxK
the universal gas constant. The expressions and parameters for the rate

coefficients were obtained from the NIST Chemical Kinetics Database [54].

The main oxidizing agent is the atomic oxygen radical, which is responsible
for both the oxidation of NO to NO, and ozone production [7] [I]. Ozone is
mostly consumed in reaction with NO (8), while part of it leaves the reactor.
Reaction (7) provides an explanation for the limit on NO removal degree, which
is the reaction of the O-radical with NO, to reproduce NO. At SIE values
corresponding to saturation of NO and NO, concentrations, the oxidation of NO
and the back-reaction reach equilibrium, which is shifted towards the back-
reaction, when temperature is increased.

Based on scientific literature, it should be added, that the oxidation
efficiency of NO to NO, has been found to be significantly increased in the
presence of hydrocarbons. In that case the back-reaction of NO, to NO would
be suppressed by the consumption of O radicals in hydrocarbon degradation
reactions. This chain of reactions would result in the formation HO, radicals
and hydrocarbon fragments that would in turn contribute to further oxidation of
NO [55].

Addition of the Fe,O; powder into the plasma reactor resulted in increased
conversion of NO to NO,. The resulting increase of NO, concentration is shown
in Figure 8. The effect of the catalyst starts to become significant at S/E values
above 50 J/L. The improvement is limited, reaching a 35% increase in NO,
concentration at S/E values corresponding to saturated levels of NO and NO..

is

where T is the temperature in K inside the plasma reactor and R = 8.31
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Figure 8. Comparison of outlet concentrations of NO,, obtained with and without Fe,O;
in the plasma reactor. The inlet concentration of NO was 360 ppm, temperature 110 °C.
The theoretical curves are calculated by Eq. (9).

Analysis of reactions (5)—(8), along with approximations described in our paper
[IV] and a previous publication [49], allows the derivation of an analytical
function to describe the dependence of the NO, outlet concentration on S/E:

[NO21 = B[NOmax [ 1~ exp (-7 ©)

where

k,[NO]o + k1[0z] + 7

ks ’ (10)
kz +7

A[No]max =

_ k3 (kz[NO]g + k41[0,] + 7¢)
k= 7 (11)

13Gon (k; + %)

[NO]y is the inlet concentration of NO, A[NO] . is the maximum reduction of
the concentration of NO and # is the gas number density. The influence of
catalyst is described by the additional term rc, which represents the rate of
oxidation on the surface.

Go is the oxygen radical production efficiency, defined as the number of
O-radicals created in plasma per unit value of S/E. It is assumed that the
production of O-radicals takes place uniformly within the discharge region,
characterized by an average value of Go. The value of G has been estimated in
separate experiments of ozone production, which at low S/E values takes place
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according to the expression [O3;] = GoxSIE. As an example, in our reactor Gp =
12 ppm/(J L) in air [53].

According to Eq. (10), the maximum amount of oxidized NO increases with
[NO]y and the O, fraction and decreases with temperature. It is, however,
independent of G, the increase of which could only improve the oxidation al
low SIE values, where A[NO].x is not reached. Similar results were obtained is
parallel with TiO, as catalyst material [47, 56].

The previous discussion was focused on the analysis of stabilized outlet
concentrations at different S/E values. The stabilization times increased
considerably, when Fe,O; was used, compared to oxidation without catalyst.
This effect was observed by collecting time series data, for which a new
absorption spectrum was recorded every 5—-6 seconds. An example, showing the
time dependence of the outlet concentrations of NO and NO,, is presented in
Figure 6 in publication [I].

It was observed that the concentrations of NO and NO, take at least a minute
to reach their stationary values both at the beginning of plasma treatment and
after the end of it. Furthermore, an important phenomenon is revealed in the
time dependence of the sum of the two concentrations. Following the switch-on
of the plasma reactor, the total concentration decreases to a minimum and
returns to approximately its original value in a few minutes. The reverse effect
takes place after the switch-off of the plasma reactor, which brings about a
temporary surplus of NO,, compared to the inlet concentration of NO. We
attribute these effects to the adsorption and desorption of NO, on the surface of
the catalyst. This interpretation is reinforced by analysis of equivalent effects in
oxidation by ozone, discussed in section 5.3, where they are connected to the
formation of a specific surface compounds.

5.2. Oxidation of NOx by ozone

5.2.1. Time-dependent outlet concentrations

In case of indirect plasma oxidation, the plasma reactor functioned as an ozone
generator and the catalysts were placed in a different chamber downstream of
the plasma reactor. The catalysts, the effects of which were investigated, are
TiO,, ALL,O; and Fe,0;. For comparison, oxidation of NOy by ozone without
catalysts was also studied. For each catalyst, as well as the absence of catalyst,
an extensive parameter space was explored.

When plasma is used indirectly, ozone is the only oxidizing agent created in
the discharge with a long enough lifetime to exit the plasma reactor. Therefore,
instead of S/E, the inlet concentration of ozone [O;]y was used to characterize
the operation of the plasma reactor. This quantity was changed in the range
200-1500 ppm. The values 200, 400 and 800 ppm were used for the inlet
concentration of NO. The experiments were carried out at catalyst chamber
temperatures 20—140 °C. In publications [II] and [III] the influence of changing

27



the total flow rate was also investigated, comparing the values 0.5, 1 and
2 L/min. In all of the experiments with the two-stage system, the oxygen
content in the initial gas mixture was 50%.

For each specific combination of these parameters, time series data was
recorded for the outlet concentrations of NO, NO,, N,Os and O; by storing a
new absorbance spectrum every 5-6 seconds. Figure 9 presents a few
characteristic examples of the results of these individual experimental cycles,
comparing different regimes of NO, oxidation and demonstrating the typical
effects of adding a catalyst. In these examples TiO, was used as the catalyst, the
inlet concentration of NO was 800 ppm, the total flow rate was 1 L/min and the
catalyst chamber was heated to 100 °C. There are several general aspects to
note on the basis of these time dependencies.

1600  (a) [03]o =465 ppm 7 (b) [O3]o = 1457 ppm
1200 —\],03 start 0 stop N llOg, start O3 stop
800 - F ] l NO

é 400 .‘ -
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Figure 9. Characteristic examples of time-dependent outlet concentrations: a, ¢ — only
NO and NO, were present in the outlet mixture during O; production; b, d — NO was
completely oxidized and N,Os was formed; a, b — no catalyst; ¢, d — TiO, used as catalyst.
[NOJ, =800 ppm, 7= 100 °C, total flow rate 1 L/min.

The first aspect to note is the influence of the inlet concentration of ozone,
which is the main factor that influences the steady-state concentrations during
NO, oxidation and which determines the oxidation regime. In the NO,
production regime (panels a, ¢) the inlet concentration of NO is greater than the
inlet concentration of O;. As a result, a fraction of the NO content is quickly
converted to NO,, consuming all of the Oz being produced. The steady-state
values of concentrations remain unchanged after adding the catalyst and N,Os
does not appear in the outlet.
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In the N,Os production regime (panels b, d) the initial concentration of O; is
greater than that of NO. As a result, all of the NO is oxidized to NO,, leaving a
fraction of the initial O; content available to participate in the slower reaction of
NO, being oxidized to N,Os. The steady-state concentrations show the
disappearance of NO and the appearance of both N,Os and O; in the outlet. A
reduced amount or total disappearance of NO, is also observed during the
oxidation period.

Another set of characteristic features visible from the time-dependencies has
to do with the rates of change in the outlet concentrations immediately after
both the beginning and the end of O; production. In case of oxidation by ozone
without catalyst (panels a, b) the outlet concentrations on NO, NO, and N,Os
quickly settle on their steady-state values during O; production and immediately
resume their original levels after the end of O; production.

A very different picture emerges when a catalyst is present (panels ¢, d). In
both the NO, and the N,Os regime the outlet concentrations take several minutes
to stabilize after the start of O; production. Additional transient processes can
be seen at the end of O3 production in the N,Os regime (panel d), most notably a
spike in NO, before its disappearance from the outlet. It can also be seen that
NO reappears in the outlet only after the concentration of NO, starts to decline
and N,Os has disappeared. In our publications included in the current thesis, we
have attributed these transient changes in the presence of a catalyst to processes
connected with adsorption and desorption of various compounds on the surface.

For each of the studied metal oxides, the first measurement cycle after the
placement of new powder into the catalyst chamber produced different results,
compared to the second at the same conditions, mainly with longer stabilization
times. Subsequent cycles, however, yielded repeatable results. All of the measure-
ments presented in the current thesis were preceded by an initial session of
catalyst pretreatment and the following data analysis is based on repeatable
results.

In the current section we continue with the analysis of steady-state concent-
rations to investigate the overall efficiency of NOy oxidation by ozone and
metal oxides. Section 5.3 deals with the analysis of time-dependent changes to
investigate processes on the catalyst surface.

5.2.2. Characterization of oxidation efficiency

With fixed values for temperature, inlet concentration of NO and flow rate, a
series of measurement cycles were conducted at various inlet concentrations of
O;. Figure 10 presents the results of a typical example of such experimental
series, plotting the steady-state values of the outlet concentrations of nitrogen
oxides, reached during the oxidation phase, against the concentration of ozone
produced by the plasma reactor. In this case the inlet concentration of NO was
400 ppm, the temperature of the catalyst chamber was 60 °C and the total flow
rate was 1 L/min. The results shown were obtained without catalyst.
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Figure 10. Steady-state outlet concentrations of NO, NO,, N,Os and O; in case of
oxidation by ozone as functions of the inlet concentration of ozone, [O;]p. The results
are obtained without catalyst at [NO], = 400 ppm, 7 = 60 °C, flow rate 1 L/min. The
concentrations of NO and NO; in the single-stage system, shown in light gray color, are
reproduced from Figure 7 for comparison.

At [O3]p < [NO], the decrease of NO and the increase of NO, followed linear
functions, given by the relations [NO,] = [Os]y and [NO] = [NO], — [Os]o. At
[Os]o > [NO]y the concentration of NO, decreases with the increase of [Os] and
N,Os appears in the outlet. At high enough values of [Os]y, practically all of
NO, was removed. In addition, unreacted ozone was visible in the outlet at high
values of [O3].

It should be noted that oxidation of NOy proved much more efficient,
compared to direct oxidation by plasma, as seen from the comparison shown in
Figure 10. The value [O;]o = 400 ppm, which corresponds to complete removal
of NO in case of oxidation by ozone, was achieved at SIE =27 J/L. At that value,
only about 30% of NO was removed in case of direct oxidation by plasma [IV].
The most important factor causing this difference is the absence of the back-
reaction (7), which is due to the fact that unlike direct plasma oxidation, NO, is
not exposed to reactions with atomic oxygen in case of oxidation only by ozone.

Without catalyst, the tendencies described above are explained by the
following gas-phase reactions, given with their corresponding rate coefficients
[57]:

NO + O3 — NO, + O,,

3
k, =2 x 10" 2exp (— —1;':4) %, (12)
N02 + 03 — NO3 + Oz,
3
ks = 1.2 x 10 Bexp (- 220) <, (13)
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N02 +NO3 +M - N205 + M,

-3.5 .6 14)
- -30 (_T_ cm> (
ke =28x107%0 (L) T
N205 +M— N02 + NO3 + M,
a3 (T \ 35 _ 91.46) cm® (15)
ky; =10 (298) exp( RT ) s’

J
molxK
Since k, > ks, this model accounts for the lack of N,Os in the NO, production

regime ([Os3]y < [NO]p).

Rate coefficients for the reactions (12)—(15) allow for numerical modelling
of the oxidation of NOyx by ozone. In addition, based on quantitative analysis of
rate coefficients presented in our publications [II, IV], the process of NO,
oxidation to N,Os can be modelled by the analytical function

where T is the temperature in K and R = 8.31

is the universal gas constant.

[NO,] 2x — 3

[NO], — (2x — 2) exp{(2x — 3)[NOJgk} — 1 (16)

where x = [O3]o/[NO]y and [NO], in Eq. (16) is the absolute concentration of NO
at the inlet. The quantity 7is the total residence time, which in our experimental
setup is calculated to be 2.9 s at total flow rate 1 L/min. The parameter £ will be
referred to as the effective rate coefficient. Eq. (16) is applied to calculate the
solid curves on Figure 10, using the value k =4.47x10""" cm’/s.

Without catalyst, the amount of ozone necessary to oxidize NO, to N,Os was
significantly greater than 1.5%[NOJ,, which would follow from the stoichiometry
of the overall process 2NO + 303 — N,0Os + 30, (Figure 10, black dashed line).
The theoretical NO, removal function (16) is shifted towards the stoichiometric
removal line by increasing the value of the effective rate coefficient k.
Therefore, k£ can be used to quantify the efficiency of NO, oxidation, even though
it describes the overall process in a volume that includes zones of different
temperature. Analysis of function (16) shows that to achieve 95% removal of
NO, at x = 1.5, the value of k£ would have to be increased to 7.4x107'® cm’/s at
60 °C and to 8.3x10™'° cm’/s at 100 °C.

5.2.3. The effect of metal oxides on oxidation efficiency

Similar general tendencies as seen on Figure 10 were also observable at different
temperatures and in the presence of metal oxide powders in the catalyst chamber.
In order to compare the oxidation process in different series of experiments, it is
sufficient to only compare the concentrations of NO,, since its values are in
direct correlation with those of NO and N,Os.
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Figure 11 presents one such comparison to demonstrate the influence of
different metal oxides in the catalyst chamber at 100 °C, with inlet concentration
of NO at 400 ppm and flow rate 1 L/min. In the NO, production regime
([05]o/[NOJp < 1) the metal oxide powders have no effect on the steady-state
concentration of NO, and only influence the duration of transient processes, as
explained in section 5.2.1. In the N,Os production regime ([O;]o/[NO]Jp < 1) the
influence of metal oxides as catalysts is clearly observed. Compared to the case
of no catalyst, both TiO, and Al,O; lead to an improvement of NO, oxidation,
having the same effect within uncertainty. Fe,O; results in the greatest
improvement.
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Figure 11. Normalized outlet concentrations of NO, as functions of the inlet con-
centration of O;. [NO]y =400 ppm, 7= 100 °C, flow rate 1 L/min [V].

Formula (16) is used to calculate the theoretical curves on Figure 11. In terms of
the values of the effective rate coefficient &k, Fe,Os results in an increase from
4.5x107"7 em’/s to 1.3x107'® cm’/s, whereas 95% removal at x = 1.5 at 100 °C
would be reached in case of k= 8.3x10'° cm’/s (section 5.2.2). Although formula
(16) is derived, based on only gas-phase reactions (12)—(15), the effective rate
coefficient can still be used as a fitting parameter to quantify the influence of
catalysts on the oxidation process.

Values of the effective rate coefficient were calculated at different
temperatures and in case of different catalysts by fitting the NO, removal curves
given by Eq. (16) to data points, obtained from the corresponding experimental
series. The results are presented in Figure 12. There is no significant effect by
the catalysts up to 60 °C. At 80 °C a noticeable effect is observed and at 100 °C
the increase of k& is at the maximum, achieved in case of Fe,0;. At 120 °C the
value of k returns approximately to its value at 80 °C in case of Fe,O; and to its
value at 20 °C in case of no catalyst.

The decrease of the effective rate coefficient at temperature above 100 °C
can be explained by the temperature dependence of the rate coefficient for gas-
phase reaction (15), in which N,Os decomposes and NO, is reproduced. While
slower at low temperatures, the disintegration of N,Os becomes more significant
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as temperature is increased. At above 100 °C the rate of this reaction exceeds
the overall rate of N,Os production. The results suggest that the optimal
temperature range for NO, oxidation for the two-stage system is 80—120 °C.

14
12 4 © nocatalyst
. L] A1203
‘m 10 A TIOQ
m& 8 - | FGQO:J,
I\O
s °]
~ 4 4
<2
2
0 T T T T T

T T
0 20 40 60 80 100 120 140 160
T/°C
Figure 12. Dependence of the effective rate coefficient (k) on catalyst chamber

temperature (7) for different metal oxides. The inlet concentration of NO was 400 ppm.
The solid curves are added as a guide to the eye [V].

5.2.4. Decomposition of ozone by metal oxides

In addition to the catalytic effect of increasing the efficiency of NO, oxidation
to N,Os, another important use of the metal oxide powders is the reduction of
plasma-generated secondary ozone pollution in the outlet of the system.

To compare the ozone decomposing ability of different metal oxides, an
additional series of measurements was carried out in the same two-stage
configuration (case b in Figure 2) but without NO in the initial gas stream. The
inlet concentration of ozone was kept at 350 ppm and the outlet concentration
was measured during each measurement cycle that lasted for 10 minutes at a
constant temperature. The measurement cycles were repeated at different
temperatures and the results are presented in Figure 13 (left). The influence of
ALO; becomes apparent at approximately 80 °C, while the decomposition of
ozone starts at 60 °C in case of TiO,. By far the most effective is Fe,O3, which
destroys 40% of the inlet ozone already at room temperature and results in
almost complete elimination of O3 at 60 °C. From this point of view, as well as
based on comparison of rate coefficient increase, Fe,O; is shown to be the most
suitable of the metal oxides studied in the current thesis [V].
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Figure 13. Dependence of the outlet concentration of ozone on the temperature (7) of
the catalyst chamber in case of different metal oxides. On the left: results of ozone

decomposition experiments without inlet NO. On the right: results from NOy oxidation
experiments, showing the amount of outlet ozone corresponding to 80% removal of NO,.

For comparison, normalized outlet concentrations of O; in the NO, oxidation
experiments are presented in Figure 13 (right) at different temperatures. Linear
interpolation was used to obtain the value of [O;]/[Os], that corresponds to the
state where 90% of the maximum amount of NO, has been oxidized to N,Os.
The data is taken from experiments where [NO], = 400 ppm, therefore the
values of [O5]/[O;]y are presented in conditions where [NO,] = 40 ppm. Without
metal oxides, the outlet concentrations of ozone at this NO, level were above
300 ppm at all temperatures. At 80 °C or higher, [O;] remained below 300 ppm
in case of Al,O; and TiO,, and below 150 ppm in case of Fe,0s.

In case of no catalyst, Al,O; and TiO,, the outlet concentration of O; is
reduced in the presence of NO in the initial gas composition, compared to O;
decomposition without NO, because part of the ozone is consumed in the
oxidation of NO,. Fe,O; results in a smaller amount of Oz in the outlet,
compared to other metal oxides. However, compared to the case without NO at
the inlet, Fe,O; leads to a higher concentration of O; in the outlet in the
presence of NO, between 50 °C and 100 °C. This indicates that nitrogen oxides,
created in oxidation of NO by ozone, reduce the ozone-decomposing ability of
Fe,O; [I]. A possible reason for this effect may be the blocking of surface sites
by nitrogen oxides.

5.3. Investigation of surface processes

5.3.1. Indirect analysis of surface species

In order to gain information about the fundamental mechanism of the catalytic
effect, processes on the surfaces of the metal oxides were investigated in case of
oxidation of NO, by ozone. For this purpose, time-dependent changes were

34



analyzed, such as those taking place at the beginning and shortly after the end of
ozone production, described in subsection 5.2.1. The analysis presented in this
section is largely based on publication [III].

The sum of nitrogen oxide concentrations is analyzed, defined as

[N,O,] = [NO] + [NO,] + 2[N,Os]. (17)

The concentration of N,Os is multiplied by 2 for the purpose of obtaining the
total number nitrogen atoms contained in the molecules of NO, NO, and N,Os.
Provided that there are no processes that either remove or add nitrogen oxides
from or to the gas phase, the quantity [N,O,] should remain constant in time and
equal to [NOJo. This was confirmed by data from experiments without catalyst.

In experiments with a catalyst, however, [N,O,] exhibited time-dependent
changes, examples of which are shown in Figure 14 (upper panel). The start of
ozone production was followed by a sharp drop of [NO,] and a subsequent
return to the original value after several minutes. Both the initial decrease and
time taken to resume the original value depended on the inlet concentration of
ozone. Equivalent effects were evident after the end of ozone production, with a
sharp increase, followed by a decrease, the size and duration of which increased
with increasing inlet concentration of ozone. Both the increase of [NO], and the
increase of the total gas flow rate had the effect of reducing the time, during
which [N,Oy] returned to its original value.

The deficit of nitrogen oxides in the gas phase at the beginning of ozone
production indicates the process of adsorption on the metal oxide surface in that
time period. Equivalently, desorption from the surface is indicated by the
surplus of nitrogen oxides in the gas phase after the end of ozone production.
Detailed analysis of time durations of the effects described above suggests that
the inlet concentration of NO and flow rate have negligible influence on the
total number of adsorbed surface species [I11].

The interpretation above allows the quantification of adsorbed and desorbed
species. The total number of nitrogen atoms within nitrogen oxides missing
from or in surplus in the gas phase during one measurement cycle is
proportional to the area of one of the shaded regions in Figure 14 (upper panel).
Therefore, the amount of adsorbed substances can be obtained by integration of
the function [NO], — [NO,] with respect to time (or integration of [N O] —
[NO]J, for the amount of desorbed substances). Generalizing this principle
allows us to write the following formula for the time-dependent adsorption
function, which expresses the amount of substance per unit mass of catalyst,
that is adsorbed by time #:

t
4@ = [ (N0l - N0, e, (18)
0
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In this formula, F' is the total gas flow rate and m is the mass of the catalyst.
Function A(%) is plotted in Figure 14 (lower panel).

1000
800 o ----vne-- ZERPRIIY SETRIRS ] 'O STTRINS
g : : : desorption
A 600 A
~
=
O 400 Ay et
Z.
200 A}/
0 T T T T
0 10 20 30 40 50
160 .
20
g 120 4 - AU\
I T B L Nt ST PP TITE
A0 N
< 0 1 ; ; ;
0 10 20 30 40 50

t / min

Figure 14. Correspondence between transient effects in the outlet concentration of gas-
phase products and surface processes. Upper panel: sum of concentrations [N,O,] as a
function of time; adsorption and desorption are indicated by shaded regions. Lower
panel: values of time-dependent adsorption, calculated by formula (18). TiO, was used
as catalyst, 7= 100 °C, [O3]y = 674 ppm, flow rate 1 L/min.

Figure 15 presents the amounts of desorbed substances, i.e. the values of Ny =
A(t)) — A(ty), where ¢, is the moment of stopping ozone production and £, is the
moment, when [N,O,] has returned to the value [NO],. The values of Ny are
given for different metal oxides and different values of the inlet concentration of
ozone ([Os]y). At lower values of [O;]y the dependence is approximately linear,
but is followed by a sharp increase to at least 2 times higher value at the
transition between the NO, and N,Os production regimes. As [Os]y is increased
further, Ny stabilizes at 170—180 umol/g in case of TiO, and Al,O; and
120 umol/g in case of Fe,O;. The values for TiO, and Al,O; coincide within
uncertainty. The amounts of substance on the surface of Fe,O; were also lower
in case of other temperatures [V].

Additional results with TiO, as catalyst, obtained at different values of inlet
concentration of NO, indicate that in the NO, production regime the amount of
substance on the surface depends on both the concentration of NO and NO, in
the gas flow reaching the surface an is approximately inversely proportional to
the concentration of NO [III].
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Figure 15. The amount of desorbed nitrogen oxides (Ny) from the surface, per unit
mass of metal oxide. [NO], =400 ppm, 7= 100 °C, flow rate 1 L/min [V].

5.3.2. Analysis of surface species by DRIFTS

DRIFTS measurements were carried out in two additional series of experiments
with TiO,, using a modified measurement setup, described in section 4.5. The
aims of these experiments were to validate the interpretation of adsorption and
desorption, as was stated in subsection 5.3.1, and to identify the composition of
surface compounds. In all cases the gas flow rate was 1 L/min and the tem-
perature of the catalyst chamber was 100 °C. In the first series of experiments
100 spectra were collected to be averaged after stable conditions were reached
during ozone production. The collection of the spectra lasted for approximately
20 minutes, which prevented the observation of time-dependent changes, but
provided detailed information about different absorption bands.
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Figure 16. DRIFTS results with 100 scans to average. On the left: spectra obtained for
the NO, and N,O5 regimes at [NO], = 430 ppm. On the right: integrated intensity of the
peak between 1600 and 1720 cm'!, at different values of [O;]p and [NO]y. In the legend,
the inlet concentrations of NO are expressed in ppm [I11].
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Figure 16 (left) presents two typical spectra: one obtained for the NO, and one
for the N,Os production regime. The most important peak at 1640 cm ' and
1660 cm™ is associated with bridging NO; [19, 58-60]. Its intensities at
different values of inlet concentration of O; are shown in Figure 16 (right),
exhibiting similar trends to those visible in the behavior of the total amounts of
adsorbed nitrogen oxides, determined by UV absorption of gas-phase products.
In the NO, production regime, the intensity of the NO5; band increased with the
increase of [O3]y and therefore, with the increase of [NO;].

Transition to the N,Os production regime was associated with a sharp
increase to a much higher value, as well as a shift of the band towards higher
wavenumbers. Other bands visible in the spectrum in the N,Os production
regime included those of bidentate NO;™ at 1558 and 1270 cm ™' [59, 60], NO™ at
2184 cm™' [58, 60] and NO™ at 1186 cm™' [58]. The bands between 2000 and
1700 cm™' correspond to Ti* —NO, Ti**-NO [58], N,0; [58, 60] and NO" [19].
The negative band at 1500 cm ' may be connected with monodentate NO;~ or
NO, [60].

In the second series of experiments with DRIFTS, the spectra were collected
by averaging 5 scans. This decreased the signal-to-noise ratio and prevented the
observation of most of the smaller peaks seen in Figure 16 (left), but enabled
the collection of time series data on the most prominent band of NO; ™. The left-
hand panel of Figure 17 shows the time evolution of the absorption band,
comparing the spectrum taken before O; production to spectra at 2 min and
12 min. The intensity of the band is presented on the right-hand panel of
Figure 17 as a function of time, showing an initial quick increase and a sub-
sequent stabilization. After the end of ozone production the intensity decreased
and the absorption band disappeared in 10 minutes.
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Figure 17. Results from DRIFTS measurements with 5 scans to average. On the left:
NO;™ absorption peak at 0 (in blue), 2 (in green), 12 (in red) min after the start of O;
production. On the right: time-dependence of the intensity of the NO; peak (in red),

compared to the time-dependent adsorption function (18) (in blue).
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For comparison, Figure 17 (right) also shows the time-dependent adsorption
curve, based on the concentrations of gas-phase products and calculated by
formula (18). It can be seen that the amount of adsorbed substance follows
similar tendencies of quick initial increase, subsequent stabilization and drop to
zero (i.e. desorption) after the end of ozone production. The similarities between
the behaviors of the surface NO;™ absorption band and the amounts of adsorbed
or desorbed substances provide additional support for the conclusion that nitrate
groups form on the catalyst surface during oxidation of NOy by ozone.

Comparison of the NO;5™ absorption curves allows to estimate the influence
of gas composition on the formation of NO; . The DRIFTS measurement time
series can be approximated by the function

ft)=a [1 — exp (— ;)], (19)

where a is the stabilized value of NO;  absorption band intensity and 7 is the
characteristic time of nitrate formation. In cases, where the gas phase
concentration of NO, is approximately the same, the values of 7 are observed to
depend on the concentration of N,Os in the gas phase according to an inversely
proportional relationship (Figure 18). The results indicate faster saturation of
NO; formation at higher N,Os concentrations, suggesting that direct absorption
of N,Os plays an important role in surface reaction mechanisms. The stabilized
value a did not exhibit a notable dependence on [N,Os].
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Figure 18. Characteristic time of NO;~ formation on the surface of TiO, at different
concentrations of N,Os in the gas phase. The gas phase concentration of NO, was
50+£10 ppm. The inset shows the modelling of an example measurement series by
function (19).
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5.3.3. Models of surface processes

In the following discussion about processes on the catalyst surfaces we first
consider possible reaction pathways, based on results obtained in the NO,
production regime. The characteristic time of reaction (12), which consumes O;
on the oxidation of NO to NO,, is below 10 ms [II]. On the other hand,
estimates based on the geometry of the experimental setup indicate that the
transition time from the mixing point of the O,/O; and N,/NO streams to the
catalyst region is above 50 ms. Therefore, from the group of O;, NO and NO,,
only NO and NO, can reach the surface of the catalyst. For this reason we
consider models to describe the adsorption of NO, on the surface.

One possible mechanism, that has been proposed in literature, includes the
adsorption of two NO, molecules, which then give rise to a surface-bound NO;
and a gas-phase NO molecule [15, 61]:

2NOy(s) — NOs(s) + NO(g). (20)

According to this model, the ratio of consumed NO, to produced NO is 2.
In more recent works, a more complicated model of surface processes has been
proposed for TiO, [19, 17], AL,O; [14] and Cu-ZSM-5 [62]:

2NO,(s) <> NO5 (s) + NO'(s) (21)
NO(s) + O*(s) <> NO, (s) (22)
NO; (s) + NOx(s) <> NO; (s) + NO(g) (23)

Reaction (21) is a disproportionation reaction, in which two adsorbed NO,
molecules produce a nitrate ion NO; and nitrosonium ion NO". The latter is
highly reactive and incorporates a surface lattice oxygen O* in the production
of a nitrite ion NO, . The nitrite ion then reacts with another adsorbed NO,
molecule, resulting in another NO5;~ and an NO molecule, which desorbs into
the gas phase. These reactions can also proceed in the reverse directions. The
net result of forward reactions is three adsorbed NO, molecules being converted
to two NO; ions and one NO molecule in the gas phase, so the above-
mentioned ratio of consumed NO, to produced NO is 3.

This ratio can be determined for our experiments by analyzing the time
dependencies of the outlet concentrations of NO and NO, at the beginning of
ozone production (e.g. as seen in Figure 9c). Specifically, we investigate the
quantities A[NO] and A[NQO;], i.e. the differences between the concentrations of
NO or NO, at a given time instance and their corresponding stabilized values.
Figure 19 presents two typical examples of these concentration differences as
functions of time, both at the beginning and at after the end of ozone
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production. Starting from either the switch-on or the switch-off of the ozone
generator, the curves coincide if A[NO] is multiplied by a constant. This
constant has the value of the above-mentioned ratio and in the given example is
equal to 2.66 at the beginning and 3.23 after the end of ozone production. Data
from other experiments indicates the same tendency of the ratio being closer to
the value 3 instead of 2.

The model (21)—(23) is therefore in better agreement with our experimental
data on gas-phase concentrations and is further reinforced by DRIFTS
measurements, which identified NO;™ as the main component of surface species.
The model does not describe catalytic effects, but such effects were also not
observed in our experiments in the NO, production regime (section 5.2.3).
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Figure 19. Comparison of changes in NO and NO, outlet concentrations at the beginning
and following the end of ozone production. Experimental parameters: [NO], = 400 ppm,
T'=100 °C, flow rate 1 L/min, [O;], = 175 ppm. TiO, was used as catalyst. The values of
parameters: a; = 2.66, a, = 3.23.

When the system is working in the N,Os production regime ([Os]y > [NO]p), the
conditions on the surface become significantly different due to the fact that
ozone, that is left over from reaction (12), is now able to reach the surface of the
catalyst. In our publications [I-V] we have proposed the following reaction
mechanism to explain the experimental findings.

Simultaneously with the gas-phase NO, oxidation reaction (13), a fraction of
the surplus O; reaches the catalyst surface and undergoes decomposition,
leaving a supply of atomic oxygen on the surface:

Os(g) + (8) = O(s) + Ox(2). 24)

Ozone decomposition was experimentally investigated and is described in
section 5.2.4. The process was most efficient on Fe,O; and its rate increased
with temperature.
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The atomic oxygen on the surface can function as an additional oxidizing
agent that converts adsorbed NO, molecules into NOj:

NOx(s) + O(s) — NOx(s). 25)

Fe,05, which was the most effective metal oxide in producing O-radicals on the
surface, was also the best oxidizer of NO,, suggesting a causal link between
these properties. NO; can be the precursor of additional reactions, including the
formation of N,Os, which has been proposed for atmospheric mineral dust
surrogates. In this case, N,Os may then desorb into the gas phase [63, 64]:

NOs(s) + NO(g) — N2Os(s), (26)

N205(S) L d N205(g) (27)

At the same time, reaction (27) can also proceed in the reverse direction and the
increase in the quantities of surface species seen in Figure 15 is best explained
by the simultaneous occurrence of ozone decomposition and direct adsorption
Oszos.

Since gas-phase N,Os was not detected in the NO, production regime, this
model suggests that NO; formed in reaction (25) is different from NO; that is
produced in reactions (21) and (23). This is consistent with the shift of the NO5~
absorption band towards higher wavenumbers, as seen in Figure 16 (left).

The proposed model could explain two additional experimental findings that
are seen in Figure 9. First, the peak in NO, outlet concentration after the end of
ozone production occurred in case of all studied catalysts in the N,Os regime
and can be accounted for by the dynamic balance of forward and backward
directions of reactions (21)—(23) and (26)—(27). With a constant flow of NO,
reaching the surface, the direction with the end result of N,Os formation is
dominant. When the NO, flow to the surface stops, the balance shifts towards
the generation of NO, until the supply of reversibly adsorbed NOjs is depleted.

Reactions happening in reverse directions could also contribute to another
interesting phenomenon, noted in Figure 9d, which is the absence of NO in the
outlet between the moments of turning off the plasma reactor and the
disappearance of N,Os. In addition to the reverse reactions (21)—(23), NO can
also react with atomic oxygen on the surface, producing NO,. At the same time,
additional gas-phase NO, could shift the balance of reaction (26) towards the
production of additional N,O:s.
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6. OPEN PROBLEMS

There are several potential directions for further research, concerning both the
analysis of fundamental processes and questions regarding possible applications.

In the analysis of surface processes it was observed that nitrogen oxides
remain on the surface as NO;, but the amount of adsorbed species increased to a
several times higher value, when the system transitioned from the NO, production
regime to the N,Os production regime. It is possible that additional adsorption
sites become available, however further studies are needed to confirm that. For
this purpose, additional experimental techniques could be applied, including tem-
perature programmed desorption (TPD) and x-ray photoelectron spectroscopy
(XPS). In case of XPS, for example, identification of surface compounds and
their quantities, as well as information on local bonding of atoms would be
possible.

Further verification of surface process mechanisms would be provided by
reconstructing the experimental setup so that it is possible to achieve complete
oxidation of NO, to N,Os without producing any leftover ozone that could reach
the catalyst surface. In that case any direct adsorption of N,Os on the catalyst
could be observed if it occurs.

In the current work, dry air conditions were simulated by the usage of N, and
O, mixtures. However, fuel combustion exhausts also include water vapor, the
influence of which should be investigated in future studies. The presence of
water vapor is expected to result in the formation of HNOj; instead of N,Os as
the final product. Blocking a fraction of adsorption sites is also a possible
consequence.

Questions related to scaling up the process are important in view of potential
application of the investigated NO, removal method. Among these, increasing
the amount of catalyst powder should be investigated, as the total surface area
would be increased. To that end, the process of catalyst placement requires
additional development, as mechanical pressing which is applied in this work, is
likely not well scalable.
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7. SUMMARY

In the current thesis, oxidation of NOy in N, and O, mixtures was investigated,
using the combined effects of plasma-generated species and metal oxide catalysts.
Studies were carried out both in one-stage system, using direct oxidation by
plasma, and two-stage system, applying oxidation by plasma-generated ozone.
Dielectric-barrier discharge was used for the generation of plasma and
nanoscale powder of TiO,, y-Al,O; or y-Fe,O; was pressed on the inner wall of
the reaction chamber. The aims of the work were to compare the effect of metal
oxides on the efficiency of NOy oxidation at different system configurations and
temperatures, as well as determining the reaction mechanisms on the catalyst
surface.

The efficiency of direct oxidation of NO by plasma was limited because of
the occurrence of the back-reaction, mediated by O-radicals. The effect of
catalyst was also limited, reaching a 35% increase in NO removal degree in case
of Fe,O5 at 110 °C and 360 ppm of NO at the inlet. An exponential function of
the specific input energy was used as an empirical model of the process, taking
into account the effect of catalyst.

Oxidation of NO to NO, by ozone, lacking the direct influence of O-radicals
in the gas phase, was much more efficient than direct oxidation by plasma, and
enabled further oxidation of NO, to N,Os. The effective rate coefficient was
defined to characterize the efficiency of the oxidation process. At temperatures
above 80 °C, the metal oxide powders were found to increase the effective rate
coefficient. The greatest improvement was achieved at 100 °C with Fe,0;,
which increased the effective rate coefficient by a factor of 3, compared to
oxidation only by ozone. The metal oxides were also shown to have an ozone
degrading influence, with Fe,O; active already at room temperature.

Two different approaches were taken to investigate reactions on the surfaces
of the metal oxides. The analysis of time dependence of the outlet gas concent-
rations and direct monitoring of surface species by DRIFTS technique both
confirmed that during oxidation by ozone, NO, undergoes adsorption and
remains on the surface in the form of NO;. The total amount of adsorbed
species depends on the gas composition above the catalyst.

To explain the results, surface reaction pathways are proposed. A key
component that accounts for the influence of metal oxides, is the decomposition
of ozone on the surface of the metal oxides, resulting in a supply of atomic
oxygen on the surface. Instead of the detrimental effect observed in the gas
phase, surface-bound O-radicals initiate beneficial oxidation reactions that
increase the efficiency of the overall process.
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8. SUMMARY IN ESTONIAN

Katalilisaatorite toime lammastikoksiidide oksiideerimisel
plasmaihenditega

Kéesolevas doktoritdos uuriti Iimmastikoksiidide (NOy) oksiideerimist N, ja O,
segudes, kasutades plasmaiihendite ja metalloksiidide koosmdju. Uuringud viidi
1abi nii liheastmelises siisteemis, kasutades otsest plasmaga oksiideerimist, kui
ka kaheastmelises siisteemis, rakendades oksiideerimist plasmas tekitatud
osooniga. Plasma tekitamiseks kasutati dielektrikbarjdarlahendust ja samal ajal oli
reaktsioonikambri siseseinale asetatud TiO,, y-Al,O; vdi y-Fe,O; nanopulber.
To6 eesmérkideks olid metalloksiidide mdju vordlemine NOy oksiideerimisele
erinevate siisteemi konfiguratsioonide ja temperatuuride korral, samuti
kataliisaatori pinnal toimuvate protsesside véljaselgitamine.

NO otsene oksiideerimine plasma abil oli piiratud hapnikuradikaalide osa-
lusel toimuva pdordreaktsiooni poolt. Samuti oli piiratud kataliisaatori mdju,
mis suurendas NO eemaldamise méaidra 35%, kui kataliisaatorina oli kasutusel
Fe,05, temperatuur oli 110 °C ja NO sisendkontsentratsioon 360 ppm. Kogu
protsessi kirjeldamise empiirilise mudelina kasutati sisendenergia eksponent-
funktsiooni, mis vottis arvesse ka kataliisaatori moju.

NO oksiideerimine NO,-ks ainult osooni abil, mille korral puudus gaasi-
faasis hapnikuradikaalide moju, oli otsesest plasmaoksiideerimisest oluliselt
efektiivsem ja vdimaldas NO, edasist oksiideerimist N,Os-ks. Kogu oksii-
deerimisprotsessi iseloomustamiseks defineeriti efektiivne kiiruskonstant, mille
vaartusi suurendasid metalloksiidid temperatuuridel iile 80 °C. Tugevaim mdju
saavutati 100 °C juures Fe,O; abil, mis toi kaasa efektiivse kiiruskonstandi
kolmekordse kasvu, vorreldes ainult osooni abil oksiideerimisega. Metalloksiidid
omasid ka osooni lagundavat moju, kusjuures Fe,O; oli selles osas aktiivne juba
toatemperatuuril.

Metalloksiidide pinnal toimuvate protsesside uurimiseks kasutati kahte
erinevat lihenemist. Nii viljundgaaside kontsentratsioonide ajaliste sdltuvuste
analiiiis kui ka pinna otsene jdlgimine DRIFTS-meetodil niitasid, et osooniga
oksiideerimise ajal leiab aset NO, adsorptsioon ja ldmmastikoksiidid piisivad
pinnal NOj; kujul. Pinnaiihendite koguhulk sdltub gaasi koostisest kataliisaatori
kohal.

Tulemuste seletamiseks on vélja pakutud pinnareaktsioonide mehhanismid.
Votmetidhtsusega protsess, mis selgitab metalloksiidide moju, on osooni lagune-
mine metalloksiidi pinnal, mille tulemusel tekib sellel atomaarne hapnik.
Efektiivsust vdhendava moju asemel, mis avalduks gaasifaasis, algatavad
hapnikuradikaalid pinnal tdiendavaid oksiideerimisreaktsioone, mis suurendavad
kogu protsessi efektiivsust.
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