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Abstract

Decomposition of Nitrous Oxide by Supported Transition Metal Catalysts:
Structure-Activity Relationships

Ruthenium catalysts on various supports were developed to enlighten support
influence and reaction mechanism of N,O decomposition. The metals Rh, Ru,
Pd, Fe and Ni supported on cerium(lV) oxide, CeO,, stoichiometrically reduce
N,O at room temperature after reductive pre-treatment. A catalytic reduction
of N,O by hydrogen at mild conditions is possible over Rh/CeO, and Ru/Ce0,
catalysts. The influence of light irradiation on N,O decomposition of by Ru and
Ag catalysts was investigated.

Zusammenfassungen

Zersetzung von Distickstoffmonoxid durch getragerte
Ubergangsmetallkatalysatoren: Struktur-Aktivitits-Beziehungen

Der Einfluss des Tragers und der Reaktionsmechanismus der N,0O-Zersetzung
mit Ruthenium-Katalysatoren auf verschiedensten Tragern wurde untersucht.
Die Metalle Rh, Ru, Pd, Fe und Ni auf Cer(IV)oxid reduzieren N,O bei
Raumtemperatur stéchiometrisch nach reduktiver Vorbehandlung. Katalytisch
wird N,O mit Wasserstoff unter milden Bedingungen tber Rh/CeO, und
Ru/CeO, reduziert. Der Einfluss von Licht auf die Zersetzung von N,O tber Ru-
und Ag-Katalysatoren wurde untersucht.
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Chapter 1

Introduction




1 Introduction

1.1 Origins and effects of nitrous oxide

Nitrous oxide, dinitrogen monoxide (IUPAC) or laughing gas is a colorless gas with a
sweetish scent with a boiling point of -88.48 °C and a melting point of -90.86 °C. The
chemical formula of nitrous oxide is N,O and the structural formula is depicted in
Figure.1. The compound has a molar mass of 44.01 g/mol and possesses a dipole

moment.!
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Figure 1.1: Structural formula of nitrous oxide.

Nitrous oxide is a greenhouse gas with a 310 times higher greenhouse warming
potential than carbon dioxide.?) Compared to preindustrial levels (year 1750) the
nitrous oxide mole fraction rose by 22 % from 270 ppb to 329 ppb in 2016 (see Figure
1.2). Therefore, the understanding of its origin and control should notably contribute to

the stabilization of Earth’s climate.
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Figure 1.2. Globally averaged N,O mole fraction (a) and its growth rate (b) from 1984 to 2016

N,O is emitted by both natural and anthropogenic sources. Natural emissions include

terrestrial, marine, and atmospheric sources and are estimated at about 11 Mt
2



1 Introduction

N.O-N/yr (megatons of N,O in equivalent nitrogen units per year), compared to about
6 Mt N,O-N/yr of anthropogenic emissions.””l Human activities that contribute to N,O
emissions include mainly the biological transformation of fertilizer’s nitrogen into N,O
(agriculture), biomass burning, combustion of fossil fuels, industrial activities,
wastewater treatment, aquaculture and the use of solvents.®™ N,O emissions from

the oceans due to anthropogenic N deposition should be also included.®

Agriculture is by far the largest source of N,O emissions due to human activities,
responsible for 4.1 Mt N,O-N/yr, which is equivalent to 66% of total gross
anthropogenic emissions. N,O emissions from synthetic fertilizers, manure, and crop
residues are mainly involved in agricultural NoO emissions. N>,O emissions from
biomass are mostly derived from forest fires, crop residue burning and biomass
combustion for heating and cooking. Nowadays N,O derived from biomass emissions
are equivalent to 0.7 Mt N,O-N/yr, corresponding to 11% of total gross anthropogenic

emissions.* ¥

N.O emissions from mobile sources are released primarily by three-way catalytic
converters (TWCs), which are worldwide employed to simultaneously abate nitrogen
oxides (NOx), carbon monoxide (CO), and hydrocarbons (HCs).”! The amount of N,O
released by the transportation sector is mainly affected by the adopted control
technology, the driving cycle, the TWC operating temperature as well as by the TWC
composition and aging."® * N,O is a byproduct of the reactions taking place in TWCs
and its formation is notably favored during the “cold start” and “intermediate
temperature” periods. Additionally, N,O emissions are in general increased as a result

of catalyst deactivation.*?4

1.2 N,O Abatement Technologies

Nowadays, N,O emissions are significantly increased as compared to the
pre-industrial period. It is estimated that anthropogenic N,O emissions in Europe must
be reduced from the present value of 1200-1300 kt N,O-N/ year to approximately
200-250 kt N,O-N/ year, in order to limit further global warming to 0.1°C/decade.** ¢
Therefore, the control of N,O emissions from combustion and chemical processes is
of significant importance. Among the different remediation methods proposed so far,
the end-of-pipe catalytic technologies represent the most promising alternatives, due
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to their lower energy requirements and consequently lower cost. Among them, the
catalytic decomposition and the selective catalytic reduction (SCR) of N,O to No,
represent the most promising approaches. Moreover, the employment of N,O as a
reactant could be an alternative route for N,O abatement, in addition to the
end-of-pipe catalytic technologies.*”?% The integration of N,O emission sources (e.g.,
adipic acid plants) with chemical processes utilizing N,O as mild oxidizing agent (e.qg.,
oxidative dehydrogenation) could be an interesting approach for N,O emissions

control.[2+24

N.O abatement technologies had been developed and applied into industrial
applications to assist with the reduction of the high N,O emissions.?® ?®! Despite the
advancement in various abatement technologies, decomposition of N,O into its
elemental constituents remained one of the most suitable methods for N,O reduction
as harmless product gases are released into the atmosphere.?” ?® The thermal

decomposition of gaseous N,O can only take place at temperatures above 600 °C:
2N,0 — 2N, + O, AH° (25 °C) = =163 kJ mol™ (1.1)

The activation energy for thermal fission of the N—O bond is about 250-270 kJ mol™,
and it releases enormous heat leading to a maximum adiabatic temperature as high
as 1625°C.1*% 3% |n the adipic acid industry, thermal destruction is an N,O abatement
process which utilised reducing flame boilers system to reduce the N,O into its
elemental forms, N, and O, upon release into the atmosphere!? 2”31 The process is
often operated at temperatures as high as 1500°C to decompose N,O into its
constituents fully. Reducing agents such as methane are also introduced to facilitate

32]

the reduction process better.*? |t was shown that the reducing flame burner system

destroyed 98-99% of the N,O emission. However, the high operating conditions of the

flame burner system resulted in higher energy consumption.**%!

Catalytic decomposition process was introduced to counter the high
energy-consuming process. The presence of a catalyst can lower the decomposition
temperature and accelerate the reaction remarkably. Unlike the thermal process, the
catalytic decomposition can be operated at lower temperatures. Results showed that
the catalytic process conducted at 500°C with an off-gas stream consisting of 23%
N.O obtained a 99% N,O decomposition rate. Works of literature also noted that
supported ruthenium,®**3¥ cobalt,***¥! coppert** **! and rhodium!*®* catalysts were

active in the decomposition process. The catalytic activity of these catalysts can be

4
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dependent on various factors. Development in catalysis studies also led to the
discovery of potential commercial catalysts such as Pd/Al,O3. However, it was noted
that factors such as the catalyst lifetime could eventually become a potential problem

with the decomposition rate®? %%,

Supported and unsupported metals, pure and mixed oxides, and zeolitic systems are
known to be active in the catalytic decomposition of nitrous oxide!*” 2% %3 The
advantage of noble metal catalysts are high conversions at lower temperature but
compared to noble metal free catalysts they are more prone to deactivation in the
presence of components contained in flue gas.®? Noble metal free catalysts are also
less expensive. The catalytic activity in case of supported noble metal catalysts
depends on the metal, precursor, metal loading, support, preparation method,
additives, composition of the gas stream and the dispersion of the noble metal on the
support. Different catalytic systems show a different dependence on these

factors.[>356!

Cobalt, copper, ruthenium, iridium and rhodium show high activity for nitrous oxide
decomposition but also palladium, platinum, iron and nickel are noteworthy.®”¢!!
Rhodium catalysts are among the most active known systems, decomposing nitrous
oxide completely in a range from 300°C to 400°C. Supports like alumina, ceria, titania,
magnesia, zirconia and silica are commonly used, but also hydroxyapatite and carbon
can be employed®?®”. A major problem when using such a catalyst is deactivation
due to gases that are usually present in exhaust fumes. Oxygen, water, nitric oxide,
sulfur dioxide and carbon dioxide are known to both reversibly and irreversibly

diminish catalytic activity® 4% 62,

The catalytic decomposition of nitrous oxide can be described by equations (1.2) to
(1.5). The desorption of oxygen is assumed to be the rate limiting step!>® %2 %% The
catalyst donates electron density to the antibonding orbital of nitrous oxide, therefore
weakening the bonds of said compound. According to equation (1.4) two adsorbed
oxygen atoms combine and leave the catalyst surface (Langmuir-Hinshelwood
mechanism). Equation (1.5) proposes an Eley-Rideal mechanism. A nitrous oxide
molecule from the gas phase interacts with an adsorbed oxygen and molecular

nitrogen and oxygen desorb from the surface providing an empty catalytic site.
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N,0 + * —> N,0" (1.2)
N,0* > N, + 0* (1.3)
20" 20,+2x (1.4)
N0+ 0" 2 Ny + 0, + * (1.5)

Despite ongoing research efforts, the role of support and some variables on catalytic
reactivity in the N,O decomposition has not been well established. Earlier reports
have demonstrated an obvious influence of chosen support materials for rhodium as
well as ruthenium on the catalytic activity (for rather similar metal dispersion).!®* ©°
There is thus a need for further studies on the development of catalysts for N,O
decomposition, especially to select new classes of catalyst supports and to

understand the key factors responsible for their activity.

1.3 Catalysts for N,O decomposition
1.3.1 Ruthenium Catalysts

Ruthenium catalysts are commonly involved in the catalytic decomposition of N,O.
Several literatures had reported and discussed on its efficiency in the N,O

decomposition process. Zheng et al.l®®

studied the influence of the catalyst support on
the catalytic decomposition of N,O using supported Ru catalysts. The variation in the
catalytic activities of the different catalysts was due to the difference in the active site
properties induced by the support material. He also noted the inhibitory effect on the
catalytic activity induced by O, is dependent on the reducibility of the support material.
Zeng et al.® reported on the decomposition of N,O using Ru/Al,O5; and discovered
that the N,O conversion increases with the Ru loading at a given reaction

temperature.

%8 studied the decomposition of N,O using Ru loaded on zeolites. It is

Chang et al.
reported that the acidic Ru/HNaUSY has the highest catalytic activity and it can
decompose N,O at temperatures lower than 120°C. The high catalytic activity
suggested that the interaction between the protons in the active sites and the Ru ions
may have brought upon a higher conversion rate. The assumption was supported by
the absence of N,O conversion using the pure zeolite supports. Chang et.al®™ also

studied the influence of the Ru loading on the zeolite-based catalyst (Ru/NaZSM-5)
6
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and discovered that the catalytic activity decreases with the increasing Ru loading.
The findings obtained from Chang et.al contradicts with the findings reported by Zeng
et.al. The technique used for the introduction of the Ru ions and the contact between
the Ru ions and the sodium (Na) ions in the support material was suggested to be the

cause for the decline in catalytic activity.

1.3.2 Cerium oxide based catalysts

Transition metal oxides are of major importance in the field of heterogeneous catalysis,
due to their peculiar chemisorptions properties, attributed to the presence of partially

filled d-shells of metal ions."™

Over the last years, also lanthanides, in particular ceria-based oxides have received
increasing attention in the field of heterogeneous catalysis, due to their exceptional
physicochemical properties. The high oxygen storage-release capacity of ceria via
Ce**/Ce®* redox cycles is one of the special characteristics of CeO,, which makes this

material remarkably effective in several catalytic processes.!*"!

Different groups found independently that the abatement of nitrous oxide is also
possible at room temperature with supported ceria catalysts.”* ! Mainly, they use
rhodium supported on ceria for the abatement of nitrous oxide. They found a full
nitrous oxide conversion at room temperature, but the catalysts deactivate quite fast.
A reductive pretreatment is necessary to obtain the reactivity. Imamura et al.["®
reported the activity of rhodium and rhodium / praseodymium supported on ceria
during the nitrous oxide abatement. Approaches considering the quantification of
hydrogen consumption and nitrous oxide conversion were done. Centi et al.!"¥ found
that the decomposition activity depends on the free metallic surface area.
Furthermore, they suggest that the reaction takes place on the metal-support

interface.

1.4 Aim and motivation of the present work

Despite ongoing research efforts, the role of support and some variables on catalytic
reactivity in the N.O decomposition has not been really established. There is thus a

need for further studies on the development of catalysts for N,O decomposition,

7
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especially to select new classes of catalyst supports and to understand the key factors
responsible for their activity. One of objectives of the present study was to contribute
to a better understanding of the above topics by addressing some of the variables in
the support materials and catalytic tests, which influence the catalytic activities of
chosen catalysts. Furthermore, the influential factors were suggested by combining
various characterizations, including BET surface area, X-ray diffraction (XRD) and
temperature-programmed reduction and desorption (TPR/TPD).

Supported Rh catalysts are among the most active systems for the N,O abatement,
but suffer from high price. In addition to Rh catalysts, the current work broadens the
scope of catalysts to pre-reduced transition metals supported on CeO,, including
Ru/Ce0O,, Rh/CeO,, Pd/CeO,, Ni/CeO,, and Fe/CeO,. Different transition metals
between group 8 to 10 supported on cerium dioxide were tested at room temperature
with N>O after pre-reduction treatment. The noble metals Ru, Rh and Pd catalysts
were chosen to catalyze the reaction with N,O as classical hydrogen activation metals.
The non-noble metals iron and nickel were chosen as cheaper alternatives. With the
use of different metals supported on ceria, the interaction between metal and support
can be investigated in detail. Furthermore, concepts like the Pilling-Bedworth ratio of
the metals could be applied to clarify the different reactivity behavior of late transition

metals supported on CeO..

Selective catalytic reduction (SCR) is the technique to reduce the amount of nitrous
oxide mainly with ammonia as reducing agent. A new approach to use H, in SCR is
presented. The objective is to evaluate the potential of the utilization of H; in the SCR

of N,O by supported Ru, Rh and Fe catalysts.

The present study also investigated the influence of light irradiation on the catalytic
decomposition of N,O using supported Ru and Ag catalysts. The experimental
procedure and reaction parameters applied resemble the conventional approach for
the (thermal catalytic) decomposition of N,O. The experiments will be conducted
under increased temperatures relative to the conventional photocatalytic processes,

which are generally performed under ambient conditions.
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2 The Interplay of Various Catalyst and Reaction Parameters

2.1 Introduction

Nitrous oxide (N2O) is the third most significant anthropogenic greenhouse gas and
the largest stratospheric-ozone-depleting substance.l”® 7" Without requiring reducing
agents and forming only harmless products (N, and O,), the direct catalytic
decomposition of N,O is the preferable method for its removal.l’®®% However, the
interplay of various catalyst and reaction parameters and the reaction mechanism still

stay unclear.

In recent years, supported ruthenium catalysts have shown efficient catalytic activity
for N,O decomposition.®® 8 Metal oxides (Al,Os, SiO,) as support have been
extensively investigated due to the lower cost and thermal stability.®2®% In general,
silica—alumina mixed oxide is more acidic than alumina. It contains both strong Lewis
and Brgnsted acidic sites which play important roles in catalytic reaction. The catalytic
activities in N,O decomposition could be further improved by the use of SiO,—Al,O3
mixed oxide supports.®® |n addition, aluminum fluoride is an interesting and
promising material due to its high intrinsic Lewis acidity and the lack of oxygen in the
lattice structure. The properties of AlF3 are expected to be different from those of
metal oxides. It opens the way to more specific applications such as a reference
material to the oxygen-containing metal oxides of silica, alumina or spinels and to

deeper understanding of the role of lattice oxygen.®® *°!

Despite ongoing research efforts, the role of support and some variables on catalytic
reactivity in the N,O decomposition has not been really established. Earlier reports
have demonstrated an obvious influence of chosen support materials for rhodium as
well as ruthenium on the catalytic activity (for rather similar metal dispersion).!®3 ¢ 1
There is thus a need for further studies on the development of catalysts for N,O
decomposition, especially to select new classes of catalyst supports and to
understand the key factors responsible for their activity. The objective of the present
study was to contribute to a better understanding of the above topics by addressing
some of the variables in the support materials and catalytic tests which influence the
catalytic activities of chosen catalysts. Furthermore, the influential factors were
suggested by combining various characterizations, including BET surface area, X-ray
diffraction (XRD), temperature-programmed reduction and desorption (TPR/TPD) and

in situ infrared spectroscopy (IR).

10



2 The Interplay of Various Catalyst and Reaction Parameters

2.2 Ru catalysts supported on oxide, mixed oxide and spinel

2.2.1 Synthesis and characterization of oxide supported Ru catalysts

Oxide supported Ru catalysts were prepared by incipient wetness impregnation with
the loading of 1%. The SiO,-Al,O3 mix oxide supports containing 25, 50 and 75 wt% of
alumina (named as SiAI25, SIAIS0 and SiAI75) were prepared by a co-hydrolyzing

method according to that of Leonard et al. (see experimental).l% 9!

In order to obtain information on structure and oxidation states of the supported Ru
species, the oxide-supported catalysts were studied by XRD (Figure 2.1). In addition,
chosen data of supported Ru on spinel (Ru/ZnAl,O4 and Ru/MgAl,O4) was added for
comparison (Figure 2.2). More details on spinels can be found in later subchapter 2.2
and 2.4. In XRD patterns, the weak reflections at 26 = 28.1°, 35.1° and 54.4° are
assigned to the (110), (101) and (211) planes of crystalline RuO,. A broad peak
around 20-30° represents a typical character of amorphous solid of SiO,-Al,03.°%
Since no peaks corresponding to metallic Ru® phases are present, it is concluded
that the majority of the Ru species exists in form of RuO, particles on the oxide
supports after calcination in air at 450°C for 6h. The average sizes of the crystallites
are calculated from Scherrer formula. Ru supported on SiO,-Al,O3; mixed oxides
almost have the same particle size around 22 nm. For Ru/Al,O3 and Ru/ZnAl,Q,, the

particle sizes are clearly smaller at 5.3, 9.3nm.

W
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Figure 2.1: XRD patterns of Ru supported on Al,O3, SiAl75, SiAI50, SiAI25 and SiO,
11
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ZnALO,
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Figure 2.2: XRD patterns of Ru supported on MgAl,O,4 and ZnAl,O,

The determination of the BET surface area of a catalyst particle is a crucial factor for
N.O decomposition catalytic activity. Different surface areas were obtained for the
various catalysts despite having the same Ru loading. The different surface areas
obtained could be due to the variations in the catalytic support structure. The support
material SiO,-Al,O3 mixed oxide has porous structure and results in a higher surface
area. Ru/SiO,-Al,O3; has the surface areas of 353, 376 and 385 m2/g with the
increasing 25, 50 and 75 wt% of alumina in supports. The 1wt% Ru/Al,O3 has a BET
surface area of 245 m?/g. The 1wt% Ru/SiO, has the smallest surface area among the

supported Ru catalyst with the value of 203 m?/g.

The H, chemisorption was used to analysis the dispersion of the metal (Ru) species
which can affect the N,O decomposition catalytic activity. The obtained chemisorption
results showed that the 1wt% Ru/Al,O3; has the highest Ru dispersion around the
catalyst surface with the value of 13.1%. The dispersion value obtained also
corresponds to the patrticle size, whereby small metal particle size results in a higher
dispersion. Ru/SiO, has the lowest Ru dispersion with the value of 3.2%. The Ru
dispersion of Ru/SiO,-Al,O3 catalysts is in the middle with the values from 8.2 to
10.6%.

12
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Table 2.1: BET surface area and particle sizes of Ru catalysts

Sample SgET Sru D Particle size
(m?/g) (m?/g) (%) (nm)
Ru/SiO, 203 11.8 3.2 21.0
Ru/SiAI25 353 29.8 8.2 22.2
Ru/SiAI50 376 38.4 10.6 22.7
Ru/SiAI75 385 32.8 9.0 22.7
Ru/Al,O3 245 47.7 13.1 5.3

The catalysts were investigated by temperature-programmed reduction with H>
(H2-TPR) to study the influence of the support material on the reducibility of RuOy
species. As shown in Figure 2.3, the TPR peaks appearing at temperatures between
150°C and 200°C correspond to the reduction of ruthenium oxide(s) to metallic
ruthenium. The peak of Ru/Al,O3; appears at 182°C. By comparing the profiles of
Ru/Al,O3 and supported Ru catalysts on different ratios of silica-alumina supports, it
can be observed that the reduction temperature becomes slightly lower when the
silica contents in the support material increases. However, the reduction temperature

slightly increased again for Ru/SiO; at 173°C.

__ 173
RuU/SiO,
vl N
166
RU/SiAI25
167
= 'l
7
=
3] RU/SiAI50
=
175
RU/SIAI7S5
__i1s2
RU/ALO,
1 1 1 1 1
o 100 200 300 400 500

Temperature (<€)

Figure 2.3: H,-TPR profiles of Ru catalysts supported on Al,Os, SiAI75, SiAI50, SiAI25 and SiO,
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In order to get a better understanding of interaction between ruthenium and oxygen
species, the O,-TPD results presented here are extracted from the dissertation of
former member Jian Zheng in the same group.®® All results have been reproduced
and extended in the present thesis. Figure 2.4 displays O,-TPD spectra of the
RuU/Al,O3 after pretreatment in oxygen at 500 °C for 30 minutes and followed by 1 h of
O, adsorption at RT. Then the sample was heated in He to 800 °C applying a heating
ramp of 5 K/min. Two peaks of oxygen evolution appeared in the TPD process: one
weak at 430 °C and another intensive at about 600 °C. It demonstrates that there are
two different types of oxygen species on the catalyst surface. Oxygen desorbed from
oxidized Ru/Al,O3 corresponding to the dominant peak at around 600 °C is attributed
to oxygen species of bulk RuO,. The small peak observed at lower temperature is due

to oxygen species interacting weaker with Ru.

Intensity (a.u.)

T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 2.4: O,-TPD profile of Ru/Al,Os. The catalyst was pretreated with O, at 500 °C for 30 minutes

followed by cooling down to RT in the same atmosphere

2.2.2 Catalytic activity of Ru supported on metal oxides

The decomposition of N,O over Ru supported on Al,O3, SiAI75, SIAI50, SiAI25, SiO;
and ZnAl;04, MgAI,O4 spinel is studied.
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Figure 2.5: N,O conversion with catalyst Ru/SiAl75 for measurements (m) from 150 to 500 °C (A ) from
500 to 150 °C (V) after 5% H, pretreatment, and (e) in excess of 5% O in the feed.

A typical experimental approach is shown in Figure 2.5 for the catalyst Ru/SiAl75,
which includes measurements with temperature ramp up and down with pre-oxidized
catalysts, with H,-pre-reduced ones and measurements under 5% O, excess in the
feed gas. All catalytic measurements were performed firstly starting from low(er) to
higher temperature in 50 K steps, followed by measurements down to lower
temperature. These experiments can give information on the stability of the catalysts
under typical reaction conditions.

The conversion of “low to high” and “high to low” measurements are almost identical
for nearly all supports studied (no “hysteresis”). This indicates that N,O and
temperatures of 500°C (maximum temperature applied) has no influence on the
(short-term) stability of catalyst. Under identical conditions, the pre-oxidized catalysts
are more active than the pre-reduced ones, again for the majority of the supports
indicating that ruthenium oxide(s) rather than metallic ruthenium act as active species.
As expected and known, introduction of O, has an inhibitory effect on the N,O
decomposition. This indicates that the active sites are poisoned by oxygen increasing
the desorption temperature. Inhibitory effect of O, on the catalytic activities will be

further discussed in the following part.
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Figure 2.6: N,O conversion with different catalysts under condition from 150 to 450°C after calcination
at 450°C for 6h in air. For comparison, the results of Ru/ZnAl,O, and Ru/MgAl,O, were also added.
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Figure 2.7: TSO of NZO decomposition on Ru catalysts supported on different supports. All the catalysts

were measured after calcination directly; with H2 pre-reduction; with 5% O2 excess in feed gas.

N.O conversion with different catalysts under condition from 150 to 450°C after

calcination is shown in Figure 2.6. For comparison, the results of Ru/ZnAl,O, and
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Ru/MgAl,O,4 were also added. Tso of N,O decomposition under different conditions
were compared in Figure 2.7. Tso of N,O decomposition increase with the increasing
content of SiO; in Ru catalysts support. The same trend applies to conditions 5% H,
pre-reduction of the catalysts at 300°C and 5% O, excess in feed gas. This
corresponds with earlier research that have demonstrated an obvious influence of
chosen support materials for rhodium as well as ruthenium on the catalytic activity (for
rather comparable metal dispersion). Introduction of O, has an inhibitory effect on the

N,O decomposition, which increase the Ts drastically.

As all catalysts were subjected to the same preparation and calcination processes, the
differences in catalytic activity must be due to either electronic or structural differences
of the active metal centers induced by the respective support, or synergistic
involvement of the support in the N,O decomposition reaction. In our previous
research, Ru/TiO, was found to show the best performance accompanied by easiest
reducibility.®® The general catalytic performance ranking of Ru catalysts correlates
with different ratio of Al,O3 to SiO, and spinel species. However, it can’t be simply
explained by the TPR peak temperatures due to missing of systematic differences.
The trend in the overall catalytic performance in the decomposition of N,O seems to be
governed by the alteration of the support material, not by the reducibility. This could be
further supported by performances of catalysts without and with H, pre-reduction. The
pre-oxidized catalysts are more active than the pre-reduced ones indicating that
ruthenium oxide(s) rather than metallic ruthenium act as active species. Reducibility of
silica-alumina composite has minor influence on the catalytic performance. The strong
Lewis and Brgnsted acidic sites in silica-alumina composition can not promote N,O
catalytic decomposition significantly. However, basic sites could be beneficial for N,O
decomposition as reported before.*” % 9" Higher Ru dispersion was observed in the
Al,O3 rich Ru/SiO,-Al,0O3 catalysts, corresponding to stronger metal-support
interaction and higher catalytic activity. The high activity of Ru/Al,O3; compared to
Ru/SiO,-Al,O3 is possibly due to abundant basic sites and higher Ru dispersion (Table
2.1).

As shown in the catalytic testing section, N>,O was almost completely decomposed on
Ru/Al,O3 above 350°C. At this temperature, desorption of O, by recombination of
adsorbed oxygen atoms is not possible, because desorption of oxygen species from
Ru starts only at 360°C and (local) maximum at 430°C. Thus, we assume that for
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catalytic decomposition of N,O on Ru/Al,O3, the adsorbed oxygen species possibly
interact with N,O molecules from the gaseous phase followed by desorption of N, and

O, rather than by the recombination of co-adsorbed oxygen atoms. The reaction is
likely to follow an Eley—Rideal mechanism.

2.2.3 Impact of excess oxygen

In order to study the sensitivity of oxide-based Ru catalysts to the presence of oxygen

in the feed, 5% O, were added to the gas feed for the decomposition of N,O.

1004 —®— Ru/AI203

—eo— RU/SA 1-3
—A— RU/SA 2-2
—v— RU/SA 3-1
—6—RU/SIO,
601 —<«—Ru/ZnAlLO,

—>— Ru/MgALO,

80

40 -

N,O conversion (%)

20

T T T T T
300 350 400 450 500
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Figure 2.8: N,O conversion over different catalysts with 5% O, in feed gas
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Figure 2.9: Tsoincrease (ATso) observed in the presence of oxygen

Although the general order of catalytic activity does not change, a significant shift to
higher temperatures is observed for all catalysts. The “relative” sensitivity of the
catalysts to the presence of oxygen in the feed gas is found to be dependent on the
support material. Based on the Tsy increase (ATsy) observed in the presence of
oxygen, i.e. the oxygen sensitivity of the catalysts rises in the order: Ru/Al,O3 (ATsp
= 135K) < RU/SA 1-3 (ATso= 144K) < RU/SA 2-2 (ATso= 199K) < RU/SA 3-1 (ATso=
248K) < Ru/SIiO; (ATso= 497K). This order is related to the catalysts overall catalytic
activity ranking (ATsp). The catalytic activities of Ru/SiO, and Ru/SA 3-1 drop
significantly in the presence of oxygen. This effect is less pronounced for Ru/SA 2-2
and Ru/SA 1-3 and minimal for Ru/Al,O3. ATso of N,O decomposition increase with
the increasing content of SiO, in Ru catalysts support, whereas Brgnsted acidity

seems to have minor influence on it.

Ru/ZnAl,O, can achieve nearly 100% N,O conversion at 500 °C with presence of
excess of O,. This could be due to the formation of a new phase and interaction
between Ru and spinel structure. Increased Ru dispersion could also be responsible
to the increased activity. From the point of view of molecular dispersion, Ru could
possibly incorporated into spinel and form isolated Ru ions.
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Introduction of O, has an inhibitory effect on the N,O decomposition. This indicates
that the active sites are poisoned by oxygen increasing the desorption temperature. It
is clear that a stronger interaction between ruthenium and oxygen (indicated by higher
H,-TPR and O,-TPD peak temperatures) leads to a reduced number of active sites
available for NoO decomposition. Results indicate that Ru/Al,O3 shows lower degree
of inhibition by gaseous oxygen in the reaction due to stronger metal-support
interaction. The effect of higher Ru dispersion is consistent with this hypothesis.

2.3 AlFsbased Ru catalysts

Aluminum fluoride (AlF3) is an interesting and promising material due to its high
intrinsic Lewis acidity, and the lack of oxygen in the lattice structure. It opens the way
to more specific applications such as a reference material to the oxygen-containing
metal oxides of silica, alumina and to spinels. The properties of AlF; are expected to
be different from those of metal oxides. In previous research, a useful method has
been reported for the synthesis of amorphous AlF; materials with comparatively high

specific surface area of approximately 60 m2g™.[!

2.3.1 Synthesis and characterization of Ru/AlF3

AlF; has been prepared according to the previous reported method.®® Immobilization
of Ru on AlF; has been performed by incipient wetness impregnation (see

experimental). The loading of Ru is 1%.

Table 2.2: BET surface area of 1% loading Ru/AlF;

Sample Surface area (m?/g)
AlF3 60
Ru/AlF3 50.2
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Figure 2.10: XRD pattern of AlF; and Ru/AlF3

X-ray powder diffraction measurements were performed to investigate the bulk
structure of the material. The X-ray diffraction measurements indicate that the bulk
material consists of trigonal a-AlF;. No crystalline oxide or hydroxide species were
detected after calcination in air. The water of crystallization is removed by thermal
treatment, resulting in an amorphous, water-free AlF; which starts to crystallize at
higher temperatures (450°C). The reflections at 26 = 28.1°, 35.1° and 54.4° are
assigned to the (110), (101) and (211) planes of crystalline RuO,. The BET surface
area results are shown in Table 2.2. The BET surface area didn’t change remarkably

before and after ruthenium loading with about 60 m?/g.

2.3.2 Catalytic activity of Ru/AlF;

N2O conversion with Ru/AlF; catalyst under different conditions are shown in Figure
2.11.
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Figure 2.11: N,O conversion with Ru/AlF; catalyst under condition (m) from 150 to 500 °C (e) from 500
to 150 °C (A) 5% H, pre-reduction and (V) 5% O, in feed gas

Tso of “low to high” process is 410°C. Slight changes of the catalytic activity of the
catalysts were found between “low to high” and “high to low” procedures. The
interesting point is that Ru/AlF; becomes more active after pre-reduction with
decreasing Tso down to 375°C. This could be explained by the lack of oxygen in
support lattice structure and missing involvement of oxygen from support material in
the N,O decomposition process. As well, introduction of O, has an inhibitory effect on
the N,O decomposition.

2.4 Influence of calcination temperature

Spinels are another group of support materials, which should be investigated for
ruthenium catalysts. Two ways to these catalysts materials were done: (i) Ru is
immobilized by incipient wetness on a ZnAl,O4 spinel and (ii) a spinel structure is
hoped to be formed by high temperature treatment of Ru/Al,O3 catalysts described in
the former subchapter. Ru/Al,O3 and Ru/ZnAl,O, catalysts calcined at different higher

temperatures were prepared with the loading of 1%.
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2.4.1 Characterization of Ru catalysts calcined at different higher temperatures

The BET surface area of Ru/Al,O3; and Ru/ZnAl,O, calcined at 500, 700, 900°C are

shown in Table 2.3.

Table 2.3 BET surface area of Ru/Al,O5; and Ru/ZnAl,O, calcined at 500, 700, 900°C

Sample Surface area (m?/g) Sample Surface area (m?/g)
Ru/Al,03 500°C 222 Ru/ZnAl,0,500°C 94
Ru/Al,O3 700°C 175 Ru/zZnAl,0,700°C 67
Ru/Al,03900°C 118 Ru/ZnAl,0,900°C 30

The surface area of Ru/Al,O3 catalyst decrease from 222 to 118 m?/g when calcination
temperature increase from 500 to 900°C. The surface area of Ru/ZnAl,O, decrease
from 94 to 30 m?/g when the calcination temperatures increase from 500 to 900°C.
The decrease in the BET surface area of the supported Ru catalysts with the increase
in calcination temperature could be a result of destroyed pores structure of the
support when exposed to a high temperature environment and of crystallization

(sintering).

The XRD patterns of Ru/ZnAl,O, and Ru/Al,O3 calcined at different higher
temperatures (500, 700 and 900°C) are shown in Figure 2.12. The weak reflections at
20 = 28.1°, 35.1° and 54.4° are assigned to the (110), (101) and (211) planes of
crystalline RuOa,.
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Figure 2.12: XRD patterns of Ru/Al,O3; and Ru/ZnAl,O,4 with calcination temperature 500°C, 700°C and
900°C

2.4.2 Catalytic tests

Catalytic performance of Ru/ZnAl,O, and Ru/Al,O3 calcined at different higher
temperatures (500, 700 and 900°C) is shown in Figure 2.13. As can be seen from the
Figure, the activity of Ru catalysts is strongly dependent on the calcination
temperature. Ru/ZnAl,O,4 (500°C) is the most active catalyst, which decomposes N,O
guantitatively at 450°C. The general order of catalytic activity, based on the
temperature required for 50% conversion (Tso) is the following: Ru/ZnAl,O4 (500°C) >
Ru/Al,O3 (500°C) > Ru/Al,O3 (700°C) > Ru/ZnAl,O4 (700°C) > Ru/Al,O3 (900°C) >
Ru/ZnAl,O4 (900°C). The catalytic activity decreases with the increasing calcination
temperature. This could be attributed to the decreasing surface area due to higher

calcination temperature and Ru dispersion.
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Figure 2.13: N,O conversion with Ru/Al,O3; and Ru/ZnAl,O; calcined at different higher temperatures

Catalytic performance of Ru/ZnAl,O, and Ru/Al,O3 calcined at different higher
temperatures (500, 700 and 900°C) with excess 5% O, in the feed gas is shown in
Figure 2.14. As can be seen, Ru catalysts are less active with excess O; in the feed
gas. Under the condition of excess O, the general order of catalytic activity, based on
the temperature required for 50% conversion (Tso) is the following: Ru/ZnAl,O4
(500°C) > Ru/Al,0O3 (500°C) > Ru/ZnAl,O4 (700°C) > Ru/Al,O3 (700°C) > Ru/Al;,O3
(900°C) > Ru/ZnAl,O4 (900°C).
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Figure 2.14: N,O conversion over Ru/Al,O3; and Ru/ZnAl,O; calcined at different higher temperatures

with excess 5% O, in feed gas

Tso of N,O decomposition on Ru/Al,O3 and Ru/ZnAl,O, calcined at different higher
temperatures without and with O, in the feed gas is shown in Figure 2.15. High
calcination temperatures decrease the catalytic activities of Ru/Al,O3 and Ru/ZnAl,O4
with and without O, in the feed gas. This could be due to the agglomeration of

particles and reduction of BET surface areas during high temperature calcination
process.
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Figure 2.15: Tsq of N,O decomposition on Ru/Al,O3; and Ru/ZnAl,O, with increasing calcination

temperatures

2.5 Conclusion

Different chosen support materials for ruthenium catalysts demonstrated an obvious
influence on the catalytic activity in N>O decomposition. This could be explained by
varying properties like the metal-support interaction, the dispersion of Ru species and
structure and modification of the support. The strong Lewis and Brgnsted acidic sites
in silica-alumina composition do not influence the catalytic performance significantly.
On the other hand, basic sites could be beneficial for NoO decomposition. Higher Ru
dispersion was observed in the Al,O3 rich Ru/SiO»-Al,O3 catalysts. This may be due to
the stronger metal-support interaction, and leads to higher catalytic activity and lower

degree of inhibition by gaseous oxygen in the reaction.

The conversations of “low to high” and “high to low” measurements are almost
identical for nearly all supports studied. This indicates that N,O and temperatures of
500°C (maximum temperature applied) has no influence on the (short-term) stability of
the catalysts. Under identical conditions, the pre-oxidized catalysts are more active
than the pre-reduced ones, again for the majority of the supports indicating that

ruthenium oxide(s) rather than metallic ruthenium act as active species. However,
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Ru/AlF3; becomes more active after pre-reduction with decreasing Tso at 375°C. This
could be explained by the lack of oxygen in support lattice structure and missing

involvement of oxygen from support material in the N,O decomposition process.

Introduction of O, has an inhibitory effect on the N,O decomposition. This indicates
that the active sites are poisoned by oxygen increasing the desorption temperature.
Ru/ZnAl,O4 is found to be the most highly active catalyst for the decomposition of N,O.
It can achieve nearly 100% N,O conversion at 500 °C even with presence of excess
of O,. This could be due to the formation of new phase and interaction between Ru

and spinel structure.
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3 Reactivity of N,O with Transition Metals Supported on Reducible Oxides

3.1 Introduction

Nitrous oxide, N,O, is one of the most harmful greenhouse gases and an important
source of stratospheric nitrogen oxides destroying the ozone layer. The emissions
from industry, like in the production of nitric acid or adipic acid, are considerable. It is
also formed as by-product during the selective catalytic reduction (SCR) of NO,.[?® %
The atmospheric concentration of N,O is increasing by an annual growth rate of
0.5-1.0 ppbv at present.’® Several catalysts are found to be effective in the
decomposition of N,O at elevated temperatures.®® *1%U Of particular interest are
catalysts that allow the abatement of N>O under mild conditions, because in several
cases N,O emissions occur near to room temperature (RT). In addition, N,O
decomposition is of course more attractive than reduction by a then necessary
reducing agent.

Such highly interesting catalysts that decompose N,O at RT have been reported in
the literature. Centi et al. investigated the decomposition of N,O at RT over Rh
catalysts supported on several oxides (CeO,, ZrO, and titania-alumina).”* Imamura et
al. reported high activity of pre-reduced supported Rh/Ce and Rh/Pr/Ce catalysts in
the decomposition of N,O at ambient conditions.[’”® Supported Rh catalysts are
among the most active systems for the N,O abatement, but suffer from rapid
deactivation due to the saturation of the active metal centers by adsorbed oxygen.[*%*
1931 Other researchers have also investigated mechanistic aspects of N,O
decomposition over carbon films and carbon nanotube supported catalysts. It was
experimentally confirmed that carbon materials act not only as supports but also
reducing agents to achieve the conversion of NOy. The formation and desorption of
COy play a significant role due to the formation of new active centers.* 194

N.O is a powerful oxidizing agent delivering atomic oxygen in a highly exothermic
reaction. NoO decomposition is comprised of fast oxygen uptake and formation of an
oxide layer followed by thickening of the oxide layer due to subsurface and bulk
oxidation. The adsorptive decomposition of N,O as a probe molecule could be
employed to determine the specific metal surface area of Cu catalysts, Ni powder,
NiAIOx and Ni/y-Al,O3. Subsurface and bulk oxidation can be sufficiently suppressed
at a certain reaction temperature region. In this specific temperature range, the ratio of
adsorbed oxygen atoms to the Cu, Ni surface atoms (O/Cus and O/Nis) remains
somewhat constant due to the formation of an oxygen monolayer. It could be applied
for specific Cu and Ni surface area determination.™® 1%
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In addition to Rh catalysts, the current chapter broadens the scope of catalysts to
pre-reduced late transition metals supported on CeO,, including Ru/CeO,, Rh/CeO,,
Pd/CeO,, Ni/CeO,, and Fe/CeO,. Different late transition metals between group 8 to
10 supported on cerium dioxide were reacted at room temperature with N,O after
pre-reduction treatment. The noble metals Ru, Rh and Pd as classic hydrogen
activation catalysts were chosen to catalyze the reaction with N,O. The non-noble
metals iron and nickel were chosen as cheaper alternatives. With the use of different
metals supported on ceria the interaction between metal and support can be
investigated in detail. Furthermore, concepts like the Pilling-Bedworth ratio of the
metals could be applied to clarify the different behavior of late transition metals
supported on CeO..

The interesting catalytic results, NoO abatement at RT could have been reproduced
over all of them very well. The results demonstrate further that the reduction of N,O
over the pre-reduced Ru/CeO, happened at room temperature. Detailed mechanistic
understanding on the decomposition of N,O over these catalysts at RT are still
missing. Centi et al. suggested that the active sites for the decomposition of N,O at
room temperature are located at the metal—support interface.’ Also for the noble
metal supported on CeO,, the reduced sites of CeO, have been considered to be very
important.l’”® Other even fundamental questions are open too. Is the transformation of
N,O to N, at room temperature in fact a decomposition or a stoichiometric reduction?
In all mentioned reports, the catalysts deactivated after certain time. Pre-reduction of
the catalyst (noble metal and/or transition metal oxide) by H, at elevated temperature
prior to the catalytic test was found to be a prerequisite for reactivity at room
temperature. The subject of the present investigations was to regard these questions
carefully and to get a more detailed picture on the reaction, the active species and the
mechanism of this very interesting reaction on these CeO,-based catalysts at room

temperature.

3.2 Synthesis and characterization of the catalysts

In order to investigate room temperature transformation of N,O, various CeO, based
catalysts (Ru/CeO,, Rh/CeO,, Pd/CeO,, Ni/CeO,, and Fe/CeO,) were prepared with
different loading(0.2, 1.0 and 5.0 wt-%) and characterized by XRD, BET, H,-TPR and
in situ IR. Synthesis of supported catalysts were via incipient wetness impregnation
methods (see experimental).
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Powder X-ray diffraction pattern were taken of all samples after calcination (fresh),
after TPR (reduced) and after reaction with N,O (spent). Especially the lower loaded
noble metal samples, but also 1.0 wt-% rhodium and palladium supported on cerium
oxide show only reflexes of the support, indicating that the active metal is finely

dispersed and the loading is very low.
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Figure 3.1: XRD patterns of fresh (bottom), spent (middle) and reduced (top) nickel, iron and
ruthenium supported on ceria. Reflexes belonging to the metal oxide are marked by a diamond (+),
metals by a dot (*)

Reflexes of supported metal or metal oxide can be found in the higher loaded nickel,
iron and 1.0 wt-% ruthenium sample (Figure 3.1). The nickel sample after calcination
shows a reflex of nickel(ll)-oxide. This reflex cannot be found anymore after reduction
and after reaction with N»,O. However, a reflex indicating metallic nickel can be found
after reduction and reaction. This indicates that nickel(ll)-oxide gets reduced during
TPR to metallic nickel and stays partially in metallic form on the support after reaction.
In contrast, from iron samples reflexes, metallic iron was only identified in the reduced
species, but iron was oxidized through to iron oxide after reaction with N,O. The

difference of oxygen coverage will be discussed in the following part via Pilling—
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Bedworth ratio. For the ruthenium sample the fresh species show a reflex indicating
ruthenium(lV)-oxide. Both spent and reduced catalysts show a reflex indicating
metallic ruthenium. The peak indicating metallic ruthenium in reduced species is much
larger compared to that of the spent catalyst. This indicates that the ruthenium sample
gets at least partially back oxidized during the N,O reaction and mixed ruthenium
oxides remain on the surface. This is in accordance with the quantification results of
consumed hydrogen during TPR and converted N,O in the room temperature

reaction.

The BET surface area of the CeO, support and supported nickel, iron and ruthenium
catalysts are shown in Table 3.1. The supported samples were measured as fresh
and spent species. The fresh nickel sample shows a similar BET surface area to the
unsupported ceria. The iron and the ruthenium samples have a slightly higher surface
area than ceria. The ruthenium and nickel samples show a higher surface area after
reaction with N,O, probably due to the formation of mixed oxide phases on the surface.
Only the iron sample shows a reduced surface area after reaction, possibly due to
some sintering processes at higher temperatures during the reduction. These results
are in accordance to the XRD results.

Table 3.1: BET surface of iron, nickel and ruthenium supported on ceria. Measurements after

calcination (f, fresh) and reaction with N,O (s, spent).

Surface area (f) Surface area (s)

Sample
(m?/g) (m?/g)
CeO, 55.3 -
5.0% Ni/CeO, 52.6 55.2
5.0% Fe/CeO, 60.3 54.6
1.0% Ru/CeO, 60.4 73.1

3.3 Catalytic tests: transformation of N,O at room temperature over Ru/CeO;

In order to get a better understanding of reactivity of N,O with CeO,-based catalysts,
some results presented in 3.3, 3.4, 3.5 are extracted from the dissertation of former
member Jian Zheng in the same group.®® All results have been reproduced and

extended in the present thesis.
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Figure 3.2: (a) N,O conversion at room temperature (298 K): 1000 ppm N,O over pre-reduced Ru/CeO,
(triangle), 1000 ppm N,O + 5% O, over the pre-reduced sample (circles) and 1000 ppm N,O on
pre-oxidized Ru/CeO, (squares); (b) Products evolved as determined by mass spectrometry during

N,O conversion; total flow rate = 100 ml/min, GHSV = 24000 ht.

It was reported that N,O decomposition at room temperature could be achieved over
supported Rh catalysts.[”* ™ In this study, ruthenium instead of rhodium was chosen
since it works also quite well as hydrogen activation catalyst. Furthermore, supported
ruthenium catalysts showed high catalytic activity in N,O decomposition.'® Firstly,
N>O conversion over Ru/CeO;, has been investigated at room temperature (Figure
3.2a). The conversion as a function of time is strongly dependent on the pretreatment

of the catalyst and the presence or absence of oxygen in the feed. N,O could be
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detected in the exhaust gas only after 40 minutes with the pre-reduced catalyst
(triangles) indicating 100 % conversion during this time. Both initial conversion and
duration of N,O transformation decreased significantly when 5% O, were added to the
gas mixture (circles). The catalyst pre-oxidized by O, lead to complete deactivation
and no N,O conversion could be observed (squares). Figure 3.2b shows the mass
spectroscopic analysis of the product gas mixture as a function of time for the reaction
of NoO (1000 ppm in He) over the pre-reduced Ru/CeO, catalyst. In agreement with
Figure 3.2a (triangles), the signal of N,O (m/z = 44) is very weak at the beginning
(complete conversion) and starts to increase at 35 minutes. The signal of N, (m/z = 28)
is formed as the only gaseous product drops at the same time. No oxygen (m/z = 32)
could be detected in the product gas mixture during the whole reaction time.

For interpretation, the following (stoichiometric) reactions can be regarded:

2 N,O > O, +2 Ny (3.1)
2 N,O + Ru 2 RuO, + 2 N, (32)
N,O + Ce,O3 2 2 CeO, + N, (33)

Based on the experimental results, however, it is assumed that N,O was reduced by
metallic Ru and/or Cerium(lll) oxide species (Equations 3.2 and 3.3) rather than
catalytically decomposed (Equation 3.1). N,O acted as stoichiometric oxidizing agent.
The amount of N,O transformed and the duration of the reaction are in accordance
with the reports of Centi et al.” and Imamura et al.l’® The total amount of N,O
consumed on 500 mg pre-reduced Ru/CeO, was about 320 umol, what is more than
40 times of the reduction equivalent of the Ru species (Ru(0) — Ru(lV)) according to
equation 2. Thus, it must be concluded that reduced sites of CeO,, i.e. cerium(lll)
oxide species represent the reducing agent for N,O at room temperature (equation
3.3).

3.4 Influence of temperature and ruthenium on the amount of N,O transformed

In order to understand the role of Ru and cerium oxides in the transformation of N,O
to N2 in more detail, the influence of the temperature and of the presence and
absence of ruthenium on the amount of N,O transformed have been studied. The
conversions of Ru/CeO, and of the Ru-free CeO, support at room temperature and

150 °C are presented in Figure 3.3. Both materials show 100% initial conversion at
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both temperatures. This confirms the assumption that pre-reduced pure CeO,
transforms N,O to N;as a highly active accessible reducing site. NoO conversion as
function of reaction time (“deactivation”) depends on the reaction temperature. The
molar amounts of N,O converted relative to the molar amount of cerium (and
ruthenium) are summarized in Table 3.2. N,O consumed over pure CeO, at room
temperature and 150 °C are 60 pmol and 150 pumol, respectively. These amounts
remarkably increased to 320 pumol and 480 pmol, when Ru was present. The low
amounts of N,O consumed compared to the total amount of CeO, used (around 2900
pmol) might be due to only partial reduction of CeO, at the low temperature of the
pretreatment procedure (<<600 °C).*°7 Obviously, the reducibility of CeO,
significantly increased by the presence of (metallic) Ru. The more reactive cerium
oxide in reduced form was formed by pre-reduction the higher is the total amount of
N>O converted. Improved reducibility of oxide supports by the presence of noble metal
particles is well known in heterogeneous catalysis and has also been proposed for the
present catalysts by Centi et al. who proposed that the reaction takes place at the
Ru-Ce particle-support interfaces the number of which would increase with noble

metal loading.™

2
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Figure 3.3: Conversion of N,O over Ru/CeO, and over Ru-free CeO, at room temperature and at
150 °C. All the samples were reduced with 20% H,/He at 500 °C for 30 minutes. Total flow rate = 100
mL/min; 1000 ppm N,O in He; GHSV=24000 h™.
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Table 3.2: The influence of the temperature and of the presence and absence of ruthenium on the

amount of N,O reduced by cerium oxide

Temperature Amount of Ce Amount of Ru  N,O Reduced

Sample
(°C) (Hmol) (Hmol) (umol)
Ru/CeO, 150 2900 7.5 480
Ru/CeO, ambient 2900 7.5 320
CeO, 150 2900 0 150
CeO, ambient 2900 0 60

3.5 Temperature programmed reduction of CeO, and Ru/CeO; by hydrogen

Temperature programmed reduction experiments (H,-TPR) have been performed to
study the reducibility of the Ru/CeO, catalyst compared to the pure Ru-free CeO,
support (Figure 3.4).
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Figure 3.4: H,-TPR profile of Ru/CeO, and CeO,

The broad reduction bands of the pure support between 300 °C and 700 °C are

attributed to the reduction of surface layers of CeO,. The reduction of bulk CeO, will
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occur at temperatures above 800 °C only.’®® For the Ru/CeO, catalyst, the peak
between 50 and 150 °C correspond to the reduction of Ru** (equation 3.4).1% The
amount of hydrogen consumed is much higher than calculated for the total amount of
ruthenium(lV) oxide present (equation 3.4) indicating that reduction of the outermost
layer of CeO, starts already at this temperature, i.e. immediately when metallic
ruthenium is present. The intense peak can be partially assigned to the reduction of
surface layers of the CeO, support (equation 3.5).'° The deeper reduction of
cerium(lV) oxide in the presence of Ru agrees very well with the reactivity
experiments in previous section. Ru plays an important role in hydrogen activation.
The enhancement of CeO, reducibility by the noble metal is interpreted as spillover of

hydrogen from Ru to CeO,.*4

2 H, + RuO, = Ru + 2 H,0 (3.4)

H, + 2 CeO, 2 Cey03 + H,O (35)

3.6 Transformation of N,O at room temperature over other transition metals

supported on ceria

Different late transition metals supported on ceria were synthesized by classic
incipient wetness impregnation. Noble metals on ceria (ruthenium, rhodium, paladium)
were synthesized with 0.2 and 1.0 wt-% loading, respectively, and iron and nickel with
5 wt-% loading. N,O conversion at room temperature over these samples is shown in
Figure 3.5.

Lower loaded (0.2 wt-%) noble metals supported on ceria show only a very short full
N>O conversion between 5 and 15 minutes. Also higher loaded (1.0 wt-%) palladium
shows only a very short N,O conversion of 15 minutes. Higher loaded (1.0 wt-%)
ruthenium and rhodium have a much longer N,O conversion (50 and 75 minutes,
respectively). Nickel on ceria shows around 15-20 minutes full conversion, iron over 2

hours.
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Figure 3.5: Room temperature reaction of N,O with different transition metals supported on ceria. The

samples were prereduced before measurement.

It can be seen that the full No,O conversion depends both on the active metal species

and the loading of the active metal. In general, higher loaded samples show a longer
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N>O conversion. Furthermore, group 10 metals show much shorter conversion
compared to group 8 and 9 metals. This trend could be clarified with Pilling-Bedworth
ratio. The Pilling-Bedworth ratio was used to determine if the different metals
supported on cerium dioxide passivate.'*? A Pilling-Bedworth ratio between 1-2
indicates a passivation on the surface and it provides a protecting effect against
further surface oxidation. No protective effect is provided and full oxidation can be
reached when the ratio is above 2. The Pilling-Bedworth ratios of Fe, Ru and Rh are
2.15, 2.33 and 2.25, respectively. The Pilling-Bedworth ratios of Ni and Pd are 1.69
and 1.66.1*% It indicates that passivation doesn’t happen on the surface of group 8
metals (iron, ruthenium) and the group 9 metal Rh. The whole metals can get fully
oxidized during the reaction with N,O. Group 10 metals Ni and Pd passivate. Only a
monolayer of these two metals is expected to be oxidized. This fits quite well to the full
nitrous oxide conversion in Figure 3.5. Due to the completed metal oxidation, group 8

and 9 metals achieve much longer conversion time compared to group 10 metals.

3.7 Temperature programmed reduction of ceria supported transition metals by

hydrogen

Noble metals supported on ceria show a different profile than nickel or iron supported
on ceria (Figure 3.6 and 3.7). For the noble metals one sharp peak in the temperature
region 50-200 °C can be found. This sharp peak indicates the complete reduction of
the metal oxide (due to calcination after the incipient wetness impregnation) to the
metallic active species. The “reducibility” is shift to lower reduction temperature by
increased loading of Rh and Pd from 0.2 to 1.0 wt-%. A second, very broad shoulder
can be found in the temperature region from 200-800 °C. This peak is assigned to the
reduction of surface-capping oxygen of ceria.''® The stoichiometric reduction of

subsurface and bulk ceria to Ce,O3 needs much higher temperatures. %!

As expected, for the nickel and iron samples harsher conditions to reduce the metal
oxide are necessary. These samples show only one main peak in the temperature
region 300-600 °C. The nickel sample shows two smaller shoulders between 100 and
350 °C due to the reduction of outmost layer nickel oxide.**!
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Figure 3.7: H,-TPR profiles of the fresh non-noble metal oxides supported on CeO,
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3.8 Quantification of TPR profiles and N,O conversion

The amount of hydrogen consumed during the TPR was quantified. For the noble
metals, the two peaks (RT-220 °C and 220-800 °C) were also integrated separately to
differentiate the amount of consumed hydrogen by the active metal and the support.
The theoretical value for the total reduction of the metal oxide was also calculated by
the loading of the active metal and the assumed oxidation state after calcination
(Table 3.3).

The total hydrogen uptake of the noble metals supported on ceria decreases with
decreasing oxidation state of the metal. A lower oxidation state of the active metal
needs consequently less hydrogen to get fully reduced to the metallic species. The
hydrogen uptake of the support (220-800 °C) is around 0.2 mmol in all noble metal
samples. This means that around 15 % of the CeO, are reduced to Ce,O3. According
to the BET surface area of unsupported cerium dioxide (55 m?g™), a particle size of
around 15 nm can be calculated. Assuming spherical particles, the ratio of surface to
bulk could be around 0.15.% TPR results have shown that around 15 % of cerium
dioxide are reduced. It indicates that around one monolayer of cerium dioxide is

reduced.

Comparison between the calculated value for the hydrogen uptake of the supported
metal and the measured one (RT-220 °C) shows a strong mismatch. Especially for the
lower loaded samples (0.2 wt-%) the measured hydrogen consumption is much higher
than the calculated values. For the higher loaded samples (1.0 wt-%) the measured
values fit better to the calculated one, although the calculated values are at least a
little bit smaller than calculated. This indicates, that especially for lower loaded
samples in the temperature region between room temperature and 220 °C not only
active metal but also support is already reduced. Also it has to be taken into account
that the theoretical value was calculated by an estimated oxidation state. Possibly, the
oxidation state is higher than the assumed value. A higher oxidation state would

increase the amount of consumed hydrogen of a full reduction.

In contrast to the supported noble metals, the amount of consumed hydrogen
increases with decreasing oxidation state for iron and nickel samples. For the iron
sample it has to be mentioned that the measured total amount of hydrogen

consumption is smaller than the calculated amount to reduce the metal oxide
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stoichiometrically. Also here, the oxidation state after calcination, and with this the
calculated hydrogen uptake, was assumed. An mixed iron(ll)- iron(lll)-oxide would fit
to the calculated value to reduce iron stoichiometrically. For the nickel sample the
hydrogen uptake is larger than the calculated value, indicating similar to the noble
metal samples a partial reduction of the support. Nickel is well known as classic
hydrogenation catalyst indicating a quite good performance in hydrogen activation, at
least better than iron.

Table 3.3: H,-TPR quantification. For the noble metals hydrogen consumption is given separate for the
metal and the support. The hydrogen consumption for the metal was also given as theoretical value

calculated with the loading and the presumed oxidation state of the metal after calcination.

n(H,) total n(H,) metal n (H,) ceria n (Hz)
Samole assumed measured measured measured metal
P oxidation state calculated
(mmol) (mmol) (mmol)

(mmol)

0.2% Ru/CeO, 4 0.322 0.107 0.215 0.020
1.0% Ru/CeO, 4 0.324 0.108 0.216 0.099
0.2% Rh/CeO, 3 0.271 0.067 0.204 0.013
1.0% Rh/CeO, 3 0.283 0.120 0.163 0.069
0.2% Pd/CeO, 2 0.229 0.080 0.149 0.009
1.0% Pd/CeO, 2 0.255 0.065 0.190 0.047
5.0% Fe/CeO, 3 0.512 - - 0.672
5.0% Ni/CeO, 2 0.744 - - 0.428

The amount of converted N,O was calculated by integration of the conversion plot
assuming a constant N,O gas flow into the reactor. These results were compared with
the TPR results. Assuming a stoichiometric, not catalytic reaction, the amount of

converted N,O can’t be larger than the amount of hydrogen consumed during TPR.

It can be seen that in general the amount of converted N,O is smaller than consumed
hydrogen during the TPR. This is a further indication that the room temperature
reaction is a real stoichiometric reaction and no catalytic decomposition. Only the 1.0%
ruthenium sample converts slightly more N,O than the reduction equivalent measured
before. Probably, the oxidation state of ruthenium is slightly higher after the

calcination. It can be further seen that the amount of converted N>O of the lower
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loaded noble metal samples is roughly the amount of consumed hydrogen during TPR
in the temperature region between room temperature and 220 °C. For these samples,
N.O oxidizes not only the supported metals back to metal oxides but also ceria,
mainly surface layers Ce,0Os. For the higher loaded group 8 and 9 samples (Fe, Ru,
Rh) a nearly complete back oxidation can be seen. Both group 10 samples (Ni, Pd)
show only partial back oxidation. This is in accordance to the Pilling—Bedworth ratios
of different metals and also to the XRD results. It supports the idea that the metal
plays a role as catalyst not only for the pre-reduction of CeO,, but also for the

re-oxidation of Ce,0s.

Table 3.4: Comparison quantitative amount of hydrogen consumed during TPR and converted N,O.

Sample n(Hy) n(N20)

(mmol) (mmol)

0.2% Ru/CeO, 0.322 0.108
1.0% Ru/CeO, 0.324 0.262
0.2% Rh/CeO, 0.271 0.079
1.0% Rh/CeO, 0.283 0.307
0.2% Pd/CeO, 0.229 0.086
1.0% Pd/CeO, 0.255 0.108
5.0% Fe/CeO, 0.512 0.511
5.0% Ni/CeO, 0.744 0.128

3.9 Conclusion

The outstanding activity of transition metals supported on CeO, catalysts in the
abatement N,O has been successfully achieved. The catalysts pre-reduced in
hydrogen at 500 °C exhibit high steady-state activities already at room temperature
with N,O for a limited time. The reaction of N,O over the pre-reduced Ru/CeO, can
happen at room temperature. Pre-reduced cerium oxide as well as supported
transition metal nano-particles react efficiently stoichiometrically with N,O. It was
experimentally verified that the highly interesting transformation of N,O to N, at room
temperature over pre-reduced CeO,-based catalysts does not represent a catalytic
decomposition of N,O, but a stoichiometric reduction of N,O by Ce,O3 and transition
metals. Transition metal oxides and surface layers of CeO, are reduced by H,
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pre-reduction. The reduced sites of CeO,, i.e. cerium(lIl) oxide species represent the
highly active accessible reducing sites for N,O at room temperature. The transition
metals act as catalysts for the stoichiometric reduction of N,O by Ce,O3 and provide
additional reactive sites for N,O reduction. Metallic transition metals supported on
CeO; can be partially oxidized by N,O at room temperature too. The lifetime of the
catalysts is determined by the stoichiometric consumption of the supported metals
and the Ce,O3 support.
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Selective catalytic reduction of
N>O with H-




4 SCR of N2O with H;

4.1 Introduction

Selective catalytic reduction (SCR) is the technique to reduce the amount of nitrogen
oxide gases, mainly nitrogen monoxide and nitrogen dioxide in the exhaust of vehicles
and industrial plants, in particular power stations. Ammonia is preferably used as
reducing agent. Nitrogen oxides are reduced selectively to nitrogen and water vapor,
side reactions like oxidation of sulfur dioxide are suppressed. Thereby, the reaction is
a comproportionation of nitrogen oxide gases and ammonia to nitrogen. Two types of
catalysts are used mainly. A zeolite based system and a mixed oxide containing
titanium dioxide, vanadium pentoxide and tungsten oxide are used as SCR
catalyst.!!15 116l

Since around 20 years ago, SCR catalysts were used for diesel engines of cars and
trucks. Urea is used as reducing agent. At elevated temperatures urea reacts to
carbon dioxide and ammonia (over isocyanic acid) (Reaction scheme 4.1-2). At
standard conditions (above 250 °C) ammonia reacts with nitrogen oxide to water and
nitrogen (Reaction scheme 4.3). Detailed mechanistic studies were done by Nan-Yu
Topsge and Jacob and Grunwaldt et al.l**" 118l

The dosage of urea is quite difficult due to the fact that it has to be set quite exactly.
Nitrogen oxide is not reduced completely in case of too low amount of urea. In the
other hand, ammonia is not completely converted and so exposed to the environment

in case of an overdose.[*

(NH2)2CO > NH3 + HNCO
HNCO + H,0 CO, + NH5
4NO+4NH3+O2 4N2+6H20

Reaction scheme 4.1: Mechanism of selective catalytic reduction of nitrogen oxide with urea.
1.: Reaction of urea to ammonia and isocyaic acid. 2.: Reaction of isocyaic acid and water to carbon

dioxide and ammonia. 3.: Comproportionation of ammonia and nitrogen oxide to nitrogen.

Currently, SCR of NOx by ammonia (NH3-SCR) has been widely adopted for the
control of NOx. However, NHj3 slip and vanadia emissions associated with the
NH3-SCR process have restricted its application.*?>*?? The SCR of NOx by
hydrocarbons (HC-SCR) also has some disadvantages such as poor activity at low
temperatures.*?> 12 As an alternative technology, selective catalytic reduction of

NOx by H, (H2>-SCR) has recently attracted increasing attention. When H, is used as
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the reducing agent, the product is H.O, which is environmentally friendly.!*?% 2%

Moreover, CeO,-based catalysts were found to be activated (reduced) by H, at high
temperature in Chapter 3. It is interesting to investigate the activation by H-
simultaneously at mild temperature. However, little research has been reported on
this topic. In this study, selective catalytic reduction of N,O were performed with H, as
reducing agent. Supported Ru, Rh and Fe catalysts were tested between room
temperature and 250 °C.

4.2 Selective catalytic reduction of NoO with H,
4.2.1 SCR of N,O with H; at elevated temperature by Ru/CeO,

Hydrogen was introduced during the nitrous oxide reaction at slightly elevated
temperatures (75-200 °C). In the first experiment, an excess of hydrogen (20:1) was
introduced. Ruthenium on ceria was chosen as catalyst, the sample was pre-reduced
under conditions previously described. Full nitrous oxide conversion was found
between 75 and 200 °C (Figure 4.1). The sample was exposed to nitrous oxide at
least for two hours at each temperature (without hydrogen as reducing agent a full

nitrous oxide conversion is reached for only around one hour, Figure 3.5).
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Figure 4.1: Nitrous oxide reaction on Ru/CeO, with an excess of hydrogen. Reduction: 10K/ min,
500°C, 1h, 20% H, (100 ml/min total flow, He as balance gas). Reaction: RT, 1000 ppm N,O, 2 % H,
(100 ml/min total flow, He as balance gas). WHSV = 12000 ng"lh"l. N,O conversion monitored via
FT-IR.

This indicates that the reduction and the oxidation can occur simultaneously. Only
75 °C are needed for a continuous full nitrous oxide conversion (Equation 4.1). This
sample shows hydrogen uptake at above 70 °C in the TPR-profile. Nevertheless, it
has to be taken into account that this experiment was done with an excess of

hydrogen.
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1000 ppm N,O
excess Hy,

25°C

H>
MOX/CGOZ W M/CGOZ_y MOX'/CBOZ_y' + N2

Equation 4.1: Continous nitrous oxide conversion with hydrogen as reducing agent.

The simultaneous reduction and oxidation can also be written as catalytic reaction of

nitrous oxide with hydrogen to form water and nitrogen (Equation ).

[1%Ru/CeOq,]
N,O + excess Hy > N, +H,0
75°C

Equation 4.2: Catalytic reduction of nitrous oxide over ruthenium supported on ceria.

4.2.2 SCR of N,O with H, by supported Ru, Rh and Fe catalysts

For further investigations of the continuous conversion with hydrogen as reducing
agent, the experiment was done with nearly stoichiometric reduction equivalents of
hydrogen (1.5:1). Different samples were tested between room temperature and
250 °C. These samples were exposed to the reaction mixture for at least 2 hours (

The iron sample does not show full nitrous oxide conversion below 250 °C. This is in
accordance to TPR results, which show the main hydrogen uptake only above 300 °C.
Both noble metals show full nitrous oxide conversion at above 150 °C. Decreasing
temperature to 100 or 125 °C leads to decrease in nitrous oxide conversion for the
ruthenium sample. This is in accordance to the TPR results. The main hydrogen
uptake for the ruthenium sample is at around 150 °C (Figure 3.4). Without excess of

hydrogen a full nitrous oxide conversion cannot be reached below 150 °C.

Table 1.1).

The conversion was monitored over the whole time. Due to the fact that the
conversion did not change significantly during this period, the average value was
chosen as conversion.

Without introducing hydrogen as reducing agent, all tested samples show a significant
decrease during this time and finally a deactivation as presented in previous part. The
investigated samples (1 wt.-% ruthenium, 1 wt.-% rhodium, 5 wt.-% iron on ceria)
were pre-reduced before measurement and cooled down in pure helium gas flow to

the set temperature and exposed to the reaction mixture. After each scan, the sample
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was cooled down further. During the whole measurement the catalysts were
continuously exposed to the reaction mixture.

The iron sample does not show full nitrous oxide conversion below 250 °C. This is in
accordance to TPR results, which show the main hydrogen uptake only above 300 °C.
Both noble metals show full nitrous oxide conversion at above 150 °C. Decreasing
temperature to 100 or 125 °C leads to decrease in nitrous oxide conversion for the
ruthenium sample. This is in accordance to the TPR results. The main hydrogen
uptake for the ruthenium sample is at around 150 °C (Figure 3.4). Without excess of

hydrogen a full nitrous oxide conversion cannot be reached below 150 °C.

Table 1.1: Nitrous oxide conversion after exposing to reaction mixture of 1000 ppm H, and 1500 ppm

N,O for two hours at different temperatures. Data given in percentage. WHSV = 12000 mLg™h™.

temperature [°C] 1% Ru/CeO, 1% Rh/CeO, 5% Fe/CeO,

250 - - 70
200 100 100 25
150 100 100 -
125 60 100 -
100 24 100 -
75 - 100 -
50 - 100 -
25 - 100 -

Interestingly, the rhodium sample still shows full nitrous oxide conversion at room
temperature. This indicates that the rate of reduction of metal and/ or support on the
surface is still fast enough to show full nitrous oxide conversion also at room
temperature.

Switching off hydrogen leads to oxidation of the sample. A complete oxidation (and so
no more nitrous oxide conversion) is observed after 30 minutes. Interestingly,
switching on hydrogen at room temperature leads to full nitrous oxide conversion for
the rhodium sample after a short induction period (< 5 minutes) and so no more
nitrous oxide can be found in the exhaust. This indicates the very good performance
of rhodium as hydrogen activation catalyst and especially as SCR catalyst for the
reduction of nitrous oxide with hydrogen. Furthermore, this indicates that the reductive

pretreatment is not necessary for this catalytic reduction.
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To verify the assumption that the reductive pretreatment is not necessary, the rhodium
catalyst was also tested as fresh, calcined species. Also, rhodium supported on
alumina was tested to check if a reducible support is necessary for this reaction.

100 L I G5 400 AE) AR AE) A0 AREEEREEEEEE bl b A0 AL AREREEREE 4

--v-- 1% Rh,0,/CeO,

S . --@--1% Rh,0,/AL,0,
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Figure 4.2: Catalytic reduction of nitrous oxide with rhodium supported samples. No pretreatment,
samples used directyl after calcination. Reaction: RT, 1000 ppm N,O, 1500 ppm H, (100 ml/min total
flow, He as balance gas). WHSV = 12000 mLg™*h™. N,O conversion monitored via FT-IT.

The ceria supported rhodium shows full nitrous oxide conversion at room temperature
after a short induction period, while the alumina supported sample deactivates
immediately (Figure 4.2). This validates the finding of the previous experiment that the
reductive pretreatment is not necessary. A second finding is the fact that the
reducibility of the support is necessary for the SCR of nitrous oxide at room
temperature. It looks like the metal oxide stays during the reaction as oxide and
catalyzes the reduction of nitrous oxide. Nevertheless, a partial reduction of smaller
particles is also possible. To prove this, powder XRD patterns were taken of the
rhodium supported on alumina and ceria catalysts (Figure 4.3). The patterns were
taken after the reaction with nitrous oxide and hydrogen (transferred under
atmospheric conditions). For the ceria supported sample, the activated (pre-reduced)
and the non-activated (calcined) samples were measured (both after nitrous oxide
reaction). Both ceria supported samples show reflexes according to rhodium(lil)-oxide
(34.5, 48.9 °). Interestingly, the alumina supported sample shows reflexes according
to rhodium(lV)-oxide (28.1, 55.8 °). This indicates at least a partial oxidation of the
supported metal. This fits to the finding of a short initial nitrous oxide conversion

before deactivation (Figure 4.2).
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1%Rh/CeO,

1%Rh/ALO,
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Figure 4.3: Powder-XRD pattern of rhodium supported on ceria and alumina. 20 min, 5-70 °2 Theta.

Reference pattern: Black: support; green: Rh,03 (CeO,), RhO, (Al,O53).

Due to the fact that there is at least for the ceria sample no change in the supported
metal, the reducibility of the support is necessary for this reaction. Nevertheless, it has
to be mentioned that the sample was transferred under atmospheric conditions. An
oxidation during the transferring is also possible. A reduction of smaller rhodium
particles which cannot be seen in the XRD is possible, too. Therefore, the active
species rhodium oxide formulated in the following reaction scheme can also be
regarded as metallic rhodium particles. More detailed studies will be necessary for a
clear distinction of both. A partial reduction of the support during the induction period
forms probably the active species (Reaction scheme 4.2.1). Afterwards, nitrous oxide

is reduced with hydrogen to nitrogen. (Reaction scheme 4.2.2)

Ha
Rh,05/Ce0, RN209/C€0_ pp 6 1ce0,, (1)
RT
" \_/ -
[Rh,03/Ce0,.,] 2.)
N,O N2

Reaction scheme 4.2: Assumed reaction pathway of the catalytic nitrous oxide reduction over rhodium
supported ceria at room temperature. (1) Activation of the catalyst. (2) Reaction of nitrous oxide and

hydrogen over the activated catalyst to nitrogen and water.
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In addition to the XRD pattern, the BET surface area of the ceria supported SCR
samples was also measured (Table 4.2). Both samples were measured after the SCR
reaction. For the spent catalyst a reductive pretreatment was done before the SCR
reaction, for the calcined catalyst no reductive pretreatment was chosen.

After the stoichiometric reaction, the spent sample shows the smallest surface area
(55 m?/g). It can be assumed that the spent sample shows a full back oxidation of the
support. The SCR sample without reductive pretreatment shows a slightly increased
surface area (64 m?/g). For this sample a slightly reduced support can be assumed.
The SCR sample with reductive pretreatment before the SCR reaction shows the
largest surface area (88 m?/g). This sample probably shows also the highest reduction

degree of the support.

Table 4.2: Comparison of the BET surface area of the samples after stoichiometric reactions (calcined,
reduced and spent), and the SCR samples (f: without reductive pretretment, s: with reductive

pretreatment.). Values given in m?/g.

1% Rh/CeO, calcined reduced spent
stoichiometric
_ 75.7 71.8 55.0
reaction
SCR 64.4 88.2

In the SCR reaction, the ceria supported rhodium would act as catalyst for the partial
reduction of the support and also in the activation of the nitrous oxide. Probably, both
abilities are quite important for this reaction. As seen in the TPR section (Table 3.3),
rhodium shows very good abilities as hydrogen activation catalyst. As a full nitrous
oxide conversion is still reached at room temperature with stoichiometric amount of

hydrogen, the performance of this catalyst in nitrous oxide activation is also quite high.

4.3 Conclusion

Experiments according to the selective catalytic reduction of nitrous oxide were
performed. These experiments were done with noble metals (ruthenium and rhodium)
supported on ceria and alumina. Hydrogen was used as reducing agent. It was found
that the ceria supported samples show very good properties in the selective catalytic
reduction. A reductive pretreatment is not necessary. The rhodium sample shows full

nitrous oxide conversion at room temperature with a (nearly) stoichiometric amount

53



4 SCR of N2O with H;

(of reduction equivalents) of hydrogen. For alumina supported catalysts, no nitrous
oxide conversion is obtained at this temperature. This indicates that the reaction takes
place at the interface of the support and the metal. Rh-CeO, acts in this case as
catalyst for the simultaneous reduction and oxidation of the support. XRD pattern
indicated that the state of the metal does not change during the selective catalytic

reduction.
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5 Influence of Light

5.1 Introduction
5.1.1 Heterogeneous Photocatalysis

The concept of heterogeneous photocatalysis was introduced by Fujishima and Honda
in 1972 during their experiment on the separation of water molecules using TiO; as the
photocatalyst.'*® Since then, TiO, became a common material used in heterogeneous
photocatalysis studies due to its capability to perform redox reactions on its surface*?”.
Photocatalysts such as transition metal oxides or semiconductors in general contain a
void region also known as a band gap. Photoexcitation by light irradiation lifts electrons

from the valence band up into the conduction band and forms an active site for the

photocatalytic processes*?.

Beyerl’® noted that the utilisation of wide bandgap photocatalysts requires UV
irradiation for the photoactivation. However, the UV irradiation restricts the amount of
light used for photoexcitation and may not be adequate for the photochemical reaction.
Fortunately, this weakness can be compensated with the introduction of transition metals
onto the support materials. He mentioned that physical ion implantation techniques are
required to obtain an effective transition metal-doped photocatalyst. The technique alters
and enhances the photocatalytic properties of the original catalyst with the addition of
reaction sites, which promote more redox reactions to occur. However, the insertion of
transition metals onto the support material by impregnation technique might not be
practical due to the formation of an "impurity energy level". The presence of the "impurity
energy level" could become a potential recombination site for the electron-hole pair and
lowers the photocatalytic capability of the catalyst. Despite the disadvantage, the
impregnation technique remained popular due to its simplicity. Figure 5.1 is extracted

from the study performed by Beyer.[*?®!
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Figure 5.1; Schematic diagram of a photocatalyst doped with a transition metal?®,

Beyer also reported on two reactor concepts published by Lim et al*?®, which can meet
the difficult demands of the purification processes on industrial exhaust gases. The two
reactors were designed specifically for the photocatalytic decomposition of NO by TiO,.

Figure 5.2 is extracted from the study performed by Beyer.*?®!
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Figure 5.2: Schematic diagrams of the two reactor concepts for the photocatalytic decomposition of NO

proposed by Lim et al.
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The general mechanism for the photocatalytic decomposition of N,O had been

130]

suggested and mentioned by Ko&i et al.'®*®. The mechanism was discussed with

AgQ/TiO; as the photocatalyst for the decompaosition process.

Photons generated from the light irradiation initiates the formation of the
negatively-charged electrons (e’ into the conduction band and the positively-charged
holes (h") into the valence band. In general, the charged electron-hole pair recombines
and degenerates as heat energy. However, the phenomenon can be inhibited with the
presence of the transition metals being adsorbed onto the catalyst surface. The
decomposition process then proceeds with the reaction between the generated electrons
and the N,O molecules being adsorbed onto the catalyst surface, forming N, gas and
oxygen radicals (‘O). Ko¢i et al. noted that the utilisation of UV light allows the
rate-limiting desorption of the oxygen species to proceed under ambient conditions. In
particular, there are two reaction routes for the desorbed oxygen species to proceed to
the decomposition of the N,O molecules: (i) reaction with the positively-charged holes to
form O, gas or (ii) reaction with a new N,O molecule to form N, and O,. The reaction

selectivity varies under different reaction conditions and catalysts used.

Additionally, Cunningham et al.[*3!

stated that the intermediate products generated from
light irradiation might also increase the N,O decomposition rate by decomposing more

N>O molecules via various reaction routes with photoexcited electrons and holes.

Photocatalytic studies on supported Ag catalysts have always been a subject of interest
due to the potential photocatalytic capabilities of the light sensitive Ag (compounds).
Obalova et al.**? conducted the decomposition of N,O using Ag-TiO, thin films and
discovered that Ag loading has a positive influence on the decomposition process. The
amount of Ag loading is also found to be a potential factor affecting the decomposition

1.13% studied the photocatalytic decomposition of N,O using the

process. Ko€i et a
Ag/TiO, of various Ag loadings (0.7%, 2.4%, 3.4%, 5.2% Ag) and found that the
photocatalytic activity increases with the Ag loading. However, the photocatalytic activity

decreases upon reaching a threshold with Ag loading higher than 3.4%. The increase in
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the photocatalytic activity could be explained with the better charge separation efficiency
between the holes and electrons generated from the light irradiation by the Ag
nanoparticles and clusters. It is also noted that the presence of water vapour (H,O) and

oxygen (O;) act as an inhibitory agent in the decomposition process as well.

Sano et al.**¥ reported that the synthesis method of supported Ag catalysts synthesized
by various techniques can also be a deciding factor in their photocatalytic activity. The
catalytic activity of the catalyst synthesized via photo-deposition reduced more rapidly as
compared to the catalysts prepared from the impregnation method and
deposition-precipitation. The decomposition of N,O was conducted along with the
presence of methanol and water vapour. Sano et al. noted that the decomposition rate
could also be influenced by the Ag species doped onto the catalysts. Matsuoka et al.***
also studied the decomposition of N,O using Ag/ZSM-5.

Reducing agents were also added into the photocatalytic studies on the decomposition
(reduction) of N,O. Kudo et al.*® studied the decomposition / reduction of N.O using
metal-supported TiO, with the introduction of water vapour (H,O) and methanol (CH3OH)
vapour. The relationship between the N,O reduction process and the water reduction
potential was established due to the formation of H, from the photoreduction process of
the water vapour and resulted in an enhancement of the photocatalytic activity. Ag-, Cu-
and Pt-TiO, was known for their photocatalytic capability. However, the latter was found
to be inactive in the experiment due to the reaction selectivity towards the H, reduction
process. Ag/TiO, was found to be the most active in the decomposition process with
methanol vapour.

Additionally, supported Ru catalysts also can function as a potential photocatalyst in
various applications. Ouyang!**® reported on the enhanced photocatalytic properties of
TiO, with the introduction of Ru components and showed that the improved
photocatalytic capability is similar to that of a better photocatalyst as supported Pt
photocatalyst. Supported Ru catalysts were also involved in other photoinduced
reactions such as the photocatalytic oxidation of organic compounds with

ruthenium(ll)-pyridylamine complexes™".
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5.1.2 Fermi Level and Schottky Barrier

Fermi Level

The concept of Fermi level is commonly applied in electrochemistry and photochemistry.
The Fermi level of a semiconductor can be determined by using the following equation

below. The equation is extracted from the study performed by Subramanian et al.[**:

n
Er = Ecg + KT lnN—C (5.1)

C

Ep: Fermi Level

Ecp: Conduction Band Energy Level
K: Boltzmann Constant

T: Absolute Temperature

n.: Density of accumulated electrons

N¢: Charge carrier density of the semiconductor

Subramanian et al. noted that the shift in Fermi level towards negative potentials could
enhance the efficiency of the charge separation for better photocatalytic activity. He also
pointed out that the negative shift in the Fermi level is due to the accumulation of
photoelectrons in doped semiconductors after photoexcitation. Jakob et al.™*% studied
the change in Fermi level using TiO, doped with Au (gold) nanoparticles. He mentioned
that the doping of the metals into the semiconductors results into the Fermi level

equilibrium and the equilibrated Fermi level of the two materials will be shifted closer to
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the conduction band of the semiconductor. The phenomenon is caused by charge
distribution between the metal and semiconductor due to the Fermi level equilibrium,
which increases the capacitance of the Helmholtz layer and the diffuse double layer. The
larger Helmholtz capacitance of the metal attracts electrons from the semiconductor and
results in a shift of the Fermi level closer to the conduction band of the semiconductor.
Obalova et al.®*? also mentioned that such a phenomenon could be observed because

of the higher Fermi level of semiconductors relative to the metals.

Schottky Barrier

Figure 5.3 is extracted from the study performed by Khan et al.**? and shows the

formation of the Schottky barrier between the metal and the semiconductor.

() (b) _
Metal Semiconductor Metal Semiconductor
EVac——F —— — Eva ——T\
XSM N~ — —EVac
ECB .............................
QM EFermi,S A—— ECB
Og
EIiermi, M v EFermi
2
L—— Evs

Figure 5.3: Diagram on the formation of a Schottky barrier (a) before interaction between the two materials

and (b) after interaction between the two materials.

@y Working function of the metal

®g: Schottky Barrier

Xguy: Electron Af finity
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Ecp: Conduction Band Energy Level

Eyg:Valence Band Energy Level

Erermim: Energy Corresponding to the Fermi Level of the Metal

Erermis: Energy Corresponding to the Fermi Level of the Semiconductor

Eyqc: Vacuum Energy

Working function (&,,) of the metal is the energy needed for the transfer of an electron
from the Fermi energy to vacuum energy; the corresponding energy required for the
transfer of an electron away from the metal. Schottky barrier is the potential energy
barrier formed in the metal-semiconductor junction. Wang et al.**) mentioned that the
metal-semiconductor junction is a space-charge separation region which involves the
contact between a metal and a semiconductor material. In general, the Fermi level of the
metals is lower than that of the semiconductors. To achieve stability in the
metal-semiconductor junction, the electrons from the semiconductor are transferred into
the metal, resulting the Fermi energy of the metal to be increased until both the Fermi
energies of the semiconductor and the metal are identical. However, the stability in the
metal-semiconductor junction is obtained at the expense of the availability of the
electrons in the semiconductors as more electrons are needed to be transferred into the
metal due to the presence of the Schottky barrier. The loss of electrons from the
semiconductor into the metal cause the formation of a depletion layer in the
semiconductor and results in a bent band structure in the semiconductor. The Schottky
barrier (@) can be calculated using Equation 5.2 extracted from the study performed by

Khan et al.[**:

®p = Py — Xsm (5.2)
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Khan et al. mentioned that the Schottky barrier could be used as an approach to
enhance the charge separation between the photo-electrons and photo-holes as the
photo-electrons are not able to be shifted back into the semiconductor. The
enhancement in the charge separation of the electron-hole pair eventually results in a
better photocatalytic activity. The concept of Schottky barrier can also be explained
using the work function between the metals and semiconductors. Chiarello et al.*?
studied the production of hydrogen in a photocatalytic process using Pt/TiO, and
AgQ/TiO,. Chiarello et al. found out that the difference in photocatalytic activities between
the two catalysts can be caused by the difference in the work function between the metal
and TiO,. It was mentioned that the larger positive difference in the work function
between metal and the semiconductor causes higher charge separation efficiency with

the formation of a larger Schottky barrier. It was noted that the work function of Ag has a

value of 4.74 eV.

5.1.3 Zeolites & Silica-Alumina

Zeolite is a common material used in various catalytic applications in industry. The
unique structural network of zeolites allows them to possess unique physical and
chemical characteristics, which enhances the catalytic activities in the various
applications. The use of zeolites for industrial applications have expanded rapidly over
the years as various efforts and several studies have been conducted to understand and
modify them for further potential industrial applications. The amorphous silica-alumina
(ASA) has the same chemical composition as zeolites. It is also commonly used for
catalytic applications in chemical industry, especially in the petrochemical industry.
Unlike the uniform zeolite, ASA contains different types of active sites originating from
both the silica and alumina components. Such characteristics cause the ASA to be
widely utilised for various Brgnsted acid catalysed reactions such as hexane cracking,

ethanol dehydration, etc,[143-146]
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It is also noted that ASA plays a significant role in photoinduced reactions as well.
Yoshida et al.'*¥! reported on the photoinduced non-oxidative methane coupling using
silica-alumina as photocatalyst. Sastre et al. reported on the photocatalytic reduction of
CO, to methane using a Ni/SiO,-Al,O3 catalyst with a high conversion value of 90%

under visible light irradiation.

5.1.4 Fluidization

Fluidization is a process, which involves the contact between a flowing fluid and solid
particles. The flowing fluid causes a behavioural change to the solid particles such as the
particles act in a fluid-like motion. The process is commonly applied in industries due to
advantages such as the rapid mixing of particles and their liquid-like behaviour during
the reactor. The rapid mixing process allows uniform particle mixing and removes any
minor temperature difference occurring in the reactor. The liquid-like behaviour of the

particles allows continuous operation without needing to stop the reaction.**”!

log AP

A: Pressure drop = gravitational force. Particles begin
to move

B: Bed in loosest position with grains in contact.
B-C: Grains separate and true fluidization begins

C-D: Random travel of particles, particles begin to act
singly, no entrainment of particles & batch fluidization

D: Particles entrained in fluid 2 continuous fluidization

Min. Fluidization
Velocity Hlfhmf

Figure 5.4: Pressure drop diagram with increasing fluid velocity.**®

To obtain fluidization, a minimum fluidization velocity (U had to be determined first.
Figure 5.4 depicts the transition from a fixed bed to a fluidised bed. The catalyst bed
experiences a pressure drop across the catalyst bed upon the introduction of a flowing
fluid across the fixed bed. At low fluid velocities, the catalyst bed underwent no

behavioural change and remained in a fixed bed position. The overall pressure drop
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across the catalyst bed increases with the fluid velocity. The minimum fluidization
velocity is eventually obtained when the overall pressure drop across the catalyst bed is
equal to the overall weight of the catalyst bed. Subsequently, different fluidization stages

are obtained as the fluid velocity increased further, as seen in Figure 5.5.

VAV

a) Fixed bed

b) Incipient or minimum fluidization

c) Aggregating or bubbling fluidization

d) Slugging

e) Lean phase fluidization with pneumatic transport

[148]

Figure 5.5: Different stages of fluidization.

It was noted that not all particles do possess the same fluidization behaviour upon
contact with a flowing fluid. In 1973, Geldart suggested the categorisation of the particles
into four different groups of powders. These groups of powders were separated by their

particle sizes and the density difference between the particles and the flowing fluid

(Figure 5.6).
o/ kg/m’
10*
10° \D\
102
10°  d,/um

Figure 5.6: Four particle groups proposed by Geldart (1973)[149]
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The description of the fluidization behaviour of each particle group can be found below:

Table 5.1: Geldart Particle Categorization and the respective fluidized behaviour description[15°].

Particle Group Type Description

Fluidization occurs along with the

uniform expansion of the catalyst bed as

the fluid velocity increases. Cohesive
Group A

forces between each particle results in

the absence of phase separation of the

catalyst bed

Formation of bubbles upon fluidization.
Group B Insignificant adhesive forces between

the particles and the flowing fluid.

Low possibility for the observation of

fluidized behaviour in the particles due

to strong cohesive forces between the
Group C

particles. Catalyst bed may break into

multiple segments with increasing fluid

velocity.

Presence of spouting behaviour from

the catalyst bed due to large particle
Group D

size. Large fluid velocity is often

required for fluidization.

5.2 Motivation and Aim
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Heterogeneous photocatalysis has always been a subject of interest ever since its
discovery. Various efforts in the photocatalytic field have been applied and developed
rapidly over the years, resulting in the potential expansion into industrial scale. However,
the majority of the photocatalytic studies only deal at ambient conditions. Hence,
photocatalytic technologies are not commonly applied in industry as the process may not

be able to meet the industrial demands.

The primary objective of the present study is to investigate the influence of light
irradiation on the catalytic decomposition of N,O using supported Ru and Ag catalysts.
The experimental procedure and reaction parameters applied resemble the conventional
approach for the (thermal catalytic) decomposition of N,O. The experiments will be
conducted under increased temperatures relative to the conventional photocatalytic

process, which are generally performed under ambient conditions.

The objective of this investigation is to evaluate if light irradiation can principally promote
the catalytic decomposition reaction of nitrous oxide. Hence, the reaction conditions
conducted in this study will be similar to those of a typical decomposition reaction, i.e.
high reactant concentrations, the rather short contact times between the reactant and the

catalyst, and increased reaction temperatures.

5.3 Experimental Procedures
5.3.1 Experimental Setup

The experimental set-up used in the present study follows closely to the experimental
design and procedures stated from Beyer*?®to form the foundation of the present study.
Experimental modifications were carried out accordingly due to different measurement

criteria.
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5.3.2 Design of the Photoreactor for the Decomposition of N,O

The photoreactor used in the present study was constructed using a standard U-shaped
quartz tube (4mm inner diameter) reactor with the addition of an elliptical quartz tube
(inner dimensions 4x12mm) (Figure 5.7, extracted from the thesis of Beyer*?®)) to obtain
a fluidized bed for better light irradiation efficiency onto the particle bed. The
thermocouple was placed next to the elliptical tube for temperature measurements in the
experimental set-up used in the present study to avoid sample output caused by the

fluidized particles.

Reactant
Gas

!

Figure 5.7: Design of the photoreactor.

5.3.3 Design of the Heating Furnace

The heating furnace used in the present study was constructed with a quartz tube from
QSIL AG (length = 50cm, inner diameter = 30mm) with the addition of a K-type
thermocouple (HTM Reetz GmbH) and heating cord for temperature measurements.
Heat insulation was obtained via the installation of insulating ceramic fibre mats (Rath

GmbH) before covering it with a stainless-steel jacket. A 4 x 1.5 cm rectangular window
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was exposed out from the heating furnace to allow light penetration for the photoinduced

reaction.

5.3.4 Light Irradiation for Photocatalysis

Light irradiation was carried out using a commercial 100 W Hg lamp and controlled via a
universal arc lamp power supply (L.O.T Oriel GmbH & Co. KG, 50 -100W Universal Arc
Lamp Power Supply LSN150). The light beam was concentrated at the rectangular
window of the heating furnace for better light irradiation efficiency onto the catalyst. The
Hg lamp was placed at a specific distance away from the heating furnace to ensure the
heat influence from the light source is negligible. Furthermore, a water filter was placed
between the light source and the heating furnace to countermeasure any potential heat
influence generated from the light source. The experimental setup was conducted in an

enclosed space as a safety measure against the UV light irradiation.

5.3.5 Particle Size Range Determination for Fluidization

In the present experiment, the concept of fluidization is applied to the experimental
set-up to allow ample light irradiation onto each catalyst particle. A suitable particle size

range had to be determined to obtain proper fluidized behaviour during the experiment.

Pure supports (i.e. H-ZSM-5, P25 TiO,, SiO; — Al,O3 (1:3) and y-Al,O3) were sieved into
two different particle (grain) size ranges of 100-300 ym and 300-500 um respectively
using a sieving machine. The determination of the particles size range was conducted
utilising the photoreactor. The reactor was loaded with a sample mass of 500 mg to
observe for the fluidization behaviour. A low gas velocity was initially introduced to
observe for sudden behavioural changes to the particles. The gas velocity was
increased slowly to a final gas velocity of 100 ml/min to observe for the final behavioural
changes of the particles. The particle size range was determined upon reaching the

suitable fluidized behaviour for the support material.
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5.4 Particle Size Range Determination for Fluidization

The application of the bubbling fluidization in the present study is essential to achieve
sufficient light irradiation for each catalyst particle. Literature stated that all particles
behave differently upon the contact with a flowing fluid due to the differences in their
properties based on the particle sizes and density difference between the particles and
the flowing fluid as proposed by Geldart. It has also suggested that the Group B
powders had to be obtained to allow the generation of fluidization bubbles and the

adhesive forces between each particle can be neglected as well.

Table 5.2: Particle size determination of the various supports for fluidization.

Particle Size Range [um]

Type of support

100-300 300-500
P25 TiO; xP va
SiO, — Al,O3 (1:3) v v
H-ZSM5 x v
y-Al;O3 v v

 Presence of Bubbling Fluidization.
® Absence of Bubbling Fluidization.

The pure supports were subjected to a final flow velocity of 100 ml/min. Results obtained
showed that only SiO, — Al,O3 (1:3) and y-Al,O3 could be fluidized for the particle size
range of 100-300 ym whereas TiO, and H-ZSM5 are unable to obtain a proper fluidized
behaviour for that particular particle size range. Cracks were formed in the catalyst bed
during the test on a 100-300 uym range of the other two supports. The catalyst bed was

broken into multiple parts upon the contact with the flowing fluid. The broken catalyst
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bed was lifted as the fluid velocity increased. The phenomenon corresponds to the

characteristics of the Group C particles as stated in Section 5.1.4.

In the analysis of the 300-500 um supports, all four supports were able to obtain the
bubbling fluidization as shown in Figure 5.5. The phenomenon also corresponds to the

characteristics of a Group B patrticle.

It is suggested that 300-500 um particle size range will be utilized for P25 TiO, and
H-ZSM5 while 100-300um will be used with y-Al,O3; and SiO, — Al,O3 (1:3) for the
fluidized bed during the decomposition process. It was known that P25 TiO;, has a
specific surface area of 49 m?g, while y-Al,Os has a specific surface area of 129
m?/gi**Y. However, P25 TiO, required a larger particle size range for fluidized behaviour
and a smaller particles size range for the alumina sample, which contradicts with the fact
that the large particle has a smaller surface area. It is suggested that the phenomenon
could be caused by stronger adhesive forces of P25 TiO, particles as compared to

Y-A|203.

5.5 Influence of light on the decomposition of N,O by supported ruthenium

catalysts
5.5.1 De-N,0O Analysis of 1wt% Ru/Al,O3

(a) Influence of Light on the De-N,O Process under Elevated Reaction Temperatures
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Figure 5.8: Decomposition of N,O by 1wt% Ru/Al,O3 under different reaction temperatures.

The decomposition of N>,O using 1 wt% Ru/Al,O3; was conducted at different reaction
temperatures. The absence of N,O conversion is detected for the decomposition
process performed at low temperatures (20°C, 150°C). In contrast, the decomposition
process conducted at higher reaction temperatures (300°C, 400°C) demonstrates N,O
conversion throughout the entire experiment. It was suggested that the activation of the
catalytic decomposition process was only initiated at a reaction temperatures higher than

300°C.

The irradiation phase for the two high reaction temperatures exhibits a higher N,O
conversion as compared to their respective dark stages. The phenomenon corresponds
precisely to the observation described by reports in the literature, whereby the
photoexcitation from light irradiation will initiate more N,O molecules to be decomposed

and enhances the N>,O conversion with time.

The light phase for the decomposition process at 300°C has a 6% increase in its N,O
conversion while the light phase for the decomposition process at 400°C has a 4.8%

increase in its N,O conversion. The increase in the N,O conversion upon photoactivation
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is a result of the introduction of the transition metal. The insertion of the transition metal
enhances the photocatalytic activity by modifying the light absorption characteristics!*>?.
Koéi et al.®¥ mentioned that light irradiation enhances the slow desorption rate of the
oxygen species. With a higher desorption rate of the oxygen species, the decomposition
of N,O can be improved and results in a higher N,O conversion during the irradiation

phase as shown in Figure 5.8.

(b) Influence of Light on the De-N,O Process at a Specific Reaction Temperature
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Figure 5.9: Decomposition of N,O using 1wt% Ru/Al,O3 at 300°C.

The influence of light on the de-N,O process by 1 wt% Ru/Al,O3 is further analysed by
observing the changes in the N,O conversion at a specific reaction temperature. The
supported Ru catalyst in Figure 5.9 is subjected to a reaction temperature of 300°C with

two cycles of light irradiation to ensure the credibility of the results.

The two rounds of light phase for the 1 wt% Ru/Al,O3 exhibit a similar N,O conversion
trend, whereby the N,O conversion increases with irradiation time. The phenomenon

supports the assumption that light irradiation enhances the catalytic activity.
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A different N>O conversion trend was observed for the dark phase. The N,O conversion
remained constant upon the termination of light irradiation. A similar pattern was also

noted for the N,O conversion during the second dark phase.

(c) Influence of Light on the Catalytic Activity of Ru/Al,O3 with Different Metal Loadings
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Figure 5.10: De-N,O process using (a) 1% Ru/Al,O5 at 300°C (left) and (b) 2.25% Ru/Al,O3 at 350°C

(right).

2.25 wt% RU/Al,O3 was synthesised to evaluate and compare with 1 wt% Ru/Al,;Os.
Figure 5.10 shows the N,O conversion against time for the de-N,O process using 1 wt%
Ru/Al,O3 (left) and 2.25 wi% Ru/Al,O3 (right). The reaction temperature for the
decomposition process varies because a specific N,O conversion had to be obtained
initially to observe the changes brought by the supported Ru catalysts upon light

irradiation.

The light phases for both Ru catalysts exhibit a similar trend, whereby the N,O
conversion increases with irradiation time. The phenomenon supports that the light

irradiation does impose a positive influence on the catalytic activity.

It is suggested earlier that the catalytic decomposition can be initiated at reaction
temperatures higher than 150°C. Since the decomposition process in this segment is
subjected to 300°C and 350°C, the catalytic decomposition process should be
deactivated upon the termination of light irradiation and the N,O conversion should
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decrease. In contrast, the N,O conversion trend during the dark phases for the two
catalysts behave differently. In Figure 5.10(b), the N,O conversion for 2.25 wt%
RuU/Al,O3; decreases with time after light irradiation, which corresponds to the earlier
findings. However, the N,O trend for the 1 wt% Ru/Al,O3;remained constant despite the

termination of the light irradiation.

The phenomenon of the difference between the Ru catalysts can be explained by two

reasons:

Firstly, the constant N,O conversion trend can be substantiated with the presence of
adsorbed oxygen species. Literature stated that the N,O molecules degenerate as N,
and oxygen species. As the oxygen species desorbed slower than the N, gas, the
oxygen species concentration remaining on the active sites increases with time. The
high oxygen species concentration subsequently causes an inhibitory effect and
terminates the decomposition process. Therefore, the constant N,O conversion
throughout the dark phase for the 1 wt% Ru/Al,O3 is caused by the absence of Ru active
sites available for the decomposition process due to the domination of the rate-limiting

desorption of the oxygen species.

The difference in the Ru loading also causes the difference in the N,O conversion trend
between the two Ru catalysts. As the amount of metal loadings correlates to the amount
of Ru active sites inserted onto the support material, the amount of the Ru content for the
2.25 %wt Ru/Al,O3 is higher than the 1 %wt Ru/Al,O3, forming more Ru active sites
present on the catalyst support. Therefore, the slow desorption of the oxygen species
imposes a smaller inhibition effect, and the decomposition process was able to proceed
further but at a lower efficiency. However, the intensity of the inhibition effect eventually
increases as the oxygen species concentration increases with time and corresponds to
the decreasing N,O conversion trend in Figure 5.10(b). The low Ru content in the 1 %wt
Ru/Al,O3 could not initiate any decomposition of N,O molecules and results in a stable
N.O conversion throughout the experiment duration. The stable N,O conversion is due

to the available active sites on the support being occupied with oxygen species.
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5.5.2 De-N,O Analysis of 1wt% Ru/TiO>

(a) Influence of Light on the De-N,O Process under Elevated Reaction Temperatures
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Figure 5.11: Decomposition of N,O by 1% Ru/TiO, at different reaction temperatures.

N>O conversion is obtained for all reaction temperatures during the decomposition by 1
wt% RuU/TiO,. It was suggested that the catalytic decomposition via the 1 wt% Ru/TiO;
could be activated at a temperature higher than 150°C. The irradiation phase for the
respective reaction temperature also exhibits an increase in the N,O conversion. The
difference in the N,O conversion between the light and dark stages increases with
temperature as an increase of 1.83 % and 3.2 % in the N,O conversion was obtained

upon light irradiation at 150°C and 300°C respectively.

The presence of N,O conversion during the dark phase at 150°C suggested the ability of
the 1 wt% RuU/TiO, to serve as a potential photocatalyst for applications at ambient

conditions.
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However, the observation of a 0.6% increase on the N,O conversion during the light
phase at 400°C does not support the positive influence of the light irradiation.
Photo-deactivation processes may dominate at such high temperatures. The analysis of
the N,O conversion induced by light irradiation at 400°C will be further evaluated for a
better insight on the influence of light irradiation on the catalytic decomposition by the
TiO,-based catalysts conducted at higher reaction temperatures, which will be explained

later.

(b) Influence of Light on the De-N,O Process at a Specific Reaction Temperature
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Figure 5.12: De-N,O process using 1wt% Ru/TiO, at 400°C.

It was previously mentioned that the small increase in the N,O conversion during the
light phase in the decomposition reaction at 400°C is not significant to conclude that light
irradiation does impose a positive impact on the catalytic activity. The phenomenon can
be further evaluated using Figure 5.13. The graph demonstrates two cycles of light

irradiation on the same catalyst to ensure the accuracy of the results obtained.

The first light phase demonstrates a noticeable growth in the N,O conversion,
suggesting that the light irradiation at 400°C does induce a positive influence on the
catalytic activity. A similar trend is also observed in the second light phase as well. As

such, the two similar N>O conversion growth obtained during the light stages can support
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that light irradiation does cause a positive influence on the decomposition of N,O even at

higher temperatures for 1 wt% Ru/TiO,.

The small growth in the N»O conversion during the light phase at the reaction
temperature of 400°C could be caused by the presence of rutile phase in the TiO,
sample. Rutile was known for its poorer photocatalytic capabilities compared to the
anatase phase. Works of literature noted that TiO, exists in three polymorphic forms with

the anatase and rutile more commonly used.*53 54

P25 TiO, was used as a support
material for the catalyst preparation and its composition consists of 80 % anatase phase
and 20% rutile phase. As the original composition of the P25 TiO, contains more
anatase, the photocatalytic activity should increase. However, the phenomenon was not
observed as a phase transition from the anatase phase to the rutile phase could have
occurred during the reaction. Additionally, the Ru/TiO, was initially calcined at 450°C,
and the irreversible phase transition of the anatase phase into the rutile phase could
have been triggered as well. Prolonged exposure to the high reaction temperatures
during the decomposition process could have also accelerated the phase transition into
the rutile phase. Although the common phase transition temperature was known to be at
600°C, there was no distinct temperature for phase transformation to occur. The factors
mentioned above could have also resulted in the activation of the phase transition as
phase transition at 400°C has also been mentioned in the works of literature as well. Kim

et al.** reported that the formation of RuO, favours more on the rutile phase in a

mixture of the anatase and rutile phase.

Another possible reason for the small increase in the N,O conversion during the light
phase is the agglomeration of the TiO, particles at high temperatures. Before the
decomposition process, the 1 wt% Ru/TiO, was sieved to the particle size range of
300-500um. However, the -catalyst was found to be agglomerated after the
decomposition process and could explain the small difference in N,O conversion
between the light and dark phase. It is known that a large particle (grain) size can result

in a lower photocatalytic activity due to a smaller surface area for light absorption.
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5.5.3 De-N,O Analysis of 1wt% Ru/SiO; — Al,O3 (1:3)

(a) Influence of Light on the De-N,O Process under Elevated Reaction Temperatures
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Figure 5.13: Decomposition of N,O by 1wt% Ru/SiO, — Al,O3 (1:3) under different reaction temperatures.

The activation of the catalytic decomposition of N,O using the 1 wt% Ru/SiO, — Al,O3
(1:3) is initiated at the temperature of 300°C. However, the efficiency of the catalyst at
300°C was not as high as compared to the other two Ru catalysts reported earlier.
However, the catalytic activity at 400°C increased tremendously with an N,O conversion
of 69%. Amorphous SiO,-Al,O3 (ASA) is commonly known for their involvement in the
petrochemical industries, which deal with high temperatures, suggesting that the
activation of the catalytic activity using the ASA material works only at high

temperatures.

It is noted that the difference in the N,O conversion between the light and dark phase
under low reaction temperatures does not imply that the light irradiation imposes a
significant influence on the conversion rate. Although the reaction at 300°C shows an

increase in N,O conversion upon light irradiation, such phenomenon can be considered
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negligible due to the small N,O conversion. The influence of light irradiation can only be
observed for the reaction at 400°C. The N>O conversion has an increase of 9% upon
light irradiation. As it was previously mentioned that significant result is only observed at
high reaction temperatures, it could be suggested that an increase of the number of the
active sites is also initiated as well. ASA is known as a Brgnsted acid catalyst and the
active sites on the catalyst surface act as a proton donor during the catalytic reaction.
Therefore, the excess positively-charged particles can enhance the decomposition of
N>O molecules by accelerating the oxidation of the oxygen species and demonstrate an

increase in N,O conversion during the light phase.

(b) Influence of Light on the De-N,O Process at a Specific Reaction Temperature
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Figure 5.14: De-N,O process using 1wt% Ru/SiO, — Al,O3 (1:3) at 400°C.

The decomposition process under 400°C underwent three cycles of light irradiation due
to its high conversion rate during light phases to determine the influence of light under
high reaction temperature. Similar trend is observed and can be explained with the same

explanations as mentioned for the other supported Ru catalysts. However, the difference
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between the Ru/SiO, — Al,O3 (1:3) and the other supported Ru catalysts is the increase
in the N,O conversion with the reaction duration. It is observed that the increase in N,O
conversion during the second light phase is lower than in the first light phase, suggesting
that the N,O conversion is decreased due to factors such as agglomeration of the
catalyst particles resulting in a smaller surface area and hence lowers the N,O
conversion. However, such a phenomenon is not observed for the Ru/SiO, — Al,O3 (1:3).
Since the Ru/SiO; — Al,O3 (1:3) underwent three cycles of light irradiation, it should be
assumed that the N,O conversion should decrease with the number of light cycles. The
N>O conversion was observed to have the highest N,O conversion growth at the end of
the third cycle. The phenomenon seen can be explained with the coupled effect from the
activation of the Brgnsted acid sites at high temperatures and the increase in the N,O
conversion due to acceleration in the oxidation of the oxygen species upon light
irradiation. The ASA is known for its high reactivity at high temperatures, suggesting that
the active sites in ASA are activated at higher temperatures. The excess
positively-charged particles from the Brgnsted acid sites increased the N,O conversion
further by oxidising more oxygen species which are desorbed easily under light
irradiation. Therefore, the coupled effect from the two factors results in the high N,O

conversion.

5.5.4 De-N;0 Analysis of 1wt% Ru/ZSM-5

(a) Influence of Light on the De-N,O Process under Elevated Reaction Temperatures
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Figure 5.15: Decomposition of N,O by 1wt% Ru/ZSM-5 under different reaction temperatures.

The potential catalytic decomposition of N,O using the 1 wt% Ru/ZSM-5 is activated at
temperatures higher than 20°C. Although N,O conversion is also detected at 20°C, the
N>O conversion value can be negligible due to its small conversion value. N,O
conversion became significant upon reaching temperatures higher than 150°C. The dark
phases at 300°C and 400°C has a high catalytic activity of 32% and 96%, suggesting
that the 1 wt% Ru/ZSM-5 is the most effective catalyst for the catalytic decomposition of
N.O at high temperatures. Although the 1 wt% Ru/ZSM-5 and 1 wt% Ru/SiO; — Al,O3
(2:3) has the same chemical composition, a different phenomenon is observed within the
two catalysts. The 1 wt% Ru/ZSM-5 has a difference of 27 % in the N,O conversion at
400°C relative to the 1 wt% Ru/SiO; — Al,O3 (1:3). The results obtained supported that
the 1 wt% Ru/ZSM-5 is better than the 1 wt% Ru/SiO, — Al,O3 (1:3) due to the large
difference in the catalytic activity during the decomposition process at 400°C. The
significant difference could be explained with their composition. H-ZSM5 was used for
the synthesis of the 1 wt% Ru/ZSM-5. The ratio of SiO, to Al,O3 for H-ZSM5 has a
value of 28:1 and the 1 wt% Ru/SiO,-Al,O3 has a ratio of 1:3 for the SiO, to Al,Os. The
significant difference in the ratio of SiO; to Al,O3 for the 1 wt% Ru/ZSM-5 results in a
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more substantial amount of reactive sites available for the decomposition process. The
proposed photocatalytic decomposition mechanism of N,O via the 1 wt% Ru/ZSM5 is

shown in Figure 5.17.

Figure 5.16: Proposed photocatalytic N,O decomposition mechanism scheme by 1 wt% Ru/ZSM-5.

The light phases at both temperatures exhibited a different phenomenon relative to the
dark periods. The reaction at 300°C and 400°C has an increase of 11% and 1% in their

N2O conversion upon light irradiation respectively.

It was mentioned previously that light irradiation at high temperature can result in a better
photocatalytic activity for the 1 wt% Ru/SiO, — Al,O3 (1:3) and since it has a similar
chemical composition as the 1 wt% Ru/ZSM-5, it is suggested that the 1 wt% Ru/ZSM-5
will exhibit a similar N,O conversion trend. However, the results obtained for the reaction
at 400°C during the light phase is not significant as N,O conversion has reached its
maximum. The reaction at 400°C has an N,O conversion of 97%, which is also higher
than 1 wt% Ru/Al,O3; which has a high N>.O conversion of 96% after light irradiation. The
influence of light irradiation on the reaction conducted at 400°C will be discussed in the

next part.

(b) Influence of Light on the De-N,O Process at a Specific Reaction Temperature
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It was previously mentioned that the low N,O conversion growth obtained during light
phase in the N,O decomposition reaction conducted at 400°C is not significant enough
to support that the zeolite catalysts can perform better at higher reaction temperatures.

Figure 5.17 and 5.18 show the N,O conversion trend at 300°C and 400°C respectively.

1wt% Ru/ZSM-5 (300°C)

Light ' D

45 Dark
40

35 1

30
25 +

20

N,O Conversion

15 A

10

T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400
Time [mins]

Figure 5.17: De-N,O process using 1% Ru/ZSM-5 at 300°C without and with light.
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Figure 5.18: De-N,O process using 1% Ru/ZSM-5 at 400°C without and with light.
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The determination of the influence of light on the reaction at 400°C can be discussed
with the figure above. Although the difference in the N,O conversion between the light
and dark phases is small, a noticeable growth can be observed in the N,O conversion
plot during the two cycles of light irradiation. Additionally, it could be suggested that
maximum N,O conversion could have been reached with a value of 97%. Therefore, the
two factors mentioned above justifies that light irradiation still imposes a positive

influence for the 1 wt% Ru/ZSM-5 even at higher reaction temperatures.

5.5.5 Comparison between the supported Ru catalysts

Influence of Light on Supported Ru Catalysts
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Figure 5.19: Influence of light on the catalytic activities by the Ru catalysts relative to the conversion in the

dark (AN,O conversion) at different temperatures.

The y-axis in Figure 5.19 denotes the difference in the N,O conversion due to the
influence of the light irradiation at their respective temperatures. From the temperature
range of 150°C to 300°C, the N,O conversion difference by the supported Ru catalysts
increases with time except for the case of 1 wt% Ru/ZSM-5 and 1 wt% Ru/TiO, during

the decomposition process conducted at 400°C. The different phenomenon exhibited by
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the 1 wt% Ru/TiO, was explained by the occurrence of a phase transformation in the
P25 TiO,, whereas the 1 wt% Ru/ZSM-5 was due to maximum N,O conversion being
obtained during the reaction at 400°C, causing the N,O conversion unable to increase
further. In summary, it is suggested that the 1 wt% Ru/ZSM-5 is the most effective
catalyst for the photocatalytic decomposition of N,O with the highest N,O conversion of

97% under light irradiation.

Literature has reported the potential inhibitory effect on the N,O conversion induced by
the presence of oxygen.® Although the experimental procedures in the present study
did not include the introduction of oxygen gas into the feed gas mixture, the oxygen
sensitivity of the supported Ru catalysts can still be studied due to the presence of the
oxygen species produced from the decomposition of N,O. The phenomenon can be
explained using the decomposition process conducted at 300°C. Zheng et al.l®®
mentioned that the properties of the support material influenced the oxygen sensitivity of
the Ru-based catalysts. Ru loaded on supports that are sensitive to oxygen are unable to
desorb the oxygen species as compared to those that can desorbed oxygen species
easily. This behaviour results in a lower N,O conversion upon light irradiation as it has
been reported earlier on that light irradiation allows the oxygen species to be desorbed
more easily and enhances the N,O conversion further, yet, the phenomenon mentioned
was not observed for some supported Ru catalysts. It was suggested that the oxygen
sensitivity of the supported Ru catalysts in the presence of light irradiation decreases in
the following order: 1 wt% Ru/SiO, — Al,O3 (1:3) > 1 wt% Ru/y-Al,03 > 1 wt% Ru/TiO, >
1 wt% Ru/ZSM-5.

The order on the oxygen sensitivity of the supported Ru catalysts is also supported by

the findings obtained from Zheng et al.

5.6 Supported Silver Catalysts
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Matsuoka et al.'**! had previously reported that the presence of Ag” ions is responsible
for the photocatalytic decomposition of N,O. 1% loading supported Ag catalysts were
synthesized with Al,O3, TiO,, SiO,-Al,O3; mixed oxides and ZSM-5 as supports. The
decomposition of N,O using these catalysts was conducted under the same experiment
conditions with supported ruthenium catalysts. However, there is no N,O conversion
detected for all supported Ag catalysts throughout the entire experiment. Additionally,
the activation by light irradiation did not promote the decomposition of N>O molecules
further as well. The negative results obtained for the supported Ag catalysts can be
explained by several potential causes: (i) reduction of Ag* to Ag®, (ii) phase transition of
the anatase phase to the rutile phase, (iii) type of technique used for the synthesis of the
supported Ag catalyst, (iv) the influence of different Ag loading amount on the support

and (v) the influence of Schottky barrier and Fermi level.
(1) Reduction of Ag* to Ag°

Firstly, the thermal decomposition of the Ag" ions into metallic Ag° could have taken
place during calcination. All the supported Ag catalysts were calcined at 450°C during
catalyst synthesis to form Ag,O from AgNOs3;, which is impregnated onto the catalyst
surface. However, Zhang et al.*®! mentioned that Ag,O is not thermally stable at high
temperatures as the decomposition of the silver compound back into its elemental form
can occur at the temperature value of 450°C. Therefore, there is a possibility that the Ag*
ions could have been reduced into metallic Ag® during the heat treatment and decreases
the availability of the Ag* active sites. Reduction of the Ag* into the metallic Ag® could
have also occurred during the light phase. As it is commonly known that all silver
compounds are photosensitive because they decompose readily upon light irradiation, it
is possible that the amount of the Ag” ions introduced onto the catalyst surface would
have decreased tremendously upon light irradiation and contributed to the negative

results obtained for the silver catalysts.

(2) Phase Transition of the Anatase Phase to the Rutile Phase,
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It has been mentioned earlier in Section 5.5.2 that the transition of the anatase phase to
the rutile phase in TiO, support will result in a lower photocatalytic activity as it was
known that the anatase phase possesses better photocatalytic capability as compared to
the rutile phase. Since the Ag/TiO, catalyst has been calcined and underwent
decomposition process at high temperatures, the activation of the irreversible process
would have been activated and contributed to the absence of N,O conversion. Works of
literature have also reported on the possibility of the Ag species to promote the phase

transition into the rutile phase to occurt**",

(3) Type of Technique used for the Synthesis of the Supported Ag Catalyst

The introduction of metals onto the catalyst support can influence the charge transfer
and separation process during photocatalysis!**®. The technique used in the preparation
of the supported Ag catalysts could have caused the absence of N,O conversion.
Beyer!®®® mentioned that the introduction of transition metals by impregnation might not
be a suitable technique to obtain a better photocatalytic activity. The insertion of the
transition metal using the impregnation technique could have promoted the
recombination of the electron-hole pair by creating an “impurity energy level” within the
original band gap of the support material. The presence of the “impurity energy level”
accelerates the recombination of the electron-hole pair and decreases the efficiency of

the charge separation and results in poor photocatalytic activity.
(4) The Influence of Different Ag Loading Amount on the Catalyst.

As the three factors mentioned above inhibit the decomposition of N,O by decreasing
the availability of the Ag" active sites, the 1 wt% loading may not be sufficient enough to
produce a noticeable result. The issue is compensated with a higher Ag loading to
determine the efficiency under light irradiation. The Ag catalyst is loaded with an amount
of 3.5 wt% as Kodi et al. reported that the optimal loading for Ag/TiO, was at 3.4 %, with
the conversion of 77 % after 24 hours (990 ppm N,O/He mixture, volume 756 cm?,
pressure 110 kPa, 0.135 g Ag/TiO, powder). The calcination temperature for the

synthesis of the 3.5 wt% Ag/TiO, is decreased to 200°C as it has been reported that the
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stability of Ag,O is found to be at a temperature value of 200°C. However, the 3.5 wt%
AQ/TiO, used in the present study was unable to achieve similar conversion as no
presence of N,O conversion is obtained which contradicts with the findings reported by
Koci et al. It could be suggested that 3.5 % of Ag loading could have exceeded the
threshold such that an adverse influence is imposed onto the catalyst during
photoexcitation. Zhang et al.l**”? reported that excessive Ag dopants could result in
detrimental effects relative to the positive influence from the formation of the Schottky
barrier between Ag and the catalyst support. Excess Ag content may result in an
inhibitory effect on the photocatalytic activity as the availability of the active sites used for
photocatalysis will be reduced tremendously. The reduction of the Ag” ions into metallic
Ag® may also reduce the amount of light being absorbed by the catalyst and results in

low photocatalytic activity.

5.7 Comparison of the influence of light between supported Ru & Ag catalysts

In general, the insertion of transition metals on / into photocatalysts enhance their
photocatalytic properties through various modifications such as the reduction of the band
gap energy needed for photoexcitation, increase in the charge separation efficiency and
facilitating the charge transfer process for the redox reactions occurring at the catalyst
surface. The phenomenon caused by the various mentioned factors was exhibited by the
enhanced catalytic activity of the supported Ru catalysts upon light irradiation. However,

similar behaviour was not demonstrated by the supported Ag catalysts.

5.8 Conclusion

Light irradiation imposed a positive influence on the decomposition of N,O via the
supported Ru catalysts. Additionally, the N,O conversion during the light phase has
demonstrated to be increasing with the irradiation time. The increase in N,O conversion

under light irradiation is a result of the enhanced photocatalytic properties of the catalyst
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in the presence of transition metals. Light irradiation allows the rate-limiting oxygen
species to be desorbed more easily. The 1 wt% Ru/ZSM-5 is found to be the most
effective catalyst in the decomposition process with the highest catalytic activity of 96 %
in the absence of light irradiation. A very similar maximum of N,O conversion of 97 % is
also obtained in the presence of light irradiation for the decomposition process using the
1 wit% Ru/ZSM-5. The high catalytic activity is possibly due to the presence of excess
reactive sites, which improves the N,O conversion by accelerating the oxidation of the
oxygen species, which can be a rate-limiting factor during the decomposition process.
The assumption is supported by the case of the 1 wt% Ru/SiO, — Al,O3 (1:3). The 1 wt%
Ru/SiO,; — Al,O3 (1:3) and 1 wt% Ru/ZSM-5 has a similar chemical composition and
demonstrates a similar catalytic activity due to the presence of the reactive sites in both
catalysts and both are commonly used in for catalytic activities under high reaction
temperature, suggesting that the 1 wit% Ru/ZSM-5 is efficient under high reaction

temperatures.

Although several works of literature have reported on the decomposition of N,O via the
supported silver catalysts, a similar phenomenon was not observed in the present study.
The absence of N,O conversion by the silver-based catalysts could be explained by
various factors such as the influence of the active metal(0) species on the catalyst
surface, the influence of the catalyst support, the reaction methods and conditions during

the catalyst preparation.
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6 Summary

The present work provides new insights in structural parameters that determine the
catalytic performance of supported noble metal catalysts in N,O decomposition. The
investigations focus on (1) the dependency of catalytic performance on support materials
(Chapter 2); (2) reactivity of N,O with transition metals (Fe, Ni, Ru, Rh, Pd) supported on
CeO, (Chapter 3); (3) selective catalytic reduction of N,O with H, (Chapter 4); (4)

influence of light on the decomposition of nitrous oxide (Chapter 5).

Catalytic decomposition of N,O is one of the most suitable methods to reduce the
emission of N,O. In Chapter 2, ruthenium on chosen supports (Al,O3z, SiO,, Al,03-SiO;
mixed oxides, MgAl,O4 spinel, ZnAl,O,4 spinel and AlF3) as catalysts were synthesized
by incipient wetness impregnation with Ru(NO)(NOs3)3; as precursor. The catalysts were
characterized by BET surface area determination, X-ray diffraction, chemisorption,
temperature-programmed reduction and desorption (TPR/TPD) and in situ infrared
spectroscopy (IR) to establish structure—activity relationships. Different chosen support
materials for ruthenium catalysts demonstrated an obvious influence on the catalytic
activity in N,O decomposition. This could be explained by varying properties like the
metal-support interaction, the dispersion of Ru-active species and structure and
modification of the support. The strong Lewis and Brgnsted acidic sites in silica-alumina
composition do not influence the catalytic performance significantly. On the other hand,
basic sites are beneficial for N,O decomposition. Higher Ru dispersion was observed in
the Al,O3 rich Ru/SiO,-Al,O3; catalysts. This promoted the stronger metal-support
interaction, higher catalytic activity and lower degree of inhibition by gaseous oxygen in

the reaction.

N>O and temperatures of up to 500°C (maximum temperature applied) have no influence
on the (short-term) stability of catalyst. Under identical conditions, the pre-oxidized
catalysts are more active than the pre-reduced ones, again for the majority of the
supports indicating that ruthenium oxide(s) rather than metallic ruthenium act as active

species. However, Ru/AlF3; becomes more active after pre-reduction with decreasing Tsg
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to 375°C. This can be explained by the lack of oxygen in support lattice structure and

missing involvement of oxygen from support material in the N,O decomposition process.

Introduction of O, has an inhibitory effect on the N,O decomposition. This indicates that
the active sites are poisoned by oxygen increasing the desorption temperature.
Ru/ZnAl,O4 is found to be the catalyst of highest activity for the decomposition of N,O. It
can achieve nearly 100% N,O conversion at 500 °C even with presence of excess of O,
(GHSV = 24000 h™®). This could be due to the formation of particular phase by interaction

between Ru and spinel structure.

Supported Rh catalysts are among the most active systems for the N,O abatement, but
suffer from rapid deactivation. Pre-reduction of the catalyst (noble metal and/or transition
metal oxide) by H, at elevated temperature prior to the catalytic test was found to be a
prerequisite for reactivity at room temperature. In addition to Rh catalysts, the Chapter 3
broadens the scope of catalysts to pre-reduced late transition metals supported on CeO,,
including Ru/CeO,, Rh/CeO,, Pd/CeO,, Ni/CeO,, and Fe/CeO,. The outstanding activity
of late transition metals supported on CeO, catalysts in the abatement N,O has been
successfully demonstrated. The catalysts pre-reduced in hydrogen at 500 °C exhibit high
steady-state activities already at room temperature with N,O for a limited time.
Pre-reduced cerium(lV) oxide (surface layers of Ce,O3) as well as supported late
transition metal nano-particles react efficiently stoichiometrically with N,O. It was
experimentally verified that the highly interesting transformation of N,O to N, at room
temperature over pre-reduced CeO,-based catalysts does not represent a catalytic
decomposition of N,O, but a stoichiometric reduction of N,O by Ce,O3; and transition
metals. Transition metal oxides and surface layers of CeO, are reduced by H
pre-reduction. The reduced sites of CeO,, i.e. cerium(lll) oxide species represent the
highly active accessible reducing sites for N,O at room temperature. The transition
metals act as catalysts for the stoichiometric reduction of N,O by Ce,O3; and provide

additional reactive sites for N,O reduction. Metallic transition metals supported on CeO,
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can be oxidized by N,O at room temperature. The lifetime of the catalysts is determined

by the stoichiometric consumption of the supported metals and the Ce,O; layer.

In Chapter 4, experiments according to the selective catalytic reduction of nitrous oxide
were performed. These experiments were done with noble metals (ruthenium and
rhodium) supported on ceria and alumina. Hydrogen was used as reducing agent. It was
found that ceria-based catalysts show very good properties in the selective catalytic
reduction. A reductive pretreatment is not necessary. The rhodium sample shows full
nitrous oxide conversion at room temperature with a (nearly) stoichiometric amount of
hydrogen. For alumina supported catalysts, no nitrous oxide conversion is obtained at
this temperature. This indicates that the reaction takes place at the interface of the
support and the metal. Rh/CeO, acts in this case as catalyst for the simultaneous
reduction and oxidation of the support. XRD pattern confirmed that the state of the metal

does not change during the selective catalytic reduction.

In Chapter 5, the influence of light on the catalytic decomposition of N,O was
investigated under different reaction temperatures using supported ruthenium and silver
catalysts. Light irradiation imposed a positive influence on the decomposition of N,O with
the supported Ru catalysts. Additionally, the N,O conversion during the light phase has
demonstrated to be increasing with the irradiation time. The increase in N,O conversion
under light irradiation is interpreted as a result of the enhanced photocatalytic properties
of the catalyst in the presence of transition metals. Although several works of literature
have reported on the decomposition of N,O via the supported silver catalysts, a similar

phenomenon was not observed in the present study.
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7.1 Materials

All supports and metal precursors were purchased by commercial suppliers (VWR,
Sigma Aldrich, Alfa Aesar) and used without further purification. Gases from Westfalen

AG (Germany) were used with a purity of > 99.5% for all gases.
7.1.1 Synthesis of SiO,-Al,03 mixed oxides

A series of SiO,-Al,O3 mixed oxides containing various percentage of Al,O3 (25, 50 and
75 wt%) were prepared by co-hydrolyzing tetraethyl orthosilicate with a solution of
desired amount of aluminium nitrate. The mixture of both aluminium and silicon salts,
when slowly introduced into a 0.1 M acetic acid solution, gave a homogeneous mixed gel
after heating for 15h at about 80°C with vigorous stirring. A second homogenization took
place after adjusting and maintaining the pH at 7 by means of ammonia. After aging for
24 h at room temperature, the obtained gel was filtered, followed by washing severally
with distilled water and three times with ethanol to remove most of the water. The
product was dried sequentially at room temperature for 16 h, at 383 K for 5 h. Finally, the
material was calcined in a flow of dry air by increasing the temperature linearly at a

ramping rate of 2 K/min to 773 K, and maintaining this temperature for 4 h
7.1.2 Synthesis of pure Al;F;

AlF; was prepared according to a literature procedure from a former member in the
group. In a flask made of perfluoroalkoxy polymer (PFA), 9.18 g of Al,O3 (90 mmol) is
suspended in 150 mL of water. Twenty-four milliliters of hydrofluoric acid (40%; 540
mmol HF) is added dropwise under vigorous stirring at room temperature and
subsequently the solid oxide is dissolved completely. The resulting clear solution is
stirred for three days at room temperature. During this period, a white solid precipitates
which is separated from the solvent by centrifugation (6000 rpm, 10 min). The resulting
white aluminum fluoride is washed 3 times with 5-10 mL of water and dried at 70°C
overnight. Subsequently, the material is treated in a muffle furnace for 4 h at the desired
calcination temperature.
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7.1.3 Catalyst preparation by incipient wetness impregnation
Determination of Water Uptake Volume of the Supports

Water uptake measurements were determined using the pure support material before
the impregnation process. The pure supports were stored in a drying oven for two hours
for moisture removal to ensure the accuracy of the water uptake measurements. The
measurements were done based on 1g sample for each pure support. Water was initially
injected in a series of 100ul solution into the support and was eventually added in by a
series of 50ul of solution for a better judgement on the water uptake measurements.
Measurements were recorded upon the observation of a layer of liquid forming in the
support. From these data, the concentration of metal salt solutions for impregnation can
be calculated so that catalysts containing the desired amount of metal per weight or bulk

volume can be prepared.
Impregnation of the Supported Ruthenium Catalysts

Alumina (Aluminiumoxid C), silica (Aerosil 200) and titania (Aeroxide P25) were
purchased from Degussa. Magnesia (MgO Nanopowder) was purchased from Aldrich.
Ceria (SNAC-10000) was received from Priem. All metal oxides were agglomerated by
suspending in destilled water and drying on a rotary evaporator. The agglomerated
materials were sieved into a grain size of 100um < dg < 300um and dried at 200°C for 8h.
Supported ruthenium catalysts were prepared by incipient wetness impregnation of the
sieved and dried metal oxides with aqueous solutions of ruthenium nitrate (Ru(NOs3)3).
Ru(NO)(NO3)s (c = 1.5wt%) was used as the precursor solution. Dilution was performed
accordingly to obtain the required metal loading amount for the different catalysts. The
samples were mixed homogeneously using a vortex mixer (Heidolph™ Reax Control

Vortex Mixer) upon each addition of the precursor solution.

Impregnation of the Silver-Based Catalysts
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Drying of the support materials is also repeated for the synthesis of the supported Ag
catalysts. The precursor solution was made using the AgNO3 (99%) solids, and dilution
was performed to obtain the desired metal loading amounts for the different catalysts.
The mixing of the samples was repeated using the vortex mixer (Heidolph™ Reax

Control Vortex Mixer) upon each addition of the precursor solution.
Drying and Calcination of the Impregnated Samples

The impregnated samples were either dried at 120°C for two hours in a muffle furnace
(Wisd Laboratory Instruments) with a ramp rate of 10K/min or overnight in a drying oven
for the removal of excess water from the catalyst surfaces. Calcination was done in a
muffle furnace (Wisd Laboratory Instruments) at 450°C and 200°C for the supported Ru
catalysts and supported Ag catalysts respectively for four hours with a ramping rate of

5K/min before storing it for moisture removal.

7.2 Analytical methods
7.2.1 N, physisorption

Surface areas of solid materials were determined by single-point N, physisorption at a
temperature of -196°C and atmospheric pressure on a Quantachrome NovaTouch. All
samples were degassed at 300°C for 1h in flowing helium prior to N, physisorption.
Specific surface areas were calculated from the amount of N, desorbed upon rapid

sample heating from -196°C to room temperature.

7.2.2 X-ray diffraction

Powder X-ray diffraction (XRD) measurements were performed on a Philips X'Pert Pro
diffractometer with a copper anode (K, = 0.154056 nm). The recorded diffraction angle

range was 10-70° on the 20 scale for wide angle measurements. Reference
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diffractograms were taken from the database of the International Center for Diffraction

Data (ICDD).

7.2.3 Hpo-chemisorption

Chemisorption analysis was carried out on Quantachrome AutosorbiQ. The process was
conducted in a vacuum environment. An evacuation was performed for 120 minutes and
heated at 300°C at 10K/min. Reduction with H, gas was performed for 120 minutes to
obtain the active metal species before evacuating for another 120 minutes. The
temperature was then decreased to 100°C at the rate of 10K/min before the
chemisorption analysis. The measurements were repeated by evacuating for 60 minutes.
The chemisorption result was obtained by taking the difference between the two

isotherm measurements.

7.2.4 Temperature programmed reactivity

Hydrogen Temperature programmed reduction (H,-TPR) and oxygen temperature
programmed oxidation (O,-TPO) are measured on a Quantachrome ChemStar TPx
equipped with a thermal conductivity detector (TCD). Produced water was removed by a
cooling trap filled with a mixture of liquid nitrogen and isopropanol. 500 mg sample were
used in per measurement. The hydrogen consumption was calculated by
copper(ll) oxide calibration. Measurements were done in an U-tube quartz reactor with
an inner diameter of 4 mm. All samples were heated in inert gas before TPR and TPR/
TPO measurement (10 K/min, 500 °C, 30 min; 50 mL/min He) to remove surface
impurities. H,-TPR experiments were conducted between room temperature and 800 °C,
heating ramp of 10 K/min. The gas glow contains 5 % hydrogen, total gas flow was set to

100 mL/min, argon as balance gas. The WHSV was 12000 mLg*h™.
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For TPR/ TPO experiments the samples were first reduced (10 K/min, 500 °C, 1 h) and
subsequently oxidized in syntactic air (10 K/min, 800 °C). The reduction was done in 20 %
hydrogen, total gas flow was set to 100 mL/min, argon as balance gas. The oxidation
was done in 20 % syntactic air, total gas flow was set to 100 mL/min, helium as balance

gas. The WHSV was 12000 mLg*h™.

7.3 Catalytic measurements
7.3.1 Instrumental setup for catalytic activity tests

A gas mixer allows to adjust the feed gas composition to the experiments specific
requirements via four mass flow controllers (MFC). The following gases were usable
within the given flow ranges of 0—100 ml/min: He, O,, H, and a mixture of 0.5% N,O in

He.

The effluent gas stream from the reactor or bypass run through the gas flow cell of an

FT-IR spectrometer for quantitative analysis.

7.3.2 Construction of an UV/vis irradiated tube furnace

A quartz tube (purchased from QSIL AG, length = 50 cm, inner @ = 30 mm, wall
thickness = 1.5 mm) was lagged with a glass fiber isolated heating cord (purchased from
Horst GmbH, @ = 3.5mm, heated length = 10m, max. power consumption = 1250W, max.
working temperature = 450°C), leaving the central 50 mm and the marginal 50 mm of the
tube length uncovered. A thin quartz tube (inner @ = 4 mm, wall thickness = 1mm)
covering the full heated length is attached to the outside of the heating cord to provide a
cavity for the insertion of a K type thermocouple (purchased from HTM Reetz GmbH).
Insulating ceramic fiber mats (purchased from Rath GmbH) are then wrapped around the
tube array and fixed with glass fiber strings. In the central area of the tube, a rectangular

window (4 x 1.5cm) is cut out of the insulating material, thus exposing the inner quartz
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tube. The construction is then covered with a stainless steel jacket, leaving the central
window and both ends of the quartz tube uncovered. To avoid a stack-effect when
heating the vertically arranged tube furnace, the lower end of the quartz tube is later

sealed with a quartz wool plug.

All electrical connections to a temperature controller from HTM Reetz GmbH were

installed by the central workshop for electronics at Technische Universitat Minchen.

7.3.3 General Test Procedures for the Decomposition Process

The catalytic measurement in the present study involves a series of steps: starting from
() He pre-treatment, (ii) introduction of feed gas mixture via different mass flow
controllers (MFCs), (iii) the decomposition of N,O and ending with (iv) Fourier-Transform

Infrared (FT-IR) analysis of the gases generated from the decomposition process.

Catalytic tests were performed in a fixed bed tube reactor with an inner diameter of 4 mm.
The gas lines from the MFCs to the FT-IR spectrometer were pre-treated with helium at
the flow rate of 100ml/min to remove potential impurities. The background signal for the
FTIR spectrometer was also obtained after the pre-treatment step. The duration of the
He pre-treatment varies with the amount of impurities present in the system as well as
the gas lines. After the He pre-treatment step, the feed gas mixture at the flow rate of
100ml/min was introduced into the system to initiate the decomposition of N,O. Feed gas
mixtures contained 1000 ppm of N,O, helium as a balance and optional 5 vol.% of O,.
The measurements were obtained based on the remaining N,O concentration available

in the system after the decomposition process.

Measurements were collected consecutively at the intervals of 5 minutes until steady
state conditions were achieved using an FT-IR spectrometer (Agilent, Cary 660 FT-IR

Spectrometer).
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7.3.4 Photo-assisted N,O decomposition measurements

500mg of the calcined sample was loaded into the photoreactor. Both ends of the
elliptical part of the photoreactor were covered with quartz wool to avoid sample leakage.
The He pre-treatment process was performed at room temperature to obtain the

background signal for N,O (approximately 1000ppm).

The decomposition process comprises both the conventional catalytic decomposition
(dark phase) and the photocatalytic decomposition (light phase). The measurements
were obtained based on the remaining N,O concentration available in the system after
the decomposition process. The activation and termination of the light irradiation were
carried out upon reaching a steady state condition for the N,O concentration in the

system.

Upon the collections of the results, the N,O concentration remaining in the system was
being converted into conversion rate (%) and plotted against the experiment duration to
observe the various changes in the decomposition of N,O induced by the presence and

absence of light.

The decomposition process was conducted at four different operating temperatures: 0°C,
150°C, 300°C, 400°C for the N,O decomposition. The reaction temperature was
increased to the designated temperature value after each measurement using the

temperature-controlled oven (HTM Reetz GmbH) with a ramp rate of 10K/min.

The decomposition of N,O is also conducted at a specific reaction temperature to
observe the influence of light on the decomposition process in details. The operating
temperature was maintained for several hours to ensure reproducible results. The
operating temperature at which the decomposition process is conducted allows a distinct
N>O conversion rate. The analysis for the light and dark phases were carried out for two

cycles to ensure the accuracy of the results obtained.
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Figure 7.1: Schematic diagram of the N,O decomposition process

7.3.5 Selective catalytic reduction

For the SCR experiments, hydrogen is introduced as reducing agent during the reaction
with nitrous oxide. There are two sets of experiments. In the first one, excess of
hydrogen is introduced (2 mL/min, H2:N,O = 20:1). In the second one hydrogen is
introduced stoichiometric (1500 ppm Ha, H2:N,O = 1.5:1). The total flow is 100 mL/min,
He as balance gas. Temperature was set between room temperature and 200 °C,

500 mg sample per measurement. The WHSV was 12000 mLg™*h™.
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