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ABSTRACT

The growing world population and rising challenges of climate change require ef-
ficient and sustainable food production, and synthetic fertilizers have and will
play a key role in achieving it. A key ingredient in the production of fertilizers
is nitric acid, a chemical that is produced through a process called the Ostwald
process. One of the three main steps in this process is the oxidation of NO to
NO,, which currently takes place as a homogeneous gas phase reaction in a series
of heat exchangers. By substituting the current state-of-the-art bulky homoge-
neous reaction with a heterogeneous catalytic reaction, process intensification can
be enabled through increased throughput and heat recovery while reducing capital
expenditures.

In this work, seven alumina-supported catalysts were synthesized by wet impreg-
nation, characterized, and tested for catalytic activity for oxidation of NO to NO,
for industrial nitric acid production. Five catalysts were 5 wt% Ru promoted
with varying amounts of Fe and Mn, in addition to a 1 wt% Fe and a 1 wt% Mn
catalyst. The catalytic activity of the catalysts was investigated as a function of
temperature in conditions simulating industrial nitric acid production conditions.
A 48-hour isothermal test at 360 °C was also run to assess the stability of the
catalysts.

Both fresh and spent catalysts were characterized by x-ray diffraction (XRD),
N, adsorption, and CO chemisorption. Results revealed that the promotion of
Ru with several metals did not significantly impact surface area, crystallite size,
or dispersion of active metal. These properties were also maintained after both
temperature ramp and long-term isothermal testing, indicating a high degree of
stability of the promoted catalysts.

The promoted Ru catalysts exhibited moderate differences in catalytic activity.
There was a trend of a decrease in the conversion of NO with an increase in metal
loading and Fe content. Increasing Mn content generally led to lower dependence
on temperature for the catalytic conversion, a desirable trait for a catalyst for
industrial NO oxidation, as the thermodynamic equilibrium favors NO, at lower
temperatures. The catalyst with the highest catalytic activity contained 5 wt% Ru
and 1 wt% Mn, however, all promoted Ru catalysts performed significantly worse
than unpromoted 5 wt% Ru/Al,O3. This leads to the conclusion that promoting
Ru/Al,Oj catalysts with Fe and /or Mn through co-impregnation does not increase
catalytic activity towards the oxidation of NO to NO, in conditions resembling
industrial nitric acid production.



SAMMENDRAG

Den gkende verdensbefolkningen og de gkende utfordringene knyttet til klimaen-
dringer krever effektiv og baerekraftig matproduksjon, og kunstgjadsel spiller en
sentral rolle for & oppna dette. En ngkkelingrediens i produksjonen av kunstgjed-
sel er salpetersyre, et kjemikalie som produseres gjennom en prosess kalt Ostwald-
prosessen. En av de tre hovedtrinnene i denne prosessen er oksidasjonen av NO
til NOy, som for gyeblikket skjer som en homogen gassfase-reaksjon i en serie
med varmevekslere. Ved a erstatte den naveerende homogene reaksjonen med en
heterogen katalytisk reaksjon, kan prosessintensivering oppnas gjennom gkt gjen-
nomstrgmning og varmegjenvinning, samtidig som kapitalkostnadene reduseres.

Syv aluminiumoksid-stgttede katalysatorer ble syntetisert ved vat impregnering,
karakterisert og testet for katalytisk aktivitet for oksidasjon av NO til NO4 for
industriell produksjon av salpetersyre. Fem katalysatorer var 5 vekt% Ru pro-
motert med varierende mengder Fe og Mn, i tillegg til en 1% Fe og en 1% Mn
katalysator. Katalysatorenes katalytiske aktivitet ble undersgkt som en funksjon
av temperatur under forhold som simulerer forhold for industriell produksjon av
salpetersyre. Det ble ogsa utfgrt en 48-timers isoterm test ved 360 °C for a eval-
uere stabiliteten til katalysatorene.

Bade ubrukte og brukte katalysatorer ble karakterisert ved hjelp av rgntgendiffrak-
sjon (XRD),Ny-adsorpsjon og CO-kjemisorpsjon. Resultatene viste at promotering
av Ru med flere metaller ikke hadde en betydelig innvirkning pa overflateareal, par-
tikkelstarrelse eller spredning av aktivt metall. Disse egenskapene ble ogsa oppret-
tholdt etter bade testing under gkende temperatur og langvarig isotermisk testing,
noe som indikerer en hgy grad av stabilitet for de promoterte katalysatorene.

De promoterte Ru-katalysatorene viste moderate forskjeller i katalytisk aktivitet.
Det var en tendens til en nedgang i omsetning av NO med gkende mengde metall
og Fe-innhold. @kende Mn-innhold fgrte generelt sett til lavere avhengighet av
temperatur for den katalytiske omsetningen, noe som er en gnskelig egenskap for
en katalysator for industriell oksidasjon av NO, ettersom den termodynamiske
likevekten favoriserer NO, ved lavere temperaturer. Katalysatoren som viste
hgyest katalytisk aktivitet inneholdt 5% Ru og 1% Mn, men alle de promoterte Ru-
katalysatorene presterte betydelig darligere enn den upromoterte 5% Ru/Al,Os.
Dette ledet til konklusjonen om at promotering av Ru/Al,Os-katalysatorer med
Fe og/eller Mn ikke gker den katalytiske aktiviteten for oksidasjon av NO til NO,
under relevante forhold for industriell produksjon av salpetersyre.
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PREFACE

This project forms part of the Industrial Catalysis Science and Innovation (iCSI)
initiative, which was launched in 2015 through a collaboration between Yara,
Sintef, and NTNU. Titled "Catalytic Oxidation of NO to NO2 for Nitric Acid
Production," the objective of this endeavor is to identify a highly efficient catalyst
for the oxidation of NO to NO2 under relevant conditions. Since the inception of
the project, extensive research has been conducted on various materials.

Ata ul Rauf Salman became the project’s inaugural Ph.D. candidate in 2015, and
numerous master’s students have also contributed to the project, with this thesis
being the most recent. In 2020, Jithin Gopakumar joined the project as the current
doctoral candidate, continuing the research efforts. Professor Magnus Rgnning su-
pervised this work while co-supervised by Jithin Gopakumar and Bjgrn Christian
Enger (SINTEF).

This thesis marks the end of a two-year Master’s program "Sustainable Chem-
ical and Biochemical Engineering" at the Norwegian University of Science and
Technology (NTNU) in Trondheim, Norway. This thesis is a continuation of the
specialization project in the course "TKP4580 - Chemical Engineering, Special-
ization Project" concluded in the fall of 2022, and was written for the Catalysis
group at the Department of Chemical Engineering at NTNU. I wanna express
my sincerest gratitude towards my supervisors Magnus Regnning, Jithin Gopaku-
mar, and Bjgrn Christian Enger for their support, input, and help with my work.
Discussing my work with them has not only expanded my knowledge and under-
standing of catalysis but genuinely inspired me to pursue a career in the field of
research. A special thanks goes out to Jithin for assisting with the practical aspect
of the work, and always being willing to help and explain no matter how stupid
my questions were. I also want to say thank you to all of the Master’s students,
Ph.D. candidates, professors, and all other employees at the Catalysis group for
providing a great social environment during the hard work that this thesis has
been. A special shoutout goes to Estelle Vanhaecke for help and training with
characterization instruments, and even more so for being a genuinely wonderful
person to be around. Her laugh echoing through the hallway has been a beacon
of joy through some rather stressful periods of work.
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CHAPTER
ONE

INTRODUCTION

1.1 Background

As the world’s population keeps growing, and the fight against climate change
keeps getting tougher, the need for efficient and sustainable food production in-
creases. The second of UN’s 17 Sustainable Development Goals, is to "end hunger,
achieve food security and improved nutrition and promote sustainable agriculture"
[1]. We need to improve the output of food production without using more land
and without negatively affecting the environment [2, 3]. There are serious concerns
that at the current pace, food production will not be able to keep up with the
population growth, which is projected to grow to 10 billion globally by 2050 [4]. In
order to feed this population sustainably, World Resource Institute has projected
that we need to increase total crop calories by almost 60%, without expanding
from the area used as farmland today [2].

One of several ways to improve crop yields without expanding farmland is to im-
prove the quality of the soil, which can be done through the addition of fertilizers
[5, 3]. Fertilizers can provide nutrients that are otherwise not available in the soil,
replace nutrients lost during harvest, and balance the nutrients in the soil for higher
crop yield and quality [6]. The three main compounds that modern fertilizers are
composed of are nitrogen (N), phosphorous (P), and potassium (K), resulting in
the commonly used name "NPK fertilizer" [7]. The fertilizer compounds need to
be water-soluble for the plant roots to be able to absorb them. Sources of soluble
nitrogen are ammonium (NH,") and nitrate (NOs3 ions, phosphate ions (PO;)
provide soluble phosphorous, and most common potassium compounds are solu-
ble in water. Ammonium and nitrates are produced from nitric acid (HNOs3), and
about 70% of the nitric acid produced is used for this purpose [§].

Yara is the leading producer of nitrogen fertilizer in the world 9], and has continu-
ously improved the production process over the last century. The process used for
producing nitric acid is called the Ostwald process and consists of three main steps.
The first step is the catalytic oxidation of ammonia (NH3) to nitrogen monoxide
(NO) using platinum/rhodium gauze as the catalyst [10]. The second step is the
oxidation of NO to nitrogen dioxide (NO,), before the final step of absorbing NO,
absorbing in water to form nitric acid [8, 11]. The second step, oxidation of NO

1



2 CHAPTER 1. INTRODUCTION

to NO,, is a third-order reaction that favors low temperatures [11], and currently
takes place as a homogeneous gas-phase reaction in a series of heat exchangers
without using a catalyst [8]. It is believed that the use of a catalyst in this step
of the process could improve the efficiency and economic cost of NO oxidation.
With the global annual production of nitric acid reaching over 60 million tonnes
[12], process intensification of NO oxidation would be a significant step toward a
sustainable future for both the chemical and food production industry.

1.2 State of the Art

Many studies have been conducted and published on effective catalysts for NO ox-
idation, however, almost exclusively in regards to NO, emission abatement, where
the concentrations of NO are in levels of ppm. The catalyst performance changes
drastically when the conditions change to industrial nitric acid production con-
ditions, where the high concentration of NO (10%) and presence of water (15%)
in the feed pose challenges. Salman reported how the performance of supported
platinum catalysts changed from diesel exhaust to nitric acid production condi-
tions, with the presence of water and strongly oxidizing conditions significantly
inhibiting the catalytic activity of Pt [13]. Only three patents exist on the cat-
alytic oxidation of NO to NO,, and neither has seen any commercial use |14, 15,
16].

In recent years, alternatives for catalysts for NO oxidation at conditions resembling
industrial nitric acid production have been investigated, and studies of alumina-
supported catalysts with active metals like Ru and Pt have reported promising
results [13, 17, 18|. Manganese oxides have also been explored as a cheaper and
more available option to noble metals and have revealed good catalytic perfor-
mance for NO oxidation at nitric acid production conditions [13, 19]. This recent
progress encourages further research of alumina-supported Ru and MnO, cata-
lysts.

1.3 Motivation

The main goal of this research project is to develop a catalyst that efficiently ox-
idizes NO to NO, at conditions relevant to nitric acid production. The current
process utilizes the inverse temperature dependence of the oxidation reaction to
shift the equilibrium towards NO,, by reducing the temperature through a series
of heat exchangers which also allows for sufficient residence time for the reaction to
take place. A fraction of the heat is recovered, while there is also significant heat
loss through the pipe walls between each heat exchanger [11]. Replacing this bulky
process with a single step for catalytic reaction and heat recovery can therefore
significantly increase not only the heat recovery itself but also the capital expen-
diture (CAPEX) of nitric acid production plants, as there would be less need for
space and process equipment. Additionally, according to equilibrium calculations,
the conversion of NO to NOy could be increased from the current degree of 20%
up to about 90% [17]. A summary of the process intensification and its potential
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benefits is described in Figure 1.3.1.

NO + N, + NO, + NO + N,
H,O + O, Non-catalytic +H,0+0,
Heat exchanger
NO conversion ~24%

Process intensification
Energy recovery > 10%

NO+N,+ NO, + NO + N,

H,O+ 0O
: ; Catalytic reactor +H,0 +0;

NO conversion > 95%

Figure 1.3.1: Process intensification in nitric acid plants by catalytic oxidation

of nitric oxide, 4.7 bar pressure. Obtained from Grande etal- [17].

Additional motivation for this research includes gaining a better understanding of
catalytic oxidation of NO to NOy under nitric acid production conditions, specif-
ically regarding how catalytic performance is affected by the additions of several
promoters in various amounts. The characterization of bimetallic and trimetallic
catalysts may also give insight into how the addition of several active metals af-

fects catalyst characteristics like reducibility, dispersion, and surface area.

In summary, the motivation for this research project is to:

e Increase the conversion of NO to NO, for nitric acid production.
e Reduce CAPEX for future nitric acid plants.

e Increase the rate of heat recovery in nitric acid plants.

e Better understand the conversion of NO oxidation in regard to the addition

of several promoters in various amounts.

e Better understand the challenges regarding the synthesis, characterization,

and testing of bi and trimetallic catalysts.

e Increase throughput to the absorber, increasing the yield of nitric acid.
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1.4 Strategy

This project aims to synthesize, characterize, and test catalysts for catalytic oxida-
tion of NO under simulated nitric acid plant conditions, continuing the promising
research done across several projects. A wide variety of active metals and sup-
ports have been tested, including ruthenium (Ru), manganese oxides (MnO,), and
platinum (Pt) on supports of gamma alumina (y—Al,O3) and zirconia (ZnO,) [13,
19, 17, 20]. This work will be focusing on promoted Ru/y—Al,O5 catalysts.

This master’s project is the continuation of the work done in the course TKP4580 -
Chemical Engineering, Specialization Project in the fall of 2022 at NTNU Glgshau-
gen. In that project, three catalysts were synthesized, characterized, and tested
for NO oxidation for nitric acid production. The catalysts were 1 wt% Pt/Al,Os,
1 wt% Ru/Al,O3, and 5 wt% /Al,03. The fresh catalysts were characterized by
X-ray diffraction (XRD), N, physisorption, temperature-programmed reduction
(TPR), and chemisorption. They were then tested for catalytic activity as a func-
tion of temperature from 150-450 °C at 1 bar pressure. The feed composition was
similar to that of the feed for NO oxidation in nitric acid production plants, that is
10% NO, 6% O,, and 15% H,0. A long-term isothermal activity test was also con-
ducted at 350 °C for 45 hours in order to determine the stability of the catalysts.
Efforts were also made to determine the reaction order with respect to different
components, however, challenges regarding the steady state of the reaction rate
made results unreliable. Spent catalysts were also characterized to determine how
the reaction affects the catalysts, contributing to the evaluation of the catalyst’s
stability and suitability.

The aforementioned work concluded that the Ru/Al,O5 catalyst performed better
than Pt/Al,O3 in every aspect, that is both with regards to catalytic activity and
long-term stability. 5 wt% Ru/Al,O3 also showed higher catalytic activity than 1
wt% Ru/Al,O5. This master’s project aims to develop promoted 5 wt% Ru/Al,O4
catalysts, in order to find a catalyst that displays even higher catalytic activity
towards NO oxidation. The catalysts will have different amounts of promoters
so study the effect of metal loading on catalyst characteristics and activity. The
strategy will be similar to that of the specialization project, where fresh and spent
catalysts will be characterized before and after activity testing. The feed compo-
sition for activity testing will also be the same - 10% NO, 6% O,, and 15% H50,
simulating nitric acid plant conditions. The temperature range will be 150-450 °C
at atmospheric pressure.

The activity tests will be run in a packed bed reactor in Rig 2.1 on the second floor
of Chemistry Hall D. This rig has been modified and optimized towards eliminat-
ing some key challenges when attempting to replicate an industrial process in a
laboratory [20, 18|. In order to study catalytic activity it is important to minimize
the gas phase conversion, which is favored by longer residence time. Gas lines have
therefore been shortened and reactor design optimized, and empty reactor runs
were conducted to measure the gas phase conversion. The NO oxidation reaction
is also sensitive to temperature and pressure gradients. The reactor design has
been optimized, and silicon carbide (SiC) was used to minimize these gradients.
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TWO

INDUSTRIAL NITRIC ACID PRODUCTION

2.1 History

Mankind has for a long time sought to improve the quality of the soil we use for
farming, and the first known trace of nitric acid goes as far back as the 8th century
when Arab alchemist Abu Musa Jabir ibn Hayyan (721-815) synthesized it by dis-
tilling sulphuric acid (H,SO,) with saltpeter (potassium nitrate, (KNO3) [21]. This
remained the primary way of producing nitric acid for the next millennium until
the saltpeter was replaced with Chile saltpeter (sodium nitrate, NaNOj). The
Chile saltpeter was a natural resource found mainly in northern Chile and as the
20th century began, the reserves were nearly exhausted [22, 23]. Simultaneously,
a rapidly growing global population caused an increased need for food production,
and humanity was in dire need of a way to supply its soil with nitrogen. With the
natural resources diminishing, efforts were made to instead extract nitrogen from
the atmosphere.

The Norwegian physicists Kristian Birkeland and Sam Eyde developed a process
in 1903 that was able to oxidize the nitrogen in the air by passing it through
an electric arc at over 2000 °C, producing nitrogen monoxide (NO) and nitrogen
dioxide (NO;). This gas mixture was then absorbed in water to form nitric acid
[24]. With cheap, renewable energy available nearby, two production plants were
built in Rjukan and Notodden in Norway. However, the process required enor-
mous amounts of electricity compared to the amount of nitric acid produced, and
a German chemist by the name of Wilhelm Ostwald had almost simultaneously
developed a more energy-efficient process. This process, now commonly referred
to as the Ostwald process, produced nitric oxide by oxidizing ammonia (NHj) over
a platinum-based catalyst [11, 23|. Fritz Haber and Carl Bosch had by 1913 suc-
cessfully developed a process to produce ammonia by letting a nitrogen/hydrogen
gas mixture react at high pressures over an iron-based catalyst. The hydrogen
could be produced from fossil fuels, and the Haber-Bosch process quickly ensured
a consistent and affordable supply of ammonia |24, 23]. This caused the Ostwald
process to be both energetically and financially superior to the one of Birkeland
and Eyde, and it quickly became the preferred method of producing nitric acid
worldwide. While many improvements have been made, the core principles of
the process remain the same to this day. The success of the Ostwald process has
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enabled fertilizer production to reach unprecedented heights, likely enabling the
lives of several billion people [25].

2.2 Ostwald Process

All industrial-scale nitric acid production uses the Ostwald process, which consists
of three main chemical steps:

1. Catalytic oxidation of ammonia to nitric oxide

2. Oxidation of nitric oxide to nitrogen dioxide

3. Absorption of nitrogen dioxide in water

Figure 2.2.1 illustrates a schematic of the Ostwald process.

Air  NH, Air H,0
Tail gas

Catalytic Gas-phase
combustion oxidation

HNO,

Figure 2.2.1: A simplified block diagram illustrating the Ostwald process. Three
steps: catalytic oxidation of NHj, oxidation of NO, and absorption in water. II-
lustrated by Benum.

The first step is the oxidation of ammonia, where a 1:9 ammonia/air mixture
enters a catalytic converter [8]. The desired reaction is presented in Equation 2.1
[11].

4NH3—|—502 —>5N0—|—6H20 AH7~298 = —907 kJ/WlOl (21)

There are two additional reactions that can take place between oxygen and am-
monia, both producing undesired byproducts in N, and N,O. These reactions are
presented in Equation 2.2 and Equation 2.3, respectively [11].

4 NH3 + 3 02 — 2 N2 +6 HQO AHrggg = —1261 kJ/mol (22)
4NH3+402 —>2N20+6H20 AHrggg = —1103 kJ/TTLOl (23)

By looking at the heat of reaction for the three reactions, it is clear that Ny (Equa-
tion 2.2) is the most thermodynamically favored product. Ny is inert and not useful
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in the next step of production, and N,O is a potent greenhouse gas [26]. This issue
with selectivity is solved by using a catalyst. The most common catalyst consists
of a very fine gauze of 90-95% platinum (Pt) and 5-10% rhodium (Rh), which
significantly improves the selectivity towards NO production [23]. NO formation
(Equation 2.1) is also the least exothermic reaction, meaning higher temperatures
favor selectivity towards NO. Typical oxidation temperatures therefore range be-
tween 750-900 °C, which together with the catalyst enables the reaction to reach
around 95% yield of NO [8]. Such high temperatures cause catalyst loss due to
PtO, evaporation, which is why Rh is added to the catalyst. Rh helps reduce PtO,
evaporation and also increases the mechanical strength of the gauze [23]. Many
modern nitric acid plants also employ palladium (Pd) gauze right underneath the
Pt/Rh gauze, which "catches" the lost PtOy by forming an alloy with it [27].

The next step in the Ostwald process is the gas phase oxidation of NO to NO,
and its liquid dimerN,O,. The reaction is presented in Equation 2.4.

2NO + 02 — 2 N02 < NQO4 AHrggg = —113.8 k:J/mol (24)

The exothermic reaction (Equation 2.4) is thermodynamically favored by high
pressure and low temperature. The degree of NO oxidation (i.e. NO, content) at
1 bar as a function of temperature is illustrated in Figure 2.2.2.

100
90
80
70
60
50
40
30
20
10

0
150 200 250 300 350 400 450

NO Conversion [%]
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Figure 2.2.2: Conversion of NO to NO, based on the thermodynamic equilibrium
as a function of temperature at 1 bar pressure.

The NO oxidation reaction is one of few third-order reactions. The rate expression
is presented in Equation

= kp(Pyo)*Po, (2.5)

Where kp is the rate constant, and Pyoa, Pxo, and P,y are the partial pressures of
NO,, NO, and O,, respectively. This rate expression shows that the reaction has a
second-order dependence on the concentration of NO and a first-order dependence
on the concentration of oxygen. Figure 2.2.3 shows the rate constant as a function
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of temperature.
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Figure 2.2.3: Rate constant of the NO oxidation reaction as a function of tem-
perature. Obtained from Honti, 1976 [28].

As Figure 2.2.3 shows, the rate constant increases with decreasing temperature.
This means that the NO oxidation reaction is both kinetically and thermodynam-
ically favored by low temperatures. This reduction in temperature is achieved
by passing the process stream through a series of heat exchangers. This recovers
some heat and allows for a longer residence time, which helps the conversion since
the rate of reaction for NO oxidation is slow [17]. Much effort has been done to
develop a catalyst to increase the reaction rate, but it has proved challenging.
The composition of the product stream of the ammonia oxidation in a typical
nitric acid plant is 10% NO, 6% O, and 15% H,0O. The conditions are strongly
oxidizing, and the presence of water has proven to inhibit the activity of some
promising catalysts such as coke [13]. The fact that the reaction is favored by low
temperatures is also an issue since catalytic activity is typically favored by high
temperatures, as suggested by the Arrhenius law [28]. It is therefore desired to
develop a catalyst that displays catalytic activity at lower temperatures.

The final step of the Ostwald process is the absorption of the NO, /Ny, mixture
in water. This absorption process is quite complex, as many different reactions
can take place both in the gas phase and the liquid phase. Equation 2.6.

2 N02 + HQO — 2 HNOg + NO AH,Qgg = =37 kJ/mol (26)

As previously mentioned, the different stages involved in the Ostwald process have
a preference for either high or low pressure. When designing a nitric acid produc-
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tion plant, it is crucial to consider the operating pressure as it results in two
primary process designs that are commonly used - the single-pressure and dual-
pressure plants. The single-pressure processes typically operate at high-pressure
levels (between 7 to 12 bar) and use a higher temperature for the catalytic oxida-
tion of ammonia, which improves energy recovery efficiency. On the other hand,
the dual-pressure process involves the placement of a compressor between the am-
monia oxidation stage and the reaction of NO, with water to form nitric acid.
This process uses a lower pressure (between 4 to 5 bar) for the ammonia oxidation
stage and a higher pressure (between 10 to 15 bar) for the absorption of NO, in
water.
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THREE

CATALYTIC OXIDATION OF NO

3.1 Alumina as Support

Al,O3, commonly referred to as alumina, is widely used as catalyst support in var-
ious industrial and scientific applications due to its many unique properties. The
combination of high surface area, porosity, thermal stability, chemical inertness,
acid-base properties, and versatility makes alumina an excellent catalyst support
material [29, 30, 31|. It is also well-suited for the impregnation and dispersion
of active metals, as the Lewis acid and base sites on the surface provide sites for
ionic and metallic species to attach onto [29]. These properties also make alumina
more suitable for acidic reactions compared to other common support materials
like zirconia, ceria, and titania.

Alumina, can exist in a wide variety of polymorphs, such as o, U, 8, v, and vy-
Al,O5. The transitions between these phases can occur during heat treatment,
and the phase of the alumina support will depend on the calcination temperature
and precursor used for synthesis, as illustrated in Figure 3.1.1.

- <300 °C 8970 °C ~1100°C
gibbsitp——* - AL,y ———* -AlL,O;——* -Al:O;
450 “( 150 °C ) 1000 °C 1200 °C
boehmite = y-Al O *o-AlLO, —*0-AlLO;—*u-Al:0;
230°C 850"C 1200 °C

bayerite ————® n-AlL,Oy————— B-ALOy———* w-ALO,

. 500 °C
diaspore———————" 0-Al,0;

) 900 *C 1000 °C
tohdite ——— k-Al;O;————— a-AlO;

Figure 3.1.1: Phase transformations of alumina. Obtained from Xie et. al. [32]

The different phases of alumina all have different characteristics, like physical
strength, chemical activity, porosity, and surface area. The most prominent alu-
mina phase used in catalysis is y-Al;O3, which has a high surface area (> 200
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m2/ g), high catalytic activity and adsorption capacity, and good wear-resistance
[29, 31]. y-Al,O3 has been used as support material for studies on NO oxidation
for industrial nitric acid production. Studies have been conducted by Grande et
al. |17] and Salman et al. [13, 20|, on catalytic NO oxidation in industrial nitric
acid production conditions over alumina-supported catalysts. They report that
v-Al,O3 as support exhibits excellent stability under NO oxidation and allows
for easy impregnation with active metals resulting in high dispersion and surface
area. Wang et al. [33] studied NO oxidation over MnO, supported on alumina and
titania, and found that the performance of the catalysts decreased in the order
of Mng4/Al,O3 > Mng,/Al,O3 > Mng,/TiOy > Mng,/TiOy > MnO, > AlyOg,
indicating MnO,/Al,O5 synergy for catalytic NO oxidation. They also detected
adsorbed oxygen as the active oxidizer, rather than lattice oxygen.

3.2 Ruthenium Catalysts

Ruthenium is known as a good oxidation catalyst, as the versatile transition metal
exhibits oxidation states from -II to +VIII, and is widely researched and used in
ammonia synthesis and many other oxidation reactions |18, 34, 35, 36]. Numerous
studies have been conducted on the adsorption of NO on Ru catalysts. Sokolova
et al. |37] investigated the adsorption and decomposition of NO on Ru/Al,O4
catalysts, and found that NO adsorption on oxidized Ru occurs via nitrite and
nitrate routes. They also found that NO adsorbs more easily on oxidized Ru at
temperatures above 300 °C. Li et al. |[35] investigated the oxidation of NO to
NO, over Ru catalysts, however at conditions relevant to diesel exhaust, where
NO exists in concentrations of ppm levels. Conditions in NO oxidation for indus-
trial nitric acid production present much higher concentrations of NO (10%) and
significant amounts of HyO (15%). These are strongly oxidizing conditions, which
as reported by Salman [13| inhibit the activity of common NO oxidation catalysts
like Pt.

One recent investigation of NO oxidation over supported Ru catalysts at nitric acid
production conditions was conducted by Gopakumar et al.. Ru/y-Al,O3 catalysts
were tested for oxidation of NO at industrial nitric acid production conditions and
exhibited promising levels of activity at both 1 and 4 bar pressure. Investigations
of activation energy, reaction order, and reaction mechanisms were also conducted.
An apparent activation energy (E,) of 152 kJ/mol was reported for NO oxidation
over a 0.5 wt% Ru/Al,O3 catalyst in the temperature range 340-366 °C and 1 bar
pressure, which is higher than the activation energy of 33 kJ/mol for Pt catalysts
as reported by Salman et al. [20]. An Eley-Rideal mechanism was proposed as the
reaction mechanism for NO oxidation over the supported Ru catalysts, where NO
adsorbs on oxidized Ru and gaseous NO, is generated by dissociation of adsorbed
NOj. The proposed mechanism is presented in Equations 3.1-3.4:

Oy + 2° 20* (3.1)

K
2NO + 30" ~———— 3NO; + NO;+* (3.2)
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Ks

NO;

NO, + O* (3.3)

ky

NOE + 0.50, NO; (3.4)

Where * is a free active site, and K; and k; are equilibrium and rate constant,
respectively. By assuming O as the most abundant reaction intermediate (MARI),
and the reaction in Equation 3.4 as the rate-limiting step, the rate expression
became as described in Equation 3.5 when the surface coverage of adsorbed O
exceeds the fraction of free sites (©g » 1):

_ kyx Kg* Py x Po,

PNOQ

r (3.5)
Where Kg = (K;)%5 x Ky/K3. The reaction rate is inversely dependent on the
partial pressure of NO,, first order with respect to O,, and second order with
respect to the partial pressure of NO.

Aika et al. [38] studied the effect of various promoters on Ru/Al,O3 catalysts
for ammonia synthesis, and found that the addition of alkali precursor promot-
ers increased the dispersion and activity of Ru. The viability of promoting Ru
and reported high catalytic activity encourage further research of supported Ru
catalysts for NO oxidation at industrial nitric acid production conditions.

3.3 Manganese Oxide Catalysts

Manganese oxides are useful for various uses within the field of heterogeneous
catalysis. Supported manganese oxide catalysts show promising catalytic activity
in a wide variety of oxidation reactions, with key attributes like high chemical
stability and good redox properties, allowing for a variety of Mn oxidation states
and crystalline phases [13, 39, 40, 41, 42, 43, 44]. In recent years, manganese
oxide has gained attention and has been studied for use in diesel exhaust, which
involves the catalytic oxidation of NO [39]. Mn is much cheaper than noble metals
like Pt and leaves a smaller environmental footprint since it is available in larger
quantities, being the 12th most abundant element on earth [45]. This makes it an
intriguing prospect to replace noble metals for catalytic oxidation of NO.

The mechanism of NO oxidation on MnO,/TiO, catalysts was studied by Tang
et. al through the use of in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS). They found that the reaction takes place via a Mars-van
Krevelen (MvK) mechanism, where NO first coordinates to Mn sites. It is then
oxidized by lattice oxygen to form nitrates, which finally decompose to NO, at
high temperatures [46]. It is also believed that the oxidation of organic molecules
over transition metal oxides like MnO, also proceeds via the MvK mechanism,
where the metal oxide is re-oxidized by adsorbed oxygen [47]. Manganese oxides
display apparent capabilities of oxygen storage and release when undergoing a
rapid cycle of oxidation and reduction by interacting with reducing and oxidizing
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agents [43, 47|.

Manganese oxides can exist in a wide variety of forms, and the choice of method
of preparation, precursor, calcination temperature, and support material can all
affect the oxidation state and crystalline structure of MnO, [13, 43]. Nitrates or
acetates are common precursors, and when using alumina as the support, nitrate
precursors typically lead to microcrystalline MnO, as mainly Mn (IV) and Mn
(III), while using acetates results in surface metal oxide, mainly Mn (III) [48].
Calcination temperature is also important for the oxidation state of Mn, as a tem-
perature of 525 °C or lower results in Mn (IV), while using higher temperatures
results in Mn (III) [44]. It is vital to know what state is most active toward the
reaction one is developing the catalyst for. Wang et al. investigated the catalytic
activity of different manganese oxides (MnO,, MnyO3, and Mnz0y,) in typical diesel
exhaust conditions, that is 500 ppm NO, 5 vol%, 15 vol% H,o (when used), and
200 ppm SO, (when used). It was found that the activity decreased in the order
of MnO, > Mny,O3 > Mn30,, meaning that the oxidation state of Mn (IV) is the
most catalytically active towards NO oxidation in such conditions [49].

Mn (IV) can also exist in a number of different crystalline structures, which can
greatly affect catalytic activity [50, 39]. Chen et al. tested different crystal struc-
tures of unsupported MnQO, for catalytic oxidation of NO. The different phases o-,
B-, v-, and 6-MnO, were synthesized and tested for catalytic activity in 500 ppm
NO, 5 vol%, 10 vol% Hyo (when used), and 200 ppm SO, (when used), across a
temperature range of 100-400 °C. The different MnO, crystal structures exhibited
significantly different activities, with y-MnO, being the best. y-MnO, is a mix of
the two structures pyrolusite and ramsdellite, which may lead to it being rich in
point defects and vacancies. Chen et al. [39] proposed that these vacancies can
act as active sites for oxidation and that this together with the high porosity and
surface area of y-MnQO, gives it its high catalytic activity towards NO oxidation.
They illustrated the mentioned crystal structures of MnO,, which are displayed
in Figure 3.3.1.

3.4 Iron Catalysts

Iron serves as a key catalyst component for many oxidation reactions due to its
vast availability and good redox properties, with its wide range of oxidation states
(-IV to +VI) [51, 52]. Supported iron catalysts have been widely used in industrial
oxidation reactions, like in the Haber-Bosch process, where iron-based catalysts
facilitate the oxidation of nitrogen gas to produce ammonia [53, 54]. Iron catalysts
are also employed in the oxidation of hydrocarbons, such as the Fischer-Tropsch
process for the synthesis of liquid fuels from syngas [55, 56]. No studies have been
published on the oxidation of NO over iron, however, the general rich redox chem-
istry and use of Fe in other oxidation reactions indicate that it may be effective as
a promoter. Iron is also much cheaper and leaves a negligible environmental foot-
print compared to noble metals, making it an intriguing option for the promotion
of supported catalysts for industrial NO oxidation.
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Figure 3.3.1: Crystal structures of o-, 3-,y-, and 5-MnO,, illustrated by Chen et
al. [39].
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4.1 Catalyst Preparation

As there are a wide variety of types of catalysts within heterogeneous catalysis,
there also exist different preparation methods. The choice of preparation method
can significantly affect the cost of preparation and catalyst characteristics like sur-
face area, dispersion, and metal loading. The methods for preparing catalysts can
be broadly categorized as dry and wet techniques. The co-precipitation method is
typically preferred when trying to achieve a porous material with a large surface
area, along with maximum catalytic activity per unit volume. The cost of the ma-
terials also plays an important role and co-precipitation is typically only chosen
when the precursor materials are cheap. Conversely, if the catalyst preparation
involves costly precursors like noble metals and the intention is to deposit the
active phase as nanometer-sized particles onto the support material, the preferred
methods are either impregnation or precipitation from a solution [30, 57].

4.1.1 Impregnation

Impregnation is a catalyst preparation method where a support material is impreg-
nated with a precursor solution containing the desired active component, typically
a catalytically active metal. There are two main types of impregnation techniques:
wet impregnation and incipient wetness impregnation, also referred to as dry im-
pregnation. Prior to impregnation, the support material typically undergoes either
drying or calcination to eliminate any volatile impurities or residual moisture. This
step is crucial in reducing the potential risk of pore blockage in the catalyst. A
precursor solution of volume V is then introduced into the support material, which
possesses a total pore volume Vpr. In wetness impregnation, the solution is added
in excess (V > Vpr). In incipient wetness impregnation, the quantity of precursor
solution employed is precisely equivalent to the volume of pores within the support
(V = Vpr), ensuring no excess solution remains outside the pore space. This is
typically achieved empirically by simply adding water dropwise until the sample
looks fully wetted but with no excess solution remaining [30, 57, 58]. One can
also estimate the required volume V by determining the specific pore volume by
a characterization method like N, physisorption.

17
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Capillary suction helps draw the precursor solution into the support’s pores. The
displacement of the air within the pores occurs when the capillary pressure sur-
passes the pressure of the trapped air inside the pore, particularly in cases where
the pore has a small radius. The air bubbles can exert significant pressure, reach-
ing magnitudes of tens of bars, which can lead to the rupture of the pore walls if
the support material is not structurally strong enough. Under typical conditions
and with appropriate support materials, the air dissolves into the solution and
gradually escapes from the catalyst’s pores [58|. Figure 4.1.1 illustrates the mass
transfer inside the catalyst pores during wet and dry impregnation.
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Figure 4.1.1: Mass transfer in a) wet and b) dry impregnation, solute moving
from left to right. Obtained from Marceau et.al.[58].

In addition to pressure, there are many factors that affect the impregnation pro-
cess, including temperature and the amount of active metal. A solid/gas phase
being substituted with a solid/liquid phase is often an exothermic process and
leads to heat release, which may alter the impregnation conditions, especially if
the precursor’s solubility is sensitive to temperature changes. If the viscosity of
the solution is excessively high, it can extend the time it takes to wet and fill the
pores of the support material. Furthermore, it is important to consider that the
precursor’s loading is limited by its solubility in the solution [57]. After impregna-
tion is completed, the sample is typically dried in an oven overnight to evaporate
the bulk of the precursor solvent.

4.1.2 Calcination

Calcination is a process that involves heating a substance, typically a solid mate-
rial, at high temperatures in a controlled environment. The purpose of calcination
is to bring about various physical and chemical changes in the catalyst, resulting
in desirable properties or transformations. One of these is the removal of impuri-
ties, like volatile compounds and anions from the precursor solution which remain
in the catalyst pores after impregnation. By subjecting the material to high tem-
peratures, these impurities are typically burned off or vaporized, resulting in a
purer catalyst [58, 59]. Calcination can also activate the catalyst by initiating
structural changes or phase transformations. Heating at elevated temperatures
can promote the reorganization of atoms or ions, leading to the development of
desired catalytic properties. For example, the calcination of metal oxides can in-
duce lattice rearrangements, creating active sites for catalytic reactions. Phase
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transformations caused by calcination can result in an increase in desired proper-
ties like mechanical strength or surface area if the appropriate temperatures are
chosen [59]|. Alumina, for example, can exist in a wide variety of phases depend-
ing on the calcination temperature and precursor. As explained in Section 3.1,
v-Al,O4 is typically the desirable alumina phase for use as catalyst support, due to
its high surface area, catalytic activity, and adsorption capacity [29, 31]. o-Al,O3
on the other hand has a much lower surface area but has a number of useful traits
such as high resistance to heat, acid, and alkali, while also being physically hard
and strong. [32, 60]. It is therefore important to choose the right temperature
and heating rate when calcining catalysts.

The choice of atmosphere is also a key factor for the effect of calcination. While one
can use high-temperature furnaces for calcination in air, there also exists dedicated
calcination setups which enable gas flow through the sample during heating. Air
or oxygen can be used to oxidize the active metal and/or the support, while H,
is commonly used for reduction. The choice of gas depends on what phase of
the catalyst is considered the active phase - if the known active phase for the
catalyst is an oxide phase one should use air or oxygen, while if the metallic state
is considered more active, Hy should be employed instead.

4.2 Characterization methods

The following sections will give the theoretical background of every characteriza-
tion technique utilized in this project.

4.2.1 X-ray diffraction

X-ray diffraction is a technique used to study the arrangement of atoms in a
crystal lattice, and is based on the principles of wave interference. When X-rays
are directed at a crystal, they are diffracted by the atoms in the crystal lattice.
The diffracted X-rays then form a pattern of bright spots, known as a diffrac-
tion pattern, which is recorded on a detector. The pattern of bright spots in the
diffraction pattern is caused by the constructive interference of X-rays that have
been diffracted by the crystal [61].

X-rays

Figure 4.2.1: X-rays being scattered by the atoms in the lattice. Obtained from
Chorkendoff and Niemantsverdriet [30].
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The spacing between the atoms in the crystal lattice determines the angle at which
the X-rays are diffracted and the intensity of the diffracted X-rays. This lets us
determine the spacing between the atoms in the crystal lattice by analyzing the
diffraction pattern and using Bragg’s equation, which is described in Equation 4.1

[62].

2dsin(0) = nA (4.1)

Where ) is the beam wavelength, @ is the incident angle, n is an integer, and d is
the distance between the diffracting planes. The concept is visualized by Figure
4.2.1.

Figure 4.2.2: Diffraction of x-rays by atoms in the crystal lattice. Obtained
from Epp [63].

This information can be used to determine the crystalline phases present in a sam-
ple, by comparing the pattern to patterns of known compounds. Another property
that can be determined from the diffraction pattern is the size of the crystallites.
This can be calculated using the Debye-Scherrer equation, which relates crystal-
lite size to the diffraction angle and the wavelength of the X-rays. It is given by
Equation 4.2 [64].

K\
D:
B cost

Where A is the X-ray wavelength, /3 is the full width at half maximum (FWHM),
and 6 is the diffraction angle. K is the Scherrer constant, a dimensionless factor
related to the crystallite shape, and is typically 0.9 for spherical crystallites. D is
the crystallite size assuming cubic and monodisperse crystallites, and it is there-
fore important that the value of D should be interpreted with care [64, 65|. For
a system of polydisperse particles, the obtained value of D represents the volume-
weighted average of the particle size distribution [66]. The calculation done with
the Scherrer equation is also only a relative measure that gives a rough estimate
of the crystallite size and should not be used as an absolute determination. The
method does not account for the effects of stress and strain, which also causes
broadening of the diffraction peaks, meaning that the method should not be used
if the sample has been exposed to stress [64, 65, 66]. Uncertainty in correcting

(4.2)
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for instrumental broadening may also affect the accuracy of the calculations. This
correction is done by comparing the FWHM intensity to a single-crystalline Si
standard and using a Gaussian correction described in Equation 4.3.

B2(20) = B;(260) — B}(20) (4.3)

Where B?(26) is the corrected FWHM, B;(26) is the FWHM of the sample, and
B3(26) is the FWHM of the Si standard [67, 64].

The crystallite size calculated using the Scherrer equation can be used to roughly
estimate the dispersion, D, by using Equation 4.4.

D= 7 (4.4)
Where d, is the average crystallite diameter and the constant k changes with as-
sumptions of particle size and shape. For internal comparisons, k may be set to a
united value [68]. Since this dispersion value is calculated using the particle size
obtained through the Scherrer equation, it should also not be used as an abso-
lute determination but instead used to cross-check with other experimental results.

4.2.2 N, Adsorption

Surface area, pore volume, and pore size are all physical properties that can sig-
nificantly impact the performance of a catalyst, and the determination of these
properties is often a key part of characterizing porous catalysts. The specific sur-
face area of the material may increase the number of active sites available for the
reactant molecules to adsorb onto and react, thus increasing the rate of reaction.
The size and shape of the pores significantly affect the mass transfer of reactants
and products within the catalyst structure, which can influence the accessibility of
the active sites, the reaction mechanism, and even the selectivity of certain prod-
ucts. While a high surface area is generally desirable for a heterogeneous catalyst
as it often increases the number of available active sites, too high of a surface area
may lead to issues with structural strength and sintering. Sintering is a physical
and/or thermal process leading to the agglomeration of metal without actually
melting, which in a porous catalyst can mean active sites merging to form larger
particles, or even entire pores collapsing. This is an undesired process as it can
cause loss of surface area and active sites, reducing the activity of the catalyst
[69]. Most heterogeneous catalysts are mesoporous, meaning they have an average
pore diameter between 2 and 50 nm [70].

The most common method of determining the surface area and pore size of meso-
porous catalysts, is through the adsorption and desorption Ny at 77 K, which is
the boiling point of nitrogen [71]. The N2 adsorption and desorption method is
based on the principle of measuring the amount of nitrogen gas adsorbed onto the
surface of the porous material at various pressures and measuring how many N,
molecules need to adsorb onto the surface to cover it with a full monolayer. In
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reality, the gas molecules may adsorb in several layers, illustrated by Figure 4.2.3
[72, 73].

/ Gas Molecules

Monolayer

Adsorption

Surface of Adsorbate

Multilayer

Adsorption

Surface of Adsorbate

Figure 4.2.3: [Illustration of monolayer versus multilayer adsorption of gas
molecules on a solid surface. Obtained from Mohammed et. al [73].

As the pressure of Ny increases, the amount adsorbed onto the sample is plot-
ted versus the relative pressure p/py, where p is the pressure of N, and py is the
saturation pressure of Ny at 77 K [74]. An early theory regarding isotherms was
developed by Irving Langmuir in 1916, who made several assumptions to be able
to describe the adsorption of a gas on a solid surface. The assumptions were the
following |75]:

e The adsorption is a monolayer process, meaning that only one layer of
molecules can be adsorbed onto the surface.

e All active sites on the surface have equal adsorption energy.
e Each active site can only hold one molecule.

e There is no interaction between the adsorbed molecules, meaning adsorption
energy is independent of surface coverage.

e The activity of the adsorbate is directly proportional to the adsorbate con-
centration.

The main flaw of the Langmuir theory is that it does not account for multilayer
adsorption, which as mentioned is often the case in reality. Brunauer, Emmet and
Teller (BET) therefore made some additional assumptions to be able to better
describe real adsorption processes |72[:
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e The gas molecules will adsorb in infinite layers at saturation pressure (p =
Po), where molecules in the first layer act as adsorption sites for molecules
in the second layer, etc.

e The enthalpy of adsorption for the second layer and higher is equal to the
condensation enthalpy.

e The adsorption layers do not interact.

e The Langmuir theory can be applied to each adsorption layer.

By making these assumptions, the isotherm can be mathematically described by
the BET Equation, described in Equation 4.5 [72, 76].

P :(C—l)P+ 1 (4.5)

V(Pp— P VinC' Py V,,C
Where P is the pressure of the adsorbate gas, F, the saturation pressure, V,, is the
volume of adsorbed gas at a full monolayer, V is the adsorbed volume at pressure
P, and C is a constant. By plotting P/(V(P-Pg)) versus P/P, the slope S and
intercept I of the equation can be found through least squares regression. One can

then calculate V, and the constant C, as described in Equation 4.6 and Equation
4.7 [77].

1
- 4,
Vin S+1 (4.6)
C:1+§ (4.7)

From here, the specific surface area S can be calculated as described in Equa-
tion 4.8 [77].

V,wNs
VM
Where Ng is Avogadro’s number, V is the molar volume of the gas, M is the mass

of the sample, and s is the cross-sectional area of the adsorbed molecules (0.162
nm” for N, at 77 K) [77].

S = (4.8)

The BET equation is linear, and thus the data points used for the calculation of
surface area should be in the linear part of the graph, which represents the for-
mation of the monolayer. This range is usually between relative pressures of 0.05

and 0.3 [30, 74].

In addition to surface area calculations, N, physisorption using the same equip-
ment can also be used to determine pore volume and pore size distribution. Once
the N, is adsorbed on the surface of the sample, the process is reversed by de-
creasing the pressure, letting the Ny desorb. The following isotherm can then be
used to determine to gather information about the pore structure [30]. Smaller
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pores will lead to a higher rate of condensation of Ny. This phenomenon is called
capillary condensation and is described by the Kelvin equation. Barrett, Joyner,
and Halenda (BJH) developed a method to relate the amount of desorbed N,
as the relative pressure decreases, to the pore size. This equation is called the
modified Kelvin equation, and is described in Equation 4.9 [74, 78|.

P 20V cost
n—=————

F rRT

Where P/ P, is the relative pressure of Ny, o is the surface tension, 6 is the contact
angle, T is the temperature, R is the gas constant, and r is the pore radius.

(4.9)

The N, isotherms generated by the physisorption experiment may take several dif-
ferent shapes, which can give useful information about the material that is being
analyzed. The International Union of Pure and Applied Chemistry (IUPAC) did
in 1982 define six different types of N, isotherms, all of which are displayed in
Figure 4.2.4 [76]. The Type I isotherm usually results from microporous struc-
tures, where the pore size is so small that it governs the maximum uptake of
gas molecules, which approaches a fixed value as (p/pg) approaches 1. Type
IT typically represents non-porous or macroporous materials, where unrestricted
monolayer-multilayer adsorption takes place. Point B represents the almost lin-
ear middle section where the monolayer is completed. The type III isotherm is
rare but may be obtained from non-porous or macroporous materials with weak
adsorbate interactions, and does not have a point B meaning BET analysis is not
applicable. A type IV isotherm is usually obtained from mesoporous materials and
is very similar to isotherm type II except it has a hysteresis loop associated with
capillary condensation occurring in the mesopores. The type V isotherm is similar
to type 3 except with mesopores, giving a hysteresis loop at the end. The type VI
isotherm represents stepwise multilayer adsorption on non-porous surfaces |75, 76].
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Figure 4.2.4: The six different isotherms defined by ITUPAC in 1982. Obtained
from Kajama et al.[79].
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Figure 4.2.5: Dissociative and associative adsorption, obtained from Schmal [84].

4.2.3 Chemisorption

Chemisorption is a type of adsorption where the adsorbate molecules form chemi-
cal bonds with the adsorbent, like hydrogen bonds, covalent bonds, or ionic bonds
[80]. Although the adsorbate molecules adsorb onto the same active sites on
the catalyst as they do during the process of physisorption, the bonds formed
from sharing electrons are much stronger than those formed through Van der
Waal forces. This means that chemisorption requires a higher activation energy,
and also that the formed bonds require more energy to be broken, leading to
chemisorption typically being an irreversible process, where desorption is difficult
[81, 82|. Chemisorption can typically only take place if the adsorptive is in direct
contact with the surface, causing chemisorption to most often be a single-layer
process [83]. Adsorbate molecules can chemisorb either associatively or dissocia-
tively. Associative chemisorption means that the entire adsorbate molecule bonds
with a single active site, while dissociative chemisorption means that the atoms
in the molecules bond with different active sites, leading to different adsorption
stoichiometries [80, 83]. The two concepts are visualized in Figure 4.2.5.

Due to the irreversibility of the process, chemisorption is usually undesired in cat-
alytic processes, as the chemisorbed molecules will not desorb and therefore block
the active sites for new reactant molecules [85|. Chemisorption can, however, be
used to analyze several different physical properties of catalysts, like the dispersion
of active metal on a support. Dispersion is the ratio of exposed surface atoms to
the total number of atoms in the bulk and is mathematically defined in Equation
4.10.

p=2s

N (4.10)

Where D is the dispersion, Ng is the number of exposed surface atoms (i.e. active
sites), and Nr is the total number of active metal atoms present in the catalyst.
Since catalytic reactions mainly take place on the surface of the catalyst, high
dispersion is typically a favorable characteristic of a catalyst, as more highly dis-
persed crystallites supply more active sites for reactions to take place [30, 86].
The dispersion can however also be too high, as too high dispersion can lead to
crystallites that are too small to act as active sites [86].

The characterization procedure begins by completely evacuating the sample, such
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that no other gas molecules are adsorbed on the sample surface prior to analysis.
The analysis gas of choice may vary depending on the sample, and common analy-
sis gases include H,, CO, CO,, and O,. Once the sample is evacuated, the analysis
gas is introduced at increasing pressures. There will typically be molecules that
weakly adsorb (physisorb) onto the support surface, while others will strongly
adsorb (chemisorb) onto the active metal sites. The initial adsorption isotherm
will therefore consist of a combination of irreversible and reversible adsorption.
In order to distinguish between the two, the sample is evacuated and a second
adsorption test is then run. The vacuum causes the physisorbed molecules to des-
orb, while all that is left are the molecules that have chemisorbed onto the active
metal surface. The second test is then completed under identical conditions to
the first test, except now the isotherm will only consist of physisorbed molecules,
since the active metal sites which allow for chemisorption are already occupied.
By subtracting the second isotherm from the first, one is left with an isotherm
describing chemisorption only [83]. The process is illustrated in Figure 4.2.6.

The amount of chemisorbed molecules gives information on the amount of active
metal on the surface, which together with knowledge regarding the materials in
question, may be used to calculate the dispersion of active metal using Equation
4.11.

n Vaas My, * 100
D= 4.11
i (4.11)

Where n is the adsorption stoichiometry, V,4s is the volume of chemisorbed gas,
M, is the molecular weight of the metal, M is the metal loading (%), and Vj is
the molar volume of an ideal gas at STP (22414 cm®/mol).

Active metal
SEIITIpll!, after initial _q;{\ce.t_..{_.m-{.-“u{%«{%.
cleaning by heat and R e s R
vacuum.
After first adsorption
test.
After vacuum de- 0000
gassing prior to second st PO DR
adsorption test. T R R

After second adsorption
test.

Figure 4.2.6: Four steps in determining the isotherm for only irreversible ad-
sorption, where I and R represent irreversibly and reversibly adsorbed molecules,
respectively. Obtained from Micromeritics [83]
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4.3 Activity measurements

4.3.1 Product analysis using FTIR

Fourier-transform infrared spectroscopy (FTIR) gas analyzers are devices used to
analyze the composition of gases based on their absorption and emission of infrared
light. The technique relies on the principle that different gas molecules absorb and
emit light at specific infrared wavelengths. creating a unique spectral fingerprint
for each gas. These infrared spectra arise when transitions between quantized
vibrational energy levels occur within a molecule. The molecular vibrations range
from the straightforward coupled motion of the atoms in diatomic molecules to
more intricate movements in larger polyfunctional molecules. Each molecule pos-
sesses its own distinctive vibrational modes, creating a unique spectral fingerprint
for each gas [87].

The analyzer starts with a broadband infrared light source that emits a wide range
of infrared wavelengths. The gas sample to be analyzed is then introduced into a
sample cell or gas chamber. This cell is designed to allow infrared light to pass
through the gas. An interferometer then splits the incoming light beam into two
separate beams using a beam splitter. One beam is directed toward a fixed mir-
ror, and the other beam is directed toward a moving mirror. The moving mirror
rapidly oscillates back and forth, causing the path length of one beam to vary. The
two beams are then recombined at the beam splitter, resulting in an interference
pattern. The varying path length of the moving mirror creates an interference
pattern that contains information about the different infrared wavelengths. The
interference pattern is directed to a detector, typically a photodetector or a de-
tector array, which measures the intensity of the light at each wavelength. This
creates an interferogram. The interferogram is processed using a Fourier trans-
form, a mathematical technique that converts the interferogram from the time
domain (intensity vs. time) to the frequency domain (intensity vs. wavelength).
The resulting spectrum represents the absorption and emission characteristics of
the gas sample at different infrared wavelengths. As mentioned, each gas molecule
has unique absorption and emission bands, allowing for the identification and
quantification of the gases present in the sample. The obtained spectrum is com-
pared to reference spectra or spectral libraries to identify the gases present in the
sample. The intensities of the absorption peaks are used to determine the con-
centration of each gas [87, 88|. Figure 4.3.1 shows a schematic of an FTIR gas
analyzer.
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Figure 4.3.1: Schematic of an on-line FTIR gas analysis system. Obtained from
Eddings et.al.[89].

FTIR gas analyzers have many advantages. They can simultaneously detect and
quantify multiple gases in real-time, providing high sensitivity and accuracy rang-
ing from ppb to percentages. They also require minimal sample preparation and
are used in a variety of fields, including catalysis [90]. If the mirrors inside the
FTIR gas analyzer are damaged or react with other compounds, the concentration
measurements can contain significant amounts of noise. This issue can be solved
by oxygen cleaning, making frequent service of the instrument important [87].
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5.1 Catalyst preparation

5.1.1 Support

v-Al,O3 was used as the support for all catalysts. Pellets of 1/8 size were pur-
chased from Alfa Aesar and crushed with a mortar and pestle. The crushed alu-
mina was then sieved into a size fraction of 53-90 pm and calcined in a Nabertherm
calcination furnace. The support was heated to 600 °C in air with a heating rate
of 5 °C/min, where it was held for 2 hours before cooling down. The support was
then sieved again before impregnation. Ny physisorption and X-ray diffraction was
conducted on the alumina to confirm that the phase composition (y-Al,03) and
high surface area were retained.

5.1.2 Impregnation and Calcination

Seven y-Al,Os-supported catalysts were prepared through wetness impregnation,
a commonly used preparation method for depositing active metals on supports of
alumina [13, 33, 48, 57|. Five catalysts had a 5 wt% loading of Ru with different
amounts of promoters (Fe and Mn), resulting in both bimetallic and trimetallic
catalysts. In addition, two monometallic catalysts of 1 wt% Fe and Mn were
synthesized. Table 5.1.1 presents a summary of the composition of each catalyst
synthesized in this project, along with the names which will be used to refer to
the specific catalysts.

Table 5.1.1: List of names and compositions of the synthesized catalysts.

Catalyst Name Composition
1Fe 1% Fe, 99% Al,O4
1Mn 1% Mn 99% Al,O4
5RulFe 5% Ru, 1% Fe, 94% Al,O4
5RulMn 5% Ru, 1% Mn, 94$ Al,O4

5RulFelMn 5% Ru, 1% Fe, 1% Mn ,93% AlOs
SRusFelMn 5% Ru, 3% Fe, 1% Mn, 91% ALOs
5RulFe3Mn 5% Ru, 1% Fe, 3% Mn, 91% Al,O4

29
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The amount of support and precursor required to achieve the desired metal load-
ing was first calculated and weighed out. The precursors used for Ru, Fe, and Mn
were RuClz - Hy,O, Fe(NO3)3-9H,0, and Mn(NOj), - 4 HyO, respectively. The pre-
cursors were then dissolved in deionized water and stirred with a magnetic stirrer
for 30 minutes to ensure that the precursor was evenly dispersed. After stirring,
the solution was added dropwise to the support and thoroughly mixed. The mul-
timetallic catalysts were synthesized through co-impregnation, meaning that the
precursors were dissolved in the same solution before being added to the support.
The samples were then dried in an oven at 120 °C' for 24 hours to remove the water.

Once dried, all catalysts were calcined at 450 °C for two hours, with a heating
rate of 5 °C/min. 1Fe and 1Mn were calcined in air in a Nabertherm calcination
furnace. All other catalysts were calcined in a dedicated calcination setup in a
reducing 200 NmL /min flow of 5% Hy in N,. The catalysts were finally sieved into
a size fraction of 53-90 pm.

5.2 Characterization techniques

5.2.1 X-ray diffraction

A DaVinci 1 X-ray Diffractometer was utilized to conduct X-ray diffraction (XRD)
analysis in order to identify the various phases present within the catalysts. To
prepare the samples, a small quantity of powdered sample was evenly distributed
onto a 10 mm Si-cavity holder using a plastic spatula and a glass plate. This
particular holder was selected due to its minimal sample requirement, ensuring
that a minimum amount of spent catalyst sample was consumed for XRD, leaving
more sample for other characterization methods. Cu xo radiation of 40 kV and
40 mA with a wavelength of 1.5405 A was used as the radiation source, and an
analysis program suitable for samples with low crystallinity was utilized. This
program uses a slit opening of 0.1°/min and a step size of approximately 0.044
. and the diffractogram was captured in the 29 range of 5-75 °. The acquired
data was processed and analyzed using DIFFRAC.SUITE EVA software. Prior
to plotting, the data used for the XRD plots was background subtracted and
normalized. The identification and comparison of the different phases found within
the catalyst samples was done by using the ICDD PDF®) Database.

5.2.2 N, physisorption

N, physisorption measurements were performed to determine the specific surface
area, pore volume, and pore size distribution of the catalysts. Approximately 100
mg of the sample was transferred to the bottom part of the sample tubes, before
undergoing degassing pretreatment using the VacPrep 061 Degasser. The sample
tubes were connected to the degassing unit and left to evacuate for one hour at
room temperature. Subsequently, they were moved to the heating station and
evacuated at 200 degrees overnight. After the degassing process was completed,
the sample was reweighed to ensure accurate measurements.
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The physisorption isotherms were obtained using a Micromeritics Tri Star 3020
Surface Area and Porosity Analyzer. To enhance temperature control, the sample
tubes were covered with Teflon jackets. Additionally, a filler rod was placed inside
the tubes to minimize any errors arising from free space. The sample tubes were
then immersed in a dewar containing liquid nitrogen before beginning the analysis
procedure. The methods chosen to calculate surface area and pore volume were
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH), respectively
[72, 91]. A pressure range (p/po) of 0.05 - 0.3 was selected to ensure that only the
linear portion of the isotherm was considered for calculations.

5.2.3 Chemisorption

The dispersion and particle size of the active metals on the alumina-supported
catalysts were measured by CO chemisorption. The adsorption isotherms were
obtained using a Micrometrics ASAP 2020 instrument. Approximately 110 mg
of catalyst was placed inside a U-shaped glass reactor, sandwiched between two
quartz wool pieces. O-rings were placed on the reactor outlet when connecting it to
the instrument, and all parts were thoroughly cleaned with ethanol to avoid leaks.
An external thermocouple was attached to the reactor for temperature control,
and the sample was evacuated for 1 hour before a leak test was performed prior
to analysis. The leak test consisted of closing the valves to the pump and then
measuring the pressure increase for one minute - if the pressure increase was not
greater than 0.05 mmHg, the system was considered leak-proof and analysis was
started. The CO adsorption isotherms were recorded across the pressure range of
25-550 mmHg.

Different analysis conditions were utilized for the different catalysts, as they con-
tained different active metals. Manganese oxides are not easily reduced to Mn®"
and do not respond well to Hy treatment [45, 92|, nor was there found an ad-
sorptive which gave acceptable isotherms for the 1Mn catalyst. Several analysis
procedures were tested until acceptable isotherms were obtained, and two different
procedures in total were used. The procedures will be referred to as Chemisorption
Analysis Procedure 1 and 2 and are described in Table 5.2.1,5.2.2, respectively.
The experimental data from all chemisorption experiments, including what anal-
ysis procedure was used for what samples, can be found in Table B.1 in Appendix
7.2.

5.3 Activity testing

Activity testing was conducted in Rig 2.1 on the second floor of Chemistry Hall D
at NTNU Glgshaugen, Trondheim. This rig is dedicated to studying NO oxidation
under simulated industrial nitric acid plant conditions. The reactant gases con-
sisted of NO (40% NO/Ar) and O, (40% O,/Ar), and were purchased from AGA
AS. The dilutant used was argon 6.0 (99.99999% Ar) which was also purchased
from AGA AS. The rig has five feed gas lines connected to a ventilation network,
all equipped with a check valve, a pressure gauge, a pressure-reducing valve, and
a Bronkhorst electronic mass flow controller (MFC). Each gas line is individually
heated to 200 °C with heating tapes prior to mixing at the reactor inlet. The
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Task Gas | Temperature [°C| | Rate [°C/min| | Time [min]
Evacuation | He 100 10.0 30

Leak test - 40 10.0 -

Flow H, 450 10.0 120
Evacuation | - 430 10.0 60
Evacuation | - 100 10.0 45

Leak test - 100 10.0 -
Evacuation | - 50 10.0 60

Analysis CO |35 10.0 -
Evacuation | He 35 10.0 60

Table 5.2.1: Chemisorption Analysis Procedure 1.

Task Gas | Temperature [°C| | Rate [°C/min] | Time [min]
Evacuation | He 100 10.0 30

Leak test - 40 10.0 -

Flow H, 550 10.0 120
Evacuation | - 530 10.0 60
Evacuation | - 100 10.0 45

Leak test - 100 10.0 -
Evacuation | - 50 10.0 60

Analysis CO |35 10.0 -
Evacuation | He 35 10.0 60

Table 5.2.2: Chemisorption Analysis Procedure 2.

amount of water present in the reactor was controlled by a Bronkhorst electronic
Controlled-Evaporation-Mixing (CEM) unit, which also handled the mixing of
water, oxygen, and argon. A detailed flow scheme of Rig 2.1 can be found in
Appendix 7.2.

Activity testing was carried out in a packed bed reactor (PBR). The reactor itself
was a vertical stainless steel tubular reactor with a length of 8 cm and an inner
diameter of 9.7 mm. The reactant gases entered through two separate tubes at
the top of the reactor. Oxygen and water diluted in argon entered through one
tube, while NO entered through the other. The reason for using two separate
tubes was to minimize the contact time between oxygen and NO prior to entering
the reactor, in order to minimize the gas phase NO conversion. The reactor is
graphically illustrated in Figure 5.3.1.

The reactor was prepared by first inserting an approximately 1 cm long stainless
steel cylinder at the bottom of the reactor, used to keep the reactor contents in
place. The cylinder had a narrower opening that faced up the reactor. A pinch of
quartz wool was then packed on top of the cylinder using a metal rod before the
catalyst mixture was poured down the reactor inlet. Another pinch of quartz wool
was placed on top of the catalyst bed to keep it in place. The catalyst mixture
consisted of the catalyst itself mixed with 30 mesh (595 pm) SiC. The SiC was
added to dilute the heat generated by the exothermic reaction to achieve isother-
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Figure 5.3.1: Illustration of the reactor used for activity testing. Illustrated by
Jithin Gopakumar.

mal conditions. The large SiC particle was chosen to make separating the spent
catalyst and SiC achievable, which is necessary to characterize the spent catalyst.
Approximately 500 mg of catalyst and 2.75 g of SiC was used for each test, how-
ever, these amounts were sometimes modified in order to achieve the same catalyst
bed height for each activity test. The bed height is important to keep constant
as it significantly impacts the contact time, i.e. the time the gas mixture is in
contact with the catalyst surface and can undergo a catalytic reaction. The bed
height was measured by sticking a metal rod down the reactor after adding the
first piece of quartz wool and then marking the metal rod at the reactor exit. This
procedure was repeated after the catalyst mixture was added, and the measured
distance between the two marks on the rod was determined to be the catalyst bed
height.

Two half-cylindrical aluminum blocks were placed around the reactor, equipped
with four heating cartridges to ensure uniform heating. One K-type thermocouple
was placed inside the heating block, while another one was placed down the reac-
tor inside the catalyst bed to achieve accurate temperature control. A Eurotherm
(24161) controlled the temperature in the catalyst bed, while dedicated LabView
software was used to control the set points of all process variables.

A total feed flow rate of 200 NmL /min was used for all activity tests, correspond-
ing to a weight hourly space velocity (WHSV) of 24 000 NmL /hg.,.. The product
stream was immediately diluted with 800 NmL/min Ar upon exiting the reactor
in order to minimize gas phase conversion prior to concentration measurements.
The dilutant also helps cool down the gas mixture to 191 °C, which is the required
temperature for the gas analyzer. The gas analyzer used to analyze the product
stream was a Fourier Transform Infrared (FT-IR) gas analyzer (MKS 2030HS, 1
bar, 5.11 m path length, 191 °C). A Pfeiffer Vacuum ThermoStar GSD 301 T3
Benchtop Mass Spectrometer monitored the Ar and the homonuclear diatomic
compounds like O, and N.
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The activity measurements presented in Section 5.3 of this report were all done
without pretreatment in Rig 2.1 prior to testing. During activity testing of
Ru/Aly,O5 catalysts in the course TKP4580 - Chemical Engineering, Specialization
Project in the fall of 2022, pretreating the catalyst bed in H, proved to improve
catalytic activity. Those catalysts were, however, calcined in air and therefore
not reduced prior to activity testing. As explained in Section 5.1.2, all catalysts

synthesized in this project which contained Ru were calcined in a reducing atmo-
sphere of 5% H,.

Two different programs for activity testing were used in this project. The first
program was used for all catalysts and consisted of a temperature ramp from 150-
450 °C. The catalysts were first heated to 150 °C at 5 °C/min in Ar and held at
this temperature for 30 minutes to let the temperature stabilize. The temperature
was then increased to 450 °C at 5 °C/min in 10% NO, 6% O,, and 15% H,0,
simulating nitric acid plant conditions. The second testing program was a steady
state isothermal run at 360 °C, where the temperature was increased to 350 °C
at 5 °C/min before being held at this temperature for 48 hours in 10% NO, 6%
O,, and 15% H,0, in order to gauge the stability of the catalyst. The two testing
programs are summarized in Table 5.3.1.

Table 5.3.1: Summary of the testing procedures used for activity testing.

Name Temperature Ramp Rate Hold time Feed Composition
450Ramp 150-450 °C 5 °C/min - 10% NO, 6% O,, 15% H,0
3608S 360 °C - 48 h 10% NO, 6% O,, 15% H,0

While the NO conversion was used to compare the performance of the catalysts,
the gas phase conversion needs to be subtracted to determine the actual catalytic
conversion, which is needed if one wishes to calculate the catalytic reaction rate.
Because of this, runs with an empty reactor, only SiC (30 mesh), and SiC (30
mesh) mixed with pure alumina support (53-90 um) were conducted in order to
measure gas phase conversion and also to assess the inertness of the reactor, SiC,
and alumina. The runs with only SiC used approximately 3.25 g of SiC, while the
mixed run used approximately 2.75 g SiC and 0.5 g Al,O3. The testing program
used for these tests was 450Ramp. Exact experimental details including the mass
of SiC and catalyst, bed height, and test program used for all activity tests can
be found in Table A.3 in Appendix 7.2 .

The conversion of NO to NO, was calculated by making the assumption that the
only nitrogen species present in the system are NO and NO,. This assumption lets
us create a mole balance when knowing that one reacted NO molecule produces
one NO, molecule (as shown in Equation 2.4). The mole balance is described by
Equation 5.1.

nNOin = nNOQ,out + nNOout (51)
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Where nyo,, represents the number of moles of NO entering the reactor, and
NNOs.owe a0d nyo,,, represent the number of moles of NO, and NO exiting the
reactor, respectively. using this mole balance, the conversion of NO was calculated
using Equation 5.2.

[NO2]outlet
[No]inlet
Where [NOJine: is the concentration of NO at the inlet ([NOiner = [NO2]outtet
+ [NOJoutiet), and [NOg]ouer is the concentration of NO, at the outlet. Ais a

constant which accounts for changes in volume due to the reaction and can differ
under different conditions. A= 0.99 is typically used for nitric acid plant conditions

[93].

NOcom)ersion = A * * 100 (52)

Equation 5.3 is derived from the mole balance of a PBR on the differential form
and shows how the rate of reaction can be calculated based on the mass of the
catalyst.

znoFno,
TNO, = —Nm ]\i = (5.3)
Cca

Where 2o is the conversion of NO to NOy, Fno,y, is the molar flow rate of NO at
the inlet, and m.,; is the mass of the catalyst. To find the molar flow rate of NO,
1.249 g/L is used as the density of NO (20 °C, 1 bar) [94]. In order to calculate
the catalytic reaction rate, Equation 5.4 can be used.

wNO,cFNO,n
POy = TNOLNOn (54)
cat

Where zn0 . is the catalytic conversion of NO, which is the measured NO conver-
sion with the gas phase conversion subtracted, as shown in Equation 5.5.

TNO,e = TNO — TNO.g (5-5)

Equation 2.5 is based on the assumption that there are no radial gradients in
reaction rate, pressure, or temperature in the PBR, which in reality is difficult
to achieve experimentally. The reaction rates calculated using this equation are
therefore rough estimates, and will primarily be used to compare the catalysts,
rather than treating them as determined values.
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CHAPTER
SIX

RESULTS AND DISCUSSION

6.1 Characterization of fresh catalyst

The following sections will present the relevant characterization results for the
fresh (not yet used for activity testing) catalysts.

6.1.1 N, Adsorption

Table 6.1.1 shows the surface area, cumulative pore volume, and average pore
diameter for the alumina-supported catalysts. The surface area is calculated by
the BET method, while the pore volume and diameter are calculated by the BJH
method. These methods are explained in detail in Section 4.2.2, and make nu-
merous assumptions in order to calculate these values from measurements of Ny
adsorption/desorption. The potential inaccuracy of these assumptions is the rea-
son for the lack of decimals in Table 6.1.1.

Table 6.1.1: Data from N2 adsorption: BET surface area, BJH desorption cu-
mulative volume of pores, and BJH desorption average pore diameter of the fresh
catalysts.

Catalyst BET surface area Pore volume [cm3/g] Average Pore Size

[m? ] jem® /g] o]
Al203 228 0.88 11
1Fe 226 0.89 11
1Mn 225 0.88 11
5RulFe 224 0.86 11
5RulMn 220 0.88 11
5RulFelMn 216 0.85 11
5Ru3FelMn 223 0.86 11
5RulFe3Mn 228 0.86 11

The high surface area of the alumina support indicates that it is y-Al,O3, con-
firming that the catalyst preparation methods were appropriate. As explained in
Section 3.1, y-Al,O3 is the desired phase of alumina when used as catalyst sup-
port, as its high surface area and thermal stability can facilitate active and stable
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Figure 6.1.1: XRD patterns of fresh AlyOs-support. The y-Al,O3 peaks are
indicated with a dot (e).

catalysts. The pore volume of the support was determined to be 0.88 m? /g, and
the average pore diameter of 11 nm means that the support is mesoporous, which
is common for heterogeneous catalysts [70]. Neither surface area, pore volume nor
pore size changes significantly between the pure support and the catalysts. This
validates that the desired characteristics of y-Al,O3 are retained through impreg-
nation and calcination.

The plot of the isotherm for the alumina support can be found in Figure B.1
Appendix 7.2, along with the BET surface area plot and pore size distribution
plot. The isotherm appears to be a Type II isotherm, which is explained in detail
in Section 4.2.2. This isotherm is suitable for BET surface area calculations, as
the linear plateau of the isotherm fits the linear BET equation (Equation 4.5 well
[75, 76]. The range of partial pressures (p/pg) used for calculations was 0.05-0.3
p/po, which by looking at the isotherm in Figure B.1 Appendix 7.2 is within the
linear region of the plot. This indicates that the chosen range of partial pressures
was appropriate for surface area calculations. The pore volume and average pore
size were calculated using the Kelvin equation (Equation 4.9) on the measured
desorption of Ns.

6.1.2 X-ray diffraction

Figure 6.1.1 shows the fresh alumina support’s X-ray diffraction (XRD) pattern.
The diffractogram confirms the presence of y-Al,O3 by comparing with PDF #00-
029-0063, with distinct peaks at 37.59°, 39.47°, 45.84°, 60.60° and 67.00°. This is
the desired alumina phase for the catalyst, as the high surface area and thermal
stability make it a suitable catalyst support [29, 31]. The broad peaks indicate
that the material is semi-crystalline, which is common for y-Al,O3 [13].

Figure 6.1.2 shows the normalized XRD patterns of the fresh 1Fe and 1Mn cata-
lysts. When comparing with the diffraction pattern of the pure alumina support
in Figure 6.1.1, it is clear that the patterns are identical, with no visible peaks
associated with iron or manganese. This is often an indication of small crystallite
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size and /or high dispersion, which is common for catalysts with low metal loading
like 1 wt% [63, 95]. Reed et al. found that catalysts with less than 10 wt% Mn
showed little to no evidence of crystalline MnO, in XRD patterns, which is in
accordance with these findings.

——1Mn, fresh

—— 1Fe, fresh

Normalized counts (a.u)

5 10 14 19 23 28 32 37 41 46 50 55 59 64 68 73
20

Figure 6.1.2: XRD patterns of fresh 1Fe and 1Mn.

Figure 6.1.3 shows the normalized XRD patterns of 5RulFe and 5RulMn. The
diffraction pattern confirms the presence of Ru’ by matching with PDF #00-
006-0663, with new peaks at 38.39°, 42.14°, 44.00°, 58.23°, and 69.41°. All new
peaks are associated with metallic Ru and not RuQO,, confirming that the Ru on
the catalysts was fully reduced. This was the aim of the catalyst preparation, as
Ru/Al,O4 catalysts tested in the project course TKP4580 - Chemical Engineering,
Specialization Project in the fall of 2022 showed significantly higher activity in NO
oxidation when reduced to Ru® prior to testing.
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A ——5RulFe, fresh
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Figure 6.1.3: XRD patterns of fresh 5RulFe and 5RulMn. The distinct -
Al,O5 peaks are indicated with a dot (e), while the Ru” peaks are indicated with
a triangle (A).

Figure 6.1.4 shows the normalized XRD patterns of 5RulFelMn, 5Ru3FelMn,
and HRulFe3Mn. The peak positions are identical to the bimetallic catalysts,
with only Ru” and y-Al,O5 peaks present. The only significant difference between
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the diffraction patterns is the peak heights. The counts are normalized, meaning
the height of the Ru peaks can be assessed by comparing them with the height of
the alumina peaks. The Ru peak intensity decreases in the order of 5RulMn3Fe >
5Ru3FelMn > 5RulFelMn, indicating a trend in increased peak intensity with in-
creased metal loading. Higher peak intensity may indicate larger crystallites/lower
dispersion, a common effect of increased active metal loading [95].

A
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i L4 .AA. A A
.2 | 5Ru3FelMn,
3 N | fresh
ye] \® A j\A A /\A
9 VA \ A/ M\ ___ ——5RulMn3Fe,
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5 10 14 19 23 28 32 37 41 46 50 55 59 64 68 73
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Figure 6.1.4: XRD patterns of fresh 5RulFelMn, 5RulFe3Mn, and
5Ru3FelMn.. The distinct y-Al,O3 peaks are indicated with a dot (e), while
the Ru” peaks are indicated with a triangle (A).

To further investigate the relationship between catalyst composition and crystal-
lite size, the Scherrer equation (Equation 4.2) was used to estimate the size and
dispersion of the Ru crystallites. As explained in Section 4.2.1, the Scherrer equa-
tion is based on numerous assumptions and the calculated values should not be
considered determined sizes, but rather used for internal comparisons of catalysts
[64, 65]. The values will also be compared with the crystallite size and disper-
sion measured by CO chemisorption. Since Ru was the only metal that displayed
peaks on the diffraction pattern, only Ru crystallite size and dispersion will be
estimated from XRD. The peak used for calculations was the (101) peak at 29=
44°, with k= 1.5405 A. The shape factor used was 0.9 assuming spherical parti-
cles, and Equation 4.4 described in Section 4.2.1 was used to calculate dispersion
for internal comparison, with k = 1. The results are summarized in Table 6.1.2.
Average crystallite sizes range between 12 and 20 nm, and there is no trend of an
increase in crystallite size (or decrease in dispersion) with increased metal loading.
This indicates that promoting Ru with Fe and Mn is possible without compro-
mising the dispersion of Ru, which in other reactions has been linked to higher
catalytic activity [96, 97|. Maintaining high dispersion is typically desirable, as
higher dispersion allows for a higher number of available active sites.
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Table 6.1.2: Crystallite size and dispersion of Ru on fresh catalysts calculated
using the Scherrer equation (Equation 4.2).

Catalyst  Crystallite Size [nm] Dispersion [%]

5RulFe 17 6 %
5RulMn 20 5%
5RulFelMn 12 8 %
5RudFelMn 12 8 %
5RulFe3Mn 17 6 %

6.1.3 Chemisorption

Dispersion of active metal and crystallite size was measured by CO chemisorption.
While chemisorption is a commonly used characterization method for heteroge-
neous catalysts, it can often become challenging when used for catalysts containing
several active metals. Finding a single adsorptive gas that adsorbs well onto all
active metals is not always possible, as different gases interact differently with dif-
ferent metals. Choosing pretreatment conditions which suit all of the active metals
can also be difficult, as some metals may require different reduction temperatures,
and some metals do not respond well to any reduction at all [81, 98]. The interac-
tion of adsorptive properties between the metals can also be a source of uncertainty.
Paryjczak et al. [98] studied the adsorptive properties of Ag—Rh/Al,O5 catalysts
in relation to chemisorption of Hy, O,, and CO. They found that the interaction
between the metals was complicated, they could not conclude that chemisorptive
properties of the metals were additive. They proposed that the differences from
ideal behavior could stem from changes in the composition of the bimetallic surface
and /or varying adsorption stoichiometry. It is important to thoroughly consider
these issues when conducting chemisorption on bi and trimetallic catalysts, and
trial and error through repeated experiments may often be necessary to gain in-
sight into the behavior of the adsorptive.

A CO chemisorption analysis procedure for Ru/Al,O3 catalysts was found in lit-
erature, and proved successful also for the catalysts presented in this work [97].
The adsorptive gas found consistently successful for chemisorption on Ru was CO,
which therefore was chosen as adsorptive for the catalysts presented in this work.
A CO:Ru adsorption stoichiometry of 0.6:1 was used, as proposed by Borodzinski
and Bonarowska [95].

Determining the dispersion of Mn on the alumina support through chemisorption
proved challenging, as no common and successful analysis procedure for chemisorp-
tion measurements on MnO, /Al,O5 catalysts was found in literature. Several dif-
ferent procedures and adsorptive were tested on the 1Mn catalyst to investigate
the possibilities of determining the dispersion of Mn, but none proved consis-
tently successful in obtaining an isotherm valid for calculations. For chemisorption
isotherms to be considered appropriate for dispersion and crystallite size determi-
nation, it is crucial that the first analysis isotherm has a higher volume adsorbed
than the repeat analysis isotherm at all pressures, and that the volume adsorbed
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always increases with increasing pressure. Any deviation from this would contra-
dict the principles of chemisorption and make calculations invalid. The theory
behind these principles is explained in detail in Section 4.2.3. No analysis proce-
dure resulted in consistently appropriate isotherms for the 1Mn catalyst and as a
result, chemisorption was deemed unfit for determination of dispersion and crys-
tallite size of Mn. While analysis procedures for chemisorption on Fe have been
reported in the past, no successful procedure using CO gave desirable isotherms
for the 1Fe catalyst. When comparing the volume of adsorbed CO of the 1Mn
and 1Fe catalysts and the Ru catalysts, it was clear that Mn and Fe adsorbed a
significantly smaller amount of CO compared to that of the catalysts containing
Ru. It was therefore decided that chemisorption may be performed on the other
catalysts to estimate the dispersion and crystallite size of Ru, excluding Mn and
Fe from the calculations. An example of the problematic isotherms obtained from
chemisorption on 1Mn, as well as an example of appropriate isotherms obtained
from the other catalysts can be found in Figure ?? and 7?7 Appendix 7.2.

The dispersion and crystallite size of Ru on the fresh catalysts measured by CO
chemisorption is presented in Table 6.1.3. The dispersion ranges between 5% and
7% and does not significantly change with increased metal loading. The dispersion
of un-promoted 5 wt% Ru/Al,O3 was measured by CO chemisorption in the course
TKP4580 - Chemical Engineering, Specialization Project in the fall of 2022 an
was found to be 6%. Comparison of that value with the results presented in Table
6.1.3 indicates that that promoting Ru/Al,O5 with Mn and Fe does not reduce the
dispersion of Ru. Decrease in dispersion and increase in crystallite size through
sintering or agglomeration can be a common effect of increasing the metal loading,
and can contribute to catalyst deactivation through loss of active sites [99, 100,
69]. The absence of such a mechanism through doping of the 5 wt% Ru/Al,O3
with Fe and Mn is promising for the doping Ru with several active metals without
losing key catalyst properties.

Table 6.1.3: Dispersion and crystallite size of Ru on fresh catalysts measured by
CO chemisorption.

Catalyst Dispersion [%] Crystallite Size [nm]

5RulFe 5 24
5RulMn 6 21
5RulFelMn 7 19
5RudFelMn 7 17
5RulFe3Mn 7 20

Experimental uncertainties in the determination of dispersion and crystallite size
exist in both XRD and CO chemisorption, and comparing the results from the
two characterization methods is therefore important. While the values were not
identical, the crystallite sizes determined by the two methods were within the same
range and did not show any clear trend with changes in metal composition. While
there is still some degree of experimental error and uncertainty in these results,
the general agreement between the two methods implies that the dispersion and
crystallite size measurements are appropriate for describing these features of the
catalysts presented in this work.
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6.2 Activity testing

6.2.1 Experimental Challenges

Catalytic activity was measured by the conversion of NO. The experimental setup
was designed to minimize errors to achieve as accurate and consistent measure-
ments as possible. Several modifications of Rig 2.1 have been made to optimize
the design, and the preparation and testing procedures were kept as consistent as
possible for all catalysts. Every catalyst was loaded into the reactor in the same
way, with bed height being measured and kept constant for every test. The reactor
was always inserted into the rig in the same way, and the same programs were used
for each catalyst, with a constant flow rate and feed composition, resembling nitric
acid plant conditions. There are, however, still some experimental challenges that
should be addressed.

The rate expression for gas phase NO oxidation presented in Equation 2.5 in Sec-
tion 2.2 shows that the reaction rate has a second-order dependence on the partial
pressure of NO and a first-order dependence on the partial pressure of oxygen.
This means that the reaction rate, and thus conversion, increases with increased
pressure of NO and O,. The conversion data can therefore be significantly im-
pacted by pressure drop inside the reactor, especially since the partial pressure
term of NO, pyo, is squared. Due to the small catalyst particle size (53-90 pm),
packing the catalyst too tight can lead to pressure drop. The SiC particles used
are also much larger (595 pm) than the catalyst particles. This may cause the
mixture of SiC and catalyst to be unevenly distributed through the catalyst bed,
potentially creating temperature and/or pressure gradients. In the activity mea-
surements done in Rig 2.1 for published papers, SiC particles of similar size (53-90
num) were used to avoid this issue [13, 19]. Using the same size fraction does how-
ever make it difficult to separate the SiC and spent catalyst, which is necessary for
the characterization of spent catalyst. This means that in order to achieve con-
version data from runs with similar size SiC and catalyst while also characterizing
spent catalyst, twice the number of activity tests would be necessary (one run for
conversion data, one for creating spent catalyst). This project only runs across
one semester and is therefore limited in time and resources, so it was decided to
only use 30 mesh (53-90 pm) SiC particles.

Monitoring and evaluating how tightly packed and homogeneous the catalyst bed
is difficult, as the stainless steel reactor is not see-through. One possible solution
to this would be to use a reactor made of quartz or glass, which would also al-
low for more accurate measurements of bed height. This would however require
rubber seals to connect the glass to the steel piping, and these cannot withstand
temperatures above 200 °C. Increasing the reactor length would move the seals
further away from the hot catalyst bed, but this would lead to a longer pathway for
the feed gas, increasing gas phase conversion. It has therefore been decided that
a short, stainless steel reactor is the most optimal for accurate activity measure-
ments. The pressure in the system is also recorded and displayed inside the rig,
and this pressure was checked at the start of each experiment to check for pressure
build-up. Suspiciously high conversion at low temperatures also indicated issues
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regarding pressure, and many activity tests were redone to ensure that all conver-
sion data is obtained at 1 bar pressure.

Potential sources of error in temperature measurements also exist within the sys-
tem. Temperature gradients increase with increased bed height, which the large
SiC particles and low density of alumina contribute to. In addition, the thermo-
couple which records the catalyst bed temperature is only capable of measuring
the temperature at one point of the bed, meaning that it is difficult to determine if
the temperature is different in other areas of the reactor. The exothermic reaction
also releases heat, but the SiC dilutes this heat to minimize the impact this has
on potential temperature gradients.

Gas phase conversion between the reactor efluent and FTIR gas analyzer is also
a concern. The gas needs to travel a significant distance while also being cooled
down to 191 °C, as the gas analyzer cannot handle higher temperatures [90]. This
can potentially facilitate significant gas phase conversion, however, the issue is to
a high degree solved by heavily diluting the gases in Ar at the reactor efHuent
(Ar/reactor effluent = 4). As mentioned in Section 4.3.1, the concentration mea-
surements made by the FTIR gas analyzer will also contain an increasing amount
of noise. The water and NO, in the system produce some nitric acid over time,
which reacts with the gold-plated mirror in the FTIR gas analyzer. This noise can
be removed by cleaning the mirrors with oxygen, only done by the distributors
(MKS) during service. The majority of the activity measurements done in this
project contained significant amounts of noise, and the activity data presented in
this work has been smoothened using the "Exponential Smoothing" tool in Mi-
crosoft Excel. A comparison of a plot of raw data and the smoothened data can be
found in Figures C.2 and C.1 Appendix 7.2. Images of the contaminated mirror
can be found in Appendix 7.2.

In summary, the experimental design is optimized to minimize errors in activity
measurements, but there are still significant uncertainties regarding conversion
measurements and the control of temperature and pressure. It is therefore difficult
to ensure a homogeneous system and steady-state conditions, making calculations
of values like kinetic parameters and reaction orders untrustworthy. The errors and
uncertainties are however similar for every test, allowing for accurate comparison
and evaluation of catalyst performance.

6.2.2 Mass Transfer Limitations

When studying catalytic activity, it is important to ensure that the reaction rate
is not limited by mass transfer limitations, such that the recorded measurements
represent actual catalytic activity. Salman et al. studied the catalytic oxidation
process of NO to NO, for the production of nitric acid in the same rig and testing
conditions used in this work [20]. They used a Pt/Al,O3 catalyst and 53-90 pm
SiC particles. The absence of internal diffusion limitations in the system under
these conditions was confirmed by using the Weisz-Prater criterion [101]. Salman
et al. also assessed the presence of external mass and heat transfer limitations by
calculating the Carberry number (Ca) and employing criteria proposed by Mears
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[102]. The calculations revealed no external limitations as the Ca number was
determined to be on the order of 1075, which is far below the limit of 0.05 [20].
Due to the large margin of safety of these initial estimations, it was assumed that
the same experimental setup, albeit with a different catalyst and varying particle
size of SiC, would also be free from internal diffusion limitations and external mass
and heat transfer limitations at these conditions.

6.2.3 Gas Phase Conversion Measurements

The oxidation of NO to NO, is a reaction that favors high pressure and low temper-
ature, as explained in detail in Section 2.2. The homogeneous gas phase conversion
was measured in the same experimental setup as the catalysts but without a cata-
lyst present. Several different gas phase conversion measurements were made. One
test was with a completely empty reactor (ERE), and one was with 3.25 g of SiC,
in order to confirm the inertness of SiC. One test was run with a mixture of 2.75
g of SiC and 0.5 Al;O3, to measure any potential catalytic activity of the support,
and also to more accurately simulate the gas flow conditions when the reaction
is run with catalysts. The alumina and SiC bed may lead to small changes in
pressure that will also occur with a catalyst bed present, which can significantly
affect the highly pressure-dependent reaction. The results from these runs also
served as baselines for the onset of catalytic activity, and were used to subtract
from total conversion to determine the catalytic conversion of the catalysts. The
baseline was also used to check for pressure build-up during the catalyst runs. If
the total conversion of the catalyst at low temperatures was significantly higher
than the gas phase conversion, it indicated that there may have been pressure
build-up, and the test had to be repeated.

Figure 6.2.1 shows the conversion of NO as a function of temperature from 150-
450 °C at 1 bar pressure, with a ramp rate of 5 °/min and WHSV = 24 000
NmL/h - Eeat-
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Figure 6.2.1: Conversion of NO as a function of temperature from 150-450 °C for
an empty reactor, 3.25 g of SiC, and a mixture of 2.75 g SiC and 0.5 g Alyps. The
blue line represents the maximum NO conversion (i.e. level of NO,) considering
the thermodynamic equilibrium at 1 bar pressure.
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Figure 6.2.1 shows the trend of gas phase NO oxidation. As temperature increases,
the conversion of NO decreases due to the negative rate as constant explained in
Section 2.2. The empty reactor, SiC, and SiC/Al,O3 all follow this trend, as their
curves are almost identical. There is a slight increase in conversion in the order of
ERE < SiC < SiC/Al,O3, however, this difference is minuscule and independent
of temperature. If the difference in conversion was due to SiC or Al,O3 being
catalytically active, the conversion would increase with increasing temperature,
as catalytic activity typically increases with temperature. The slight difference is
therefore most likely due to a slight pressure increase when the reactor is filled
with SiC/Al,O3, and both components are assumed catalytically inactive in NO
oxidation. While an active support can be useful for increasing the catalytic ac-
tivity of the catalysts, it is important that the reactor itself and the dilutant SiC
are inert such that measured activity only comes from the catalyst itself.

6.2.4 Effect of Temperature on NO Conversion

The presentation of conversion as a function of temperature is subject to uncer-
tainties arising from several factors related to the experimental design, as described
in the previous sections. However, the results aim to present the differences be-
tween the catalysts and their performance under NO oxidation. In relation to
the limitations associated with reaching true steady state, accurate temperature
measurements, and pressure drop in the catalyst bed, it is arguable that calcu-
lating kinetic properties like activation energy from these results would not yield
meaningful values.

For evaluation of the catalysts that displayed significant amounts of activity, the
effect of temperature on the catalytic performance will be presented as catalytic
conversion of NO, xyo .. Equation 5.5 in Section 5.3 was used for calculations,
and the gas phase conversion data was extrapolated to fit the conversion data of
the catalysts.

Plots of the total conversion without the gas phase subtraction for each catalyst
are presented in Appendix 7.2. The catalyst bed height and mass of SiC and
catalyst used for each activity measurement can be found in Table C.1 Appendix
7.2. The activity measurement programs used for the results presented in the
following sections are described in detail in Section 5.3.

6.2.4.1 Iron and Manganese Catalysts

In addition to the promoted Ru/Al,O5 catalysts, 1 wt% Fe/Al,O3 (1Fe) and 1 wt%
Mn/Al,O3 (1Mn) were synthesized and tested for catalytic activity in NO oxida-
tion. These two catalysts were not synthesized and tested based on expectations
of them achieving NO conversions higher than the Ru/Al,O3 catalysts, but rather
to investigate the activity of Fe and Mn in NO oxidation both as promoters and
as exclusive active metals. It was believed that trends in the NO conversion for
1Fe and 1Mn could contribute to explaining the promoter effect on the catalytic
activity of the promoted catalysts. Figure 6.2.2 shows the total NO conversion as
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a function of temperature for 1Fe and 1Mn. It was decided to plot the total and
not catalytic conversion for these two catalysts, due to them displaying little to
no catalytic activity. The gas phase conversion is therefore also included in the
plots for reference.

100 100
%0 Gas phase 90 Gas phase
80 80
70 ——1Fe 70 —1Mn
g 60 §' 60
° 50 ‘—'o 50
x 40 > 40
30 30
20 20
10 S ————————— 10
0 0
150 250 350 450 150 250 350 450
Temperature [°C] Temperature [°C]
(a) Total conversion of 1Fe. (b) Total NO conversion of 1Mn.

Figure 6.2.2: Total NO conversion, xxo (%), of 1Fe and 1Mn in 10% NO, 6% O,
15% Hy0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar, and
WHSV = 24 000 NmL /h - g.,;. The yellow line represents the gas phase conversion.

Figure 6.2.2 shows that 1Fe displays no catalytic activity across the entire tem-
perature range, as the conversion line is effectively identical to the gas phase
conversion line. 1Mn begins to show signs of catalytic activity above 300 °C, al-
beit in minor amounts. The difference between the total NO conversion of 1Mn
at higher temperatures and the gas phase conversion is so small that it is not safe
to conclude that it is due to catalytic conversion and not inaccuracy caused by
the experimental design, like pressure build-up in the reactor. An argument for
the conversion originating from catalytic conversion and not pressure increase is
that it increases with increasing temperature, a common trend of catalytic ac-
tivity. These results indicate that Mn might be more active than Fe towards
catalytic oxidation of NO, however, the effect of these metals as promoters on Ru
could still differ. Due to the negligible level of catalytic activity of 1Fe and 1Mn,
they will not be included in calculations and comparisons in the following sections.

6.2.4.2 Bimetallic Promoted Ru Catalysts

Figure 6.2.3 presents the catalytic conversion xyo . for 5SRulle and 5RulMn as a
function of temperature in the range 150-450 °C. Comparing the results of these
two catalysts will indicate how promoting Ru with either one of Fe and Mn affects
catalytic activity. The two catalysts show a similar trend of catalytic activity
starting around 350 °C, and the activity is as expected much higher than for 1Fe
and 1Mn due to the presence of Ru.

Table 6.2.1 presents the catalytic conversion and estimated catalytic reaction rate
for b5RulFe and 5RulMn at 375 °C and 425 °C. The reaction rate was calculated
using Equation 5.4 in Section 5.3, and an example of the calculation is demon-
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(a) Catalytic NO conversion of 5RulFe. (b) Catalytic NO conversion of 5RulMn.

Figure 6.2.3: Catalytic NO conversion, xxo. (%), of 5RulFe and 5RulMn in
10% NO, 6% O, 15% H,0 from 150-450 °C with a ramp rate of 5 °C/min, pressure
of 1 bar, and WHSV = 24 000 NmL /h - gp.

strated in Appendix 7.2. The catalytic reaction rates should not be taken as
determined values due to experimental uncertainties explained in Section 6.2.1,
but should rather be used for internal comparison of catalytic performance. Table
6.2.3 shows that 5RulMn produces a significantly higher conversion and reaction
rate at 375 °C compared to 5RulFe (about 1.5 times higher), however, the values
are almost identical at 425 °C’. This indicates that the promotion of Ru with
Mn increases catalytic activity at lower temperatures compared to the promotion
with Fe, even though they reach similar conversions at the highest temperatures.
Both ruthenium and manganese catalysts have previously shown activity for NO
oxidation at low temperatures under conditions relevant to industrial nitric acid
production, which is further supported by these results [19, 18].

Table 6.2.1: Catalytic conversion, xxo . (%) and estimated catalytic reaction
rate, 'yog,c (M0l/(geat-s) for 5RulFe and 5RulMn at 375 °C and 425 °C.

Catalyst XnNO,c,375 XNO,c,425 TI'NO2,c,375 I'NO2,c,425
%] %] [mol/(geat -] [mol/(geat - 5]
S5RulFe 10 24 6.5E-05 1.7E-04
5RulMn 15 25 9.8E-05 1.7E-04

The catalytic conversion’s dependency on temperature for 5RulFe and 5RulMn
are presented in Table 6.2.2. The temperature dependency is evaluated as the
slope of the catalytic conversion across two ranges of temperature, 350-400 °C
and 375-425 °C. The slope is calculated by linear regression, and the calculation
method along with the respective R? values is given in Table ?? in Appendix 7.2.
The results show that the catalytic activity of 5RulFe has a higher dependency
on temperature compared to 5RulMn, especially at higher temperatures. The
results from activity testing of the bimetallic catalysts indicate that manganese is
a better promoter than iron in Ru/Al,O3 catalysts for oxidation of NO at lower
temperatures.
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Table 6.2.2: Temperature dependency of the catalytic activity for 5RulFe and
5RulMn presented as the slope of catalytic NO conversion xyo . as a function of
temperature in the ranges 350-400 °C and 375-425 °C.

Catalyst Temperature Dependency Temperature Dependency

(350-400 °C) (375-425 °C)
5RulFe 0.39 0.32
5RulMn 0.35 0.25

6.2.4.3 Trimetallic Promoted Ru Catalysts

Figure 6.2.4 presents the catalytic conversion xyo . for 5SRulFelMn, 5RudFelMn,
and 5RulFe3Mn as a function of temperature in the range 150-450 °C. The com-
parison of the catalytic activity of these catalysts may provide insight into how
the Fe/Mn ratio of promoters affects the catalytic activity of alumina-supported
Ru catalysts. The catalytic conversion appears to reach its maximum at higher
temperatures with increased loading of Fe. In fact, the conversion of 5Ru3FelMn
seems to still be rising at 450 °C, meaning it would most likely reach a higher con-
version at a higher temperature if the temperature program was modified. The aim
of this work is however not to achieve the highest possible conversion regardless
of temperature, but rather to find catalysts suitable for low-temperature catalytic
oxidation of NO at industrial nitric acid conditions. At higher temperatures,
the reaction is limited by the thermodynamic equilibrium of NO and NO, (ex-
plained in Section 2.2). Any catalyst that could possibly be suitable for industrial
NO oxidation will therefore have to be catalytically active at lower temperatures.
5RulFe3Mn does appear to generate some catalytic conversion at temperatures
as low as 250 °C. Although the conversion stays low until it reaches higher tem-
peratures, it may indicate that higher loading of Mn increases catalytic activity
at lower temperatures compared to Fe.

Table 6.2.3 presents the catalytic conversion and estimated catalytic reaction rate
for 5RulFelMn, 5Ru3FelMn, and 5RulFe3Mn at 375 °C and 425 °C. The reac-
tion rate was calculated using Equation 5.4 in Section 5.3, and an example of the
calculation is demonstrated in Appendix 7.2. The catalytic reaction rates should
not be taken as determined values due to experimental uncertainties explained in
Section 6.2.1, but should rather be used for internal comparison of catalytic per-
formance. 5RulFelMn exhibits the highest conversion and reaction rate at both
temperatures, with the difference being the largest at 425 °C.

Table 6.2.3: Catalytic conversion, xxo . (%) and estimated catalytic reaction
rate, INog.e (MOl/(geat-s) for 5RulFelMn, 5Ru3FelMn, and 5RulFe3Mn at 375
°C and 425 °C.

Catalyst  XNO,c,375 XNO,c,425 I'NO2,c,375 I'NO2,c,425
K K [mol/(geat-s]  [mol/(geat 5]
5RulFelMn 8 22 5.3E-05 1.6E-04
5Ru3FelMn 4 14 2.8E-05 1.0E-04

5RulFe3Mn 7 15 2.8E-05 1.0E-04
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Figure 6.2.4: Catalytic NO conversion, xyo . (%), of 5RulFelMn, 5Ru3FelMn,
and 5RulFe3Mn in 10% NO, 6% O,, 15% H,0 from 150-450 °C with a ramp rate
of 5 °C/min, pressure of 1 bar, and WHSV = 24 000 NmL /h - g ;.
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The catalytic conversion’s dependency on temperature for 5SRulFelMn, 5Ru3FelMn,
and 5RulFe3Mn are presented in Table 6.2.4. The temperature dependency is
evaluated as the slope of the catalytic conversion across two ranges of tempera-
ture, 350-400 °C and 375-425 °C. The slope is calculated by linear regression, and
the calculation method along with the respective R? values is given in Table 77 in
Appendix 7.2. Tt is clear that 5RulFelMn is the most temperature-dependent cat-
alyst in terms of catalytic conversion, while 5RulFe3Mn is the least. This means
that while 5RulFelMn exhibits the highest catalytic activity in total, it is also the
most dependent on temperature, as it shows no catalytic activity at all below 350
°C. While the trimetallic catalysts do slightly differ in catalytic activity during
the temperature ramp measurements, none exhibit significant levels of catalytic
conversion at low temperatures and reach around the same maximum catalytic
conversion.

Table 6.2.4: Temperature dependency of the catalytic activity for 5RulFelMn,
5Ru3FelMn, and 5RulFe3Mn presented as the slope of catalytic NO conversion
XNo,c as a function of temperature in the ranges 350-400 °C and 375-425 °C.

Catalyst Temperature Dependency Temperature Dependency

(350-400 °C) (375-425 °C)
5RulFelMn 0.36 0.29
5Ru3FelMn 0.12 0.20
5RulFe3Mn 0.03 0.15

6.2.5 Comparison of all Ruthenium Catalysts

Figure 6.2.5 compares the temperature dependency of the catalytic NO conver-
sion for all promoted Ru catalysts. The general trend is that the temperature
dependency decreases with increased metal loading. The two catalysts with the
highest metal loading (9 wt% total), 5SRu3FelMn and 5RulFe3Mn, show a sig-
nificantly lower dependency on temperature, especially in the lower temperature
range of 350-400 °C. The temperature dependency of catalytic conversion also
generally decreases with increased loading of Mn, as it decreases in the orders of
5RulFe > 5RulMn and 5RulFelMn > 5Ru3FelMn > 5RulFe3Mn. The chosen
temperature ranges are both ranges where the catalytic conversion increases for all
catalysts, meaning that lower dependency on temperature for a catalyst indicates
that it can perform better at low-temperature NO oxidation in resembling nitric
acid production conditions. The overall trend is that a decrease in total metal
loading and an increase in Mn content lowers the temperature dependency of the
catalytic conversion. Table 6.2.5 shows the onset temperature of catalytic activity,
which was defined as the temperature where catalytic conversion surpasses 5%,
and indicates a similar trend.

Figure 6.2.6 compares the estimated catalytic reaction rates of all promoted Ru
catalysts at 375 °C and 425 °C. The bimetallic catalysts have the highest reaction
rates at both temperatures, and there is a trend of decreased catalytic reaction
rate with increased metal loading, similar to the trend of increased temperature
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Figure 6.2.5: Temperature dependency of the catalytic activity for all promoted
Ru catalysts presented as the slope of catalytic NO conversion xyo . as a function
of temperature in the ranges 350-400 °C and 375-425 °C.

Table 6.2.5: Temperature where catalytic conversion surpasses 5% for all pro-
moted Ru catalysts.

Catalyst T5% [°C|
5RulFe 365
5RulMn 346
5RulFelMn 367
S5RudFelMn 382
5RulFe3Mn 357

dependency. The results from these activity measurements and calculations indi-
cate that increasing the metal loading, both in terms of the number of promoters
and wt%, causes a decrease in catalyst performance. While the differences in
performance are moderate, 5RulMn exhibits the highest catalytic activity in the
lower and higher temperature regimes, and the promotion of Ru with Mn appears
to have a more positive impact on catalytic performance compared to Fe.

2.E-04
m375C m425C

2.E-04

1.E-04

5.E-05 I I I I
0.E+00 I . .

5RulFe S5RulMn 5RulFelMn 5Ru3FelMn 5RulFe3Mn

Inoz,c [Mol/(s g.5)]

Figure 6.2.6: Calculated catalytic reaction rate for all supported Ru catalysts
at 375 °C and 425 °C.
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6.2.5.1 Comparison with un-promoted Ruthenium Catalyst

This work is a continuation of the work done in the course TKP4580 - Chemical
Engineering, Specialization Project in the fall of 2022, where 1 wt% Pt/Algs, a
1 wt% Ru/Algs, and a 5 wt% Ru/Algs catalysts were synthesized, characterized
and tested for activity towards NO oxidation in conditions resembling industrial
nitric acid production. The 5 wt% Ru/Al,O3 (5Ru) catalyst displayed the highest
catalytic activity, and the aim of this work was to improve this catalyst through
promotion with other active metals. It is therefore relevant to compare the cat-
alysts presented in this work to the S5Ru catalyst to assess how effective the pro-
moters are in increasing the catalytic conversion of NO. Figure 6.2.7 presents the
catalytic conversion of 5Ru and 5RulMn as a comparison of the best-performing
promoted catalyst to the non-promoted one. It is clear that 5Ru exhibits higher
catalytic conversion, both in terms of lower onset temperature and higher max-
imum conversion, indicating that the promotion of Ru with Mn and Fe did not
increase catalytic activity.

40

35 ——5RulMn
30
25
20
15
10

5Ru

XNO,c [%]

150 250 350 450
Temperature [°C]

Figure 6.2.7: Catalytic NO conversion, xyo . (%), of 5Ru and 5RulMn in 10%
NO, 6% O,, 15% H,0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of
1 bar, and WHSV = 24 000 NmL /h - g.;.

Figure 6.2.8 presents a summary of the maximum catalytic conversion of each
catalyst, including 5Ru, plotted against the temperature at which the respective
maximum catalytic conversion occurs. The arrow indicates the direction of higher
maximum catalytic conversion at lower temperatures, which are the desired char-
acteristics of the catalyst presented in this work. While this plot should not be
evaluated as a measure of the absolute best catalytic performance, it serves as a
summary and basis for comparison of catalyst performance for NO oxidation. It
illustrates the significant difference in catalytic activity between the un-promoted
5Ru catalyst and the promoted Ru catalysts synthesized and tested in this work.
The thermodynamic equilibrium between NO and NO, (presented in Section 2.2.1)
shifts towards NO with decreasing temperature, meaning that low-temperature
catalytic activity is necessary in order to reach high levels of conversion. The
conversion plot of 5Ru reaches the equilibrium curve at almost 20 °C lower than
5RulMn (the lowest of the promoted catalysts). As seen in Figure 6.2.8, this
results in a maximum catalytic conversion that is almost 10% higher than that of
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5RulMn (the highest of the promoted catalysts). Based on the results from activ-
ity measurements, it is clear that promoting Ru/Al,O3 catalysts with Fe and Mn
through impregnation does not increase catalytic activity towards the oxidation
of NO in simulated industrial nitric acid production conditions.

40 ® 5RulFe
® 5RulMn
35 °
5RulFelMn
X 30 S5Ru3FelMn
o @ 5RulFe3Mn
z 25
x ® 5Ru
€
s 20
£
s 15
S
10
300 350 400 450

Temperature [°C]

Figure 6.2.8: Maximum catalytic conversion versus temperature for all promoted
Ru catalysts and 5Ru.

6.2.6 Steady State Conditions

The NO conversion of H5RulFe3Mn was measured in a 48-hour-long isothermal
activity test in 10% NO, 6% O, 15% H,0O at 360 °C, pressure of 1 bar, and
WHSV = 24 000 NmL/h-g.;. The test was conducted in order to evaluate the
long-term catalytic activity of the S5RulFe3Mn, to see if the addition of several
promoters affected the stability of the trimetallic catalyst. Figure 6.2.9 presents
the total NO conversion as a function of time of the 48-hour isothermal test, and
Table 6.2.6 shows the average total NO conversion across the five 10-hour (one
8-hour) intervals.

Table 6.2.6: Average total conversion of NO across five time periods across 48
hours for 5RulFe3Mn in 10% NO, 6% O,, 15% H,0 at 360 °C, pressure of 1 bar,
and WHSV = 24 000 NmL /h- g, -

Time period (h) Average total NO conversion (%)

0-10 15.2
0-20 16.8
20-30 17.9
30-40 17.8
40-48 17.9

The results from the isothermal test show that the NO conversion of 5RulFe3Mn
does not decrease at all across the extended period of 48 hours. In fact, the
conversion slightly increases during the first 10 hours, before stabilizing around
17.9%. Gopakumar et al. tested a 0.5 wt% Ru/Al,O3 for long-term isothermal
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Figure 6.2.9: Total conversion of NO at 360 °C across 48 hours for 5RulFe3Mn
inn 10% NO, 6% O, 15% H50 at 360 °C, pressure of 1 bar, and WHSV = 24 000
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NO oxidation under similar conditions, and reported a similar trend of increase in
conversion in the first 8 hours. It is not safe to conclude that there is an activa-
tion mechanism taking place, as the conversion increase could be due to pressure
build-up, or the reaction taking a long time to reach steady state. However, the
absolute absence of any loss of conversion across the entire time period indicates
that the 5RulFe3Mn is very stable for NO oxidation in conditions resembling in-
dustrial nitric acid production. Alumina-supported catalysts often exhibit high
degrees of stability due to the chemical inertness and thermal stability of y-Al,O5
[31]. In addition, y-Al,Os-supported catalysts have shown good stability during
NO oxidation reactions specifically. Grande et al. [17] studied NO oxidation at
conditions relevant to nitric acid production (1-5% NO) over alumina-supported
catalysts, observing no deactivation after 20 days on stream.

The active metals deposited on the alumina support can however deactivate over
time due to mechanisms like changes in phase composition due to oxidation or
reduction, or sintering. The increased loading of active metals on the trimetallic
catalysts could increase the likelihood of sintering esepcially[69], making a long-
term activity test necessary to confirm the stability of the promoted Ru catalysts.
The absence of any signs of deactivation over a 48-hour long activity test indicates
that promoting Ru/Al,O5 catalysts with several active metals is possible without
compromising stability.

6.3 Characterization of spent catalyst

In this section, the characterization results of catalysts spent in activity testing
are presented. After activity testing, the reactor contents were emptied, and the
catalyst mixture was sieved in order to separate the catalyst and the SiC. Quartz
wool above and below the catalyst bed held it in place inside the reactor, and
the bulk of this was separated from the catalyst mixture with tweezers prior to
sieving. Some of the quartz wool particles did however most likely end up in
the spent catalyst mixtures used for characterization. The experimental setup of
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characterization of fresh and spent catalysts was identical to ensure a consistent
basis of comparison. Catalyst samples spent in the 10% NO temperature ramp
from 150-450 °C are denoted with "SP NO", while the catalyst sample spent in
the 48-hour isothermal run at 360 °C is denoted with "SP 360SS".

6.3.1 XRD

The XRD patterns of spent y-Al,O3, 1Fe, and 1Mn can be found in Figures B.7
and B.8 in Appendix 7.2. The diffraction patterns of the spent samples did not
differ from those of the fresh samples. This was expected as y-Al,O5 is known for
being both chemically and thermally stable, and there were no visible Fe or Mn
peaks on the catalysts. One possible outcome of testing was that either Fe or Mn
experienced enough agglomeration or sintering to where the crystallites would be
large enough to show up on XRD patterns, however, this did not seem to be the
case.

Figures 6.3.1, 6.3.2, 6.3.3, 6.3.4, and 6.3.5 show the XRD patterns of fresh and
spent bRulFe, 5RulMn, 5RulFelMn, 5Ru3FelMn, and 5RulFe3Mn, respectively.
The shape, position, and intensities of the peaks of the fresh and spent catalysts
are effectively identical, indicating that there was no significant amount of change
in dispersion, crystallite size, or phase composition during the 10% NO temper-
ature ramp tests. This indicates that the catalysts are resistant to changes in
phase composition and crystallite size and dispersion, which is a desirable trait
for stable heterogeneous catalysts. The 5RulFe3Mn sample spent in 10% NO at
360 °C for 48 hours, did, however, see some decrease in Ru peak sharpness and
intensity. This implies a decrease in crystallinity and crystallite size, a somewhat
unexpected effect compared with how the active metal on many catalysts tends
to sinter or agglomerate over extended periods of activity testing [69, 85]. While
this effect could be due to loss of active metal and not redispersion, this is unlikely
as the temperatures used should not be high enough for the evaporation of Ru to
take place.

The industrial nitric acid production feed conditions of 10% NO, 6% O,, and 15%
H,0 are strongly oxidizing conditions, which have proven problematic for other
promising catalysts. Pt is an active metal that has proven very effective in NO
oxidation in diesel exhaust conditions, where the concentrations of NO are low
(0.1-1%). Under stronger oxidizing conditions, however, Pt catalysts tend to ex-
perience deactivation over time due to the oxidation of Pt to PtO [103]. The fact
that oxidation is not evident on the promoted Ru/Al,O5 catalysts, even after 48
hours of testing, indicates that the catalyst is stable for NO oxidation in simulated
nitric acid production conditions.

The average crystallite size of Ru was investigated both before and after activity
testing. The same method was used for both spent and fresh catalysts. The peak
used for calculations was the (101) peak at 20= 44°, with A= 1.5405 A. The shape
factor used was 0.9 assuming spherical particles, and Equation 4.4 described in
Section 4.2.1 was used to calculate dispersion for internal comparison, with k = 1.
The results are summarized in Table 6.3.1, and a comparison of the average Ru
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Figure 6.3.1: XRD patterns of fresh and spent 5RulFe.The distinct y-Al,O4
peaks are indicated with a dot (e), while the Ru’ peaks are indicated with a
triangle (A).
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Figure 6.3.2: XRD patterns of fresh and spent 5RulMn.The distinct y-Al,O5
peaks are indicated with a dot (e), while the Ru’ peaks are indicated with a
triangle (A).
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Figure 6.3.3: XRD patterns of fresh and spent S5RulFelMn.The distinct vy-
Al,03 peaks are indicated with a dot (e), while the Ru’ peaks are indicated with
a triangle (A).
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Figure 6.3.4: XRD patterns of fresh and spent 5Ru3FelMn.The distinct +y-
Al,O; peaks are indicated with a dot (e), while the Ru” peaks are indicated with
a triangle (A).
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Figure 6.3.5: XRD patterns of fresh and spent 5RulFe3Mn.The distinct +y-
Al,O5 peaks are indicated with a dot (e), while the Ru” peaks are indicated with
a triangle (A).

crystallite size of the fresh and spent catalysts is visualized in Figure 6.3.6.

Table 6.3.1: Crystallite size and dispersion of Ru on spent catalysts calculated
using the Scherrer equation (Equation 4.2).

Catalyst Crystallite Size [nm] Dispersion [%]
5RulFe, SP NO 18 6 %
5RulMn, SP NO 22 5%

5RulFelMn, SP NO 12 8 %
5Ru3FelMn, SP NO 14 7%
5RulFe3Mn, SP NO 17 6 %
5RulFe3Mn, SP 360SS 12 8 %
25
E 20
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Figure 6.3.6: Average Ru crystallite sizes on fresh and spent catalysts calculated
using the Scherrer equation (Equation 4.2).

The crystallite sizes lay within the range of 12-22 nm, which is similar to that of
the fresh catalysts. Figure 6.3.6 shows a slight trend in increasing crystallite size
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after the catalyst is spent in activity measurements, however, the change is too
small to indicate a clear trend of crystallite growth. In fact, the sample which
underwent testing for 48 hours and in theory should be most prone to an increase
in crystallite size, showed a decrease of 5 nm. It is therefore not possible to
conclude that there was significant redispersion of metal particles during activity
testing, based on these results.

6.3.2 Chemisorption

The dispersion and crystallite size of Ru was measured by CO chemisorption on
catalysts before and after activity testing. The experimental challenges regarding
these measurements are explained in detail in Section 6.1.3. Table 6.3.2 shows the
dispersion and crystallite size of Ru on the spent catalysts. A comparison of the
dispersion and crystallite size of Ru in the fresh and spent catalysts is visualized
in Figure 6.3.7 and Figure 6.3.8, respectively. The results show a slight trend of
an increase in dispersion and a decrease in crystallite size after activity testing.

Table 6.3.2: Dispersion and crystallite size of Ru on spent catalysts measured
by CO chemisorption.

Catalyst Dispersion [%] Crystallite Size [nm]
5RulFe, SP NO 9 14
5RulMn, SP NO 8 17

5RulFelMn, SP NO 13 10
5Ru3dFelMn, SP NO 8 15
5RulFe3Mn, SP NO 7 20
5RulFe3Mn, SP 360SS 8 16
14
12
X 10
S 8
g | I I II II
o
L 4
2
0
5RulFe 5RulMn 5RulFelMn 5Ru3FelMn 5RulFe3Mn

H Fresh ®Spent, NO | Spent, 360SS

Figure 6.3.7: Dispersion of active metal on fresh and spent catalyst measured
by CO chemisorption.

When comparing the results of crystallite size and dispersion of fresh versus spent
catalysts calculated by XRD and CO chemisorption, the slight trends that the two
methods indicate contradict one another. The chemisorption results indicate an
increase in particle size for most catalysts, while XRD suggests a slight decrease. It
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Figure 6.3.8: Crystallite sizes of fresh and spent catalyst measured by CO
chemisorption.

is therefore not possible to conclude that there is a clear trend change in crystallite
size and dispersion of Ru in the catalysts which have undergone activity testing
for NO oxidation. The fact that the sample spent in long-term isotherm testing
exhibits an opposite trend from the rest of the results from CO chemisorption,
and also shows minimal change, strengthens the claim of the absence of significant
redispersion during the reaction.
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CHAPTER
SEVEN

CONCLUSIONS AND FUTURE WORK

7.1 Conclusion

Seven alumina-supported catalysts were synthesized, characterized, and tested for
catalytic activity for oxidation of NO to NO, for industrial nitric acid production.
Five catalysts were 5 wt% Ru promoted with varying amounts of Fe and Mn, in
addition to a 1 wt% Fe and a 1 wt% Mn catalyst. All catalysts were prepared by
wet impregnation, and catalysts containing Ru were calcined in a reducing atmo-
sphere, the others in air. The catalysts were characterized by X-ray diffraction, N,
adsorption, and CO chemisorption, confirming the presence of high surface area
v-Al,O3 and metallic Ru. The dispersion of active metal did not significantly differ
with changing composition. All catalysts were tested for oxidation of NO to NO,
in a feed composition of 10% NO, 6% O, and 15% H,0O at 1 bar pressure, sim-
ulating industrial nitric acid production conditions. One catalyst was also tested
for stability in an isothermal run at 360 °C for 48 hours. All spent catalysts were
characterized to gauge the effect of the reaction on catalyst properties.

Results from activity testing showed moderate differences in catalytic activity be-
tween the promoted Ru catalysts. The conversion of NO appeared to decrease
slightly with higher metal loading and increased Fe content. The temperature de-
pendency of the catalytic conversion decreased with increased metal loading and
higher Mn content. Increased amounts of Mn also improved low-temperature con-
version, and the catalyst which displayed the highest conversion both overall and
at lower temperatures was 5RulMn (5 wt% Ru, 1 wt% Mn). The 48-hour-long
isothermal test of 5RulFe3Mn showed a slight increase in NO conversion across
the first 20 hours and no decrease after that point, indicating high stability of the
trimetallic catalysts.

This work is a continuation of the work done in the course TKP4580 - Chemical
Engineering, Specialization Project in the fall of 2022 where a 5 wt% Ru/Al,O3
catalyst displayed promising catalytic performance. The aim of promoting Ru
with Fe and Mn was to increase the catalytic activity of the catalyst. However, all
promoted catalysts presented in this work displayed significantly lower catalytic
conversion at all temperatures.

63
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While the promotion of Ru/Al,O5 with Fe and Mn decreased catalytic activity,
it did not negatively impact other catalyst properties. Surface area, crystallite
size, and dispersion remained stable upon promotion and activity testing. All
catalysts exhibited a slight increase in dispersion after being tested in 10% NO,
including the sample from the long-term isothermal test. There was also no de-
tectable change in the phase composition of alumina or Ru during testing. These
characterization results indicate that the promoted catalyst is still resistant to de-
activation mechanisms like sintering, agglomeration, and oxidation of metallic Ru.
This shows that the promotion of Ru with significant amounts of other metals is
possible without compromising key catalyst properties, although Fe and Mn did
not improve catalytic activity.

7.2 Future Work

Promotion of Ru with Mn and Fe proved to decrease catalytic activity but retain
other key catalyst features. It is therefore suggested that other metals are tested
as promoters for Ru in the catalytic oxidation of NO under simulated industrial
nitric acid production conditions. Silver seems to be a good alternative, as both
Gopakumar et al. [19] and Vold [104] both reported that the promotion of man-
ganese oxides with silver significantly improved catalytic activity for NO oxidation
under conditions resembling industrial nitric acid production. Platinum is another
promising option, as it has proven to be catalytically active for NO oxidation in
several studies, although issues with stability have been reported [13, 17, 20, 104].

As demonstrated in this work, alumina is a very stable support that allows for high
surface area and dispersion. It does, however, as displayed in catalytic activity
tests, not exhibit any activity towards NO oxidation on its own, being completely
inert. One possibility for future work could therefore be to investigate Ru cata-
lysts on other supports. Manganese oxide and zirconia have exhibited catalytic
activity in NO oxidation and could be intriguing options to explore as supports,
although issues regarding stability have also been reported [19, 39, 104].

Characterization results like crystallite size and dispersion have many possible
sources of inaccuracy, as discussed in previous sections. A possible additional
characterization technique that could help improve the accuracy and understand-
ing of these properties is transmission electron microscopy (TEM). The use of TEM
can give accurate information on particle shape and particle size distribution and
identify adsorbed species on the catalyst surface. Information like this can help
improve the understanding of key catalyst properties and adsorption mechanisms,
which could also be a possible deactivation mechanism (poisoning).

As discussed in Section 5.3, there are many challenges regarding the experimental
design which lead to uncertainties regarding temperature control, pressure drop,
and gradients in temperature and pressure. Many modifications to the experi-
mental setup, like adding more thermocouples or using quartz or glass reactors,
tend to cause more new problems than they solve. One modification, however,
that can be done without much interference with the process is the recording of
the measured temperature and pressures in the system. The LabView software
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displays bed and heating block temperature, along with reactor pressure. If the
software was developed to accurately record these values in time, it could help
explain irregular activity during reactions, and give better understanding of how
modifications to the experimental design affect temperature and pressure.
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APPENDICES



A - CATALYST PREPARATION

A1 - Catalyst Preparation Calculations

The alumina used was 1/8" pellets of y-Al,O5 purchased from Alfa Aesar. CAS
number 1314234.

The ruthenium precursor used was RuCls-xH,0, purchased from Sigma Aldrich.
CAS number14898-67-0.

The iron precursor used was Fe(NOs)s;-9H,O (> 98% purity), purchased from
Sigma Aldrich. CAS number 7782-61-8.

The manganese precursor used was Mn(NOs),-4 H,O, provided by Merck. CAS
number: 20694-39-7.

The molar weight of all precursors and the active metals are listed in Table A.1.

Table A.1: Molar mass of all precursor chemicals used for catalyst synthesis.

Chemical Molar Mass [g/mo]

RuCl;-xH,0 207.43
Ru 101.07
Fe(NO3)3-9H,0 404.00
Fe 55.845
Mn(NOs3),-4 HyO 251.01
Mn 54.93

Table A.2 shows the composition of each catalyst.
The catalysts were prepared by wet impregnation and catalysts with several met-
als were prepared by co-impregnation. Below is an example of the calculation of
the required amounts of precursor and support for 8 g of 5RulFe3Mn. Approxi-
mately 1 g H,O/g catalyst was used to dissolve the precursor.

v7—AlLO3 (g) =091%x8¢g="7.28 g (1)
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Table A.2: List of names and compositions of the synthesized catalysts.

Catalyst Name Composition
1Fe 1% Fe, 99% Al,O3
1Mn 1% Mn 99% Al,05
5RulFe 5% Ru, 1% Fe, 94% Al,O4
5RulMn 5% Ru, 1% Mn, 94% Al,O4

5RulFelMn 5% Ru, 1% Fe, 1% Mn, 93% Al,O4
5Ru3dFelMn 5% Ru, 3% Fe, 1% Mn, 91% Al,O4
5RulFe3Mn 5% Ru, 1% Fe, 3% Mn, 91% Al,O4

Ru(g) =8¢g%0.056=04g¢g (2)

04gq
Ru (mol) = {ram s = 0.00396 mo (3)
RuCl;-xH50 (g) = 0.00396 mol x 207.43 g/mol = 0.8209 g (4)
Fe(g) =8 ¢*0.01 =0.08 ¢ (5)
Fe (mol) = — 2089 (00143 mol (6)

~ 55.845 g/mol

Fe(NO3)3-9H,0 (g) = 0.00143 mol % 404.00 g/mol = 0.5787 g (7)

Mn (g) =8 g%0.03=024g 8)
0.24 g

M [) = ————— = 0.00437 mol 9

n (mol) 5193 g/mol 0.00437 mo 9)

Mn(NOs3),-4 HyO (g) = 0.00437 mol * 251.01 g/mol = 1.097 g (10)

A2 - Catalyst Preparation Measurements
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Table A.3: Measured amounts of support and metal precursor used in the prepa-
ration of each catalyst.

Catalyst RuCl;-xH,0 Fe(INOj3)3-9H,0 Mn(NOj),-4H,0 Al,O5
lg] ] [g] gl
1Fe - 0.5757 - 7.9209
1Mn - - 0.3666 7.9222
5RulFe 0.8216 0.5795 - 7.5209
5RulMn 0.8229 - 0.3665 7.922
5RulFelMn 0.8219 0.5785 0.3649 7.2815
5Ru3FelMn 0.8205 1.736 0.3656 7.2817
5RulFe3Mn 0.8211 0.5794 1.0974 7.2821
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B - CHARACTERIZATION RESULTS

B1 - N, adsorption

Figure B.1 shows the isotherm linear plot for the alumina support. Figure B.2
shows the BET surface area plot for the alumina support. Figure B.3 shows the
pore size distribution plot for the alumina support.

B2 - CO Chemisorption

Table B.1 shows the mass of catalyst and analysis procedure used for each chemisorp-
tion measurement.

Table B.1: Mass of catalyst and analysis procedure used for each chemisorption
measurement.

Catalyst Mass [g] Analysis Procedure
5RulFe 0.0967 Analysis Procedure 2
5RulMn 0.1196 Analysis Procedure 1
5RulFelMn 0.1247 Analysis Procedure 2
5Ru3FelMn 0.139 Analysis Procedure 2
5RulFe3Mn 0.096 Analysis Procedure 2
5RulFe, SP NO 0.1165 Analysis Procedure 2

5RulMn, SP NO 0.1131 Analysis Procedure 1
5RulFelMn, SP NO 0.122 Analysis Procedure 2
5Ru3dFelMn, SP NO  0.1188 Analysis Procedure 2
S5RulFe3Mn, SP NO  0.1083 Analysis Procedure 2

Figure 7?7 shows the CO chemisorption isotherms recorded for spent 1Mn. It is
attached as an example of unacceptable chemisorption isotherms, yielding invalid
dispersion measurements.
Figure 7?7 shows the CO chemisorption isotherms recorded for spent 1Mn. It
is attached as an example of acceptable chemisorption isotherms, yielding valid
dispersion measurements.

79



Quantity Adsorbed (cm¥g 5TP)

—+— BET/BHJ - Adsorption

Isotherm Linear Plot
—&— BET/BHJ - Desorption

Relative Pressure (P/Pao)

Figure B.1: The isotherm linear plot for Al,Os.
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BET Surface Area Plot
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Figure B.2: The BET surface area plot for Al,Os;.
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Figure B.3: The BJH desorption pore size distribution plot for Al,Os;.
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Isotherm Plot
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Figure B.4: CO chemisorption isotherms recorded for spent 1Mn at 35 °C, 25-
550 mmHg.

B3 - Remaining X-rady Diffraction Patterns
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Isotherm Plot
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Figure B.5: CO chemisorption isotherms recorded for fresh 5Ru3FelMn at 35
°C, 25-550 mmHg.
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Figure B.6: XRD patterns of fresh and spent Al,O;.
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Figure B.7: XRD patterns of fresh and spent 1Fe.
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Figure B.8: XRD patterns of fresh and spent 1Mn.
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C - CATALYTIC ACTIVITY TESTING

C1 - Experimental Data for Activity Tests

Table C.1 shows the bed height and mass of SiC and catalyst used for every

activity test.

Table C.1: Bed height and mass of SiC and catalyst used for every activity test.

Catalyst Test SiC mass [g] Catalyst mass [g] Bed height [mm]
bRulFe3Mn 450Ramp 2.7615 0.5042 30
dRu3FelMn 450Ramp 2.7647 0.5050 31
5RulFelMn 450Ramp 2.762 0.5107 31

dRulMn 450Ramp 2.755 0.5106 30

5RulFe 450Ramp 2.7656 0.5089 30

1Mn 450Ramp 2.7527 0.5027 30

1Fe 450Ramp 2.7197 0.4936 30

dRulFe3Mn 360S5S 2.7624 0.5065 30

SiC + Al203 450Ramp 2.6449 0.4687 30

SiC 450Ramp 3.2499 26
ERE 450Ramp

C2 - Total Conversion

Due to significant levels of noise in the concentration measurements made by the
FTIR gas analyzer, all presented catalytic activity data was smoothened using the
"Exponential Smoothening" tool in Microsoft Excel. Figures C.1 present the raw
data for the activity test for SiC 4 Al,O3, while the smoothened data for the same
test is presented in Figure C.2. Figure C.3 and C.4 present the total conversion

of NO of SiC and an empty reactor (ERE).

Figure C.5 presents the total conversion of 1Fe and 1Mn.

Figures C.6, C.7,

C.9, and C.10 show the total conversion of NO for 5Ru3FelMn, 5RulFe3Mn,
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Figure C.1: Raw data of total NO conversion for SiC + Al,O5 in 10% NO, 6%
O,, 15% H,0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar,
and WHSV = 24 000 NmL/h- g,
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Figure C.2: Smoothened data of total NO conversion for SiC + Al,O3 in 10%
NO, 6% O,, 15% H,0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of
1 bar, and WHSV = 24 000 NmL/h - g,
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Figure C.3: Raw data of total NO conversion for SiC in 10% NO, 6% O,, 15%
H,0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar, and WHSV
= 24 000 NmL/h- g,
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Figure C.4: Total NO conversion for an empty reactor in 10% NO, 6% O,, 15%
H,0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar, and WHSV
= 24 000 NmL /h - g,
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(a) Total conversion of 1Fe. (b) Total NO conversion of 1Mn.

Figure C.5: Total NO conversion, xxo (%), of 1Fe and 1Mn in 10% NO, 6% O,
15% Hy0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar, and
WHSV = 24 000 NmL/h-g.;. The blue line represents the equilibrium curve of
NO and NO, at 1 bar pressure.

5RulFelMn, 5RulFe, and 5RulMn, resepctively. The equilibrium curve of NO
and NO, at 1 bar pressure is represented as a blue line.

C3 - Catalytic Activity Calculations

The catalytic conversion was calculated by subtracting the gas phase conversion
from the total conversion, as shown in Equation 11. This was further used to
calculate the catalytic reaction rate using Equation 12.

ITNO,c = TNO — TNOyg (11)
F

PNOye = INO,cZNOn (12)
Meat
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Figure C.6: Raw data of total NO conversion for 5Ru3FelMn in 10% NO, 6%
O,, 15% H,0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar,
and WHSV = 24 000 NmL/h-g.,. The blue line represents the equilibrium curve
of NO and NO, at 1 bar pressure.
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Figure C.7: Raw data of total NO conversion for 5RulFe3Mn in 10% NO, 6%
O,, 15% H,0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar,
and WHSV = 24 000 NmL/h-g.,. The blue line represents the equilibrium curve
of NO and NO, at 1 bar pressure.

89



100
90
80
70
60
50
40
30 -
20
10

Equilibrium

5RulFelMn

NO Conversion [%]

350 400 450

150 200 250 300
Temperature [°C]

Figure C.8: Raw data of total NO conversion for 5RulFelMn in 10% NO, 6%
O,, 15% H,0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar,
and WHSV = 24 000 NmL/h-g.,. The blue line represents the equilibrium curve
of NO and NO, at 1 bar pressure.
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Figure C.9: Raw data of total NO conversion for 5RulFe in 10% NO, 6% O,,
15% Hy0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar, and
WHSV = 24 000 NmL/h-g.;. The blue line represents the equilibrium curve of
NO and NO, at 1 bar pressure.
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Figure C.10: Raw data of total NO conversion for 5RulMn in 10% NO, 6% O,
15% Hy0 from 150-450 °C with a ramp rate of 5 °C/min, pressure of 1 bar, and
WHSV = 24 000 NmL/h-g.,. The blue line represents the equilibrium curve of
NO and NO, at 1 bar pressure.

Where zno . is the catalytic conversion of NO to NOs, Fno, is the molar flow
rate of NO at the inlet, and m., is the mass of the catalyst. To find the molar
flow rate of NO, 1.249 g/L is used as the density of NO (20 °C, 1 bar) [94]. Below
is an example of a calculation of the catalytic reaction rate for 5RulMn at 425 °C.

TNno.e = 30.822% — 5.839% = 24.983% (13)

0.24983 x 0.2128 mol /min

=0. 1 1/(S.Geq 14
60+ 05106 g 0.0001735 mol/(S.geat) (14)

TNOQ —

C.3.1 - Dependence on Temperature

The temperature dependency of the catalytic conversion for each catalyst was
evaluated as the slope of the catalytic conversion across two ranges of tempera-
ture, 350-400 °C and 375-425 °C. The slope was calculated by linear regression,
described by Equation 15.

y=mx+Db (15)

Where m is the slope, presented in Table ?? together with the R? value for the
regression fit.
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Catalyst Temperature Range [°C] Slope  R?

5RulFe 350-400 0.3891 0.9838
375-425 0.32 0.9655

5RulMn 350-400 0.3542 0.9982
375-425 0.2472 0.9524

5RulFelMn 350-400 0.36  0.9915
375-425 0.29  0.9875

5Ru3FelMn 350-400 0.12 0.9716
375-425 0.20 0.989

5RulFe3Mn 350-400 0.03 0.9544
375-425 0.15 0.9684
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D - RIG 2.1

D.1 - Flow Scheme of Rig 2.1
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Figure D.2: Contaminated gold plated mirror in the FTIR gas analyzer.

D.2 - Contaminated Gold Plated Mirror in FTIR
Gas Analyzer
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Figure D.3: Contaminated gold plated mirror in the FTIR gas analyzer.
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