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Abstract

In the past years, interest in natural gas (NG) as an alternative fuel has grown as its combustion
leads to lower CO5 and particulate matter emissions compared to the traditional fuels. Combustion
of NG, however, leads to unburnt CHy which is a severe greenhouse gas. Catalytic abatement
technologies, such as a three-way catalyst (TWC), are therefore necessary to simultaneously abate
unburnt CHy, NO and CO after the NG engine. Over the years, direct CHy oxidation by O has
been extensively studied over Pd where it is promoted over PdO or mixed Pd-PdO species. However,
NO reduction mainly occurs over reduced Pd and it is therefore hard to obtain full conversion of
both reactions. Recently, CH, steam reforming reaction (CH4-SR) has gained a lot of attention
as it likely occurs over metallic Pd species, allowing both reactions to occur simultaneously which
has shown to induce high pollutant removal. Nevertheless, CH4-SR has been proven as difficult
to trigger under static stoichiometric conditions especially at low temperatures. However, major
enhancements in activity have been reported under dynamic Os dithering conditions where the Oo
dosage in the feed is periodically varied around stoichiometric conditions at a certain amplitude.
This makes it possible to modify the state of the active metals, and therefore tune the reaction

schemes taking place (i.e. CHy oxidation by Oz, CH4-SR).

In this master thesis Rh and bimetallic Pd-Rh on alumina (AlsO3) and ceria-zirconia (CZ) were
studied with the aim to promote CH4-SR reaction as Rh and CZ have demonstrated to be very
efficient towards the reaction. A benchmark catalyst, Pd/Al,O3, was also synthesized. The CZ sup-
port was synthesized through the coprecipitaion method, while the active metals were deposited on
the supports (AloO3 or CZ) by the incipient wetness method. The catalysts were characterized by
X-ray diffraction (XRD), Na-physisorption, transmission electron microscopy (TEM), oxygen stor-
age capacity (OSC), temperature programmed reduction (TPR), CO-diffuse reflectance infrared
fourier transform spectroscopy (CO-DRIFT), X-ray absorption (XAS) and inductively coupled
plasma optical emission spectrometry (ICP-OES). The catalytic activity was evaluated by per-
forming temperature ramps under stoichiometric conditions after either an oxidation or reduction
pretreatment. It was further investigated through lambda sweeps where the Oz concentration in

the feed was decreased in a step-wise manner. Finally, tests were carried out in order to deter-
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mine the optimal Oy dithering condition for each catalyst and the best conditions were applied in

temperature ramp experiments.

Under stoichiometric conditions a negative hysteresis was found over Pd/AlaO3 whereas a positive
hysteresis was observed over the bimetallic Pd-Rh. Through in situ XRD it was found that Rh
promoted the redox properties of Pd, as Pd in Pd-Rh/AlyO3 oxidized and reduced more easily than
Pd only. Further investigation by ex situ XAS showed that high pollutants abatement rates (high
NO reduction and CH4-SR) on Pd-based catalysts were a result of the metallic oxidation state of
Pd, which in the presence of Rh, was maintained up to lower temperatures leading to the positive
hysteresis. However, Pd/AlyO3 appeared to be the most active catalyst towards CH4-SR under
these conditions, but led to a significant formation of undesired NHs, due to the reduction of NO
by Hy. Though CH4-SR was triggered at higher temperature over the Rh-based catalysts, the NHj

formation was drastically decreased.

Through lambda sweeps, it was found that the activity was enhanced when working with less
O2 in the feed (rich conditions), implying that the metals were in their reduced state. Hence,
stoichiometric temperature ramps were conducted after a reduction pretreatment to ensure that
the metals were reduced prior to the reaction. This resulted in higher conversion over all the
alumina-based samples. This improvement, however, was not observed over the CZ-based samples

likely due to O2 back spillover from CZ to the metals, preventing their reduction.

Under dynamic conditions, activity of all catalysts were improved, especially when Rh was present.
These working conditions promoted the reduction of Rh, which is highly active for CH4-SR and NO
reduction reactions. The activity appeared to be further enhanced when supported on CZ, which
through lambda sweeps, was also found highly active for CH4-SR under rich conditions likely due
to reduced CZ activating the water during CH4-SR. Rh supported by CZ under dynamic conditions
resulted in CH4-SR and full NO conversion already at 300 °C.

Conclusively, dynamic conditions showed great potential for after treatment of the exhaust gas of

NG fueled vehicles, especially on Rh based catalysts.
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Sammendrag

I lgpet av de siste arene har interessen for naturgass (NG, sim 80 % CHy) som et alternativt
drivstoff gkt da dens forbrenning fgrer til lavere COs- og partikkelutslipp sammenlignet med de
tradisjonelle drivstoffene. Ettersom CHy er en alvorlig klimagass, méa katalytisk teknologi som en
treveis-katalysator (TWC) plasseres etter forbrenningskammeret for & redusere utslipp av ubrent
CHy4, NO og CO. I det siste har direkte oksidasjon av CH4 med Os blitt forsket pa over en Pd
basert katalysator hvor reaksjonen fremmes over oksidert Pd. Reduksjon av NO skjer hovedsakelig
over redusert Pd, og det er derfor vanskelig & oppna full konversjon av begge reaktantene. Nylig
har CH4 dampreformering (CH4-SR) fatt mye oppmerksomhet ettersom den ogsa forekommer over
redusert Pd, slik at begge reaksjonene kan forekomme samtidig, noe som har vist a4 forarsake
hgy omgjoring. Men CHy4-SR er vanskelig & utlgse under statiske stgkiometriske forhold, spesielt
ved lave temperaturer. Likevel har forbedringer blitt observert under dynamiske «Os-dithering»
forhold der Og2 i reaksjonsmiksen blir periodisk variert rundt stgkiometriske forhold ved en viss
amplitude. Dette gjor det mulig & justere oksidasjonstilstanden til de aktive metallene, og slik
regulere reaksjonene som finner sted over katalysatoren (dvs. CHy-oksidasjon ved Oy, CH4-SR).
CHy

I denne masteroppgaven ble Rh og bimetallisk Pd-Rh pa aluminumoksid (Al;O3) og ceria-zirconia
(CZ) studert med sikte pa & fremme CHy4-SR ettersom Rh og CZ har vist seg & vaere sveert effektive
mot CH4-SR. En referansekatalysator, Pd/AlsO3, ble ogséa syntetisert. CZ-bzereren ble syntetis-
ert via samutfellingsmetoden, mens de aktive metallene ble avsatt pa beererne (AloOgz eller CZ)
via tgrr impregnering. Katalysatorene ble karakterisert ved hjelp av rgntgendiffraksjon (XRD),
N2-fysisorpsjon, transmisjonselektronmikroskopi (TEM), oksygen lagrings kapasitet (OSC), tem-
peraturprogrammert reduksjon (TPR), CO diffus refleksjon infrargd fouriertransformasjonspek-
troskopi (CO-DRIFT ), rgntgen-absorpsjonsspektroskopi (XAS) og induktivt koblet plasma optisk
emisjonsspektrometri (ICP-OES). Den katalytiske aktiviteten ble evaluert ved & utfgre temperatur-
ramper under stgkiometriske betingelser etter en oksidert eller redusert forbehandling, og ble videre
undersgkt via «lambda sweeps» hvor Og-konsentrasjonen i reaksjonsmiksen senkes pa en trinnvis

mate. Til slutt ble det utfert eksperimenter for & bestemme de optimale Oo-dithering betingelsene



for hver katalysator hvor de beste betingelsene ble undersgkt via temperaturrampeeksperimenter.

Under stgkiometriske forhold ble en negativ hysterese funnet over Pd/Al;O3 mens en positiv hys-
terese ble observert over bimetallisk Pd-Rh. Gjennom in situ XRD ble det funnet at Rh fremmer
redoksegenskapene til Pd, ettersom Pd i Pd-Rh/Al;O3 oksiderte og reduserte enklere enn Pd. Yt-
terligere undersgkelser gjennom ex situ XAS viste at hgy omgjgring av reaktantene (hgy reduksjon
av NO og CH4-SR) pa Pd-baserte katalysatorer var et resultat av redusert Pd, som i naerveer av
Rh ble opprettholdt ved lavere temperaturer som fgrer til den positive hysteresen. Pd/AlsO3 viste
seg & veere den mest aktive katalysatoren for CHy4-SR under stgkiometriske forhold, men forte til
en betydelig dannelse av ugnsket NHs, pa grunn av at NO ble redusert av Hy. Selv om CH4-SR ble
observert ved hgyere temperatur over de Rh-baserte katalysatorene, var NHs-formasjonen drastisk

redusert.

Gjennom lambda sweeps ble det funnet at aktiviteten ble forbedret nar man jobbet med mindre Oq
i reaksjonsmiksen (rik blanding), noe som antyder at metallene var i redusert tilstand. P4 grunn av
dette ble stgkiometriske temperaturramper utfort etter redusert forbehandling for a sikre at metal-
lene ble redusert for eksperimentet. Dette resulterte i hgyere aktivitet over alle de alumina-baserte
katalysatorene. Denne forbedringen ble imidlertid ikke observert over de CZ-baserte katalysatorene

sannsynligvis pa grunn av Og ble overfgrt fra CZ til metallene, som forhindret redusert tilstand.

Under dynamiske forhold ble aktiviteten forbedret for alle katalysatorene, spesielt nar Rh var
tilstede. Et slikt forhold fremmet redusert Rh, som er sveert aktiv for CH4-SR og reduksjon av
NO. Aktiviteten syntes a bli ytterligere forsterket nar CZ var brukt som bserer, som gjennom
lambda sweeps ogsa ble funnet sveert aktiv for CHy4-SR under rike forhold sannsynligvis pa grunn
av redusert CZ aktiverer HoO for CHy4-SR. Rh pa CZ under dynamiske forhold resulterte i CH4-SR
og full reduksjon av NO allerede ved 300 °C.

Konkluderende viste dynamiske forhold et stort potensial for etterbehandling av eksosgassen til NG

kjoretay, spesielt over Rh-baserte katalysatorer.
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Chapter 1

Introduction

1.1 Global Challenges

One of today’s major concerns within environment and health is air pollution which plays a critical
role in climate change [1]. In 1992, increasing international concern about climate change led to the
creation of the United Nations Framework Convention on Climate Change (UNFCCC) [2]. Their
main goal was to stabilize and reduce greenhouse gas concentrations in the atmosphere. In the last
30 years, they have worked and put in place important agreements between countries such as the
Kyoto Protocol and the Paris Agreement which annual assesses the progress against climate change
[3]. Climate change issues have become more critical through the years, due, among others, to the
increase of carbon dioxide concentrations in the atmosphere, which acts as a greenhouse gas, and
thus contributes to the increase of temperatures globally [4]. Today, one of the main contributors
to greenhouse gas emissions and air pollution is the transport sector due to the combustion of
fossil fuels such as oil [5][6]. As a consequence, the automobile manufacturers are under pressure to
move away from traditional fuels, which combustion leads to hazardous exhaust gas and particulate

matter emissions, and seek for greener alternatives.

1.2 Natural Gas as Fuel

Natural gas (NG) is a combustive mix of hydrocarbons, consisting of 70-90 % of methane with a
variable content of other hydrocarbons such as ethane, propane and butane and other gases [7].
Even though it is considered a fossil fuel, NG is one of the cleanest and most effective of the
traditional fuels [6], due to its low sulfur content and reduced emission of NO, and particle matter
(PM) [8]. As methane has the highest hydrogen to carbon ratio of the hydrocarbons (4:1), it also
releases less CO2 compared to the traditional gasoline and diesel fuels [9][10]. A study conducted
by the Organisation for Economic Co-operation and Development (OECD) states that the use of
natural gas engines emits 30 % less COy per British thermal unit (BTU) than oil based fuel and
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reduces the PM emissions by 90 % [11]. A possible way to further reduce the environmental impact
of the transportation sector would be to use biomethane as the fuel, as it is formed from a renewable
origin [10]. Biomethane is an upgraded form of biogas which can be produced anaerobically by the

digestion of organic substances such as dead animals, sewage and plant matter.

However, though NG vehicles (NGV) result in lower hazardous emissions, unburnt CH4, CO and
NO, can still be found in the exhaust of NG combustion engines, and therefore require the need
of efficient catalytic post-combustion system to convert them to harmless compounds (i.e. CO2,
N2). This is especially important as CHy is a powerful greenhouse gas which has a global warming

potential 70 times larger than CO2 when looking at a 20 year time period [12].

Both lean and stoichiometric combustion systems can be used for natural gas vehicles (NGV)
depending on the size and purpose of the vehicle [13][14]. Lean-burn NG engines have higher
engine efficiency in comparison to stoichiometric engines but complex after-treatment systems,
usually composed of a methane oxidation catalyst (MOC) followed by a urea injection system and
a selective catalytic reduction (SCR) catalyst. On the other hand, stoichiometric NG engines only

require a three-way catalyst (TWC), which simultaneously abate unburnt hydrocarbons, CO, and
NO,.

1.3 Three-Way Catalyst for Natural Gas

The Three-Way Catalyst (TWC) has been used for vehicle emission control since 1981 [15]. It
is a catalyst placed downstream from a gasoline/NG engine to control the harmful emissions by
reducing NO, and oxidizing CO and hydrocarbons into harmless components such as Ny, CO2 and
H5O as illustrated in Figure 1.1 [16].

0, feadback 0, exhaust
sensor sensor 0, reference
Three-way catalyst e
0, 0,
—
o, H,0 N,
Fuel / "0 ‘ 2

CH,

Catalyst

Figure 1.1: The TWC placed downstream from the NG engine to convert the hazardous emissions.

Today, the modern commercial TWC usually consists of a bimetallic Pd/Rh system which also
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incorporates AlsO3, Ce,Zry -, O2 and other oxide materials [17] distributed on a honeycomb ceramic
monolith [18]. As the exhaust originates from a stoichiometric engine, an Og sensor is placed in the
exhaust right before the catalyst and a second one placed after the catalyst in air as a reference
[18]. A voltage, E, is generated across the sensors which is dependent on the Og concentration and

represented by Nernst equation (Equation 1.1).
E= EO + RT/TLF : ln(POQ)Teference/ln(POz)ea:haust (11)

where Fj is the standard state voltage, R is the ideal gas constant, T is temperature, n is the
number of electrons transferred, F' is Faraday’s constant and Pg, is the partial pressure of Os.
The generated signal of the voltage is fed back to the Os sensor infront of the engine to adjust the

air-to-fuel ratio.

As an aftertreatment for a NG engine, the main hydrocarbon present in the exhaust gas is methane
(over 90 vol%), which is harder to oxidize than the conventional hydrocarbons used in gasoline
due, among others, to strong C-H bonds, molecular symmetry, weak adsorption strength [19].
The optimal catalyst composition and working conditions are therefore different than a TWC for

gasoline engines.

Over the TWC, CH4 abatement through direct oxidation of CH4 by O2 has been widely studied
[20][21][22]. However, recently an additional reaction pathway of CHy steam reforming (SR) has
gained a lot of attention [8][23][24][25]. The importance of CH4-SR over the TWC has been demon-
strated to be significant in order to achieve full pollutant removal, as it has been reported that NO
reduction is greatly correlated to CHy conversion under rich conditions [26][24]. High maximum
NO reduction has been detected due to the production of Hy from CH4-SR, creating a net reducing

atmosphere, which is valuable for a maximum NO reduction [27].

1.3.1 Reaction Pool
The main reactions taking place over the TWC are the oxidation of CHy (Reaction 1.2), the
oxidation of CO (Reaction 1.3) and the reduction of NO to Ny (Reaction 1.4) [19].

CH4 + 209 — CO9 + 2H50 (1.2)
CO + %OQ — COgy (1.3)

In oxidizing conditions and low temperatures there is also a possibility of the formation of NoO as

an intermediate product by Reaction 1.5 [28][29][30].

1
2NO — NoO + 502 (1.5)

3
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However, several studies have reported a production of Hy over the TWC for NG when no Hy has
been present in the simulated exhaust [8][31]. The production of Hy can therefore be explained by
steam reforming (SR) of methane and the water-gas shift (WGS) reaction which are described in
Reaction 1.6 and 1.7 .

CH4 + H,O — CO + 3H5 (1.6)

CO + Hy0 — CO, + Hy (1.7)

The Hy production from the CH4 SR and WGS has proven to play an important role in the TWC
as it can act as a reducing agent for NO by Reaction 1.10 [8]. However, it also results in the

production of the unwanted by-product NHs (Reaction 1.8 and 1.9) [8][26].

1
2NO + 2Hy — Ny + 2H>0 (1.10)

1.3.2 Operating Window

For gasoline applications, TWC operate at a stoichiometric air-to-fuel ratio (A = 1) in order to
remove CO, NO and the hydrocarbons simultanecously [32]. This was observed to be the point
where the conversion of the three pollutants is the highest and it is defined as the CO-NO crossover
point [33]. However, due to the low reactivity of CHy, the CO-NO crossover point was observed to
be shifted away from stoichiometry and towards rich conditions (excess fuel) [27][26][33]. This was
demonstrated by Ferri et al. who performed activity tests over a commercial TWC when varying
the O9 dosage from lean to rich with simulated exhaust gas from both NG and gasoline engines
[27]. They observed the CO-NO crossover point at A\ = 0.61 for the NG simulation compared to A

= 1 for the gasoline.

Under the real operating conditions, though the catalyst is operated near stoichiometry, the actual
applied air-to-fuel ratio oscillates around an average value [34]. Several studies have shown that
varying the Os dosage at different amplitudes and frequencies around an average value has had a
positive effect on the conversion of CHy compared to a static Oq feed [27][8][26][35]. Bouncheda
et al. studied the effect of periodic lean/rich operations around stoichiometry over a ceria-zirconia
(CZ) promoted Pd-Rh/Alumina catalyst [8]. They observed that an amplitude of 0.02 (A =1 £
0.02) gave a higher and more stable conversion of CHy4 than static operation at A\ = 1 most likely

due to a more active Pd?/PdO state.
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1.3.3 Active Metals

1.3.3.1 Palladium

Currently, commercial TWCs use Platinum Group Metals (PGMs; mainly palladium, platinum,
and rhodium) as their active phase, where palladium (Pd) is most efficient for total oxidation of
methane and has also an impressive oxidation ability towards CO [36][37][38][39][19]. Since CHy is
the most challenging pollutant to remove from NGV exhaust gas, palladium is always present in

higher quantities compared to the other PGMs [40][41].

However, the performance of the palladium is influenced by the interaction with the support,
particle size and the precursor utilized in the preparation of the catalyst [42]. Lin et al. reported
that Pd supported on CZ prepared by Pd(NOg), as precursor exhibited a better catalytic activity
for CO and HC oxidation, smaller Pd,, clusters and a stronger metal-support interaction than the
catalysts prepared with Pd(NH;3)4(NO3)s or HoPdCly [43]. This was also reported by Roth et al.
who studied the catalytic behaviour of Pd supported on alumina for methane oxidation [44]. They
concluded that the use of Pd(NOj3)2 as a precursor resulted in better activity and dispersion than

the utilization of HoPdCly.

Furthermore, the catalytic activity of Pd is also dependent on its oxidation state [45]. Several
studies have reported that metallic Pd, oxidized PdO, and mixed Pd°/PdO (PdO,) species are
active for CHy oxidation [46] [47][48]. However, it is clear that not all Pd species induce the same
chemistry and hold similar efficiency. Franken and al. have proposed an optimal working window
of reduced Pd content for wet lean CH4 oxidation that was placed between 25 and 65 %, while a
PdO content between 65 and 75 % was reported to inhibit CHy oxidation [20]. Additionally, Chin.
et al. have found that the lowest activation energy necessary for the C-H cleavage is over PdO,
species, evidencing that PdO, species are the most active for direct CHy oxidation by Og though
the catalytic efficiency can vary depending on the Pd/PdO ratio [49]. As for promoting CHy4-SR,
Salun et al. concluded that the presence of metallic Pd® in PdO, form is essential [23]. This was

also confirmed by Bounechada et al, however this was achieved at higher temperatures [8].

1.3.3.2 Rhodium

Rh is widely used in the TWC due to its ability to reduce NO [50][51][52]. Compared to Pd,
Rh has better resistance against sintering and helps to suppress NH3 formation in rich conditions
and enhancing the selectivity towards No [53][51][54][55]. However, at low temperatures and in
a net oxidizing atmosphere, it is reported to promote the formation of NoO as an intermediate
[29][28]. NHjs, being poisonous and corrosive, and N2O, a greenhouse gas 300 times greater than
COa, are both undesirable secondary products from the reduction of NO that need to be taken
into consideration [31]. Furthermore, Rh is also recognized as an active metal for CHy4-SR which

is an useful ability in the aftertreatment of a NG engine [56][53][57]. As Rh is remarkably more
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expensive than the other metals [51], it is usually incorporated with Pd or Pt in smaller amounts
to improve the thermal stability and the reduction properties of the catalyst [58][28][59][60]. The
ratio of the incorporation of Rh to the other metals however, may influence the performance of
the catalyst. Vedyagin et al., who studied different metal ratios of Pd-Rh supported on alumina
and its effect on the activity in TWC, suggested that the optimum ratio of the Pd-Rh catalyst was
3:2 due to a strong Pd-Rh interaction [61]. The same group also suggested this ratio to possess
high-temperature stability during CO oxidation [62].

Unlike Pd, Rh is mostly active while in the reduced metallic state of Rh® [63][17] [64]. The oxidized
states of Rh however, RhaO3 and RhOq, is considered less active [65][66], and was reported to
interact with the support when it is in its oxidized form, making it unavailable for catalytic reactions,

which is especially discussed considering alumina in several studies [67][63][68][69][64].

1.3.4 Active Support

1.3.4.1 Alumina

Alumina is the most used support in catalysis due to its thermal and mechanical stability [70]. It
exists in different structures giving alumina a wide range off applications. One of these structures
is y-Alumina (y-AlsO3), which is usually the main material of the TWC due to its high specific
surface area (SSA) (50 - 300 m2g~!) [19][70]. Increasing the SSA is the main purpose of the support
in order to disperse the active noble metals and enhance the catalytic activity [71]. y-Alumina also
offers mesopores between 5 and 15 nm, a pore volume of approximately 0.6 cm3g~! and high thermal
stability preventing the noble metals from sintering [70]. However, at very high temperatures (> 1
000 C), which is a possibility during TWC operation, y-alumina can transform to a-alumina which
has a considerably lower SSA of 10 m?g~! [71].

1.3.4.2 Ceria

Ceria (CeOz) is usually added to the TWC due to its ability to store, release and exchange oxygen
by changing the oxidation state between Ce*™ and Ce® [72][57][73]. As mentioned the optimum
conversion over the TWC is found at a certain operating window. However, in real driving con-
ditions the exhaust gas may vary drastically away from this window. In order to maintain the
optimal conversion ceria makes it possible to store oxygen under lean conditions and release oxygen
under rich conditions as illustrated in Figure 1.2 [16]. This has proven to enhance the activity over
the TWC immensely [72], as well as promoting CH4-SR [57][74]. Ceria can be used in the TWC
either as dopant or as a support [74][75][76]. However, ceria possesses poor hydrothermal stability,
but it can be improved by introducing zirconia (Zr'") into the ceria lattice [77][78]. Furthermore,
several studies have reported that another advantage of adding Zirconia into the Ceria lattice is
that it considerably improves the oxygen storage capacity (OSC) compared to CeOy [79][80][81].

According to Baducci et al.the incorporation of Zr into the ceria lattice will lower the energy for
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the reduction of Ce'™ [82]. As a result bulk oxygen will diffuse more easily to the surface and
promote the ceria redox properties. Nevertheless, studies have reported that different Ce/Zr ratios
can affect the ceria redox properties. Silva et al. analyzed the effect of the Ce/Zr ratios for partial
methane oxidation over Pt/Ce,;Zr,; 102/Al203 (x = 0.25, 0.5, 0.75) catalysts and reported that
Pt/Ceq - 5Zrp502/Al303 had the highest activity and stability [73]. This was also confirmed by
Noronha et al. who found Pt/Ceq - 5 Zr( 502 to give the highest OSC and activity when performing
COg reforming of methane [83].Not only the Ce/Zr ratio, but also the preparation method might
determine the properties of CZ [79]. In the literature various preparation methods with various re-
sults have been reported such as coprecipitation [84][85], hydrothermal methods [86][87] and sol-gel
methods [88][89]. Liet al. prepared CZ by different coprecipitaion methods, such as coprecipitation,
complexing-coprecipitation and complexing-coprecipitation-solution [90]. Their results concluded

that complexing-coprecipitation method produced a thermally stable CZ with high SSA and OSC.
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Figure 1.2: The operating window is narrowed down when the catalyst contains ceria. Adepted from [91].

1.4 Aim of the Project

The aim of this project is to verify that CH4-SR is responsible for the improved activity over Pd
and to further promote the reaction by studying the effect of Rh addition to Pd (both structure and
activity) and Rh alone. For this purpose Rh and bimetallic Pd-Rh on alumina will be synthesized
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by incipient wetness impregnation, where a synthesized Pd/Alumina catalyst is used as benchmark.
Furthermore, a ceria-zirconia (CZ) support will be synthesized by coprecipitation, with Rh and Rh-
Pd as active metals, as CZ can contribute to the CH4-SR reaction due to its oxygen storage capacity.
The five catalysts are characterized in order to obtain useful information about their structural
properties. The catalyst activity will be investigated under simulated NG engine exhaust conditions
while applying both static and dynamic (O2 dithering) operations. The goal is to compare these
catalysts to be able to understand the influence of Rh on the observed chemistry as well as to
optimize the pulsing conditions (i.e. amplitude and frequency) of the O9 dithering for each catalyst

in order to obtain high pollutant conversions.






Chapter 2

Theory

2.1 Catalyst Synthesis

2.1.1 Incipient Wetness Impregnation

Incipient wetness impregnation (IWI) is one of the most common methods for heterogeneous cata-
lyst preparation [92]. The metal precursor is typically dissolved in an organic or aqueous solution
[93] which volume corresponds to 80 % of the total pore volume of the support. The solution is
then deposited on the dried support (to ensure full water desorption) [94]. By capillary forces,
the solution is drawn into the pores of the support as illustrated in Figure 2.1. If impregnation is
executed correctly, no excess solution will be deposited outside the pores, which is why the method
is also named dry impregnation.

ole)

O
R

Dehydrated

pellets
Pore-filling
solution

O Pore-saturated

Q
@) pellets
OO @}

l Drying
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Figure 2.1: A schematic overview of the steps during the incipient wetness impregnation. Adapted from
(95]
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The impregnated support is then dried in order for the metal precursors particles to deposit and
settle in the pores by evaporation of water [94][95]. The drying rate, however, does affect the
distribution of the active metal in the pores. The goal is to obtain an uniform distribution and
concentration of the metal particles as illustrated in Figure 2.2b. A too slow drying rate will lead
to the precursor being deposited at the end of the pore in the center as a so-called egg yolk (Figure
2.2a), whereas a too fast drying will force the precursor to deposit at the entrance of the pores
leading to an eggshell deposit (Figure 2.2c). The final stage of the impregnation is the calcination
of the catalyst in air at high temperatures The purpose of this high temperature treatment in an
oxidising environment is to dispose and volatilize the salts (i.e. chloride, nitrates) bounded to the

metal [95]. In this way the crystallized precursors are converted into the metal oxide or metal.

N T
L‘v'l ./
(a) (b) (c)

Figure 2.2: The profiles of the pores and particles during the drying rate. Adapted from [95]

2.1.2 Co-precipitation

Co-precipitation is a convenient method for synthesizing oxide materials as it allows several metal
precursors to be deposited in a single process [96][97]. Compared to IWT described previously, this
method is highly dependent on reaction parameters (pH, temperature, stirring etc.) and requires
more control as during this single process chemical phases, surface area, porous structure, particle
size and dispersion are created [97][98]. The soluble metal precursors are usually dissolved in an
aqueous solution. The solution is supersaturated through an increase of the pH-value by adding an
precipitating agent such as ammonium hydroxide or sodium carbonate [90][97]. The two next stages
during the synthesis are be the nucleation which occurs at critical supersaturation and followed by
crystal growth [97]. In order to obtain a homogeneous precipitation and monodispersed particles a
separation of these two stages would be ideal, however they usually progress simultaneously [98][97].
The result of the precipitation is a homogeneous mixture of hydroxides which is filtered off usually
through vacuum [70]. The final steps of the co-precipitation is drying and calcination at appropriate
temperatures, in order to remove water and any compounds remaining from the precursors (i.e.

salts), which yields a porous catalyst.
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2.2 Characterization

2.2.1 X-ray Diffraction
X-ray Diffraction (XRD) is a method widely used to identify crystalline solid phases, phase trans-
formations, lattice constants and the mean crystallite size of a crystalline solid [99]. Crystals are
made of regular arrays of atoms, which are able to scatter incident X-rays from their interaction
with the atom’s electron cloud. If the wavelength of the scattered wave is the same as the incident
one (X-ray photons did not lose any energy) and that only momentum has been transferred, the
process is elastic and is called Thompson scattering. If, on the other hand, the wavelength of the
scattered wave is different due to a transfer of energy, the process is inelastic and is called Compton
scattering. Since X-rays can be considered as waves of electromagnetic radiation, the diffraction
of X-rays by matter is due to the combination of two phenomena, the scattering of X-rays by the
different electrons in the individual atoms, and the interference between the scattered outgoing
waves from these atoms. The X-rays measured in diffraction experiments therefore carry infor-
mation about the density and distribution of electrons in materials, hence one can deduce their
structure based on the elastic scattering of X-rays. The interference patterns result from a larger
ensemble of atoms, so that XRD is used to determine the internal structure of components with
long-range order, i.e. crystalline materials. In these materials constructive interference occurs at
specific scattering angles, giving rise to a characteristic pattern of XRD peaks. This is formulated
in by the Bragg law equation:

nA = 2dsinf (2.1)

where A is the wavelength, d the distance between two lattice planes, 6 the angle between the
incoming X-rays and the normal to the reflecting lattice planes and n the order of diffraction. By
measuring the angles in which diffraction occurs, the corresponding lattice spacing can be found

by Bragg’s law which is characteristic for a specific compound.

Incoming X-rays Reflected X-rays

Figure 2.3: An illustration of the incoming X-rays being diffracted by the solid.

From the diffractogram it is possible to relate the line width of the peaks to the diameter of the
crystal by the Scherrer formula [70]:
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KA
~ Bcosb

where L is the crystallite diameter, K a constant dependent on the shape of the particle, A the
wavelength of the X-ray,  the peak of the width at half width and 6 the angle between the

(2.2)

incoming X-rays and the normal to the reflecting lattice planes. The peak width, 3, can either
be measured at its half peak (K is between 0.84 and 0.89 depending on the shape of the particle)
or the integrated peak-area is divided by the peak height (K is between 1.0 and 1.16 depending
on the shape) [99]. When measuring the crystallite size of a multicomponent system, such as a
metal/support catalyst, various disturbances may occur. These disturbances are either due to
overlap of the diffraction peaks of the metal and the support or the metal load might be too small
to yield a diffraction peak that can be analyzed. The lower limit of the metal load depends on the
atomic number of the metal as the intensity of the diffraction peak is proportional to the square

root of the atomic number [99]. [100]

2.2.2 N,-physisorption
To determine the internal surface area of a porous material, the No-physisorption method is widely
used. Liquid Nitrogen at 77K is adsorbed into the porous material, where each adsorbed No-
molecule occupies an area of 16.2 A at this temperature. By measuring how many Np-molecules
adsorb at monolayer coverage on the material, one can determine the internal surface area [70].
Dividing this area by the mass of the sample gives the specific surface area (SSA) which is calculated
by using the Brunauer-Emmett-Teller equation (BET equation) shown in Equation 2.3.

P 1 (1-C) P

V(B —P) Vil ' Vil B

(2.3)

where P is the partial pressure of the inert gas, V' the volume adsorbed at P, Py the equilibrium
pressure of the condensed gas, V,,, the volume adsorbed at monolayer and C' the BET constant. The
BET is only valid under certain assumptions such as dynamic equilibrium between adsorbate and
adsorptive, densely packed layers and no interactions between the monolayer and each adsorption
layer [70]. The adsorption of the gas is usually represented in an isotherm plot, which represents
the amount of nitrogen adsorbed at 77K as a function of pressure [99]. The isotherms are classified
into six different profiles depending on the interactions between the adsorbent and adsorbate. The

different types of isotherms are shown in Figure 2.4. [101].
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Figure 2.4: The different types of BET isotherms. Adapted from [101]

The hysteresis effect observed in isotherm type IV and V occurs as the desorption of Ny must
overcome capillary forces before evaporation of the gas. By applying the Barrett-Joyner-Halenda
method (BJH), the hysteresis can provide information about the pore volume distribution of the

sample [102].

2.2.3 Electron Microscopy

Electron microscopy is a technique to determine the structure of the sample by exposing it to a
beam of electrons [103]. As electrons have characteristic wavelength of less than an Angstrgm, it
is possible to study the sample in atomic detail. Figure 2.5 illustrates the different types of signals
that can be detected when a sample is exposed to a primary electron beam with energy between
100 and 400 keV.
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Figure 2.5: An incoming primary electron beam on a sample results in a number of detectable signals.
Adapted from [70].

Transmission Electron Microscopy

In transmission electron microscopy (TEM), a primary beam of electrons of high energy and inten-
sity is converted to two parallel rays before impinging the sample [70]. The transmitted electrons
are detected and create a two-dimensional project ion of the sample producing a bright field image.
By detecting the diffracted electrons, which are off-angle from the transmitted electrons as seen in
Figure 2.5, a dark field image is obtained. Therefore in the TEM image of a material composed of
a supported metal, contrast between the metal and the support depends on diffraction, interference
and attenuation of the electrons due to density and variation of thickness [103]. Scanning TEM
(STEM) is the combination between TEM and scanning electron microscopy (SEM). In (SEM),
the surface of the sample is scanned by the electron beam, and the backscattered and secondary
electrons are detected as a function of the position of the primary beam [99]. The contrast is
caused by orientation where part of the surface facing the detector develop brighter images than
the ones facing away from the detector [70]. The secondary electrons, which are the result of inelas-
tic scattering, are low in energy and originate from the surface of the sample. The backscattered
ones, which are a result of elastic scattering, originate from deeper within the sample and gives
information of the composition of the sample. STEM creates the opportunity to study a small area
of the sample which can be investigated separately [103]. An arrangement of ring-shaped detectors

allows for high-angle annular dark field (HAADF) imaging which greatly improves the contrast of
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the metal and the support.

2.2.4 Electron Dispersive X-ray Microanalasys

Electron Dispersive X-ray Microanalasys (EDX) is a method to determine the chemical composition
of a sample as well as which elements that are present including the distribution and concentration
[104]. The sample is exposed to an electron beam where an electron from the inner shell of the
atom is emitted. Electrons from higher orbital energy shells replace the vacancy, releasing energy
in the form of X-rays as illustrated in Figure 2.6. The energy of the X-rays released is unique
for each atom. The intensity of the emitted X-rays are proportional to the concentration of the
element, which makes it also possible to determine the percentage of each element’s concentration

within the sample.

Characteristic X-rays

Primary e” beam

\\Electron

™,
-

Figure 2.6: An illustration of the production of X-rays by irradiation of a primary electron beam.

The EDX detector is often coupled with SEM or STEM. SEM alone detects backscattered and
secondary electrons to obtain different information, but with SEM-EDX, X-rays can also be used

as a signal to produce chemical information.

2.2.5 Temperature-Programmed Reduction

Temperature-programmed reduction (TPR) is an analytical method that investigates the surface
chemistry of metal oxides under varying thermal conditions [105] and also measures the temperature
at which the complete reduction of a material occurs [70]. During the TPR experiment, the
temperature of the sample is increased linearly while a reducing gas, such as diluted hydrogen, flows

over the solid [99]. The amount of hydrogen consumed is determined by a thermal conductivity
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detector which measures the difference in thermal conductivity of the gas before and after flowing
over the sample. The resulting TPR profile has qualitative information of the oxidation state of
the sample which can work as a fingerprint [106]. In a bi-metallic system TPR can indicates if the
two metals are in contact [103]. The TPR of supported bimetallic catalysts often reveals whether

the two metals

2.2.6 Oxygen Storage Capacity

Oxygen storage capacity (OSC) is a measure of the amount of oxygen that can be stored and
exchanged by a reducible oxide with the active metal or the gas phase [107]. The OSC is measured
by determining the amount of reducing gas (Hs or CO) that is oxidized after passing through a
catalyst which has been presaturated with oxygen [16]. The OSC can be measured by either total
OSC or dynamic OSC (DOSC) [108]. The total OSC or oxygen storage capacity complete (OSCC)
measures the total amount of transferable oxygen which includes both the surface and the bulk
oxygen. The OSC under dynamic conditions considers the most reactive and available oxygen

species which are mostly located at the surface of the catalyst or in the oxygen vacancies [16].

There are many different ways to measure the OSC depending on the operating conditions [16]. The
most common method is to alternately inject pulses of the reducing (CO or Hy) and the oxidizing
(O2) gas [108]. For OSCC this can be achieved by treating the sample in an O atmosphere before
flowing Ar or He to sweep away the excess O9 at the surface [90]. The sample is then exposed to a
series of CO pulses until the CO is no longer consumed. The total amount of CO converted or Oo
released in these pulses represents the OSCC. The CO consumption can be described by Reaction
2.4 [109].

1
CO(g) + 502(5) — CO2(g) + L) (24)

Where (g) represents the gas phase, (s) the solid phase and [J is an empty oxygen vacancy. The
dynamic OSC can be measured similar to the OSCC, but the sample is re-oxidized in between each
CO pulse by alternately injecting CO and Og; simulating oscillating conditions [108]. In this way
only the most available and reactive Os-species are reached [90]. By following Reaction 2.4, the

total CO9 produced during one CO injection represent the dynamic OSC.

As the OSCC is measured under thermodynamic equilibrium and the dynamic OSC relates to the
rate of Og released from the sample there is no direct correlation between the two properties [108].
It has been stated that since the dynamic OSC is measured under oscillating conditions, similar to
the ones naturally occurring in the exhaust from the engines, it is more relevant for characterization

and evaluation of the activity of the TWC in real operation [16][110].
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2.2.7 Diffuse Reflectance Infrared Fourier Transform Spectroscopy

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT) is used to analyse the mor-
phology and surface properties of powders and rough surface solids placed inside a DRIFT cell
[111][112]. The sample is exposed to an IR beam which migrates inside the sample and interacts
with the particles storing up the absorbance [113]. The beam is then reflected by the surfaces of
the particles causing it to diffuse. The diffusely reflected light is then collected by a mirror outside
of the cell and sends the light to the detector [114].

Typically the DRIFT is used for insitu experiments, where it is possible to study the gas-surface
interaction when a certain gas is flowing through the sample [112]. By using CO as the gas, the
insitu DRIFT can provide information about the adsorption strength and the geometry of the
interaction - whether or not the CO is adsorbed linearly and/or bridged on the surface of the
particle [115][116].

2.2.8 X-ray Absorption Spectroscopy
X-ray absorption spectroscopy (XAS) is a characterization method which provides detailed informa-
tion about the composition, local structure and electronic state of the sample such as the oxidation
state [117]. The sample can be measured in gas, liquid or crystalline or non-crystalline solid phase
and can be carried out in situ, ex situ or operando.
When measuring XAS, the material is exposed to an incident x-ray with an energy of hv, where
the intensity of the x-ray passing through the material, I,,, can be described by Lambert-Beer’s law
[118]:

I, = Ipe ME)M (2.5)

where Iy is the intensity of the incident X-ray, d is the thickness of the material and u(E) is the
absorption coefficient of the material which is dependent on the energy of the photons. Following
Equation 2.5 the absorption of the material decreases with increasing photon energy. Nevertheless,
at a certain energy threshold, Ey, a core electron with binding energy of Ej is exited and u(F)
increases sharply. This is described as the absorption edge of the atom/element under consideration.
The energy of the edge varies according to the oxidation state of the element. It increases with
the valency of the absorbing atom due to an increase in difficulty to remove an electron from an
atom with a higher positive charge. The absorption region around the edge is referred to X-ray
Absorption Near Edge Structure (XANES) [70]. Above this energy threshold, when hv > Ej, the
atom absorbs the energy and the electron is expelled to the continuum as a photoelectron with
kinetic energy of Ex = hv — Ej, [70]. As a photoelectron has both particle and wave character, the
waves of the outgoing photoelectron can be scattered by other electrons on the same atom and by
a neighbouring atom as seen in Figure 2.7. The interference of the outgoing and scattering waves

gives rise to the Extended X-ray Absorption Fine Structure (EXAFS) part of the XAS spectra.
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The EXAFS gives information about the number, distance and type of neighbours of the absorbing
atom [70].

Absorbing atom
Incident X-Ray (hv) f & Sfcattered atom

Outgoing » | -4
photoelectron Back scattered
(E,=hv-E,) photoelectron

Interference of the waves
from outgoing and back
scattered photoelectron

Figure 2.7: Absorption of the energy of an incident X-ray by an atom above the absorption edge Ej
leads to an outgoing photoelectron whos waves are back scattered by neighbouring atoms The

interference of the waves is related to the EXAFS signal. Adapted from [119].

2.2.9 Inductively Coupled Plasma Optical Emission Spectrometry

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) is a technique to determine
the concentration of an element in a sample [120]. The concentration is determined by exposing
a sample to energy in the form of heat from an argon plasma that operates at a temperature of
10 000 K. The atoms absorb this energy which leads to an exciting of an electron to higher energy
levels. When the electron returns to its ground state it emits electromagnetic radiation of a specific
wavelength of this element. The amount of radiation released is proportional to the concentration

of the element that creates the emission.

2.3 Catalytic Activity

In a catalytic reaction the catalyst lowers the activation energy, the energy needed for the reaction
to occur, which accelerate the reaction compared to an uncatalyzed reaction as illustarted in Figure
2.8 [70]. For an automobile converter this means that the reactions can take place at much lower

temperatures [18].

In automobile emission control the catalytic performance is usually evaluated based on light-off
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temperatures, product selectivity and conversion efficiency [121]. The light-off temperature is
defined as the minimum temperature where the catalytic reactions are initiated and where the

reaction rate increases with an increasing temperature [18].

Activation energy

Uncatalyzed uncatalyzed reaction

reaction

Energy

Catalyzed
reaction
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Products
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Figure 2.8: Diagram of the activation energy need for a catalyzed reaction compared to an uncatalyzed

reaction. Adapted from [18].

The product selectivity is an important factor as many reactions with multiple products can take
place in parallel over the catalyst. Even though full conversion is achieved over the TWC unwanted
by-products such as NH3 and NoO might enter the atmosphere [24]. However, different conditions
and catalysts can promote the rate towards the desired products, even if it is less thermodynamically
favorable [18]

2.4 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a method to identify and quantify IR-active
functional groups either in solid, liquid or gas phase [122][123]. During infrared spectroscopy the
sample is exposed to IR radiation where the photon energies are not high enough to excite the elec-
trons but instead induce vibrational excitation of the convalent bonds between the different atoms
of a molecule. Therefore, all (x) molecules can absorb infrared radiation which can be reconverted
into bond vibrations with specific frequency (usually converted to wavenumber) [123].However, a

vibration needs to induce a change in the dipole moment to be able to absorb infrared energy.
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Hence, not all molecules are infrared visible (i.e. N2, H2, Ar). This is the reason why FTIR are
usually used in addition to MS when performing catalytic tests which involve infrared invisible

compounds.

These wavelengths are characteristic for the vibration and rotation of the chemical bonds in the
specific molecule, and does therefore function as a "fingerprint" of the molecules in the sample
[124]. A frequency spectrum over the IR-range (4000-400 cm™1) is required to analyze all possible
molecules in the sample which is obtained by a Fourier transformation (FT) which "decodes" each

individual frequency detected.

2.5 Mass Spectrometry

Mass spectrometry (MS) is an analytical method to calculate exact molecular weight of a sample
or, as in this case, identify and quantify compounds by measuring the mass-to-charge ratio (m/z)
[125]. In order to measure the m/z ratio, the molecules are converted to gas-phase ions through
different methods such as electrospray ionization (ESI), matrix-assisted laser desorption/ionization
(MALDI) or electron ionization (EI) [126].

Through ionization by EI a small fraction of the molecules in the gas phase are bombarded with
low energy electrons which results in multiple positive charged ions [127]. The ions are then
separated and organized according to their mass-to-charge ratio through an electric field in the
mass analyzer. There are many different types of mass analyzers on the market, where one of them
is the Quadrupole mass analyzer [125]. The quadrupole mass analyzer consists of four rods where
an electrical voltage is created between two pairs of rods [128]. When the ions enters the rods, only
ions with a specific mass-to-charge ratio will reach the detector due to its certain voltage [129].
This allows the user to specify a range of mass-to-charge ratios by changing the applied voltage
between the rods. The ions are then detected and a mass spectrum is generated where the m/z
ratio of the ions is plotted against its intensity, which is linear to the concentration of the detected
molecule [125].
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Experimental methods

3.1 Material Preparation

In this project, 2 wt% Pd/Al2O3, 0.8 wt% Rh/AlyO3 and bimetallic Pd-Rh/Al2O3 (3:2 ratio) were
prepared by incipient wetness impregnation of aluminum oxide (7-AlyO3) using Pd nitrate solution
and Rh nitrate solution.

The ceria-zirconia (CZ) support was prepared by a co-precipitation method based on the work of
Li et al.[90] aiming for a Ce/Zr molar ratio of 0.7 : 0.3 (Ceg.7Zrp302). The CZ support was then
impregnated with either Pd (2 wt%) or Pd-Rh (3:2).

A summary of the samples prepared and their corresponding sample code can be found in Table 3.1.

Table 3.1: Summary of the samples prepared and their corresponding sample code.

Prepared sample Sample Code
2 wt% Pd on alumina Pd/A

0.8 wt% Rh on alumina Rh/A

1.2 wt%Pd-0.8 wt% Rh on alumina Pd-Rh/A

0.8 wt% Rh on CZ Rh/CZ

1.2 wt%Pd-0.8 wt% Rh on CZ Pd-Rh/CZ

Mechanical mix of Pd/A and Rh/A PdA RhA
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3.1.1 Synthesis of Ceria-Zirconia

CZ was synthesized by a co-precipitation method where Cerium (III) nitrate hexahydrate (Fluka)
and Zirconium (IV) oxynitrate hydrate (Aldrich) were used as precursors. The precursors were
dissolved in de-ionized H20O in the correct molar ratio of Ce:Zr under stirring. As a complexing
agent citric acid monohydrate (Labochem international) was dissolved in the solution in a molar
ratio of citric acid:(Ce + Zr) = 1.2. Ammonium hydroxide (Merck) was then added drop-wise
until the solution reached a pH ~ 3 which was measured with a SevenCompact pH-meter (Mettler
Toledo). The solution was then stirred for 3 h before being filtered and washed with de-ionized
H5O until a constant pH was obtained. The white precipitate was dried at 110 °C for 2 h and then
calcined in air at 500 °C for 4 h with a ramp of 5 °C/min.

3.1.2 Incipient wetness impregnation

Prior to the synthesis the liquid absorption capacity or IWI point of the supports, commercial
aluminum oxide (7-Al2O3, Puralox; Sasol) and CZ, were determined. To do so distilled HyO was
added drop-wise to the support previously dried at 120 °C overnight (to ensure full water desorption
from the pores) until it appeared completely saturated.

The precursors used for the synthesis were an aqueous solution of Palladium (II) nitrate (Alfa Aesar,
4-5 wt% solution) and Rhodium (III) nitrate (Alfa Aesar, 32 % Rh assay). The Rh-precursor was
diluted in distilled HoO and stirred at room temperature for 1.5 h to obtain a 5 wt% Rh metal
aqueous solution. The calculations can be found in Appendix A.1.1. To prepare the bi-metallic
Pd-Rh catalysts, the Pd and Rh solutions were mixed in the appropriate amount required to to
obtain a Pd:Rh molar ratio of 3:2 and stirred for 2 h at room temperature.

Prior to the impregnation, the Pd, Rh and Pd-Rh precursors were further diluted with distilled
H50 until reaching approximately 80 % of the IWI point. The prepared precursor solution was
then added drop wise to the dry support (dried at 120 °C overnight), while stirring the mixture
from time to time. The impregnated support was then calcinated in air at 550 °C for 3 h, with a

heating ramp of 5 °C/min.

3.2 Characterization
3.2.1 X-ray Diffraction

The powder samples were flattened on silicon XRD-holders prior to the measurement. The XRD
pattern were acquired using a Bruker D8 Advanced with Ni-filtered Cu Ko radiation (40 kV and
40 mA). The XRD data was collected in the 26 range of 10 °- 100 °using a step size of 0.001 °and

a step time of 2 s.

The in situ XRD diffractograms were collected using XRK 900 chamber which was placed in the

Bruker D8 Advanced instrument. Sieved samples in the range of 150 - 200 wm were placed on the
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sample holder.

In situ XRD was conducted on PdA, PARhA and PdA RhA (mix):

-Exposed to 2 vol% Hs in Ny and XRD was measured at 60, 170, 300, 450 and 600 °C.
-Exposed to 2 vol% O3 in Ny and XRD was measured every 25 °C from 600-300 °C.

3.2.2 Nsy-physisorption

The nitrogen adsorption and desorption isotherms were measured at 77 K and obtained using a
Quantachrome Autosorb-1 instrument. The specific surface area was estimated by applying the
multi-point BET equation to the No-physisorption isotherm using 5 points between 0.1 - 0.35 P%
corresponding to a linear line. The samples (ca. 200 mg) were degassed under high vacuum prior

to physisorption at 350 °C for at least 6 h.

3.2.3 Transmission Electron Microscopy

The Transmission Electron Microscopy (TEM) and STEM-EDX (scanning TEM Elctron Disper-
sive) analysis was performed by Dr. Ivo Alxneit from the ACS group. Prior to the analysis the
samples were first suspended in 2-propanol and then deposited on a copper grid coated with holey
carbon film. The electron microscopy was performed on a probe corrected JEOL JEM ARM-200F
(NeoARM) equipped with a cold FEG gun operated at 200 keV. The EDX-maps were collected by
two SDD detectors together covering 1.7 sr with a swell time of 0.5 ms and 50 sweeps for maps.
From the electron micrographs of each sample, the particle size was calculated by measuring at

least 200 noble metal particles by using the ImageJ software.

3.2.4 Oxygen Storage Capacity

The (Oxygen Storage Capacity) OSC was measured in a fixed-bed quartz reactor inserted in the
set-up illustrated in Figure 3.2. The OSC was estimated by simulating oscillating conditions where
1 vol % CO in Ar and 1 vol % Og in Ar were alternately flown on the samples with 5 min (OSC) or
30 s (Dynamic OSC) intervals at 300, 450 and 600 °C. The OSC is expressed as pmol Oy gc_alt and
was calculated based on the amount of COg produced when CO was flown on the samples (therefore
consuming the O9 stored in the material). The COg signal measured by mass spectrometry (MS,

InProcess GAM400) was calibrated in order to quantify it.

3.2.5 Temperature Programmed Reduction

Temperature Programmed Reduction (TPR) was performed using a Micromeritics AutoChem HP
apparatus. The quartz reactor was loaded with 50 mg sieved sample (150 - 200 um). The samples
were first pretreated in 10 vol% Oz in He (20 mL/min) from RT to 600 °C (10 °C/min). The
system was cooled down to 40 °C (50 °C/min) and purged with He for 10 min. The measurements
were conducted under 10 vol% Hp in Ar (20 mL/min) from 40 to 850 °C (5 °C/min), where

the temperature was constant for 5 min before being cooled down. The H2O formed during the
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measurements were prevented from the detector by a cold trap of 2-propanol and liquid Na. The

outlet Hy concentration was calculated by thermal conductivity method.

3.2.6 CO Diffuse Reflectance Infrared Fourier Transform Spectroscopy

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT) measurements were collected
using a VERTEX 70 FT-IR spectrometer (Bruker Optics) equipped with a diffuse reflectance
accessory (Praying Mantis, Harrick) and a MCT detector which was cooled with liquid nitrogen.
Prior to the measurements the samples were reduced under a flow of 3 vol% Hs in Ar at 50 mL/min
at 300 °C for 30 min with a ramp of 10 °C/min. The system was cooled to room temperature and
purged with Ar for a few minutes to obtain the background. The experiment was performed under
1 vol% CO in Ar at 50 mL/min at room temperature. The spectra were recorded by co-adding 100

scans at a resolution of 4 cm! and 10 Hz.

3.2.7 X-ray Absorption Spectroscopy

Ex situ X-ray Absorption Spectroscopy (XAS) was performed on samples that where "frozen" at
certain temperatures during activity testing or pretreatment. The samples were frozen by flowing
Ar only over the sample while cooling down to room temperature from the desired temperature
in order to gain information about the oxidation state of the metal at this point. Ex situ XAS
measured at the Pd K-edge (24 350 €V [130]) and Rh K-edge (23 220 eV [131]) at the SuperXAS
beamline of the Swiss Light Source (SLS, Paul Scherrer Institute). Before measurements 50 mg
of the powdered samples were pressed into 8 mm diameter pellets. The incident X-ray beam was
adjusted using a mirror coated with Pt at 2.9 mrad prior to monochromatization where a channel-
cut Si(111) crystal cooled with liquid nitrogen was used. The monochromatic beam was focused
by using a Pt-coated toroidal mirror. The monochromator was oscillated at 4 Hz corresponding
to a time resolution of 0.25 s per spectrum. The spectra were collected at room temperature
in fluorescent mode and a Pd or Rh reference foil was measured simultaneously as a calibration.
Linear combination fitting and calibration of the energy were performed with ProXAS software
[132]. The fitting of the Extended X-ray Absorption Fine Structure (EXAFS) was conducted with
FEFF included in the Artemis software [133].

3.2.8 inductively Coupled Plasma Optical Emission Spectrometry

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-EOS) measurements were per-
formed at PSI. The concentration of the elements in the samples was estimated by a Varian Vista
AX spectrometer. Prior to the measurements he samples were dissolved in a hydrofluoric, hy-
drochloric and nitric acids mixture. Calibration solutions were based on 99.999% pure commercial
standards. The concentration of the elements were determined by an average of atomic emission

lines of three measurements.
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3.3 Activity Testing

The catalytic activity was measured using a quartz glass plug-flow reactor packed with 50 mg of
sieved catalyst (150-200 pm) mixed with 150 mg of sieved cordierite (100-150 pm) between to
quartz wool plugs (Figure 3.1). The reactor was placed in a heating oven and the temperature was
measured by a thermocouple type K placed at the middle of the catalyst bed as illustrated in the

schematic set-up in Figure 3.2. The outlet gas was analyzed by mass spectrometry (MS, InProcess
GAM400) and FTIR (Bruker ALPHA II).

Figure 3.1: The quartz glass plug-flow reactor loaded with 50 mg of catalyst mixed with 150 mg of

cordierite.

3.3.1 oxidation Pretreatment

The catalysts were exposed to an oxidation pretreatment prior to testing under 0.15 vol% CHy, 0.6
vol% Og in Ar at a WHSV of 240 h™! g;! while being heated from 200 — 600 °C (10 °C/min) in
order to stabilize and ensure that all the catalysts were in the same state before experiments. The

temperature was constant at 600 °C for 30 min before being cooled down to desired temperature.

3.3.2 reductive pretreatment

Stoichiometric temperature ramps were also conducted on the catalysts after a reductive pretreat-
ment. Prior to the temperature ramps, the catalyst was exposed to 0.15 vol% CHy, 0.6 vol% Os in
Ar at a WHSV of 240 h~! g} while being heated from 200 — 600 °C (10 °C/min). The temperature
was constant at 600 °C for 30 min before the feed was changed to 2 vol% Hs in Ar. The temperature
stayed at 600 °C for 5 min, before being cooled down to 300 °C to start the temperature ramps as

described in the previous section.

3.3.3 Stoichiometric Temperature Ramps

The stoichiometric temperature ramps were measured under 5 vol% HsO, 0.15 vol% CHy, 0.16 vol%
NO, 0.7 vol% CO and 0.57 vol% Oy corresponding to A = 1 balanced in Ar. The measurements
were performed during three temperature cycles of heating and cooling between 300 - 600 °C with
a ramp of 5 °C/min with a WHSV of 240 L h™!.

3.3.4 Steady State Lambda Sweeps

Isothermic steady state lambda sweeps were conducted over different A-values by varying the Oo
concentration and the corresponding Ar balance in the feed. The rest of the feed had a constant
concentration of 5 vol% HO, 0.15 vol% CHy, 0.16 vol% NO and 0.7 vol% CO. The experiment

started at A = 1.2 and step wise decreased to A = 0 and was step wise reincreased to A = 1.2 again.
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The A-values and the corresponding Os concentration are listed in Table 3.2.

Table 3.2: A-values and the corresponding O5 concentration used during the steady state lambda sweeps

A 1.20 1.15 1.10 1.05 1.00 0.95 090 0.85 0.80 0.75
(02 0.68 0.66 0.63 0.60 0.57 054 0.51 048 0.46 043
A 0.70 0.65 0.60 0.55 0.50 0.40 0.30 0.20 0.10 0.00
O, 0.40 037 034 031 029 023 0.17 0.11 0.06 0.00

3.3.5 Cyclic Steady State O, Dithering

At a constant temperature, steady state Oo dithering experiments were performed by pulsing O-
at different amplitudes, A, around stoichiometric conditions such as A = 1 + A. Each amplitude
was tested under different frequencies of 0.033, 0.05, 0.1 and 0.2 Hz. If an amplitude of 0.15 with
a frequency of 0.2 Hz were tested, a full rich/lean cycle would correspond to an Oy feed of A\ =
0.85 for 5 s and then A\ = 1.15 for 5 s. During the cycles the rest of the feed was held constant
as during the steady state lambda sweeps (Section 3.3.4). Each dithering condition was held for 5

min to obtain a cyclic steady state.

3.3.6 Calculations
The CH4 and NO conversion was calculated based on Equation 3.1.
Zhin T Zhout 440 (3.1)

2,an

X; =

where X is the conversion of i (i = CHy or NO), Fj ;, is the flow entering the reactor whereas Fj o,
is the flow of CH4 or NO leaving the reactor. This flow can be described by the total flow in and
out of the system, Fio i, and Fiot out , and each specie’s molecular fraction, y;, Equation 3.1 can
be written as seen in Equation 3.2.

yi,inFtot,in - yi,outFtot,out

X; =
yinFtot,in

-100% (3.2)

The MS signal obtained from the mass spectrometer for each species is linear with the concentration

or the molecular fraction of the species through Equation 3.3

where K; is a constant and M S; is the MS signal of the corresponding specie. Combining Equation
3.2 and 3.3 and the fact that Fioin = Fjout, the conversion can be simplified to Equation 3.4:

MSzzn - MSiout
X; = : — -1 4
T 00% (3.4)

To obtain the concentration of the species through the mass spectrometer a calibration of known

concentrations, such as the feed, was conducted prior to any experiments and the concentration
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was calculated by Equation 3.5 based on Equation 3.3.

MSi,in : MSi,out

A 3.5
Yi,out MSz,m ( )

The CO, N2oO and NHjs concentration were estimated from linear regression equations based on a
calibration of known concentration of the respective gases in the FTIR. The regression curves can

be found in Appendix B.

The concentration of Os in the feed was based on A which in this project was calculated by Equation
3.6.

5\ [O2]in

~ 1[COJin + 2[CHylsn — 3[NO,» (3.6)

where [i];;, is the concentration in the feed of component i.

28



Section 3.3 - Activity Testing

;0
P'l MFC Reactor Mrc <]
= mi
— =
= F
:”% g
2 L 1 &
] WFC MEC =] 1
: :
= (=]
T =]
C?E ™
n |
[ MFC —| mrc H>=]
] ]
"]
£ i‘ -
P -]
Iz & ©
=] L 1
.=
I
it
g
w T MFC >
<5
£ —_

Th | [:E:l
ermocouple—s 4[%_@ D{j

[~ B o |

“*—Furnace
.‘—— Catalystbed
41— (Juartz reactor

Exhaust J

MS FTIR

Figure 3.2: Flow sheet of the TWC model gas set up. The green line represents the main line, the blue

line is the secondary line and the red line corresponds to the pulsing lines.
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Chapter 4

Results and Discussion

4.1 Catalyst Characterization
4.1.1 Inductively Coupled Plasma Optical Emsission Spectrometry

The elemental analysis obtained by ICP-OES allowed to get information on the metal content, as
well as the Ce/Zr ratio (Table 4.1). The obtained loading of Pd on Pd/A was 1.64 wt% which
matched well with the aim of 2 wt%. For Pd-Rh/A, the metal content was found to be 1.05 wt%
and 0.82 wt% for Pd and Rh respectively, which is close to the aimed values (i.e. 1.2 wt% and
0.8 wt%). On Rh/A and Rh/CZ, the Rh content resulted in 0.71 wt% and 0.67 wt% respectively,
corresponding to a deviation of 0.09 wt% and 0.13 wt% which is within a respectable error. The
Ce/Zr ratio was obtained from Rh/CZ and resulted in a ratio of 0.72 : 0.28, not far from the aimed
ratio of 0.70 : 0.30. Unfortunately, the results of the elemental analysis of Pd-Rh/CZ were not
ready in time for this thesis. However, as the CZ support is the same as Rh/CZ and the calculations

are similar as to Pd-Rh/A, Pd-Rh/CZ was assumed to be comparable to the other samples.

Table 4.1: Elemental analysis of the synthesized samples obtained from ICP-OES.

Sample Pd/A Pd-Rh/A Rh/A Rh/CZ
[Wt%)] [wt%)] (wt%]  [wt%]

Al 52.22 50.70 52.20 -
Ce - - - 59.59
Pd 1.64 1.05 - -
Rh - 0.82 0.71 0.67
Zr - - - 22.93
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4.1.2 X-ray Diffraction

The XRD patterns of the Pd, Rh and Pd-Rh alumina and CZ based samples were collected in
order to detect the different crystal phases. «-Alumina was observed with the most intense peak
at 67.1°in all the alumina samples, confirming that the alumina maintained the y-alumina form
through the synthesis (Figure 4.1). The XRD patterns of the Pd-based samples (c.f. Pd-Rh/A,
Pd/A, Figure 2.3; Pd-Rh/CZ, Pd/CZ, Figure 4.2), did not display any reflections corresponding to
metallic Pd (39.4°and 45.9°). However, PdO was detected with the most intense peak at 33.9°for
Pd/A and Pd-Rh/A [42]. For Pd-Rh/CZ, the main PdO reflection overlapped with that of ceria
zirconia and was not observed at the higher angles (i.e. 42.2°and 54.8°[134], Figure 4.2)). Rh was
not detected on any of the Rh containing samples due to the low amounts of Rh in the catalyst.
The main peak for the CZ support (Figure 4.2) was observed at 29.1°which was shifted to higher
26 compared to pure ceria with the most intense peak at 28.3°[135]. This indicates that Zr*t was
incorporated into the CeOq lattice [90].
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Figure 4.1: Powder XRD patterns of the alumina-based samples.
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Figure 4.2: Powder XRD patterns of the CZ-based samples.

4.1.3 Ny-physisorption

No-physisorption was performed on the samples to obtain the surface area (SA) as well as the pore
volume and the pore size distribution (Table 4.2). Though the loss of SA and pore volume for the
metal-alumina samples compared to alumina was not significant, it was possibly due to the depo-
sition of Pd and Rh particles in the alumina pores together with the calcination preformed after
impregnation. The difference in SA between the CZ-based samples and alumina-based samples,
however, is due to the type of support since y-alumina is well known for its high specific SA [70].
While the SA of CZ depends on the preparation method and the Ce/Zr ratio [90][136]. The same
trend was observed for the CZ-based samples where the SA and pore volume decreased when Pd
and Rh were deposited. The average pore diameter of the samples, that were obtained from the
pore size distribution (Appendix D), corresponded to mesoporus materials [70]. This was further
confirmed by the adsorpion-desorption isotherms where all the isotherms in Figure 4.3 exhibited a
well-defined hysteresis loop. This shape corresponds to isotherm type IV, which was assigned to
mesoporous materials, a result of the y-Alumina and CZ support (see Figure 2.4 in Section 2.2.2

for assignment).
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Table 4.2: The properties from Ny-physisorption of the prepared samples using the BET equation for the

surface area and BJH equation on the desorption isotherm for the pore volume and diameter.

Samples Surface area Pore volume Ave. Pore diameter
[m2/g] [cm3/g] [nm]
Alumina 150.8 0.33 9.9
Pd/A 147.2 0.31 9.9
Rh/A 150.6 0.32 9.8
Pd-Rh/A 147.0 0.31 9.9
CZ 35.5 0.21 3.6
Rh/CZ 30.9 0.22 3.6
Pd-Rh/CZ 33.2 0.17 2.8
(a) (b)
£l
L
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Pd-Rh/CZ
Alumina cz
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P/PO (-) P/PO (-)

Figure 4.3: Adsorption-desorption isotherms obtained by Na-physisorption for (a) the alumina-based sam-
ples and (b) the CZ-based samples.
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4.1.4 Hy-Temperature Programmed Reduction

The Ho-TPR was measured to examine the redox properties of the samples and the metal-support
interactions [137]. As shown in Figure 4.4 a negative peak at 79 °C was observed for Pd/A and
Pd-Rh/A which was due to the decomposition of PdH, species which were formed by interaction
of metallic Pd and Hy [138][139]. The higher intensity of the peak for Pd/A was due to a higher
concentration of Pd present on the support (2 wt % Pd/A and 1.2 wt % Pd-Rh/A). Since no negative
peaks were observed below 79 °C, it suggest that the PdO species had already been reduced at
room temperature. On the contrary, a positive peak of 81 °C was observed for Pd-Rh/CZ which
can be ascribed to the reduction of PdO species highly dispersed on the surface of the support
[136]. The reduction peak was also broader over the CZ support compared to the alumina support,
though the metal content was similar, which is most likely due to Os-back spillover from the CZ

keeping the Pd oxidized longer.

- /\/_\ Pd-Rh/CZ
] ‘___‘_

Intensity (a.u)
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Figure 4.4: Ho-TPR profiles of the alumina and the CZ-based samples.

The peaks of 66 °C and 115 °C for Rh/A were ascribed to the reduction of RhaO3 species of different
sizes on the support [140][141][142]. The peaks were more intense and broad on Rh/CZ and were
shifted to 75 °C with a shoulder at 106 °C, indicating that the CZ support was maintaining Rh in
an oxidized state [143]. The same observation was made for Pd-Rh/CZ. Unlike alumina, CZ is a

reducible support with an intense peak at 384 °C which arises from the reduction of surface Ce**
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[90]. The shoulder present at 532 °C was related to the reduction of the bulk Ce** [144]. These
peaks were barely, or not at all, observed on Rh/CZ and Pd-Rh/CZ, which confirms that a back
spillover of Og from CZ to the metal is taking place [76][141][143].

4.1.5 Transmission Electron Microscopy

(S)TEM images of the samples were obtained to estimate an
average particle size for all samples and to get an idea of the
shape and structure of the particles. The average particle
size (Table 4.3) were based on the respective particle size dis-
tribution found in Appendix C. The particle size of the noble
metals were found to be larger when deposited on alumina-
support compared to CZ-support. The smaller particle sizes
were a factor of CZ promoting dispersion of the metal which

leads to smaller particles on the metal-CZ interface [143].

Figure 4.5 represents selected (S)TEM images of Pd/A,
Rh/A, Pd-Rh/A, Rh/CZ and Pd-Rh/CZ. On the alumina-
based samples the metal particles were easily observed due

to a high contrast between the metal and the support (due

Table 4.3: A summery of the average
particle size of all samples
with the errors obtained

from Origin Software.

Samples Av. Particle size
[nm]
Pd/A 7.0+ 29
Rh/A 7.0+ 27
Pd-Rh/A 6.3 £ 0.2
Rh/CZ 4.3 £ 1.1
Pd-Rh/CZ 32+ 1.2

to the low molar mass of Al compared to Pd or Rh). The larger particles (ca. 5 - 10 nm) exhibited

edges as indicated by the blue boxes in Figure 4.5 on all the alumina-based samples. From the

images it was also clear that the metal particles have agglomerated in bigger clusters especially for

Pd/A and Rh/A.
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_ ofe B

Figure 4.5: (S)TEM images of Pd/A, Rh/A, Pd-Rh/A, Rh/CZ and Pd-Rh/CZ.

On the images of the CZ-based samples it was more complex to distinguish the metal particles
from the support. However, the crystallization of CZ was very clear, especially on the image of
Pd-Rh/CZ. On Rh/CZ and CZ it seemed like the CZ had formed a foam like structure. This
was also visible in the TEM image of CZ in Figure 4.6b at the upper left corner. However, the
ratio map obtained from an EDX-mapping performed on the same image did not show the foam
structure. Thus the individual agglomerates are chemically homogeneous. Figure 4.6 also displayed

the Zr/Ce ratio based on the X-ray intensity where it seemed there were two types of CZ present,
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one ceria-rich part evident by the dark red areas, and a more equally distributed part observed
from the brighter colors. The very high Zr/Ce around 2 were probably artifacts. They were present
in regions where there was mostly noise such as in the vacuum, on the carbon support and at the

very fringe of the agglomerates as seen in Figure 4.6b.
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Figure 4.6: (a) Zr/Ce ratio obtained from EDX-mapping on the (b) STEM image of CZ. Here showed as
dark field STEM.

4.1.6 Diffuse Reflectance Infared Fourier Transform Spectroscopy

The first peak at 2171 cm™! for all samples corresponds to unreacted CO in the gas phase and
works as an alignment for a better comparison of the spectra. For all samples containing Rh there
were observed distinct doublets at (2085 ; 2013), (2072 ; 2012), (2087 ; 2014) and (2088 ; 2016) for
Rh/A, Rh/CZ, Pd-Rh/A and Pd-Rh/CZ respectively corresponding to symmetric and asymmetric
CO-stretches of bicarbonyls adsorbed on Rh (Rh-(CO)2) [145][146]. The higher intensity and the
broader peaks for Pd-Rh/A and Pd-Rh/CZ indicate a contribution of Pd on Rh suggesting a

L were identified on

synergistic behaviour in the bimetallic samples. Small shoulders at 2050 cm™
Rh/A, Rh/CZ and Pd-Rh/A and were ascribed to CO adsorbing linearly on Rh [146]. The shoulder
was not detected on Pd-Rh/CZ due to the broad peak from the attribution of Pd. A peak of 2123

! was observed for the Pd/A sample, an indication of CO adsorbed on positively charged Pd

cm

particles [147]. The peak at 2093 cm™! comes from linearly bonded CO on the Pd surface sites
[147]. Additional peaks were observed below 2000 cm~! for Pd containing samples, where the peak
at 1985 cm™! for Pd/A was assigned to CO adsorbed as bridged species on metallic Pd edges [148].
Furthermore, a peak at 1941 cm ™! also corresponded to bridged bound CO species, on metallic Pd
exposed to the surface [149]. The same peaks were detected on Pd-Rh/A and Pd-Rh/CZ, but as
a shoulder at 1994 cm~! on Pd-Rh/CZ. The peak at 1941 cm~! for Pd/A was shifted to a lower

wavenumber and broader peak for both Pd-Rh/A and Pd-Rh/CZ showing the effect of Rh addition.
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Figure 4.7: DRIFT spectra of adsorbed CO at 25 °C on the alumina and the CZ-based samples. The

spectra were collected after an insitu reduction at 300 °C.

4.1.7 Oxygen Storage Capacity

The OSC was measured to obtain the CZ’s capability to store and release Os. Two types of mea-
surements were performed where Oy and CO were injected alternately with 5 min or 30 s intervals
for OSC and dynamic OSC (DOSC) respectively. It was measured for all samples at 300, 450 and
600 °C in order to relate the (D)OSC to the activity testings performed at temperature ramps be-
tween 300-600 °C. The estimated (D)OSC values are presented in Table 4.4. An overall trend was
observed for all samples where an increase in temperature led to a decrease in both OSC and DOSC
which could be due to the fact that the metal is only partially oxidized at higher temperatures.
Unlike CZ, alumina is a non-reducible support as observed in the Hyo-TPR profiles (Figure 4.4).
Therefore the (D)OCS of the alumina-based samples is only related to the metal’s redox properties
(Pd/PdO and Rh/RhyO3). Whereas the CZ-based samples exhibited higher (D)OSC/OSC values
due to the redox properties of ceria. In the literature, the higher values for the CZ-based samples

was suggested to be due to the metal-CZ interface consuming more Oy because of back-spillover
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of Oy from CZ to the metal which was also suggested by the Ho-TPR profiles in Section 4.1.4
[141][143]. It is also worth noticing that the OSC of Pd-Rh/A is much higher than Pd/A, espe-
cially at 300 °C which might be due to the presence of Rh affecting the redox properties of Pd.

Table 4.4: The OSC and DOSC values of all the samples obtained from alternated injections of 1 vol% Oq
and 1 vol% CO at 5 min or 30 s intervals at 300, 450 and 600 °C.

Sample T OSC DOSC
[°C] [umol Oz ggy] [nmol Oz gy
Pd/A 300 186 36
450 223 31
600 123 23
Rh/A 300 221 37
450 168 30
600 141 27
Pd-Rh/A 300 274 46
450 210 36
600 166 28
CZ 300 54 4
450 211 31
600 190 28
Rh/CZ 300 325 51
450 280 45
600 214 29
Pd-Rh/CZ 300 318 45
450 225 36
600 220 28
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4.2 Catalytic Activity
4.2.1 Alumina Supported Catalysts

4.2.1.1 Stoichiometric Temperature Ramps

The catalytic activity of Pd/A was first measured under static stoichiometric conditions (A = 1)
where CHy conversion started at 355 °C and 329 °C in the first and second cycles, respectively
(Figure 4.8). CH4 was oxidized by Oz up to approximately 464 °C (cycle 1) and 438 °C (cycle 2) as
seen by the simultaneous increase in the COy and HyO signals (Figure E.1; Reaction 1.2). At this
point, a sudden increase of the CH,4 conversion was observed at the same time as the MS signal of
H>O started decreasing indicating a HoO consumption by CHy following Reaction 1.6. A visible
production of Hy followed shortly after, and as there was no Hs present in the simulated exhaust
gas, the production of Hy can be explained by CHy steam reforming (SR) (Reaction 1.6) and the
water-gas-shift (WGS) (Reaction 1.7) [8][31]. At low temperatures there was a low NO conversion
of 1 % and 5% for cycle 1 and 2 respectively with an approximately 50 % selectivity for NoO
starting at 440 °C and 407 °C for the first and second cycle respectively. N2O is known to form
by Reaction 1.5 in an oxidizing atmosphere, which was apparent from the amount of O present at
these temperatures (Figure E.1) [31]. The concentration of NoO increased to a maximum of 154
ppm at 459 °C for cycle 1 and 141 ppm at 438 °C for cycle 2 before decreasing and dropping to
zero when NHj formation started, suggesting that the catalyst is selective for one or the other [26].
However, NoO was barely observed in the cooling ramp, possibly due to the very sharp decrease
of NO conversion at approximately 475 °C. The production of NHg started at 469 °C and 448
°C for cycle 1 and 2 respectively due to the Hy production from the steam reforming of methane
following Reaction 1.8. NO reached its maximum conversion at 483 °C (cycle 1) and 468 °C (cycle
2). This was the same temperatures as a net production of Hy was observed, indicating that NO
was also reduced by Hs to form Ny by Reaction 1.10. From the temperature ramps over Pd/A,
it was apparent that when CHy4-SR occurred, full NO reduction took place, which emphasizes
the "interdependence" of NO and CHy. It is only when CH4-SR pathway takes place that high

conversion of both pollutants is observed as mentioned in Section 1.3.

CH4-SR was maintained up 600 °C and dropped abruptly at 475 °C in the descending ramps.
As a result, the Hy formation decreased which triggered a sharp decrease in the NO conversion
(also observed for the MS signal of H20O) indicating that the NO conversion is dependent on
the Hy produced from CH4-SR and WGS which is in turn dependent on the Pd oxidation state.
Indeed, the occurrence of CH4-SR is believed to occur on metallic Pd, due to the intrinsic Hs
formation. Comparing the heating and cooling ramps, a negative hysteresis was observed for both
the CH4 and NO conversion. According to McCarty [150], PdO is thermodynamically stable at
low temperatures, but decomposes to Pd? at higher temperatures under stoichiometric conditions

resulting in a phase transition which leads to the hysteresis during methane oxidation. However,

41



CHAPTER 4. RESULTS AND DISCUSSION Section 4.2 - Catalytic Activity

Pd° oxidation occurs at higher temperatures than PdO reduction, explaining the nature of the
negative hysteresis observed. Indeed, since high pollutant abatement rates were only achieved
when CH4-SR reaction was promoted (over metallic Pd), and if PdO formation in the descending
ramp occurred at higher temperatures than PdO reduction in the ascending ramp, the system

would collapse in an earlier stage in the descending ramp.
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Figure 4.8: CO, CH4 and NO conversion, Ho MS signal and NH3z and N2O concentrations during two tem-
perature cycles of heating (—) and cooling (- - .) over Pd/A under stoichiometric conditions
corresponding to 5 vol % H»0, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57 vol% O-
in Ar at a WHSV of 240 L h™! g}, The darker color correspond to the first cycle and the

lighter color correspond to the second cycle.

As with Pd/A, temperature ramps under stoichiometric conditions were also measured over Rh/A
(Figure 4.9). Light-off temperatures for CHy conversion started at approximately 375 °C in first
cycle and 400 °C for cycle 2 and 3 which was the same temperature as the increase of HoO
and COy (Figure E.2) suggesting that CHy was oxidized by Oy (Reaction 1.2). The high light-
off temperature was possibly due to the stoichiometric conditions and the oxidized pretreatment
leaving the Rh particles in the less active oxidized state of RhoO3, which is, according to Twigg et
al. [151], formed under hot oxidizing conditions. A maximum CHy conversion of 67 % was reached
at 600 °C for cycle 1. Since neither a decrease of HoO signal nor an increase of the He was observed

(Figure E.2), it was assumed that CHy was only oxidized by O and did not undergo oxidation by
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H50O. As mentioned in Section 1.3.3.2, Rh is known to be highly active for NO reduction which was
observed in Figure 4.9, with a 53 % NO conversion at 300 °C in the first cycle over Rh/A. However,
this led to a large NoO production at low temperatures. According to Granger et al. [29], NoO
typically forms at low temperatures on Rh due to adsorption competition between CO, NO and
N5 O itself which prevents the re-adsorption of NoO for further conversion to No. At approximately
300 °C the NO reduction reached a selectivity of 33 % for NoO for the second and third cycles.
At the same temperature it was apparent from Figure 4.9 that not all CO had been oxidized and
it is possible to suggest a reaction between NO and CO which, according to Na-Ranong et al.
[55], provides a higher selectivity for NoO at low temperatures on Rh. However, the NO reduction
seemed to decrease with an increasing temperature. A possible explanation is that the RhoOg can
form interactions with the support as deactivated Rh-alumina species according to Reaction 4.1
[151][67).

RhyO3 + AlsO3 — RhoO3 - AlsO3 (4.1)

An overall trend is that the conversion decreased for each cycle, where probably more Rh species

segregated into the alumina-support during each cycle.
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Figure 4.9: CO, CH, and NO conversion, Ho MS signal and NH3 and N5O concentration during three
temperature cycles of heating (—) and cooling (- - ) cooling over Rh/A under stoichiometric
conditions corresponding to 5 vol% H5O, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57
vol% Oy in Ar at a WHSV of 240 L h™! g}, The darker color correspond to the first cycle

and the lighter colors correspond to the second and third cycle.
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The stoichiometric temperature ramps over Pd-Rh/A are presented in Figure 4.10. Similar to
Pd/A, CHy conversion started at around 350 °C, however the light-off temperature did not change
throughout the cycles. The CHy4 conversion increased with temperature through direct CHy ox-
idation by Og ( Reaction 1.2) proved by the increase of HoO and COy MS-signal at the same
temperatures (Figure E.3). As observed on Rh/A, approximately 15 % NO was already being con-
verted at 300 °C over Pd-Rh/A producing a small amount of NoO which was probably due to the
presence of Rh in the catalyst. However, as seen in Figure 4.10, the NO conversion was negligible
at approximately 440 °C and all three cycles had a second light-off temperature at 462 °C, 453 °C
and 448 °C for cycle 1,2 and 3 respectively, which were the same temperatures where the increase

in CH,4 conversion seemed to stabilize.

Under stoichimetric conditions 100% NO conversion is needed to achieve enough O to oxidize all
of the CO and the CHy, since NO is an Oy carrier and is therefore taken into account in the A
calculations (Equation 3.6). At 462 °C, the 64.2 % conversion of CHy in cycle 1 corresponds to 537
ppm or 1.8 umol of CHy still being present in the system which would need twice the amount of Os
to fully oxidize. At the same temperature NO conversion was very low and did not give away a lot
of Oy, but as mentioned in Section 4.1.7 the Pd-Rh/A can store 36 pmol Os g} or 1.8 pmol Oy at
450 °C which is only related to the Pd/PdO and the Rh/RhO; system. The stabilized conversion
at approximately 460 °C was probably due to CHy waiting for NO to release Os in order to reach
full oxidation, which forces it to use the Og stored in the catalyst. This reduced the catalyst to
its metallic state, the preferred state for CH4-SR, which was observed at 544 °C and confirmed by
the decrease in the HyO signal (Figure E.3). This led to a steep increase in both CH4 and NO
conversion (Figure 4.10). Shortly after, the Hy production was detected at the same temperature
as NO reached its maximum conversion at 548, 516 and 512 °C for cycle 1,2 and 3 respectively.
Compared to Pd/A, barely any NHs was formed when Hy was produced which is due to ability of

Rh to suppress NH3 formation under rich conditions as mentioned in Section 1.3.3.2.
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Figure 4.10: CO, CH4 and NO conversion, Hy MS signal and NH3 and N5O concentration during three
temperature cycles of heating (—) and cooling (- -.) over Pd-Rh/A under stoichiometric
conditions corresponding to 5 vol% H,0, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and
0.57 vol% O in Ar at a WHSV of 240 L h™* gl The darker color corresponds to the first

cycle and the lighter colors corresponds to the second and third cycle.

In Figure 4.10 there was a clear positive hysteresis between the ramp up and ramp down. As
Pd/A produced a negative hysteresis, the positive hysteresis on Pd-Rh/A was most likely due to
the presence of Rh. Table 4.5 provides a summary of the light-off temperatures of CHy, NO and Hs
as well as the temperature when full conversion of CH4 and NO was reached for all three catalysts.
Evident from Table 4.5, Pd/A triggered Hy production at lower temperatures than Pd-Rh/A, but
it is worth noticing that the difference in temperature between a net Hy production and 100 %
CHy4 conversion was less for Pd-Rh/A than Pd/A, possibly due to a faster metal reduction over
Pd-Rh/A .

Nevertheless, as summarized in Table 4.5, Pd/A clearly was the best catalyst under stoichiometric
conditions regarding the light-off temperature of CHy4 conversion, the temperature for 100 % NO
conversion and the triggering of CH4-SR. From the ramps, Rh seemed to be limited for CH4 oxi-
dation only and did not reach full conversion of NO (Figure 4.9). Hence, when comparing Pd/A
and Pd-Rh/A;, as Rh seemed only helpful for NH3 suppression during the ramp up, the lower Pd
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content in Pd-Rh/A might be the reason why Pd/A is better. A clear difference between all three
catalysts is that the activity of Pd/A and Pd-Rh/A improved for each cycle whereas it got worse
over Rh/A. As Rh/A was the only catalyst that did not trigger Ho production, it is possible that the

formation of Hy enhances the activity of the catalysts through the cycles by making it more reduced.

Table 4.5: A summery of the light-off temperatures of CHy, NO and Hy as well as the temperature when
reaching 100 % conversion of CH, and NO for all three catalysts.

CH4 T NOT H2T
Sample Cycle °C °C C
Light-off 100% | Light-off 100% | Light-off

Pd/A 1 355 521 446 483 484
2 329 521 411 467 470

Rh/A 1 ~ 375 - <300 - -
~ 400 - <300 - -

3 ~ 400 - <300 - -
Pd-Rh/A 1 ~ 350 551 <300 548 548
2 ~ 350 521 <300 516 513
3 ~ 350 514 <300 512 509

4.2.1.2 Effect of Oz Dosage in the Feed

Steady state lambda sweeps were conducted to investigate the impact of lambda on the activity
and the reactions schemes taking place over the catalysts, as they are greatly affected by the Oo
concentration. Sweeping tests from lean-to-rich (A = 1.2 - 0; Figure 4.11a) and rich-to-lean (A =0 -
1.2; Figure 4.11b) were conducted by varying the Oy dosage in the feed at 420 °C. The temperature
was chosen based on a temperature from the stoichiometric temperature ramps were low conversion

of NO and CHy4 were achieved.
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Figure 4.11: The concentration of CO, CHy4, NO, O2,NHs, N3O and Ho MS signal after catalyst on Pd/A
during steady state lambda sweep from (a) lean-to-rich and (b) rich-to-lean at 420 °C.

On the lean side, over PdA (Figure 4.11a), no trace of CO was detected implying that it was fully
oxidized by Og according to Reaction 1.3. A constant concentration of 800 ppm was observed of
CH4 corresponding to 53.3 % conversion. Over the lean side Pd was most likely in a more oxidative
state promoting the direct oxidation of CH4 by Os. The NO concentration was also found to be
quite constant at approximately 1600 ppm (same as the NO feed), but a sudden appearance of
N3O was observed at A = 0.95 with a small decrease of NO concentration (Figure 4.11a). This
N5O peak was in accordance with the stoichiometric temperature ramps in Figure 4.8, where NoO
appeared immediately after NO conversion started at approximately the same temperature as the
sweeps. However, when lambda reached 0.9 there was a CO-NO crossover point where NO was
fully converted and the lowest concentration of CHy was observed. A breakthrough of Hy and
CO formation indicated that the catalyst was most likely reduced and CH4-SR took place as also
observed in the temperature ramps under stoichiometric conditions (Figure 4.8). After the cross-

over point NO was still fully converted and a production of NHs was detected reaching almost a
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100 % selectivity at A = 0. However, the increase in CH4 and CO concentration indicated that even
CH4-SR pathway was sensitive to the Oy concentration. It seemed that when Os was depleted from
the reactive environment, the overall CHy conversion dropped. The highest concentration of CHy
was found at A = 0 of 1500 ppm indicating that the WGS reaction was producing the Ho at the
very rich conditions which was also the case during the rich-to-lean over Pd/A (Figure 4.11b). The
concentrations of all compounds on the rich side were comparable to the corresponding lambdas
at the lean-to-rich sweep, but the CO-NO crossover point was reached at A = 0.8 instead of 0.9

resulting in a negative hysteresis.

Steady state lambda sweeps were also performed over Rh/A to investigate the optimized lambda
for best NO and CHy conversion at 420 °C (Figure 4.12). On the lean side of the lean-to-rich
sweep (Figure 4.12a), no CHy conversion was observed which was consistent with the conversion
observed under stoichiometric temperature ramps where little or no CH4 was converted (Figure
4.9). The NO concentration however, seemed to decrease with the decreasing lambda which is in
accordance with NO reduction preferring a more reduced catalyst. The NO conversion seemed
to have a selectivity of approximately 10 % towards NoO formation which is consistent with Rh
promoting N2O under lean conditions as mentioned in Section 1.3.3.2. The CO-NO crossover point
was found at A = 0.6 detected by the breakthrough of Hy and CO and the low concentration of
CH4 and NO (Figure 4.9a), indicating that the catalyst was most likely in a reduced state. After
the CO-NO crossover point, Rh/A showed similar tendencies to Pd/A (Figure 4.11) where NO was
still fully converted whereas CO and CH,4 concentration started to increase and a production of
Hs and NH3 was observed. However, the NO and CHy4 concentrations were lower implying that
a reduced Rh catalyst is more active than a reduced Pd catalyst. Furthermore, the decrease of
NHj formation over Rh/A was due to the ability of Rh ability to suppress the formation NHj as
mentioned in Section 1.3.3.2. At A = 0, both CO and CH,4 were being converted suggesting that

both were active in the Hs production.
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Figure 4.12: The concentration of CO, CHy4, NO, O3,NH3, NoO and Hy MS signal after catalyst on Rh/A
during steady state lambda sweep from (a) lean-to-rich and (b) rich-to-lean at 420 °C.

Looking at rich-to-lean sweep over Rh/A (Figure 4.12b), the concentrations were similar to the
lean-to-rich sweep, but the CO-NO cross-over point was shifted to A = 0.95 creating a positive
hysteresis indicating that Rh stays longer reduced in a net reducing environment [152]. The im-
mediate increase in NO and CH,4 concentration is directly related to the change of a reduced to an
oxidized surface on the catalyst due to the breakthrough of Oy. After the cross-over point, the Oo
concentration increased rapidly along with the concentration of CH4 and NO. It is clear that Rh

in reduced state is more active towards CH4 and NO conversion.

Lambda sweeps were also conducted over Pd-Rh/A at 420 °C (Figure 4.13). On the lean side
of the lean-to-rich sweep (Figure 4.13a), a low NO conversion accompanied by NoO formation by
Reaction 1.5 was already detected at A\ = 1.2 which increased towards the CO-NO crossover point.
The CH4 concentration showed a similar trend as Pd/A which was attributed to oxidation by Oq
by Reaction 1.2. The CO-NO crossover point was found at A = 0.75, whereas going towards richer
conditions the concentration of CO, CH4 and NHj increased as observed over Pd/A (Figure 4.11)
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and Rh/A (Figure 4.12) as well. However, these concentrations were higher than Rh/A and lower
than Pd/A which indicates that reduced Rh is more active towards CH4-SR and WGS than Pd
which was also apparent from the high Hy signal over Rh/A and Pd-Rh/A compared to Pd/A. The
concentrations observed going from rich-to-lean (Figure 4.13b) were very similar as the rich side
in Figure 4.13a, but the CO-NO crossover point was found at a higher A of 0.9 creating a positive

hysteresis. After the CO-NO crossover point on the lean side the CH4 and NO concentrations were

constant.
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Figure 4.13: The concentration of CO, CHy, NO, O5,NH3, NoO and Hy MS signal after catalyst on Pd-
Rh/A during steady state lambda sweep from (a) lean-to-rich and (b) rich-to-lean at 420
°C.

Hysteresis effects were found for all three catalysts which was caused by phase changes that occur
on the surface of Pd and Rh during the sweeps [153]. A positive hysteresis effect was discovered
for Rh/A and Pd-Rh/A versus a negative effect on Pd/A, suggesting that the positive hysteresis is
due to the presence of Rh and is promoting a wider lambda window of activity [154]. The crossover
points shifted from leaner lambda in the order: Pd/A (0.9) > Pd-Rh/A (0.75) > Rh/A (0.6) which

was probably due to a higher CHy oxidation activity observed in the same order on the lean side
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consuming more Oy and reducing the catalyst more easily [26]. Each catalyst achieved 100 %
NO conversion once the catalyst was reduced, which is confirming the results of Gong et al. [26],
stating that the NO conversion is directly related to the oxidation state of the catalyst based on their
lambda sweeps on a commercial Pd-based TWC at different temperatures. The CH4 conversion
was also dependent on the oxidation state, but other factors such as the Os concentration, phase

changes and the exposure history of the catalyst might also affect the CH4 conversion.
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4.2.1.3 The Effect of reduction pretreatment

From the lambda sweeps conducted on the catalysts it was discovered that the CO-NO crossover
points were found at richer conditions where the catalyst was more reduced. Furthermore, it
was clear that Rh seemed to be effective only when fully reduced. Stoichiometric temperature
ramps after a reducing pretreatment was therefore performed to investigate if a prereduced catalyst
enhanced activity. Additionally, it has also been reported that a reduction pretreatment on a Pd-
based catalyst result in better CHy conversion at lower temperatures [155][13][156][157] as well
as for Rh[158]. Figure 4.14 and 4.15 compare the results from the last cycle of the temperature
ramps under stoichiometric conditions of the oxidation and reduction pretreatment considering
CO, CHy conversion and Hy MS signal (Figure 4.14) as well as NO conversion and NHz and N2O
concentration (Figure 4.15) respectively for all catalysts. The full activity of all cycles can be found

in Appendix F for all catalysts.
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Figure 4.14: The CO and CH, conversion and the Ho MS signal during the last cycle of temperature at A

=1on (a) Pd/A, (b) Rh/A and (c¢) Pd-Rh/A after reduction (dark colors) and oxidation

(bright colors) pretreatments
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Figure 4.15: NO (turquoise) conversion and NHs and NoO concentration during the last cycle of temper-
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It is very apparent that the reduction pretreatment enhanced both NO and CH,4 conversion for
all catalysts in Figure 4.14 and 4.15. For Pd/A (Figure 4.14a) the light-off temperature of CHy
conversion decreased from 329 °C to 307 °C when prereduced. According to Wang et al. [155],
the water inhibition effect observed on Pd-based catalyst due to the formation of OH groups on
the surface, which would block the active sites for CHy [159], is negligible on a prereduced Pd
catalyst. This could explain the improvement of activity as well as a higher amount of Pd metal
particles being present [160]. The maximum conversion of CHy of 98 % was already reached at
438 °C compared to Rh/A at 587 °C and Pd-Rh/A at 483 °C. Moreover, a major improvement
was observed in Figure 4.14b for Rh/A when exposed to a reduction pretreatment. The light-
off temperature of CHy conversion was similar, but unlike the preoxidized sample, CH4-SR was
triggered at 568 °C, which in turn induced full pollutant abatement. This also resulted in a
positive hysteresis in the descending ramp, unlike Pd/A which had a negative hysteresis. Similar

to Rh/A, the CHy conversion over prereduced Pd-Rh/A (Figure 4.14c) seemed to follow the same
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curve as the preoxidized Pd-Rh/A until 483 °C, when the conversion rapidly increased followed by
Hs formation. As in the case of the preoxidized sample, the descending ramp resulted in a positive
hysteresis, but the high conversion was held for lower temperatures which was also observed for the

NO conversion leading to a wider hysteresis.

The NO conversion over prereduced Pd/A also resulted in a lower light-off temperature of 403 °C,
but a higher concentration of NoO was observed which decreased rapidly once Hs formation was
present. NH3 formation was detected on Pd/A in accordance with the Hs production, whereas no
and small amounts of NH3 was observed on Rh/A and Pd-Rh/A respectively due to Rh’s ability
to suppress the NHs. A positive hysteresis was also observed for the NO conversion over Rh/A,
which, after a sharp increase, reached its maximum conversion of 98.6% at 588 °C shortly after the
H, formation was observed. The 50 % NO conversion at 300 °C of both preoxidized and prereduced
Rh/A led to similar amounts of NoO, which was also observed for Pd-Rh/A but in less amounts
due to a lower NO conversion at this temperature. Similar to the CHy4 conversion over preoxidized
Pd-Rh/A, the prereduced sample led to a lower temperature for both the light-off and maximum

conversion of NO.

As observed in Figure 4.9 the activity of Rh/A decreased for each cycle, but when Rh/A had been
exposed to a reduction pretreatment the activity was clearly increasing with each temperature cycle
as seen in Figure F.2. This strengthen the hypothesis from Section 4.2.1.1, that the triggering of
CH4-SR and Hsy formation enhances the activity of the catalysts. According to Yao et al. [67], the
average oxidation state of Rh is Rh®" which is present as RhyO3 under oxidizing conditions, such as
after the oxidation pretreatment. From Figure 4.9 it is apparent that RhoO3 is not active towards
CHy4 conversion where a limited CH4 and NO conversion was detected. However, after reduction
there was a sharp increase for both CHy and NO conversion resulting in a positive hysteresis
possibly due to Rh keeping the reduced state longer. A possible explanation for the improved
activity can be that, as mentioned in Section 4.2.1.1, the RhoO3 forms weak interactions with the
support according to Reaction 4.1. However, this metal-support interaction can reduce rapidly to

active metal Rh when the conditions turn slightly reducing according to Reaction 4.2 [151].

RhyO3 - AlO3 + 3Hy — 2Rh + AlyO3 + 3H50 (4.2)

From both preoxidized and prereduced Pd/A it is possible to assume that the CH4 oxidation at
lower temperatures consumes Oo and slowly reduces PdO to Pd® which triggers NO conversion
as it starts converting at higher temperatures. Once all O is consumed, Pd is considered as fully
reduced Pd®, which triggers the CH4-SR and NO reduction. However, a negative hysteresis has been
observed over all preoxidized Pd/A, prereduced Pd/A and during the lambda sweeps indicating
that Pd tends to be oxidized rather than reduced and PdO forms at higher temperatures creating
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the negative hysteresis.

As mentioned in Section 4.2.1.1 Pd is the main active component in the preoxidized Pd-Rh/A at
lower temperatures until CH4-SR is triggered. It is believed that during the temperature ramps
performed over the preoxidised sample, Rh was activated through its reduction only once Hy for-
mation was induced from the CH4-SR reaction. When Hy was produced in situ, it seemed that
the reduced Rh species allowed to maintain Pd reduced longer which therefore led to a positive
hysteresis. When the reduction preteatment was performed, due to the higher amount of Hs flow
over the catalyst (2 vol%) the Rh species were most probably more reduced, which led to stronger
andenhanced interaction between Rh (reduced) and Pd species. This would explain why after a
reduction pretreatment, the positive hysteresis was wider than when the catalyst was reduced by
the in situ Ho formation. The fact the the reduction pretreatment enhanced the activity of Rh
is emphasized by the results achieved over the Rh/A samples. After reducing pretreatment, it is
possible to trigger CH4-SR and NO reduction reactions (hence, reduction of Rh). Then, the in situ
Hs formation appeared to maintain Rh reduced longer as observed from the positive hysteresis.
This would show that, indeed, the in situ Hy formed did play an important role in maintaining the

Rh species active. (Figure 4.14c and 4.15¢ ).

As already suggested through CO-DRIFT in Section 4.1.6 there is a possibility of synergy between
Pd and Rh in Pd-Rh/A. According to Hu et al. [64], who studied the synergic effect on a Pt-Rh
TWC, Reaction 4.2 takes place at lower temperatures (<560 K) on a bimetallic Pt-Rh catalyst
compared to a Rh catalyst alone. On the other hand, Vedyagin et al. [161], stated that a Pd-Rh
alloy prevented the Rh to interact with the support. In both studies, however, the synergy between
Pd and Rh prevents deactivation of Rh. This is apparent from the sharp increase in CH4 and NO
conversion, most likely due to reduced active Rh metals, which takes place at lower temperatures
over Pd-Rh/A than over prereduced Rh/A.

4.2.1.4 The effect of Rh in Pd-Rh/A

From the stoichiometric activity ramps and the lambda sweeps a positive hysteresis was only
observed on Rh/A and Pd-Rh/A indicating an effect of Rh on Pd as Pd/A alone resulted in a
negative hysteresis. From the discussion above, it is understood that reduced Rh species seem to
play an important role in the reaction scheme and reactivity of Pd. Three hypothesis arose such
as does Rh keep Pd reduced at lower temperatures? Does Rh make Pd oxidize more easily? Or is

the positive hysteresis only due to Rh alone?

In order to answer these questions in situ XRD was conducted on Pd/A, Pd-Rh/A and a mechanical
mix of Pd/A and Rh/A (Pd/A_Rh/A) while keeping the Pd:Rh ratio at 3:2. The patterns were
collected during a heating ramp (RT - 600 °C) while the sample was exposed to Hy (Figure 4.16),
followed by a cooling ramp (600 - 300 °C) in Oy (Figure 4.17) as to mimic the temperature ramps
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during activity.Because Rh was not detected in the XRD patterns (Figure 4.1), only the Pd/PdO

system was investigated in this experiment.

As mentioned in Section 4.1.2, the most intense peak for PdO is located at 33.9 °. In Figure
4.16a and 4.16¢ the PdO peaks were clearly detected for Pd/A and Pd/A_Rh/A at 60 °C during
the heating ramp in reduced atmosphere. Moving to higher temperatures, the peak disappeared
which proved that the samples were fully reduced between 60 - 170 °C which was also clear by
the appearance of a peak at 39.4 °indicating the presence of Pd’. However, Pd-Rh/A seemed to
already be reduced before the first XRD pattern was collected as only the peak corresponding to

Pd° was observed for all temperatures (Figure 4.16b), which points toward Rh promoting reduction
of Pd.
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Figure 4.16: Powder in situ XRD patterns collected during a heating ramp at different temperatures while
being exposed to 2 vol% Hz in No for (a) Pd/A, (b) Pd-Rh/A and (c) Pd/A_Rh/A.

During the cooling ramp in Oz, Pd/A and Pd/A Rh/A again showed similar results where the
peak of PdO (33.9 °) started to appear at around 475 °C (Figure 4.17a and 4.17¢). On Pd-Rh/A
however, the PdO peak appeared at 500 °C. The higher temperature for the oxidation of Pd’ on
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Pd-Rh/A indicates a promotion of oxidation on Pd.
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Figure 4.17: Powder in situ XRD patterns collected during a cooling ramp after reduction at different
temperatures while being exposed to 2 vol% Os in Ny for (a) Pd/A, (b) Pd-Rh/A and (c)
Pd/A_Rh/A.

From both temperature ramps, Pd/A and Pd/A_Rh/A reduced and oxidized at the same temper-
ature as was expected since Pd/A_Rh/A was only physically mixed (so no close contact between
Pd and Rh). As this was observed at different temperatures for Pd-Rh/A, where it reduced at lower
temperatures and oxidized at higher temperatures than Pd/A and Pd/A_Rh/A, it was clear that
Rh enhanced the redox properties of Pd. This likely suggests an intimate contact of Pd and Rh,
maybe a formation of an alloy in the Pd-Rh/A sample. Another indication of a synergic effect be-
tween Pd and Rh was obtained by performing a temperature ramp on the prereduced Pd/A_Rh/A
(Figure 4.18).
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Figure 4.18: CO, CH4; and NO conversion, Hy MS signal and NH3 and N5O concentration during three
temperature cycles of heating (—) and cooling (--.) cooling over Pd/A_Rh/A under
stoichiometric conditions corresponding to 5 vol% H2O, 0.15 vol% CHy, 0.16 vol% NO, 0.7
vol% CO and 0.57 vol% O in Ar at a WHSV of 240 L h ™! g;ft, after reduction pretreatment.
The darker colors correspond to the first cycle and the lighter colors correspond to the second

and third cycle.

Comparing the temperature ramps over Pd/A_Rh/A with prereduced Pd-Rh/A (Figure 4.14c
and 4.15c) it was apparent that these were two different catalysts and that a mechanical mix of
Pd and Rh is different than a chemical mix. From the results of in situ XRD, CO-DRIFT and
the temperature ramp over Pd/A_Rh/A it is possible to suggest that the Pd and Rh particles
on Pd-Rh/A are located closely on the alumina support influencing each others electron density.
Unfortunately it was not possible to conduct an EDX map to fully confirm this statement, as
the K-edge of Pd and Rh are too close in energy, and therefore indistinguishable. A possible
solution would be to perform electron energy-loss spectroscopy (EELS) which can provide a better
identification of Rh and Pd [162].

From the in situ XRD it appeared that Rh promoted the redox properties of Pd. However, it was
not possible to directly compare the in situ XRD with the activity ramps as the conditions are
different. During the activity ramps there was no Hs in the feed, and the reducing agents were CHy

and CO. However there was Oy present in the feed, but in a concentration of 0.57 vol% compared
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to the 2 vol% Os used in the in situ XRD experiments, which was due to the limit of the mass flow
controllers. As to further investigate the reason for the positive hysteresis observed in Pd-Rh/A ex
situ XAS was performed on the following samples summarized in Table 4.6. The samples measured
after activity were frozen at 425 °C during the cooling ramp in order to obtain information about
the oxidation states of the metals during the hysteresis. The samples that were only pretreated

was also frozen, but at 300 °C.

Table 4.6: XAS measured samples, their corresponding sample code and the edge that was measured. ! rep-
resents the samples that were frozen in Argon at 425 °C during cool down to room temperature

and 2 corresponds to samples frozen at 300 °C.

Sample Sample code Edge
Pd foil Pd-red Pd

Rh foil Rh-red Rh
Pd/A as it is Pd/A-fresh Pd
Rh/A as it is Rh/A-fresh Rh
Pd-Rh/A as it is Pd-Rh/A-fresh Pd, Rh
Pd/A prereduced 2 Pd/A-H2 PT Pd
Rh/A prereduced 2 Rh/A-H2 PT Rh
Rh/A preoxidized 2 Rh/A-O2 PT Rh
Pd/A activity after Pd/A act-H2 PT Pd
prereduction

Pd-Rh/A activity after Pd-Rh/A-act-H2 PT Pd, Rh
prereduction

Pd-Rh/A activity after Pd-Rh/A-act-O2 PT Pd, Rh

preoxidation !

Figure 4.19 and 4.20 shows the XANES region of the XAS spectra represented at the Pd K-edge
and the Rh K-edge and provides information about the oxidation state as mentioned in Section
2.2.8. As a reference, the spectra of the Pd and Rh foils were plotted. After calcination in air,
Pd/A-fresh and Pd-Rh/A-fresh were seen to be fully oxidised, as observed from the XANES shape
and the white line which was shifted to higher energy when compared to the Pd reference foil Figure
4.19. On the other hand, Rh appeared to be more oxidized after an oxidation pretreatment was
applied than after calcination in air at 550 °C (though in the latter case, the Rh species were still
mainly oxidised). The Rh oxidation state was seen to be similar after calcination for both samples,
Rh/A-fresh and Pd-Rh/A-fresh as confirmed in the insert of Figure 4.20. As mentioned previously

in Section 4.2.1.3 a major improvement in activity over prereduced Rh/A compared to Rh/A-O,
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PT was observed (Figure 4.14b and 4.15b). If more active Rh metal is present at the start of the
temperature ramp, it is possibly easier to trigger the fully reduced state at lower temperatures
[160]. Hence, the ex-situ XAS confirmed that indeed, after a reducing pretreatment,the Rh species
were fully reduced. The Pd in Pd-Rh/A-act-Oy PT and Pd-Rh/A-act-Hy PT seemed to be equally
reduced as Pd in Pd/A-Hy PT (Figure 4.19). Looking at the insert of Figure 4.19 the three samples
seemed to be aligned with Pd-red and are therefore considered as fully reduced Pd-samples. Both
Pd-Rh/A-act-Oy PT and Pd-Rh/A-act-Hy PT were frozen at 425 °C which from the catalytic
results (Figure F.8 and F.7) were found to be in the high abatement rate regime (full NO, and
CH,4 conversion, while CH4-SR was taking place). Hence, these results confirm that when CH4-SR
reaction pathway was taking place, and all pollutants were converted, the Pd species were fully

reduced.

Looking at the Rh K-edge for the same samples (Figure 4.20), Rh was partially reduced in both
samples, but Rh in Pd-Rh/A-act-Hy PT had a higher degree of reduction which was clear from
both the shift of the white line and the XANES shape. Pd/A-act-Hy PT was also frozen at 425 °C
corresponding to the end of its hysteresis (Figure 4.14a and 4.15a). By examining the Pd K-edge
XANES spectra (Figure 4.19), the Pd in Pd/A-act-Hs PT seemed to be partially oxidized which im-
plies that as soon as the activity towards CH4 and NO dropped and CH4-SR vanished, the catalyst
was not fully reduced anymore. This confirms that the high activity regime collapses as soon as the
Pd species reoxidize. Comparing with the results (both catalytic and spectroscopic) achieved over
Pd-Rh/A-act-O2 PT indicates that when only Pd is present it oxidizes at higher temperatures in
the cooling ramp compared to Pd-Rh/A. From the XANES spectra it is clear that the presence of
reduced Pd is crucial to achieve high pollutant abatement rates (due to the promotion of CH4-SR),
while the presence of reduced Rh (which is enhanced by a reduction pretreatment) allows to keep
the metallic Pd species for longer time (lower temperatures). The second statement was further
emphasized by the in situ XRD results as it was clear that Pd reduced at lower temperatures in
Pd-Rh/A than Pd/A and Pd/A_Rh/A and that Rh interferes with the redox properties of Pd.
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Figure 4.19: Ex-situ fluorescence Pd K-edge XAS spectra of samples described in Table 4.6.
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Figure 4.20: Ex-situ fluorescence Rh K-edge XAS spectra of samples described in Table 4.6.
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4.2.1.5 O2 Dithering Optimization

In real TWC operation the engine oscillates between rich and lean conditions at different frequencies.
As mentioned in Section 1.3.2 studies have shown that a varying Os feed improves the catalytic
activity especially with respect to CHy conversion. In order to find the optimized parameters
for CHy4 conversion, steady state experiments at 420 °C with a varying Os amplitude around
stoichiometric conditions, A = 1+ A, at different frequencies were carried out where A is the
amplitude. The results are presented in Figure 4.21, 4.22 and 4.23 for Pd/A, Rh/A and Pd-Rh/A
respectively.

The conversion of NO and CHy showed the same dependence on the dithering conditions for all
three catalysts, which suggests that CHy and NO conversion are closely related to each other under
realistic driving conditions [26]. The amplitude of the dithering seemed to have more impact on
the CH4 and NO conversion than the frequency especially on Rh/A and Pd-Rh/A (Figure 4.22 and
4.23). The lower the amplitude, the lower the conversion of CH4 and NO. This is due to a lower
fraction of reduced noble metal, which is the favorable state for the CH4-SR and NO conversion
[155] [52]. The dithering frequencies appeared to affect the conversions on Pd/A more than Rh/A
and Pd-Rh/A especially at higher amplitudes, possibly due to Rh promoting the NO reduction

and CH4-SR in more varying conditions than Pd.

Rh/A and Pd-Rh/A showed similar dependence on the Og dithering frequencies, but a higher
amplitude was necessary for the reduction of Rh/A. This implied that it is harder to reduce Rh
alone, which is consistent with the results of the activity under stoichiometric conditions on Rh/A
(Figure 4.9) and the lambda sweep (Figure 4.12).

The CO conversions were > 96% for all catalysts. Higher amplitudes at lower frequencies increased
the CO conversion, which was the opposite case for the NO and CHy4 conversion. As an oxidized
catalyst is preferred for the CO oxidation, it seems like a lower frequency keeps the catalyst more
oxidized (Figure 4.21f) or does not produce Hy at all as observed in Figure 4.21f, 4.22f and 4.23f.
However, it is also possible that the CO observed at the higher frequencies is due to the promotion

of CHy partial oxidation or sCH4-SR [26].

High NHj3 concentration was observed at the higher amplitudes for all catalysts, being the highest for
Pd/A, due to the Hy formation from CH4-SR and the WGS. On the contrary, the NoO concentration
decreased at higher amplitudes as a result of the selectivity of NO conversion changing to NHjs at

reducing conditions [26].
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Figure 4.21:
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(a) CHy, (b) NO and (c¢) CO conversion, (d) NHz and (e) NoO concentration and (f) Hy MS
signal during Os dithering with different dithering amplitudes varied from A\ = 1+ 0.07 to A
= 1+ 0.30 and different dithering frequencies from 0.001 Hz to 0.2 Hz on Pd/A.
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Figure 4.22:
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= 1+ 0.50 and different dithering frequencies from 0.033 Hz to 0.2 Hz on Rh/A.
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Figure 4.23:
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(a) CHy, (b) NO and (c¢) CO conversion, (d) NHz and (e) NoO concentration and (f) Hy MS
signal during Os dithering with different dithering amplitudes varied from A = 1+ 0.15 to A
= 1+ 0.30 and different dithering frequencies from 0.033 Hz to 0.2 Hz on Pd-Rh/A.

Figure 4.21 shows that Pd/A gave the best results at an amplitude of 0.25 at the higher frequencies

considering the NO and CHy conversion. However, considering the CO conversion, it seemed to

prefer the lower frequencies which also resulted in the lowest concentration of NHsz. The optimized

amplitude for Rh/A seemed to be 0.40 according to the results shown in Figure 4.22. Considering

the NO conversion the three highest frequencies gave similar high conversions, but in view of the

CH4 and CO conversion the frequency of 0.05 Hz gave the highest conversion. It also resulted in a

lower NH3 concentration as well as a very low NoO concentration. This seemed to also be the case

for Pd-Rh/A, where the three highest frequencies resulted in more than 90 % conversion of NO

and CH4. However, these frequencies seemed to have a minimum effect on CO conversion, NoO

and NHjs concentration. The frequency of 0.2 Hz was then chosen due to less oscillations as can be

seen in Figure G.1 in Appendix G.1 which describes the outlet gases during 5 min of pulsing. A

summary of the optimized parameters can be seen in Table 4.7.
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Table 4.7: A summary of the optimized amplitude and frequency and their respective CHy and NO con-

version for each sample during O dithering.

Sample Amplitude [-] Frequency [Hz] CH4 conversion [%] NO conversion [%)]

Pd/A 0.25 0.2 72.1 98.5
Rh/A 0.40 0.05 77.3 99.1
Pd-Rh/A 0.25 0.2 94.5 98.8

The optimized amplitudes of the catalysts (Table 4.7) were consistent with the CO-NO crossover
points found during the lean-to-rich lambda sweep in Figure 4.11, 4.12 and 4.13. The crossover
points were A = 0.9, A = 0.75 and A = 0.60 for Pd/A, Pd-Rh/A and Rh/A respectively, which
indicates that the amplitude must result in a A-value (in the rich pulse) that is similar or higher
than the CO-NO crossover point to fully reduce the catalyst. This corresponded exactly with the
optimized amplitude for Pd-Rh/A and Rh/A at 0.25 and 0.40 respectively (A = 1 - A), which was

the lowest amplitude needed to achieve high conversions of NO and CHy.

4.2.1.6 Temperature Ramp under Optimized Oz Dithering Conditions

Varying the amplitude and the frequencies clearly had a positive impact on all the three catalysts
under isothermal conditions. However, as to clearly see if the dithering conditions had an impact
on the activity at lower temperatures, temperature ramps were conducted under the optimized
conditions for each catalyst and are presented in Figure 4.24, 4.25 and 4.22 for Pd/A, Pd-Rh/A
and Rh/A respectively.

In the lower temperature region over Pd/A, clear oscillations in the CH4 and NO conversions were
observed corresponding to the varying Oy concentration. A closer look on the oscillations revealed
that a higher NO conversion was obtained during the rich conditions and a higher CHy conversion
during the lean conditions due to its oxidation by Oy at lower temperatures (Figure G.2). The
light-off temperature of CHy4 was similar to the temperature ramps under stoichiometric conditions,
however CH4-SR was triggered already at 400 °C, where a sharp increase in conversion was observed
reaching 65 % before the curve stabilized and slowly moved towards maximum conversion. The
NO conversion was already at 20 % at 300 °C and reached maximum conversion when Hy was
detected, the same temperature where CHy conversion increased sharply. The increased activity,
already noticeable at 300 °C, is possibly due to a stimulation of a more active Pd’/PdO mix by
the periodic shifting between rich and lean conditions [8][19][26]. This active Pd’/PdO mix seemed
to be prone to reduction due to the low temperature triggering of CHy4-SR. The previous activity
ramps over Pd/A usually resulted in a negative hysteresis during the cooling ramps (Figure 4.8,

4.14a), however the optimized Og dithering conditions clearly promoted a positive hysteresis where
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most likely the dithering conditions maintained Pd in reduced state. Nevertheless, the clearly
improved activity also resulted in unwanted by-products. The maximum concentration of NoO was
found to be ca. 300 ppm which was comparable to the amount produced in the stoichiometric
ramps (Figure 4.8). When 79 % of NO was converting there was 68 % selectivity towards NHj at
600 °C for cycle 1 and 2 respectively. Additionally, a decrease in CO conversion was noticeable at
higher temperatures. This was also observed by Gong et al. during dithering temperature ramps on
a commercial Pd-based TWC for NG engines [26], who ascribed the CO slip to CH4-SR (Reaction
1.6) or CH4 partial oxidation (Reaction 4.3).
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Figure 4.24: CO, CH4 and NO conversion, Hy MS signal and NH3z and NoO concentration during two tem-
perature cycles of heating (—) and cooling (- -.) over Pd/A under optimized Og dithering
conditions with A\ = 1 £ 0.25 at at a frequency of 0.2 Hz corresponding to 5 vol% H»0, 0.15
vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57 & 0.143 vol% Os in Ar at a WHSV of 240
L h™! g}, The darker color correspond to the first cycle and the lighter color corresponds

to the second cycle.

Similar to Pd/A, the temperature ramp under optimized O dithering conditions over Pd-Rh/A
resulted in a major improvement (Figure 4.25). The CHy light-off temperature of approximately

350 °C for both cycles resembled the one found in the stoichiometric ramps (Figure 4.10). However,
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CH4-SR seemed to be triggered at 448 °C with a sharp increase, which previously has been suggested
as an effect of Rh. Hs production followed immediately at 450 °C which was detected at an
even lower temperatures in cycle 2. NO conversion started at 300 °C as previously seen for the
stoichiometric ramps ((Figure 4.10 and 4.15c¢), however the conversion was as high as 50 % in cycle
2 leading to ca. 275 ppm NO formation which is more than what has been observed in the previous
stoichiometric ramps. The NO conversion reached its maximum at the same temperature as the
production of Hy was observed. The production of NHs had its peak slightly later at 258 ppm,
which shows the benefit of adding Rh to the Pd-catalyst. This benefit is also distinct from the
large positive hysteresis lasting almost to 300 °C. From XAS it was clear that the positive hysteresis
is due to Rh maintaining the metallic character of Pd, but as seen in Figure 4.25 this is further

promoted by the Os dithering.
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Figure 4.25: CO, CH; and NO conversion, Hy MS signal and NHz and N5O concentration during two
temperature cycles of heating (—) and cooling (- -.) over Pd-Rh/A under optimized Oq
dithering conditions with A = 1 + 0.25 at at a frequency of 0.2 Hz corresponding to 5 vol%
H>0, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57 £+ 0.143 vol% Os in Ar at a
WHSV of 240 L h™* g;jﬁ. The darker color corresponds to the first cycle and the lighter color

correspond to the second.
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Unlike the two other alumina-based samples, the optimized Oy conditions for Rh/A were performed
with an amplitude of 0.4 (A = 1 + 0.4) and a frequency of 0.002 Hz. The corresponding temperature
ramps are displayed in Figure 4.26, where the effect of the low frequency was clearly shown in the NO
conversion. Compared to the CHy conversion, the oscillations for NO visibly followed the oscillations
in the O2 dosage as demonstrated in Figure G.3. This confirmed what was mentioned during the
lambda sweeps in Section 4.2.1.2 that the NO conversion is more sensitive to the oxidation state
than CHy. Similar to Pd/A and Pd-Rh/A the CHy conversion started increasing at approximately
360 °C, where CHy4-SR was detected at 430, 410 and 400 for cycle 1, 2 and 3 respectively with
an immediate Hy production as also observed on Pd-Rh/A. The oscillations from the varying O,

amplitude was also recognisable in the Ho MS signal.

At 300 °C, 70 % NO was already converted. However, this high conversion resulted in the highest
concentration of NoO over Rh/A of 210 ppm. NO reached its maximum conversion at the same
temperature as Ho was detected, and a peak of NHz was observed which had not been detected
in previous activity ramps over Rh/A. However, instead of increasing in concentration with tem-
perature as on Pd/A; it decreased to ~ 0 ppm in agreement with showing Rh’s ability to suppress
NHj; formation. The Oy dithering had a negative effect on CO conversion as already observed by
the CO-slip over Pd/A and Pd-Rh/A. However, over Rh/A CO conversion never reached 100 %
conversion, but stayed constant at 90 %. Tagliaferri et al. [154], who studied O2 dithering over
Rh containing TWC for gasoline engines, observed low CO conversion already at 310 °C implying
that Og dithering inhibits the CO oxidation performance. However, due to smaller oscillations, the
better light-off temperatures and the higher CO conversion over Pd/A and Pd-Rh/A, activity tem-
peratures over Rh/A was also performed with the frequency of 0.2 Hz while keeping the amplitude
of 0.4 (Figure 4.27).
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Figure 4.26: CO, CH4 and NO conversion, Ho MS signal and NH3 and NoO concentration during three
temperature cycles of heating (—) and cooling (- - -) over Rh/A under optimized Oz dither-
ing conditions with A = 1 & 0.4 at at a frequency of 0.05 Hz corresponding to 5 vol% HyO
0.15 Vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57 4 0.228 vol% O in Ar at a WHSV of 240
L h™' g}, The darker color corresponds to the first cycle and the lighter colors corresponds

to the second and third cycle.

The change in the frequency from 0.05 Hz to 0.2 Hz showed an improvement (Figure 4.27). The
light-off temperature for CH4 was found at 350 °C where CH4-SR was triggered already at 410
°C with a maximum conversion at 434 °C for cycle 1. However, during the cooling ramp already
30% CH,4 was converted at 300 °C, resulting in a light-off temperature close to 300 °C for cycle 2
In cycle 3, there was no light-off temperature in the chosen temperature range as CHy was highly
converted. This promoted the NO conversion as NO usually reaches maximum conversion once a
net Hy production is detected. NO reached its maximum conversion at 414 °C for cycle 1, 331 °C
for cycle 2 and stayed fully converted throughout cycle 3 which resulted in no N5O in contrary to
the behaviour in oxidizing environments. However, NHgz was observed in all cycles with a maximum
of 250 ppm for the heating ramp of cycle 2 and 3 at 450 °C. This amount was still lower than what
was observed for Pd-Rh/A (Figure 4.25) and Pd/A (Figure 4.24).

71



CHAPTER 4. RESULTS AND DISCUSSION Section 4.2 - Catalytic Activity

)

S 100 , — —

c {co 2 1

2 80 ‘ K‘ g e Do ARG W‘v/w*'* o 0.004 e}
g ] P g e WWHQ;W AN 0008 S
Z 60+ %/ e [T
o | Nl —— Cycle 1 2

s 2 0.002

O 404 . w{' —— Cycle 2 e 2

O 1271 L Cycle 3 I =

Q 204 ¥ - 0.001
< ot

T I CH4 i

O 0 =P . , . , . . . . . 0.000
. 300 §
X =
-
Ke} -200 ®
% IS
o] -100 8
© o
o ™

0 T T T T T T T T T T T 0 %
300 350 400 450 500 550 600

Temperature (°C)

Figure 4.27: CO, CH4 and NO conversion, Hy MS signal and NH3 and N5O concentration during three
temperature cycles of heating (—) and cooling (- - -) over Rh/A under optimized Oz dither-
ing conditions with A = 1 £ 0.4 at at a frequency of 0.2 Hz corresponding to 5 vol% H50, 0.15
vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57 £ 0.228 vol% O, in Ar at a WHSV of 240
Lh! gc_alt. The darker color corresponds to the first cycle and the lighter colors corresponds

to the second and third cycle.

A noticeable trend during the temperature ramps under Os dithering conditions was the sharp

increase in CHy conversion for Pd-Rh/A and Rh/A compared to Pd/A once SR is triggered.

All the ramps performed under O, dithering conditions seemed to enhance the activity which is
consistent with results from the literature [163][8][164][27][26][154][165]. Some authors proposed
the catalytic enhancement to be a result of dithering restraining self-poisoning on the surface of
the catalyst, but over TWC for gasoline engines [154][165]. Other authors ascribe the positive
results to a more active Pd/PdO mix due to the shifting between net-reduced and net-oxidized
conditions [163][8][164][27]. Clearly Rh/A resulted in the most active catalyst under Oz dithering
conditions. A possible explanation is that the Os dithering promotes reduction of the active metals
which is most beneficial for Rh/A, as discussed in Section 4.2.1.2, where reduced Rh seemed more
active towards CH4-SR and WGS than the reduced Pd-based catalysts. However, there is not much
results in literature on O9 dithering over a Rh-based TWC. This should be further investigated as

clearly Oq dithering has a tremendous impact on the Rh-catalyst compared to the static operations
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and the other catalysts investigated.

4.2.1.7 Stability Test
Isothermic stability tests were carried out at 420 °C over Pd-Rh/A over static conditions (A = 0.75
and A = 1) and dynamic conditions (A = 1 £ 0.25 at 0.2 Hz) for 60 h (Figure 4.28) to see if any

deactivation occurred during pulsing.
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Figure 4.28: Stability tests at 420 °C for 60 h over Pd-Rh/A under different O5 dosage (a) A = 0.75, (b)
A=140.25at 0.2 Hz and (c) A = 1.

Comparing the stability tests, the Pd-Rh/A exposed to A = 0.75 (Figure 4.28a) and A = 1 +
0.25 at 0.2 Hz (Figure 4.28b) displayed comparable results regarding NO and CH4 conversion.
During stoichiometric temperature ramps over Pd-Rh/A, only CH4 oxidation was observed at 420
°C (Figure 4.10). This was also detected during the stability test at A = 1 (Figure 4.28¢), however
a decrease in activity was observed after the first 3 h on stream indicating a deactivation of the
catalyst under stoichiometric conditions. This is possibly attributed to the formation of inactive
Pd(OH)z due to the HyO in the feed that reacts with Pd when an excess of Oy is present [166].
TEM images were also collected after the stability tests and are shown in Figure 4.29 with its

corresponding average particle size. The average particle size of Pd-Rh/A after the stability test
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under dynamic ( A = 1 + 0.25) conditions was 6.2 nm, which is roughly the same as the average
particle size of the fresh Pd-Rh/A (6.3 nm). However, sintering was observed for both Pd-Rh/A-
samples exposed to static conditions resulting in a growth visible in the TEM images and an average
particle size of 8.0 nm and 8.6 nm for A = 0.75 and A = 1 respectively. The deactivation was not
visible under the stability test for A = 0.75, indicating that the time on stream was not long enough

to distinguish the sintering effect on the activity.

A=0.75,8.0 nm =1+%0.25,0.2 Hz, 6.2 nm

Figure 4.29: TEM images of Pd-Rh/A its corresponding average particle size after stability test under

different conditions.

As seen in Section 4.2.1.6, Oy dithering conditions are beneficial for high conversion, but from the

stability tests it seems to be advantageous against deactivation and metal particle sintering as well.
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4.2.2 Ceria-Zirconia Supported Catalysts

Real life TWC usually contain ceria as it has the ability to store, release and exchange Oy through
its redox properties and therefore enhances the activity as mentioned in Section 1.3.4.2. For this
purpose CZ supported samples were synthesized as a comparison with the non-reducing support
alumina. Unfortunately, due to time restrictions, only Rh/CZ and Pd-Rh/CZ were synthesized and
tested. These active metals were chosen due to the impressive results of Rh/A under Oz dithering

conditions and the interesting promotion of the redox properties of Pd by Rh in Pd-Rh/A.

4.2.2.1 Stoichiometric Temperature Ramps after Reduction and Oxidation Pretreat-
ment
First, stoichiometric (A = 1) temperature ramps were conducted over Rh/CZ (Figure 4.30). Similar
to Rh/A (Figure 4.9), only oxidization of CH4 by Reaction 1.2 was observed which was apparent by
an increase in MS-signal of HoO and CO, (Figure E.4). The CHy light-off temperature was found
at approximately 410 °C for each cycle reaching a maximum CHy conversion of 62 % at 600 °C.
The lack of higher conversion over Rh/CZ was most likely due to the Oy back spillover from CZ
to Rh, as seen in the TPR-profiles (Figure 4.4) and from the high OSC (Table 4.4), that stabilizes
Rh in an oxidized state which results in a lower activity [167], especially for NO reduction as it
prefers a net reducing environment [27]. It has also been suggested that Rh diffuses into the ceria
lattice during oxidation at 500 °C [168], which is similar conditions as the oxidation pretreatment
that reaches 600 °C. The NO conversion over Rh/CZ was also found to be lower than over Rh/A
most likely due to the oxidized Rh. However, the two Rh-based catalysts had an equal selectivity
towards NoO (Reaction 1.5). The CO conversion seemed relatively constant throughout the ramps

of approximately 98 %.
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Figure 4.30: CO, CHy and NO conversion, Hy MS signal and NH3 and N5O concentration over during
three temperature cycles of heating (—) and cooling (- - .) over Rh/CZ under stoichiometric
conditions corresponding to 5 vol % H2O, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and
0.57 vol% O in Ar at a WHSV of 240 L h™* gl The darker color corresponds to the first

cycle and the lighter colors corresponds to the second and third cycle.

The stoichiometric temperature ramps over Pd-Rh/CZ ars presented in Figure 4.31. A similar light-
off temperature for CHy conversion to Pd-Rh/A (Figure 4.10), at ca. 350 °C, was observed for all
three cycles. As proved by Figure E.5, the increase in HoO and COg signal indicated that CHy was
oxidized according to Reaction 1.2 until 578, 561 and 568 °C for cycle 1, 2 and 3 respectively where
a decrease in HoO pointed to the promotion of CHy-SR (Reaction 1.6). This is ca. 50 °C higher
than in Pd-Rh/A even though it has been mentioned in literature that ceria promotes CHy4-SR.
However, the positive hysteresis over Pd-Rh/CZ was ca. 40 °C wider than the Pd-Rh/A which
indicates this effect. The late triggering of CH4-SR was most likely due to the same reason as the
low conversion of Rh/CZ; the high OSC (Table 4.4) made it harder to reduce the catalyst. From
Figure E.3 the O4 signal was negligible at ca. 500 °C, suggesting that the increase in CHy oxidation
from this temperature until CH4-SR was due to O stored in the catalyst or Og formed from the
NO reduction mostly by Reaction 1.4, but also by Reaction 1.5 as a small amount of NoO was
detected in all heating ramps at approximately 525 °C. The NO conversion reached its maximum

at the same temperature as a net Hy production was detected indicating that NO was being reduced
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according to Reaction 4.15. No NHj3 was detected at higher temperatures, however in the cooling
ramp a small peak was present at around 475 °C. This was around the same temperature as a
peak of NH3 was observed over Rh/A during Og dithering temperature ramps (Figure 4.26 and
4.27) and Pd-Rh/A (Figure 4.25 and 4.15), which indicates that if the Rh-catalyst is under a net

reducing atmosphere at around this temperature the formation of NHj is not fully suppressed.
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Figure 4.31: CO, CH4 and NO conversion, Ho MS signal and NH3z and N3O concentration over during three
temperature cycles of heating (—) and cooling (- - .) over Pd-Rh/CZ under stoichiometric
conditions corresponding to 5 vol % H2O, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and
0.57 vol% Oy in Ar at a WHSV of 240 L h™* g;1. The darker colors corresponds to the first

cycle and the lighter color corresponds to the second and third cycle.

Due to the visible improvement in activity over the alumina-based samples under stoichiometric
conditions after a reductive pretreatment, it was also of interest to study the same effect on the
CZ-based samples. Figure 4.32 and Figure 4.33 display the comparison between the effect of the
oxidation and the reduction pretreatment under stoichiometric conditions during the last cycle over
Rh/CZ and Pd-Rh/CZ respectively. The full three cycles performed after reduction pretreatment
can be found in Figure F.4 and F.5 for Rh/CZ and Pd-Rh/CZ respectively. The improvement
that was observed by the reduction pretreatment over both Rh/A and Pd-Rh/A (Figure 4.14b/c
and 4.15b/c) was not observed over Rh/CZ (Figure 4.32) and Pd-Rh/CZ (Figure 4.33). After

the reduction pretreatment the catalysts were most likely reduced. However, the oxygen storage
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components acted as a Oy buffer as soon as the full reactive mixture was fed to the catalyst keeping
the catalysts oxidized [8]. Nevertheless, it would be interesting to see if full reduction of the CZ-
based samples were achieved after the reductive pretreatment and how it reacts at 300 °C when

the mixture is introduced to the system using for example XAS.

Similar to Pd-Rh/A, barely any NHs formation was observed over Pd-Rh/CZ. A stoichiometric
temperature ramp over 11 wt% Pd/CZ (Figure F.6) can confirm that the suppression of NH3 was
due to Rh only as no significant improvement was observed between Pd/A (Figure 4.8) and Pd/CZ
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Figure 4.32: CO, CH4 and NO conversion, Hy MS signal and NH3 and N3O concentration during the last

cycle of temperature at A = 1 over Rh/CZ after reduction (dark colors) and oxidation (bright

colors) pretreatments
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4.2.2.2 Lambda Sweeps

Lean-to-rich and rich-to-lean lambda sweeps were also conducted over the CZ-based samples to
see how the reducible support affects the metal particles compared to the alumina-based samples
considering the CO-NO crossover point. The sweeps were performed at 420 °C as this was a
temperature with low conversion in stoichiometric ramps over both Rh/CZ and Pd-Rh/CZ as seen

in Section 4.2.2.

Compared to the lean-to-rich sweeps over Rh/A (Figure 4.12a) where no CHy conversion was
observed on the lean side, Rh/CZ seemed to promote low conversion of CHy (roughly 6 %, Figure
4.34a). This was in accordance with the results obtained from the stoichiometric ramps at the same
temperature (Figure 4.32). The NO followed the same trend as over Rh/A, where the concentration
decreased while going to richer conditions with a corresponding production of NoO until reaching
maximum conversion at the CO-NO crossover point found at A = 0.6, the same X as Rh/A. At the
crossover point, a corresponding increase in NHs and CO concentration was identified. However,
the CO concentration did not increase as much as over Rh/A as well as the CH4 concentration
which reached 450 ppm at A = 0 compared to 1000 ppm over Rh/A. This is because CZ promotes
CH4-SR. However, it is clear that CZ also promotes the WGS, as the amount of Hy was the same
as over Rh/A, but also a higher amount of NHj3 indicating a higher overall Hy production over
Rh/CZ. This can be confirmed by a study conducted by Halabi et al. [57], who performed WGS
experiment over Ceg gZrg.402 in a temperature range of 400-575 °C. They observed CO conversion
already at 400 °C and concluded that CZ is active towards the WGS.

Following the rich-to-lean sweep (Figure 4.34a), the rich side was very similar to the rich side in
the lean-to-rich sweeps. However the CO-NO crossover point was found at A = 0.9, a lower A-value
than Rh/A (A = 0.95). As discussed previously CZ promotes an O2 back spillover to the active
metals, and therefore promotes oxidation at richer A-values. On the lean side of the crossover point
the concentrations of CHy and NO were very similar to the concentrations on the lean side in Figure

4.34a at identical A-values.
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Figure 4.34: The concentration of CO, CHy, NO, O3,NH3 and NoO and Hy MS signal after catalyst on
Rh/CZ during steady state lambda sweep from (a) lean-to-rich and (b) rich-to-lean at 420
°C.

The experimental lambda sweeps over Pd-Rh/CZ are presented in Figure 4.35a and 4.35b for lean-
to-rich and rich-to-lean sweep respectively. Looking at the lean side of the lean-to-rich sweep a
constant CHy conversion of 20 % was observed. However, at the A-value in the sweeps over Pd-
Rh/A there seemed to be a higher conversion of CHy (Figure 4.13a). As Pd is more active for direct
CH, oxidation in a mixed Pd/PdO state it is possible that the lower conversion over Pd-Rh/CZ is
due to CZ promoting Pd oxidation which inhibits CH4 oxidation by Os.

The NO concentration seemed to follow the same trend as over Pd-Rh/A, but higher concentrations
were observed possibly also due to the Og back spillover from CZ. The CO-NO crossover point was
identified at A = 0.7 due to the breakthrough of Hy and CO. This point was located at a richer
A-value than for Pd-Rh/A (A = 0.75). As CO and CH4 were the only reducing species present at
the lean side, the shift was most likely due to the lower CH4 conversion observed on Pd-Rh/CZ

reducing the catalyst at a slower rate. After the crossover point, the concentrations at the rich
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side were more similar to the concentrations at the rich side over Rh/CZ (Figure 4.34a) than over
Pd-Rh/A (Figure 4.13a), possibly pointing towards a metal-CZ interaction being more efficient

under richer conditions.
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Figure 4.35: The concentration of CO, CHy, NO, O5,NH3 and NoO and Hy MS signal after catalyst on
Pd-Rh/CZ during steady state lambda sweep from (a) lean-to-rich and (b) rich-to-lean at
420 °C.

Looking at the rich-to-lean sweep (Figure 4.35b), the rich side was again quite similar to the rich
side during the lean-to-rich sweep except that the crossover point was located at A = 0.9. This is
the same A-value at the crossover point for both Rh/CZ and Pd-Rh/A.

Comparing the lambda sweeps of the CZ-based samples with the sweeps obtained over the alumina-
based samples (Section 4.2.1.2), CZ did not seem to promote a wider lambda window of activity
on the catalysts. However, it was evident that CZ promoted CH4-SR and WGS under richer

conditions.
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4.2.2.3 Optimization of O Dithering Conditions

As observed in Section 4.2.1.6, temperature ramps under the optimized Os dithering conditions
resulted in great improvements for all alumina-based samples. As a result optimization of Os
dithering conditions was also attempted over Rh/CZ (Figure 4.36) and Pd-Rh/CZ (Figure 4.37).
The steady state experiments were again carried out at 420 °C with a varied amplitude, A, around
A = 1 at different frequencies. The chosen amplitudes were based on the A-value at the CO-NO

crossover point in the previous section.

Similar to the optimization over the alumina-based samples, the amplitude seemed to have more
impact towards the CH4 and NO conversion than the frequency. However, the frequency still had
an effect especially over Pd-Rh/CZ (Figure 4.37). The lower frequencies (0.33 and 0.05 Hz) did not
seem to trigger CH4-SR at low amplitudes probably due to the longer exposure time of Oy during
the lean pulse keeping the catalyst more oxidized during the rich pulse. Over Rh/CZ (Figure 4.36),
the frequencies barely had a visible impact on the CH4 and NO conversions. As the frequencies
had similar impact on Pd-Rh/A and Rh/A, the difference on the CZ-based samples might be due

to different interactions between the active metals and CZ.

For Rh/CZ the optimized amplitude of Og dithering corresponded to A = 1 + 0.4 which resulted in
roughly 90 % CH,4 conversion and 99 % NO conversion. As mentioned previously the frequencies
did not have a great impact on the conversions, however the higher frequencies resulted in a higher
NHj; production (Figure 4.36d). The optimized frequency resulted in 0.05 Hz, hence the same O,
dithering conditions as chosen for Rh/A. However, these conditions resulted in a CH4 conversion

of 77 % over Rh/A, again indicating that CZ is promoting CH4-SR in net reducing conditions.
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Figure 4.36:

For Pd-Rh/CZ a Og dithering amplitude of A = 1 £ 0.3 gave the best results with 93 % CH4 and

98 % NO conversions at frequencies of 0.1 and 0.2 Hz. The frequencies did not seem to influence

-
=3
=3

o
=1
!

[=2]
=]
!

40

20

100

(b)

r 8o

r 60

0.30

035 0.40

—=—0.033 Hz
0.05 Hz
0.1 Hz

—v—0.2Hz

99.9

(d) 540
_—
/// /Ewo
_—

0.30 035 0.40

0.45

# 0.0040

- 0.0035
t 0.0030
0.0025
0.0020
0.0015
0.0010
0.0005

0.40
Dither Amplitude (-)

(a) CHy, (b) NO and (c¢) CO conversion, (d) NHz and (e) NoO concentration and (f) Hy MS
signal during Os dithering with different dithering amplitudes varied from A = 1+ 0.30 to A

0.45

0.50

T + 0.0000
0.45 0.50

0.40
Dither Amplitude (-)

0.30 035

= 1+ 0.50 and different dithering frequencies from 0.033 Hz to 0.2 Hz on Rh/CZ.

the N2 O formation at all, so the optimized frequency was chosen based on CO conversion and NHj

production which resulted in a frequency of 0.1 Hz.
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Figure 4.37: (a) CHy, (b) NO and (c) CO conversion, (d) NHz and (e) N2O concentration and (f) Ho MS

signal during Os dithering with different dithering amplitudes varied from A\ = 1+ 0.25 to A
= 1+ 0.40 and different dithering frequencies from 0.033 Hz to 0.2 Hz on Pd-Rh/CZ.

4.2.2.4 Temperature Ramps Under the Optimized Oz Dithering Conditions

As the alumina-based samples, the CZ-based samples showed a major improvement when varying
the Oy feed as optimized in Section 4.2.2.3 in temperature ramps. Previous temperature ramps
over Rh/CZ did not result in any significant activity where the catalyst was not able to trigger
CH4-SR after oxidation and reduction pretreatments (Figure 4.32). Nevertheless, the optimized
O dithering conditions seemed to be key to enhance the activity of Rh/CZ (Figure 4.38). The
light-off temperature of CH4 conversion was found at roughly 350 °C for all three cycles, and
reached its maximum conversion already at 470, 440 and 430 °C for cycle 1, 2 and 3 respectively,
the same temperature at which Hy was observed. The NO conversion was already between 40
and 80 % depending on the oscillations and produced roughly 210 pmm N5O at 300 °C. The NoO
concentration decreased with increasing temperature and was negligible once NH3 appeared and

NO achieved maximum conversion shortly after at the same temperature as CHy.
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The O2 dithering conditions over Rh/CZ were identical to the one obtained over Rh/A (Figure
4.27). An improvement of CO conversion was achieved over Rh/CZ most likely due to its high
OSC. However the maximum conversions of NO and CH4 were reached at a higher temperature
over Rh/CZ, possibly due to the 20 s long pulses oxidizing Ce in the lean pulse which keeps the

metal more oxidized in the following rich pulse.

Halibi et al. [57], suggested a mechanism for CH4-SR over Rh/Ceg ¢Zrp 402 where CHy adsorbs
dissociatively on the active sites of Rh, and the HyO on ceria. However, Kundakovic et al. [169],
proposed that the dissociation of HoO only happens on reduced ceria and is promoted by Rh at
lower temperatures. This might be a possible reason for the wide positive hysteresis of Rh/CZ
lasting all the way to 305 °C during the cooling ramp where also CZ seemed to even out the pulses

as they are not as visible as over Rh/A.
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Figure 4.38: CO, CH4 and NO conversion, Ho MS signal and NH3 and N,O concentration during three
temperature cycles of heating (—) and cooling (--.) over Rh/CZ under optimized Og
dithering conditions with A = 1 £ 0.40 at at a frequency of 0.05 Hz corresponding to 5 vol%
H50, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57 £ 0.143 vol% O, in Ar at a
WHSV of 240 L h™' g_}. The darker color corresponds to the first cycle and the lighter

colors corresponds to the second and third cycle.

As in the case of Rh/A; the oscillations with a frequency of 0.05 Hz were large and also seemed
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to delay the triggering of CH4-SR due to the redox properties of Ce. The O5 dithering conditions
was optimized at 420 °C, and in an attempt to improve conversion at even lower temperatures,
temperature ramps over Rh/CZ with the same amplitude of A = 1 £+ 0.40, but with a higher
frequency of 0.2 Hz was tested (Figure 4.39). The light-off temperature for cycle 1 when dithering
at 0.05 Hz was 350 °C, under 0.2 Hz it had decreased to 325 °C where CH4-SR seemed to be
triggered already at 330 °C. After this point the catalyst never seemed to stop producing Ha,
creating a net reducing atmosphere throughout the whole experiment. As mentioned previously
NO reduction preferred net reducing conditions which was clearly observed over Rh/CZ, where
after reaching maximum conversion at ca. 350 °C in cycle 1 it stayed converted through the rest
of the cycles. As a consequence, NoO was only produced in the first ramp up, but large amounts
of NH3 were detected with a maximum of 410 ppm during the heating ramp in cycle 1. This is the
largest amount of NHgs observed over any of the Rh-based catalysts in this study, which indicates
that good conversions comes with a price. However, out of NoO and NHg, NHj is easier to remove
with a possible oxidation catalyst downstream for both NH3 and Ha removal [24]. It is therefore
better to work in rich conditions and produce NH3 than lean/stoichiometric conditions and obtain
N2O. The enhanced activity over Rh/CZ with the higher frequency might be due to the shorter
exposure time of the lean pulses possibly promoting reduction and making Rh/CZ the best catalyst

in this work.
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Figure 4.39: CO, CH4; and NO conversion, Hy MS signal and NH3 and N5O concentration during three
temperature cycles of heating (—) and cooling (--.) over Rh/CZ under optimized Og
dithering conditions with A = 1 + 0.40 at at a frequency of 0.2 Hz corresponding to 5 vol%
H,0, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57 £ 0.143 vol% O, in Ar at a
WHSV of 240 L h™' g_}. The darker color corresponds to the first cycle and the lighter

colors corresponds to the second and third cycle.

As observed over the alumina-based samples, the effect of Oy dithering under temperature ramps
on the Pd-based samples resulted in great improvements, but not as remarkable as on the Rh-
sample alone. Figure 4.40 illustrates the temperature ramp conducted on Pd-Rh/CZ under the
optimized O dithering conditions: A = 1 + 0.25 at a frequency of 0.1 Hz. The results were similar
to the behaviour obtained with Pd-Rh/A (Figure 4.25), just shifted to higher temperatures. The
light-off temperature for all cycles was 350 °C, where CH4-SR seemed to be triggered a few degrees
higher at 381, 437 and 433 °C for cycle 1, 2 and 3 respectively. Usually, the start of CH4-SR
seemed to improve throughout the cycles, but in this case the ramp up for cycle 1 seemed to give
the best results. An interesting observation is the shape of the CHy conversion for cycle 1 was
different than the others and resembled the shape observed over Pd/A under optimized conditions
where a deactivation throughout the cycles was also observed (Figure 4.24). Additionally, a higher
conversion of CHy by Og is apparent in the same cycle, as well as a lower NO conversion, indicating

that Pd was the most active metal in cycle 1. The sharp increase in CH4 conversion once CH4-SR
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had been triggered in cycle 2 indicated that metallic Rh had been activated, where the typical

improvement for the next cycle (cycle 3) was similar as Pd-Rh/A.
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Figure 4.40: CO, CH4 and NO conversion, H, MS signal and NH3 and NoO concentration during three
temperature cycles of heating (—) and cooling (- - .) over Pd-Rh/CZ under optimized Oq
dithering conditions with A = 1 £+ 0.25 at a frequency of 0.1 Hz corresponding to 5 vol%
H>0, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57 £ 0.143 vol% Os in Ar at a
WHSV of 240 L h™! g;alt. The darker color corresponds to the first cycle and the lighter

colors corresponds to the second and third cycle.

Similar to Rh/A of the alumina-based samples, Rh/CZ clearly exhibited the best performance under
the O dithering conditions at higher frequencies. This was not under the frequency chosen from the
optimization in Section 4.2.2.3 performed at 420 °C, but from the results of the temperature ramps
over both CZ-based samples and alumina-based samples. It seems that higher frequencies promote
conversion at lower temperatures [26]. It would therefore be worth a try to perform temperature
ramps under Oy dithering conditions at a 0.2 Hz frequency over Pd-Rh/CZ as well. Comparing the
two Rh-samples, the superior performance of Rh/CZ was possible due to reduced ceria activating
the HoO for CH4-SR [72], which also was observed in Section 4.2.2.2 where CZ promoted both
CH4-SR and WGS at richer conditions.
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Chapter 5

Conclusion

This research investigated different catalytic materials under both static and dynamic conditions
in order to trigger CH4-SR at low temperatures over the three-way catalyst (TWC) to achieve full
pollutant removal. During the project, Pd, Rh and bimetallic Pd-Rh supported on alumina and Rh
and bimetallic Pd-Rh supported on CZ were prepared. The material in the catalysts were chosen

based on their reported active sites for CH4-SR.

The CZ support was synthesized through the coprecipitation method, where the active metals were
deposited on the support by incipient wetness impregnation. The catalysts were characterized
by XRD, Ns-physisorption, TEM, OSC, TPR, CO-DRIFT, XAS and ICP-OES. The catalytic
activity was tested under stoichiometric temperature ramps after an oxidized pretreatment as well
as reductive pretreatment and was further investigated through lambda sweeps as to study the
impact of Os concentration present in the feed. Additionally, tests were carried out in order to find
the optimal O dithering condition for each catalyst which was then further investigated through

activity temperature ramps.

Both preoxidized and prereduced Pd/A resulted in a negative hysteresis during the temperature
ramps, whereas a positive hysteresis was observed on Pd-Rh/A. On Rh/A a positive hysteresis was
observed after a reductive pretreatment which indicated that the positive hysteresis on Pd-Rh/A
was due to the presence of Rh. This was further investigated using in situ XRD, where the Pd in
Pd-Rh/A both oxidized and reduced more easily than Pd/A, indicating that Rh promotes the redox
properties of Pd. Through IR experiments of CO adsorption together with a catalytic comparison
with a Pd_Rh/A mechanical mixture, it is believed that in the bimetallic Pd-Rh sample, the Pd
and Rh were alloyed. A deeper investigation by ex situ XAS during the hysteresis showed that

reduced Pd was essential for high conversion due to the promotion of CH4-SR. In contact with
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reduced Rh, the Pd seemed to maintain the reduced state longer (c.f. lower temperature) which

therefore led to a positive hysteresis.

The lambda sweeps showed that the CO-NO crossover point was shifted to richer conditions for
all catalysts when the active materials were reduced. The catalysts were therefore exposed to a
reductive pretreatment which improved the catalytic activity of the alumina-based samples, which,
from XAS, was due to more reduced active metal being present at the start of the temperature
ramps. The improvement was not observed over the CZ-based samples which was explained by Oq
back spillover from CZ to the metal, as observed in the TPR-profiles and the OSC measurements,

which kept the metals in an oxidized state.

In general, Pd/A was the most active catalyst towards CHy4-SR under static stoichiometric con-
ditions. However, changing to dynamic stoichiometric conditions seemed to be favorable for all
catalysts, especially for Rh/CZ where CH4-SR and full NO conversion were achieved already at
300 °C. In addition to the improved activity under dynamic conditions, the stability test revealed

that catalysts exposed to dynamic conditions were less prone to sintering and deactivation.

The results revealed that Rh alone on a TWC is very active towards CH4-SR when in its reduced
form which was enhanced when it was supported on CZ as suggested by the lambda sweeps. While
Rh seemed to suppress NH3 production at high temperatures, NHs was formed at ca. 400 °C and
must be taken into consideration in real life operation possibly by adding an oxidation catalyst

downstream of the TWC for pollutant removal.
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Future Work

In this project the synthesized Pd:Rh ratio was 3:2, and as clearly induced a positive synergism
between Pd and Rh. Since Rh is relatively expensive, it would be interesting to test different
Pd:Rh ratios in order to evaluate the minimum amount of Rh needed to achieve a positive effect
on CHy abatement. However, though a synergism was observed in the catalytic activity, in-situ
XRD and CO-DRIFT results, together with the limitations accoutered by EDX mapping (overlap
of the Pd and Rh emissions lines) it was difficult to the Pd and Rh particles were effectively alloyed.

Therefore it would be of interest to perform EELS on the sample.

The ex situ XAS gave valuable information about the oxidation state on the alumina-based samples
under static stoihciometric conditions. However, due to time restrictions, CZ-based samples were
not analysed, where it would be interesting to see how reduced the active metals are after the

reductive pretreatment and in the temperature ramps.

Furthermore, a Pd/CZ catalyst was missing from the CZ-based samples for comparison with both
the alumina-based samples and Rh/CZ and Pd-Rh/CZ. As CZ promoted CH4-SR and WGS under
reduced conditions (same as Rh), it would be interesting to see if Pd/CZ would results in a positive

hysteresis as Rh promoted over Pd-Rh/CZ.

After the stability tests, sintering was revealed on the sample exposed to static rich conditions, but
deactivation was not detected while on stream. Under rich condition the catalyst showed stable
conversion, similar to the catalyst under dynamic conditions (where no sintering was detected). To
be able to distinguish a difference between the two, longer stability tests over a week or could be

considered.

Based on the results obtained in this thesis, Rh/CZ exhibited the best pollutant removal under
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O dithering conditions. As mentioned, Rh is an expensive metal and it would therefore be of
interest to synthesize Rh/CZ with different Rh loading to explore its effect on activity and on
NHj production. A further optimization Could also be possible by testing different Ce/Zr ratios of
the CZ-support. Finally an investigation by ex situ XAS at certain temperatures in the dynamic
activity ramps would reveal the oxidation state of Rh and of Ce and Zr, deliver more insight to the

high conversions during the Os dithering.
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Appendix A

Calculations

A.1 Synthesis calculations
A.1.1 Dilution of Rh precursor
The precursor for the Rh-based catalyst was a aqueous solution of Rh(NOs3)3 with a 32 % Rh assay

that and was diluted to a 5 wt% Rh metal aqueous solution through these calculations:

M5wt%Rh(aq) * 5
o — Al
100 MRh ( )

where ms5,,,9 Rh(aq) 15 the mass of the desired 5 wt% Rh metal aqueous solution and mpy, is the

mass pure Rh in the solution. Furthermore ms,;%rh(aq) can be written as:

M5wt%Rh(ag) = TMH20 + M32% Rhassay (A2)

where mp,o is the amount of water need to dilute the 32 % Rh assay solution, m3s9 rhassay, Which

can be written as:

M RA-100
M32%Rhassay — 39 (A?’)

Combining Equation

Letting my,0 = 10 g, the mass of Rh in the 5 wt% Rh metal aqueous solution would be:

100 = mpgy (A.4)
10
_ A.
TR = 100/5 — 100/32 (8.5)
= 0.59g (A.6)

Al



AppendizA.1 - Synthesis calculations

and the amount of M3y Rpassey Needed for a 5wt% Rh solution from Equation A.3 and would be:

0.59 - 100
M32%Rhassay = 39 (A7)

= 1.84¢ (A.8)

A.1.2 Amount of precursor
The amount of precursors were calculated based on the following equations, where the amount of
Pd(NO3)2-6H20 to synthesize 2wt% Pd/Al;O3, when the mass of AlpO3 was 3g, is used as an

example calculation.

 manos - 100

Meat = 300 — wit%Pd (A.9)
~ 3g-100

= 100—3 (A.10)

— 3.061g (A.11)

where mq: is the mass of total catalyst, maj,0, is the mass of AloOsz and wt%Pd is the desired

weight percent of Pd. Further on the mass of Pd, mpy was calculated through Equation A.12:

mpg = mcat — mAl,O3 = 3.061g — 3g = 0.61g (A.12)
mpg - 100
MPA(NO3)2-6H20 = 5~ (A.13)
_ 0.61g- 100 (A1)
45 ‘
= 2.11g (A.15)
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Appendix B

Calibration of FTIR

The calibration of CO, NoO and NHj3 was executed by flowing a known concentrations of the
gas in Ar through an empty reactor which was plotted against the intensity of a chosen peak
corresponding to the specific molecule in the IR-spectra. Figure B.1 shows the curve obtain under
CO calibration and the linear regression curve with the corresponding equation used to estimate
the CO concentrations. The intensity that is used is obtained at 2126 cm™! in the IR-spectra which
is specific for CO [170].

1400 y = 455392x+94.762
R?=0.9974
1200 -

pm)

£ 1000
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0.0005 0.0010  0.0015 0.0020  0.0025  0.0030
Intensity (a.u)

Figure B.1: The CO calibration curve obtained by plotting known concentrations of CO and against its

intensity at 2126 cm™! in the IR-spectra.
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Appendiz

Figure B.2 shows the curve obtain underNsO calibration and the linear regression curve with the
corresponding equation used to estimate the NoO concentrations. The intensity that is used is

obtained at 2237 cm™! in the IR-spectra which is specific for NoO [171].

12004y = 20297x-27.041

R?=0.9992
1000 -

800
600

400

Concenration (ppm)

200

. —
0.00 0.01 0.02 0.03 0.04 0.05 0.06
Intensity (a.u)

Figure B.2: The N,O calibration curve obtained by plotting known concentrations of NoO and against its

intensity at 2237 cm™! in the IR-spectra.

Figure B.1 shows the curve obtain under NHj calibration and the linear regression curve with
the corresponding equation used to estimate the NHzconcentrations. The intensity that is used is

obtained at 965 cm™! in the IR-spectra which is specific for NHj [172].
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Figure B.3: The NHj calibration curve obtained by plotting known concentrations of NH3 and against its

intensity at 965 cm™! in the IR-spectra.
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Appendix C

Particle Size Distribution

The particle size distribution of all catalysts are shown in Figure C.1 which were obtain from

counting TEM images.
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Figure C.1: Particle size distribution of all the samples obtained from TEM images.
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Appendix D

Pore Size Distribution

The pore size distribution was obtained by the desorption branch of the isotherms from No-
physisorption by applying the BJH method.Figure D.1 represents the pore size distribution for

the alumina-based samples, and Figure D.2 for the CZ-based samples.
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Figure D.1: Pore size distribution for the alumina-based samples obtained by applying the BJH method

on the desorption branch of the isotherm from Ns-physisorption.
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Figure D.2: Pore size distribution for the CZ-based samples obtained by applying the BJH method on the

desorption branch of the isotherm from Ns-physisorption.
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Appendix E

MS signal of H20, O2 and COg

The figures below illustrates the MS signal of O2, HoO and COs under stoichiometric temperature
ramps. Figure E.1, E.2) E.3, E4 and E.5 corresponds to Pd/A, Rh/A, Pd-Rh/A, Rh/CZ and

Pd-Rh/CZ respectively.
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Figure E.1: O,, H,O and CO5 MS signal after two temperature cycles of heating and cooling over Pd/A
under stoichiometric conditions corresponding to 5 vol % HsO, 0.15 vol% CHy, 0.16 vol%
NO, 0.7 vol% CO and 0.57 vol% O, in Ar at a WHSV of 240 L h™*

corresponds to the first cycle and the lighter color corresponds to the second cycle.
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Figure E.2: O,, H,O and COy MS signal after three temperature cycles of heating and cooling over Rh/A

under stoichiometric conditions corresponding to 5 vol % H2O, 0.15 vol% CHy, 0.16 vol%

NO, 0.7 vol% CO and 0.57 vol% O in Ar at a WHSV of 240 L h™! g}, The darker color

corresponds to the first cycle and the lighter colors corresponds to the second and third cycle.
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Figure E.3: O3, H,O and CO2 MS signal after two temperature cycles of heating and cooling over Pd-
Rh/A under stoichiometric conditions corresponding to 5 vol % H0O, 0.15 vol% CHy, 0.16
vol% NO, 0.7 vol% CO and 0.57 vol% O in Ar at a WHSV of 240 L h™' g_}. The darker

color corresponds to the first cycle and the lighter colors corresponds to the second and third

cycle.
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Figure E.4: O,, HyO and CO5 MS signal after three temperature cycles of heating and cooling over Rh/CZ
under stoichiometric conditions corresponding to 5 vol % H2O, 0.15 vol% CHy, 0.16 vol% NO,
0.7 vol% CO and 0.57 vol% Og in Ar at a WHSV of 240 L h™' g_}. The darker color

corresponds to the first cycle and the lighter colors corresponds to the second and third cycle.
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Figure E.5: O, HoO and COy MS signal after three temperature cycles of heating and cooling over Pd-
Rh/CZ under stoichiometric conditions corresponding to 5 vol % H20, 0.15 vol% CHy, 0.16
vol% NO, 0.7 vol% CO and 0.57 vol% Oy in Ar at a WHSV of 240 L h™* g_}. The darker

color corresponds to the first cycle and the lighter colors corresponds to the second and third

cycle.
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Appendix F

Temperature Ramps at A = 1

The figures below illustrates the stoichiometric temperature ramps that was conducted on all the
samples after a reductive pretreatment. Figure F.1, F.2, F.3, F.4 and F.5 corresponds to Pd/A,
Rh/A, Pd-Rh/A, Rh/CZ and Pd-Rh/CZ respectively.
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Figure F.1: CO, CH4 and NO conversion, Hs MS signal and NH3 and N2 O concentration over during three
temperature cycles of heating and cooling over Pd/A under stoichiometric conditions after a
reductive pretreatment corresponding to 5 vol % Hy0, 0.15 vol% CHy, 0.16 vol% NO, 0.7
vol% CO and 0.57 vol% Oy in Ar at a WHSV of 240 L h™" g_.}. The darker colors corresponds

to the first cycle and the lighter colors corresponds to the second and third cycle.
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Figure F.2: CO, CH4 and NO conversion, Hy MS signal and NH3 and N2O concentration over during two
temperature cycles of heating and cooling over Rh/A under stoichiometric conditions after a
reductive pretreatment corresponding to 5 vol % Hy0, 0.15 vol% CHy, 0.16 vol% NO, 0.7
vol% CO and 0.57 vol% Oy in Ar at a WHSV of 240 L h™" g_1. The darker colors corresponds

to the first cycle and the lighter colors corresponds to the second cycle.
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Figure F.3: CO, CH4 and NO conversion, Hy MS signal and NHs and N5O concentration over during three
temperature cycles of heating and cooling over Pd-Rh/A under stoichiometric conditions after
a reductive pretreatment corresponding to 5 vol % H50, 0.15 vol% CHy, 0.16 vol% NO, 0.7
vol% CO and 0.57 vol% Oy in Ar at a WHSV of 240 L h™* g}, The darker colors corresponds

to the first cycle and the lighter colors corresponds to the second and third cycle.
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Figure F.4: CO, CH4 and NO conversion, Hy MS signal and NH3 and N2O concentration over during two
temperature cycles of heating and cooling over Rh/CZ under stoichiometric conditions after
a reductive pretreatment corresponding to 5 vol % H20, 0.15 vol% CHy, 0.16 vol% NO, 0.7
vol% CO and 0.57 vol% Oy in Ar at a WHSV of 240 L h™" g_}. The darker colors corresponds

to the first cycle and the lighter colors corresponds to the second cycle.
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Figure F.5: CO, CH4 and NO conversion, Ho MS signal and NH3 and N2O concentration over during threee
temperature cycles of heating and cooling over Pd-Rh/CZ under stoichiometric conditions
after a reductive pretreatment corresponding to 5 vol % H,0O, 0.15 vol% CHy, 0.16 vol%
NO, 0.7 vol% CO and 0.57 vol% Oz in Ar at a WHSV of 240 L h™" g_1. The darker colors

corresponds to the first cycle and the lighter colors corresponds to the second and third cycle.
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AppendizF.1 - Frozen Temperature Ramps for XAS Measurements

Figure F.6 represents the stoichiometric temperature ramps over a 11 wt%Pd/CZ sample.
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Figure F.6: CO, CH; and NO conversion, Hy MS signal and NH3s and N>O concentration over during
two temperature cycles of heating and cooling over Pd/CZ under stoichiometric conditions
corresponding to 5 vol % H20, 0.15 vol% CHy, 0.16 vol% NO, 0.7 vol% CO and 0.57 vol% Oz
in Ar at a WHSV of 240 L h™! gc;lt. The darker colors corresponds to the first cycle and the

lighter colors corresponds to the second and third cycle.
F.1 Frozen Temperature Ramps for XAS Measurements

Figure F.7 and F.8 represents the temperature ramps that was frozen at approximately 425 C for

ex situ XAS measurements on prereduced and preoxidized Pd-Rh/A respectively.
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AppendizF.1 - Frozen Temperature Ramps for XAS Measurements
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Figure F.7: Prereduced Pd-Rh/A which was frozen at 425 °C for XAS measurements.
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Figure F.8: Preoxidized Pd-Rh/A which was frozen at 425 °C for XAS measurements.
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Appendix G

O2 Dithering Optimization

G.1 Pulsing optimization
Figure G.1 represents part of the Oy dithering optimization over Pd-Rh/A with an amplitude of

0.25 at different frequencies.
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Figure G.1: O dithering optimization over Pd-Rh/A with an amplitude of 0.25 at different frequencies.

G.2 Insert on pulses during temperature Ramps
Figure G.2 and G.3 are inserts from the first cycle in the heating ramps under the optimized Oo
dithering for Pd/A and Rh/A respectively.
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Appendiz G.2 - Insert on pulses during temperature Ramps
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Figure G.2: An insert of temperature ramps under optimized Oo dithering conditions over Pd/A. The

black line shows that a rich pulse corresponds to higher NO conversion.
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Figure G.3: An insert of temperature ramps under optimized Og dithering conditions over Rh/A. The

black line shows that a rich pulse corresponds to higher NO conversion.
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Appendix H

Risk Assessment

A risk and safety assessment was conducted for the experiments through NTNU Risk Assessment

protocol and can be reviewed below.
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@ Detailed Risk Report

iD 42332 Status Date
Risk Area Risikovurdering: Helse, miljg og sikkerhet (HMS) Created 28.05.2021
Created by Vilde Vinnes Jacobsen Assessment started  28.05.2021
Responsible Vilde Vinnes Jacobsen Measures decided

Closed

Risk Assessment:

CAT masterstudent_ 2021 Vilde Vinnes Jacobsen

Valid from-to date:
4/12/2021 - 5/28/2024

Location:
OLGA, 4th floor, Paul Scherrer Institute, Switzerland

Goal / purpose
Promote steam reforming of methane in the TWC in a natural gas exhaust system by developing and testing different catalysts.

Background

Norges teknisk-naturvitenskapelige Print date: Printed by: Page:
universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14 27.09.2021 Vilde Vinnes Jacobsen 1/34



@ Detailed Risk Report

Synthesis of Pd/AI203, Rh/AI203, Pd-Rh/AI203, CeZrO2, Pd/CeZr02, Rh/CeZrO2 and Pd-Rh/CeZr02
Chemicals:

- Palladium (II) nitrate solution (precursor)

- Rhodium(III) nitrate dihydrate (precursor)

- Cerium (III) nitrate hexahydrate (precursor)

- Zirconium (IV) oxynitrate hydrate

-Citric Acid monohydrate

- Ammonium hydroxide (25 vol%)

-Alumina Sasol Puralox SCFa-140

Instruments:
- Oven
- Calcination furnace

Method:

Synthesis of Pd/AI203, Rh/AI203, Pd/CeZrO2 and Rh/CeZrQ2:

Pd(NO3)2 or a aqueous solution of Rh(NO3)3:2H20 is dropwise added to the support (Al203 or CeZr02). The solution is dried
overnight at 120 oC before calcination (RT-550 oC) of the solid for 3h (5 oC/min).

Synthesis of Pd-Rh/AI203 and Pd-Rh/CeZr0O2:
Pd(NO3)2 and a aqueous solution of Rh(NO3)3 is mixed and stirred for 2 h before being dropwise added to the support (Al203 or
CeZr02). The solution is dried overnight at 120 oC before calcination (RT-550 oC) of the solid for 3h (5 oC/min).

Synthesis of CeZrO2:

Ce(NO3)3:6H20 and ZrO(N0O3)2:xH20 is dissolved in distilled water under stirring. Citric acid monohydrate is added to the solution
before ammonium hydroxide is added dropwise until pH ~3. The solution is stirred for 3 h before being filtered and washed with
distilled water until the pH value is constant. The precipitate is dried at 110 oC for 2 h.

Activity Testing
Chemicals:
-Methane/Ar
-Oxygen
-NO/Ar

-CO/Ar
-Hydrogen
-Argon

Instrument

-Quartz glass reactor.

-Oven (Temperature <600°C)
- Mass spectrometer

- IR spectrometer

Characterization

-N2 adsorption-desorption
-XRD

-0SC

-TPR

-TEM

-XAS

-CO-DRIFT

-ICP-OES

Description and limitations

always follow HSE rules

always read msds

recieve Proper training

follow all Safety measures

Be aware of physical risks such as pressure and temperature

Prerequesites, assumptions and simplifications

The work assumes that proper training is given prior to the use of laboratories and equipment/instruments to minimize the probability
of user-caused mistakes, and protect the user

Attachments
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Unntatt offentlighet jf. Offentlighetsloven § 14 27.09.2021 Vilde Vinnes Jacobsen 2/34



Detailed Risk Report

Ammonium Hydroxide 25% SDS.pdf
Hydrogen SDS.pdf

Liquid nitrogen SDS.pdf

Alumina SDS.pdf

NO SDS.pdf

Oxygen SDS.pdf

Palladium nitrate solution SDS.pdf
Argon SDS.pdf

Citric Acid SDS.pdf

Cerium nitrate hexahydrate SDS.pdf
CO SDS.pdf

Methane SDS.pdf

Rhodium nitrate dihydrate SDS.pdf
Set up OLGA 417.pdf

Zirconium oxynitrate SDS.pdf
2-propanol.pdf

References
[Ingen registreringer]
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Printed by:
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@ Detailed Risk Report

Summary, result and final evaluation

The summary presents an overview of hazards and incidents, in addtition to risk result for each consequence area.

Hazard: Handling chemicals: Pd(NO3)2, Rh(NO3)3*2H20, Ce(NO3)3*6H20, Zro(NO3)2*xH20,
Al203, citric acid, ammonium hydroxide
Incident: Spilling palladium (II) nitrate solution
Consequence area: Helse Risk before {_) Risiko after )
measures: measures:
Materielle verdier Risk before {_) Risiko after )
measures: measures:
Incident: Spilling rhodium(III) nitrate dihydrate
Consequence area: Helse Risk before () Risiko after )
measures: measures:
Ytre miljo Risk before {_) Risiko after M)
measures: measures:
Incident: Spilling cerium (III) nitrate hexahydrate
Consequence area: Helse Risk before Risiko after ::I
measures: measures:
Ytre miljo Risk before {_) Risiko after )
measures: measures:
Incident: Spilling zirconium (IV) oxynitrate hydrate
Consequence area: Helse Risk before () Risiko after )
measures: measures:
Ytre miljo Risk before () Risiko after )
measures: measures:
Incident: Spilling citric acid
Consequence area: Helse Risk before @ Risiko after )
measures: measures:
Incident: Spilling ammonium hydroxide
Consequence area: Helse Risk before () Risiko after )
measures: measures:
Ytre miljo Risk before {_) Risiko after 7
measures: measures:
Norges teknisk-naturvitenskapelige Print date: Printed by: Page:
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Detailed Risk Report

Hazard: Handling chemicals: Pd(NO3)2, Rh(NO3)3*2H20, Ce(NO3)3*6H20, ZrO(NO3)2*xH20,
Al203, citric acid, ammonium hydroxide
Incident: Spilling 2-propanol

Consequence area: Helse Risk before Risiko after ::I
measures: measures:
Ytre miljg Risk before Risiko after !
measures: measures:
Materielle verdier Risk before Risiko after ::I
measures: measures:
Hazard: Calcination in high temperature furnace
Incident: Burning injuries
Consequence area: Helse Risk before Risiko after :j
measures: measures:
Hazard: Use of flammable and/or toxic gases: H2, 02, NO, CO
Incident: Leakage of 02
Consequence area: Helse Risk before Risiko after :J
measures: measures:
Ytre miljg Risk before Risiko after ::I
measures: measures:
Materielle verdier Risk before Risiko after :j
measures: measures:
Incident: Leakage of H2
Consequence area: Helse Risk before Risiko after :}
measures: measures:
Ytre miljg Risk before Risiko after :j
measures: measures:
Materielle verdier Risk before Risiko after )
measures: measures:
Incident: Leakage of NO
Consequence area: Helse Risk before Risiko after ::I
measures: measures:
Ytre miljg Risk before Risiko after 7
measures: measures:
Materielle verdier Risk before Risiko after 7
measures: measures:
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Detailed Risk Report

Hazard:

Use of flammable and/or toxic gases: H2, 02, NO, CO

Incident:

Leakage of CO

Consequence area: Helse Risk before Risiko after :j
measures: measures:
Ytre miljg Risk before Risiko after )
measures: measures:
Materielle verdier Risk before Risiko after 7
measures: measures:
Hazard: Use of nontoxic gases and/or inert gases: CH4, Ar
Incident: Leakage of CH4
Consequence area: Helse Risk before Risiko after ::I
measures: measures:
Ytre milje Risk before Risiko after )
measures: measures:
Materielle verdier Risk before Risiko after 7
measures: measures:
Incident: Leakage of Argon
Consequence area: Helse Risk before Risiko after :j
measures: measures:
Ytre miljg Risk before Risiko after 7
measures: measures:
Materielle verdier Risk before Risiko after ::I
measures: measures:
Hazard: Heating the reactor furnace
Incident: Burning injuries
Consequence area: Helse Risk before Risiko after :j
measures: measures:
Hazard: Electricity failure
Incident: Fire
Consequence area: Helse Risk before Risiko after 7
measures: measures:
Ytre miljg Risk before Risiko after ::I
measures: measures:
Materielle verdier Risk before Risiko after :j
measures: measures:
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@ Detailed Risk Report

Hazard: N2-physisorption, TPR
Incident: Handling liquid nitrogen
Consequence area: Helse Risk before () Risiko after )
measures: measures:
Final evaluation
Norges teknisk-naturvitenskapelige Print date: Printed by: Page:
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@ Detailed Risk Report

Organizational units and people involved

A risk assessment may apply to one or more organizational units, and involve several people. These are Isited below.

Organizational units which this risk assessment applies to

- Prorektor for utdanning

- Avdeling for utdanningskvalitet

- Seksjon for etter- og videreutdanning

- Avdeling for studieadministrasjon

- Avdeling for studieadministrasjon - Alesund

- Avdeling for studieadministrasjon - Gjgvik

- Avdeling for studenttjenester

- Universitetsbiblioteket

- Biblioteksjef stab

- Bibliotekseksjon for samlinger og digitale tjenester
- Bibliotekseksjon for kultur- og vitenskapshistorie
- Bibliotekseksjon for medisin og helsevitenskap

- Bibliotekseksjon for arkitektur, naturvitenskap, teknologi og gkonomi
- Bibliotekseksjon for humaniora, samfunns- og utdanningsvitenskap
- Bibliotekseksjon i Alesund

- Bibliotekseksjon i Gjgvik

- Prorektor for forskning

- Prorektor for nyskaping

- Viserektor Gjgvik

- Bygningsdrift Gjgvik

- Viserektor Alesund

- Bygningsdrift Alesund

- Direktgr for gkonomi og eiendom

- Avdeling for virksomhetsstyring

- @konomiavdelingen

- Seksjon for gkonomirddgivning

- Seksjon for gkonomitjenester

- Servicesenter for gkonomi

- Avdeling for campusservice

- Seksjon for bygningsdrift

- Seksjon for teknisk drift

- Servicesenter for eiendom

- Stab Campusservice

- Eiendomsavdelingen

- Seksjon for prosjektgjennomfgring

- Direktgr for organisasjon

- HR og HMS avdelingen

- Kommunikasjonsavdelingen

- Avdeling for dokumentasjonsforvaltning

Norges teknisk-naturvitenskapelige Print date: Printed by: Page:
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@ Detailed Risk Report

- IT-avdelingen

- Rektors stab

- Fakultet for arkitektur og design (AD)

- Kunstakademiet i Trondheim

- Institutt for design

- Institutt for arkitektur og teknologi

- Institutt for arkitektur og planlegging

- AD Fakultetsadministrasjonen

- Det humanistiske fakultet (HF)

- Institutt for filosofi og religionsvitenskap

- Institutt for historiske og klassiske studier

- Institutt for kunst- og medievitenskap

- Institutt for musikk

- Institutt for sprék og litteratur

- Institutt for tverrfaglige kulturstudier

- HF Fakultetsadministrasjonen

- Institutt for moderne samfunnshistorie

- Fakultet for informasjonsteknologi og elektronikk (IE)
- Institutt for allmennfag

- Institutt for datateknologi og informatikk

- Institutt for elektroniske systemer

- Institutt for elkraftteknikk

- Institutt for IKT og realfag

- Institutt for informasjonssikkerhet og kommunikasjonsteknologi
- Institutt for matematiske fag

- Institutt for teknisk kybernetikk

- IE Fakultetsadministrasjonen

- Institutt for energi- og prosessteknikk

- Institutt for marin teknikk

- Institutt for geovitenskap og petroleum

- Institutt for bygg- og miljgteknikk

- Institutt for maskinteknikk og produksjon

- Institutt for havromsoperasjoner og byggteknikk
- Institutt for vareproduksjon og byggteknikk

- IV Fakultetsadministrasjonen

- Fakultet for medisin og helsevitenskap (MH)

- Institutt for helsevitenskap i Gjgvik

- Institutt for helsevitenskap i Alesund

- Kavliinstitutt for nevrovitenskap

- Institutt for klinisk og molekylaermedisin

- Institutt for laboratoriemedisin, barne- og kvinnesykdommer
- Institutt for nevromedisin og bevegelsesvitenskap
- Institutt for psykisk helse

- Institutt for samfunnsmedisin og sykepleie

- Institutt for sirkulasjon og bildediagnostikk

- Avdeling for komparativ medisin

- MH Fakultetsadministrasjonen

Norges teknisk-naturvitenskapelige Print date: Printed by: Page:
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@ Detailed Risk Report

- Fakultet for naturvitenskap (NV)

- Institutt for biologi

- Institutt for biologiske fag Alesund

- Institutt for bioteknologi og matvitenskap
- Institutt for bioingenigrfag

- Institutt for fysikk

- Institutt for kjemi

- Institutt for kjemisk prosessteknologi

- Institutt for materialteknologi

- NV Fakultetsadministrasjonen og verksteder
- Nanolab

- Gunnerus

- Fakultet for gkonomi (@K)

- NTNU Handelshgyskolen

- Institutt for internasjonal forretningsdrift
- Institutt for industriell gkonomi og teknologiledelse
- Institutt for samfunnsgkonomi

- @K Fakultetsadministrasjonen

- Fakultet for samfunns- og utdanningsvitenskap (SU)
- Institutt for geografi

- Institutt for leererutdanning

- Institutt for pedagogikk og livslang lzering
- Institutt for sosialt arbeid

- Institutt for sosiologi og statsvitenskap

- Institutt for psykologi

- Institutt for sosialantropologi

- SU Fakultetsadministrasjonen

- NTNU Vitenskapsmuseet (VM)

- Institutt for naturhistorie

- Institutt for arkeologi og kulturhistorie

- Vitenskapsmuseet administrasjon

- BIBSYS

Participants
Readers

[Ingen registreringer]

Others involved/stakeholders

[Ingen registreringer]

The following accept criteria have been decided for the risk area Risikovurdering:
Helse, miljg og sikkerhet (HMS):
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Detailed Risk Report

Overview of existing relevant measures which have been taken into account

The table below presents existing measures which have been take into account when assessing the likelihood and consequence of

relevant incidents.

Hazard

Handling chemicals: Pd(NO3)2, Rh
(NO3)3*2H20, Ce(NO3)3*6H20, ZrO
(NO3)2*xH20, Al203, citric acid,
ammonium hydroxide

Incident

Spilling palladium (II) nitrate solution

Spilling palladium (II) nitrate solution
Spilling palladium (II) nitrate solution
Spilling palladium (II) nitrate solution
Spilling palladium (II) nitrate solution
Spilling palladium (II) nitrate solution
Spilling palladium (II) nitrate solution
Spilling palladium (II) nitrate solution
Spilling rhodium(III) nitrate dihydrate
Spilling rhodium(III) nitrate dihydrate
Spilling rhodium(III) nitrate dihydrate
Spilling rhodium(III) nitrate dihydrate
Spilling rhodium(III) nitrate dihydrate
Spilling cerium (III) nitrate hexahydrate
Spilling cerium (III) nitrate hexahydrate
Spilling cerium (III) nitrate hexahydrate
Spilling cerium (III) nitrate hexahydrate
Spilling zirconium (IV) oxynitrate hydrate
Spilling zirconium (IV) oxynitrate hydrate
Spilling zirconium (IV) oxynitrate hydrate
Spilling zirconium (IV) oxynitrate hydrate
Spilling citric acid

Spilling citric acid

Spilling citric acid

Spilling ammonium hydroxide

Spilling ammonium hydroxide

Spilling ammonium hydroxide

Spilling ammonium hydroxide

Spilling 2-propanol

Spilling 2-propanol

Spilling 2-propanol

Spilling 2-propanol

Measures taken into account

Instrument and method training

Security Data Sheet

Gas Detector

Exhaust hood

Safety Equipment

Safety Equipment

Safe waste handeling

Safe waste handeling
Instrument and method training
Security Data Sheet

Exhaust hood

Safety Equipment

Safe waste handeling
Instrument and method training
Security Data Sheet

Safety Equipment

Safe waste handeling
Instrument and method training
Security Data Sheet

Safety Equipment

Safe waste handeling
Instrument and method training
Security Data Sheet

Safe waste handeling
Instrument and method training
Security Data Sheet

Safety Equipment

Safe waste handeling
Instrument and method training
Security Data Sheet

Safety Equipment

Safe waste handeling
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@ Detailed Risk Report

Handling chemicals: Pd(NO3)2, Rh
(NO3)3*2H20, Ce(NO3)3*6H20, ZrO

Spilling 2-propanol Thermal protective wear

(NO3)2*xH20, Al203, citric acid,
ammonium hydroxide

Calcination in high temperature furnace

Use of flammable and/or toxic gases: H2,

02, NO, CO

Use of nontoxic gases and/or inert gases:

CH4, Ar

Burning injuries
Burning injuries
Burning injuries

Leakage of 02

Leakage of 02
Leakage of 02
Leakage of 02
Leakage of 02
Leakage of H2
Leakage of H2
Leakage of H2
Leakage of H2
Leakage of H2
Leakage of H2
Leakage of NO
Leakage of NO
Leakage of NO
Leakage of NO
Leakage of NO
Leakage of NO
Leakage of NO
Leakage of CO
Leakage of CO
Leakage of CO
Leakage of CO
Leakage of CO
Leakage of CO
Leakage of CO
Leakage of CH4

Leakage of CH4
Leakage of CH4
Leakage of CH4
Leakage of CH4
Leakage of CH4

Instrument and method training
The set up
Thermal protective wear

Instrument and method training

Security Data Sheet

Exhaust hood

The set up

Leakage Tests

Instrument and method training
Security Data Sheet

Gas Detector

Exhaust hood

The set up

Leakage Tests

Instrument and method training
Security Data Sheet

Gas Detector

Exhaust hood

The set up

Safety Equipment

Leakage Tests

Instrument and method training
Security Data Sheet

Gas Detector

Exhaust hood

The set up

Safety Equipment

Leakage Tests

Instrument and method training

Security Data Sheet
Exhaust hood

The set up

Safety Equipment

Leakage Tests

Leakage of Argon Security Data Sheet

Leakage of Argon Exhaust hood
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@ Detailed Risk Report

Use of nontoxic gases and/or inert gases: Leakage of Argon The set up
CH4, Ar
Leakage of Argon Safe waste handeling
Leakage of Argon Leakage Tests
Heating the reactor furnace Burning injuries Instrument and method training
Burning injuries The set up
Burning injuries Safety Equipment
Burning injuries Thermal protective wear
Electricity failure Fire Instrument and method training
Fire The set up
Fire Safety Equipment
N2-physisorption, TPR Handling liquid nitrogen Instrument and method training
Handling liquid nitrogen Security Data Sheet
Handling liquid nitrogen Safety Equipment

Existing relevant measures with descriptions:

Instrument and method training

Understand the procedure of techniques and equipment in the training.

Ask about any possible troubles and risks and doubts about the procedure.

Read and familiarize with the procedure before experiments.

Security Data Sheet

Read and understand the precautions and actions that are required for the risks of each chemical.

Gas Detector

Check if the gas detector works before each experiment. Understand the different alarms associated to each gas and how
to act for each one.

Exhaust hood

Check that the local exhaust hood works for each experiment.

Acts as an local exhaust system enabling us to handle toxic, hazardous chemicals with minimal exposure.

The set up

Learn and understand the risks associated with the installation of the set up, the gasses used, the operation temperature
and how to act in case of emergency.

Safety Equipment

Safety goggles mandatory in all laboratories

Lab coat

Gloves (read sds in order to choose the correct gloves)

Gas mask(read sds in order to choose the correct filters)

Filter mask (read sds in order to choose the correct type)

Safe waste handeling

All wastes must go to their respective handling sites.

Leakage Tests
Verify the isolation of the installation before running experiments.

Thermal protective wear
Gloves and apron
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@ Detailed Risk Report

Risk analysis with evaluation of likelihood and consequence

This part of the report presents detailed documentation of hazards, incidents and causes which have been evaluated. A summary of
hazards and associated incidents is listed at the beginning.

The following hazards and incidents has been evaluated in this risk assessment:
* Handling chemicals: Pd(NO3)2, Rh(NO3)3*2H20, Ce(NO3)3*6H20, ZrO(NO3)2*xH20, Al203, citric acid,
ammonium hydroxide
e Spilling palladium (II) nitrate solution
e Spilling rhodium(III) nitrate dihydrate
e Spilling cerium (III) nitrate hexahydrate
* Spilling zirconium (IV) oxynitrate hydrate
*  Spilling citric acid
* Spilling ammonium hydroxide
e Spilling 2-propanol
¢ Calcination in high temperature furnace
* Burning injuries
* Use of flammable and/or toxic gases: H2, 02, NO, CO
* Leakage of 02
* Leakage of H2
* Leakage of NO
* Leakage of CO
¢ Use of nontoxic gases and/or inert gases: CH4, Ar
* Leakage of CH4
* Leakage of Argon
* Heating the reactor furnace
*  Burning injuries
* Electricity failure
* Fire
* N2-physisorption, TPR

* Handling liquid nitrogen
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Detailed Risk Report

Detailed view of hazards and incidents:

Hazard: Handling chemicals: Pd(NO3)2, Rh(NO3)3*2H20, Ce(NO3)3*6H20, ZrO(NO3)2*xH20, Al203, citric acid,

ammonium hydroxide

Incident: Spilling palladium (II) nitrate solution

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

P260 Do not breathe dust/fume/gas/mist/vapors/spray

P264 Wash face, hands and any exposed skin thoroughly after handling

P280 Wear protective gloves/protective clothing/eye protection/face protection
p271 Use only outdoors or in a well-ventilated area

P234 Keep only in original container

P284 Wear respiratory protection

P304 + P340 + P310 IF INHALED: Remove victim to fresh air and keep at rest in a position comfortable for
breathing
Immediately call a POISON CENTER or doctor/physician

P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated clothing. Rinse skin with
water/shower

P363 Wash contaminated clothing before reuse

P305 + P351 + P338 + P310 IF IN EYES: Rinse cautiously with water for several minutes. Remove contact
lenses, if present and easy to do. Continue rinsing. Immediately call a POISON CENTER or doctor/physician

P301 + P330 + P331 IF SWALLOWED: Rinse mouth. DO NOT induce vomiting

Consequence area: Helse Risk:
Assessed consequence: Large (3) BENER
Comment: H314 Causes severe skin burns and eye damage I N
H333 Harmful if inhaled ] | | |
E=% a
] R
Consequence area: Materielle verdier Risk:
Assessed consequence: Large (3) ENEE
Comment: H290 May be corrosive to metals. I inn
| | | |
-—
E=e d
] R
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E Detailed Risk Report

Incident: Spilling rhodium(III) nitrate dihydrate

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

P220: Keep/Store away from clothing/.../combustible materials.

P280: Wear protective gloves/protective clothing/eye protection/face protection.

P309: IF exposed or if you feel unwell:

P310: Immediately call a POISON CENTER or doctor/physician.

P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for several minutes. Remove contact lenses, if
present and easy to do. Continue rinsing.

Consequence area: Helse Risk:
Assessed consequence: Large (3) -n--
Comment: H314 Causes severe skin burns and eye damage. I l--
A |EE
-—
E=« 3
] R
Consequence area: Ytre miljo Risk:
Assessed consequence: Large (3) -n--
Comment: H272 May intensify fires; oxidiser Il..
A |HE
-—
E=« 3
] R
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E Detailed Risk Report

Incident: Spilling cerium (III) nitrate hexahydrate

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

P210 Keep away from heat, hot surfaces,

sparks, open flames and other ignition

sources. No smoking.

P273 Avoid release to the environment.

P280 Wear protective gloves/ eye protection/

face protection.

P305 + P351 + P338 IF IN EYES: Rinse cautiously with water
for several minutes. Remove contact

lenses, if present and easy to do.

Continue rinsing.

P308 + P313 IF exposed or concerned: Get medical
advice/ attention.

Consequence area: Helse Risk:
Assessed consequence: Large (3) -n--
Comment: I l--
H318 Causes serious eye damage ] --
E=%
] R
Consequence area: Ytre miljo Risk:
Assessed consequence: Very large (4) --n-
Comment: H272 May intensify fire; oxidizer. .l l-
H410 Very toxic to aquatic life with long lasting ] l l.
effects. — |
|
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E Detailed Risk Report

Incident: Spilling zirconium (IV) oxynitrate hydrate

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

P210 Keep away from heat, hot surfaces, sparks, open flames and

other ignition sources. No smoking.

P220 Keep away from clothing and other combustible materials.

P260 Do not breathe dusts or mists.

P264 Wash skin thoroughly after handling.

P280 Wear protective gloves/ protective clothing/ eye protection/ face
protection.

P301 + P330 + P331 IF SWALLOWED: Rinse mouth. Do NOT induce vomiting.
P303 + P361 + P353 IF ON SKIN (or hair): Take off immediately all contaminated
clothing. Rinse skin with water.

P304 + P340 + P310 IF INHALED: Remove person to fresh air and keep comfortable
for breathing. Immediately call a POISON CENTER/ doctor.

P305 + P351 + P338 +

P310

IF IN EYES: Rinse cautiously with water for several minutes.

Remove contact lenses, if present and easy to do. Continue

rinsing. Immediately call a POISON CENTER/ doctor.

P363 Wash contaminated clothing before reuse.

P370 + P378 In case of fire: Use dry sand, dry chemical or alcohol-resistant
foam to extinguish.

P405 Store locked up.

P501 Dispose of contents/ container to an approved waste disposal

plant.
Consequence area: Helse Risk:
Assessed consequence: Large (3) ENER
Comment: H314 Causes severe skin burns and eye damage I inn
| | | |
E=%
] R
Consequence area: Ytre miljo Risk:
Assessed consequence: Large (3) ENEE
Comment: H272 May intensify fire; oxidizer II--
| | | |
-_—
E=0 .
] R
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E Detailed Risk Report

Incident: Spilling citric acid

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:
P337+313 If eye irritation persists: Get medical advice/attention.

P280 Wear protective gloves/protective clothing/eye protection/face protection.
P264 Wash contaminated skin thoroughly after handling.

P305+351+338 IF IN EYES: Rinse cautiously with water for several minutes. Remove contact
lenses, if present and easy to do. Continue rinsing

Consequence area: Helse Risk:
Assessed consequence: Medium (2) nEEsE
Comment: H319 Causes serious eye irritation ---
| | | |
(= =

Incident: Spilling ammonium hydroxide

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

P264 Wash hands thoroughly after handling.

P273 Avoid release to the environment.

P280 Wear protective gloves/protective clothing/eye protection/face protection.Revised on 04/26/2016 Page 2
of 6

P302+P352 IF ON SKIN: Wash with plenty of water.

P305+P351+P338 IF IN EYES: Rinse cautiously with water for several minutes. Remove contact
lenses, if present and easy to do. Continue rinsing.

P310 Immediately call a POISON CENTER/doctor/physician.

P332+P313 If skin irritation occurs: Get medical advice/attention.

P362+P364 Take off contaminated clothing and wash it before reuse.

P391 Collect spillage.

P501 Dispose of contents/container in accordance with local regulations.

Consequence area: Helse Risk:
Assessed consequence: Large (3) ENER
Comment: H315 Causes skin irritation. I N
H318 Causes serious eye damage ] | | |
E=%
] R
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E Detailed Risk Report

Consequence area: Ytre miljo Risk:
Assessed consequence: Large (3) ENEE
Comment: H400 Very toxic to aquatic life. I ] | |
| | | |
-—
=t
] R
Incident: Spilling 2-propanol
Likelihood of the incident (common to all consequence areas): Less likely (2)
Kommentar:
P210 Keep away from heat/sparks/open flames/hot surfaces. - No
smoking.
P260 Do not breathe vapours.
P280 Wear protective gloves.
P305+351+338 IF IN EYES: Rinse cautiously with water for several minutes.
Remove contact lenses, if present and easy to do. Continue rinsing.
P370 In case of fire: Use alcohol resistant foam or dry powder for
extinction.
P501D Empty containers may contain residual product and vapours.
Do not cut or weld on or near empty containers.
Disposal should only be by means of a licensed waste disposal
contractor.
P264 Wash skin thoroughly after handling.
P303+361+353 IF ON SKIN (or hair): Remove/Take off immediately all contaminated
clothing. Rinse skin with water/shower.
P304+340 IF INHALED: Remove victim to fresh air and keep at rest in a
position comfortable for breathing.
P403+233+4235 Store in a well-ventilated place, in original container. Keep container
tightly closed, Keep cool.
Consequence area: Helse Risk:
Assessed consequence: Medium (2) nNEEE
Comment: H319 Causes serious eye irritation | ] |
H336 May cause drowsiness or dizziness. ] | | |
Ex =
]
Norges teknisk-naturvitenskapelige Print date: Printed by: Page:

universitet (NTNU)
Unntatt offentlighet jf. Offentlighetsloven § 14 27.09.2021 Vilde Vinnes Jacobsen 21/34



Detailed Risk Report

Consequence area: Ytre miljg
Assessed consequence: Large (3)

Comment: H225 Highly flammable liquid and vapour

Consequence area: Materielle verdier
Assessed consequence: Large (3)

Comment: H225 Highly flammable liquid and vapour

- o
| | R
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E Detailed Risk Report

Hazard: Calcination in high temperature furnace

Incident: Burning injuries

Likelihood of the incident (common to all consequence areas): Unlikely (1)

Kommentar:

Use protective equipment.
Wait for cool down to remove the sample.
Use thermal gloves

Consequence area: Helse Risk:

Assessed consequence: Small (1)

Comment: [Ingen registreringer]
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E Detailed Risk Report

Hazard: Use of flammable and/or toxic gases: H2, 02, NO, CO

Incident: Leakage of 02

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Leakage test before experiments, work under local exhaust.

The oxygen is obtained pure from the house distribution system
P220: Keep away from clothing and other combustible materials.
P244: Keep valves and fittings free from oil and grease.
P370+P376: In case of fire: Stop leak if safe to do so.

P403: Store in a well-ventilated place.

Consequence area: Helse Risk:
Assessed consequence: Large (3) -n--
Comment: H270: May cause or intensify fire; oxidizer. I l--
H280: Contains gas under pressure; may explode if heated. ] --
cE== 3
] R
Consequence area: Ytre miljg Risk:
Assessed consequence: Large (3) -n--
Comment: Can affect the people around you too I l--
H270: May cause or intensify fire; oxidizer. ]
H280: Contains gas under pressure; may explode if heated. = ]
] R
Consequence area: Materielle verdier Risk:
Assessed consequence: Large (3) -n--
Comment: H270: May cause or intensify fire; oxidizer. I l--
H280: Contains gas under pressure; may explode if heated. [ ] --
E=e =
] R
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E Detailed Risk Report

Incident: Leakage of H2

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Use a fume hood and check for leakage

The hydrogen is obtained pure from the house distribution system

P210: Keep away from heat, hot surfaces, sparks, open flames and other ignition sources. No smoking.
P377: Leaking gas fire: Do not extinguish, unless leak can be stopped safely.

P381: eliminate all ignition sources.

P410 + P403: Protect from sunlight. Store in a well-ventilated place

Consequence area: Helse Risk:
Assessed consequence: Very large (4) --n-
Comment: H221: Extremely flammable gas. .l l-
H280: Contains gas under pressure; may explode if heated. ] II-
H380: May displace oxygen and cause rapid suffocation. = .:

Burns with invisible flame. Bl

May form explosive mixtures with air.

Consequence area: Ytre miljo Risk:

Assessed consequence: Large (3) -n

N
Comment: Can affect the people around you too I l--
H221: Extremely flammable gas. . .-
H280: Contains gas under pressure; may explode if heated. = =
H380: May displace oxygen and cause rapid suffocation. ]
Burns with invisible flame.

May form explosive mixtures with air.

Consequence area: Materielle verdier Risk:
Assessed consequence: Large (3) -n-.
Comment: H221: Extremely flammable gas. I l--
H280: Contains gas under pressure; may explode if heated. ] --
H380: May displace oxygen and cause rapid suffocation. — | =
Burns with invisible flame. Bl .

May form explosive mixtures with air.
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@ Detailed Risk Report

Incident: Leakage of NO

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Use fume hood and leak test before experiement

P202 - Do not handle until all safety precautions have been read and understood.

P220 - Keep/Store away from clothing, combustible materials

P244 - Keep reduction valves/valves and fittings free from oil and grease

P260 - Do not breathe gas

P262 - Do not get in eyes, on skin, or on clothing.

P271+4P403 - Use and store only outdoors or in a well-ventilated place.

P280+P284 - Wear protective gloves, protective clothing, eye protection, respiratory protection,
and/or face protection.

P303+P361+P353 - IF ON SKIN OR (HAIR): Take off immediately all contaminated clothing.
Rinse skin with water/shower.

P304, P340, P310 - IF INHALED: Remove person to fresh air and keep comfortable for
breathing. Immediately call a poison center or doctor/physician.

P332+P313 - IF SKIN IRRITATION OCCURS: Get medical advice/attention.
P-305-351-338-313 - IF IN EYES: Rinse cautiously with water for several minutes. Remove
contact lenses, if present and easy to do. Continue rinsing. Get medical advice/attention.
P370+P376 - In case of fire: Stop leak if safe to do so

P405 - Store locked up.

P501 - Dispose of contents/container in accordance with local/regional/national/international
regulations. Contact supplier for any special requirements.

CGA-PGO5 - Use a back flow preventive device in the piping.

CGA-PG20+CGA-PG10 - Use only with equipment of compatible materials of construction and
rated for cylinder pressure.

CGA-PG22 - Use only with equipment cleaned for oxygen service.

CGA-PG12 - Do not open valve until connected to equipment prepared for use.

CGA-PG18 - When returning cylinder, install leak tight valve outlet cap or plug.

CGA-PG21 - Open valve slowly.

CGA-PGO6 - Close valve after each use and when empty.

CGA-PGO2 - Protect from sunlight when ambient temperature exceeds 52°C (125°F).

NO is a diluted gas (2 vol% in Ar)

Consequence area: Helse Risk:
Assessed consequence: Very large (4) HEENE
Comment: H270 - MAY CAUSE OR INTENSIFY FIRE; OXIDIZER L []] |
H280 - CONTAINS GAS UNDER PRESSURE; MAY EXPLODE IF HEATED . ll.
H314 - CAUSES SEVERE SKIN BURNS AND EYE DAMAGE :: -:
H330 - FATAL IF INHALED ..
CGA-HG22 - CORROSIVE TO THE RESPIRATORY TRACT
CGA-HG11 - SYMPTOMS MAY BE DELAYED
Consequence area: Ytre miljo Risk:
Assessed consequence: Large (3) ENER
Comment: Can affect the people around you too l inn
H270 - MAY CAUSE OR INTENSIFY FIRE; OXIDIZER ] | | |
H280 - CONTAINS GAS UNDER PRESSURE; MAY EXPLODE IF HEATED :: L} =
] R
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E Detailed Risk Report

Consequence area: Materielle verdier Risk:
Assessed consequence: Large (3) -n--
Comment: H270 - MAY CAUSE OR INTENSIFY FIRE; OXIDIZER I l-.
H280 - CONTAINS GAS UNDER PRESSURE; MAY EXPLODE IF HEATED [ | ..
E== 3
] R
Incident: Leakage of CO
Likelihood of the incident (common to all consequence areas): Less likely (2)
Kommentar:
Use fume hood and leak test before experiments.
P202: Do not handle until all safety precautions have been read and
understood.
P210: Keep away from heat, hot surfaces, sparks, open flames and other
ignition sources. No smoking.
P260: Do not breathe gas/vapours.
P304+P340+P315: IF INHALED: Remove person to fresh air and keep
comfortable for breathing. Get immediate medical advice/attention.
P308+P313: IF exposed or concerned: Get medical advice/attention.
P377: Leaking gas fire: Do not extinguish, unless leak can be stopped safely.
P381: Eliminate all ignition sources if safe to do so.
P403: Store in a well-ventilated place.
P405: Store locked up.
CO is a diluted gas (10 vol% in Ar)
Consequence area: Helse Risk:
Assessed consequence: Very large (4) --n-
Comment: H220: Extremely flammable gas. .l l-
H280: Contains gas under pressure; may explode if heated. ] II-
H331: Toxic if inhaled. Ee ax
H360D: May damage the unborn child. T ]
H372: Causes damage to organs through prolonged or repeated exposure
Consequence area: Ytre miljg Risk:
Assessed consequence: Very large (4) --n-
Comment: Can affect the people around you too .l l-
H220: Extremely flammable gas. | l I-
H280: Contains gas under pressure; may explode if heated. = .:
_ |
Consequence area: Materielle verdier Risk:
Assessed consequence: Large (3) -"--
Comment: H220: Extremely flammable gas. l l..
H280: Contains gas under pressure; may explode if heated. ] --
cE== 3
] R
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E Detailed Risk Report

Hazard: Use of nontoxic gases and/or inert gases: CH4, Ar

Incident: Leakage of CH4

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Work under fume hood and perform leak testing.

P202 - Do not handle until all safety precautions have been read and understood
P210 - Keep away from Heat, Open flames, Sparks, Hot surfaces. - No smoking
P271+4P403 - Use and store only outdoors or in a well-ventilated place

P377 - Leaking gas fire: Do not extinguish, unless leak can be stopped safely
P381 - Eliminate all ignition sources if safe to do so

CGA-PGO5 - Use a back flow preventive device in the piping

CGA-PG10 - Use only with equipment rated for cylinder pressure

CGA-PGO06 - Close valve after each use and when empty

CGA-PG11 - Never put cylinders into unventilated areas of passenger vehicles
CGA-PGO02 - Protect from sunlight when ambient temperature exceeds 52°C (125°F)
Methane is a diluted gas (2 vol% in Ar)

Consequence area: Helse Risk:
Assessed consequence: Large (3) ENER
Comment: I |--
H220 - EXTREMELY FLAMMABLE GAS n | | |
H280 - CONTAINS GAS UNDER PRESSURE; MAY EXPLODE IF HEATED :: L} =
OSHA-HO01 - MAY DISPLACE OXYGEN AND CAUSE RAPID SUFFOCATION .. 1
CGA-HG04 - MAY FORM EXPLOSIVE MIXTURES WITH AIR
Consequence area: Ytre miljg Risk:
Assessed consequence: Large (3) ENEE
Comment: H220 - EXTREMELY FLAMMABLE GAS ] [ |
H280 - CONTAINS GAS UNDER PRESSURE; MAY EXPLODE IF HEATED [ ] | | |
OSHA-HO01 - MAY DISPLACE OXYGEN AND CAUSE RAPID SUFFOCATION :: L ] :
CGA-HG04 - MAY FORM EXPLOSIVE MIXTURES WITH AIR .. 1
Consequence area: Materielle verdier Risk:
Assessed consequence: Large (3) ENEE
Comment: H220 - EXTREMELY FLAMMABLE GAS Inn
H280 - CONTAINS GAS UNDER PRESSURE; MAY EXPLODE IF HEATED [ ] | | |
OSHA-HO1 - MAY DISPLACE OXYGEN AND CAUSE RAPID SUFFOCATION :: L ] :
CGA-HGO04 - MAY FORM EXPLOSIVE MIXTURES WITH AIR .. 1
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E Detailed Risk Report

Incident: Leakage of Argon

Likelihood of the incident (common to all consequence areas): Unlikely (1)

Kommentar:

The Argon is obtained as pure gas from the house distribution system and it is not stored in the lab.

Consequence area: Helse Risk:
Assessed consequence: Large (3) ."..
Comment: Contains gas under pressure; may explode if heated. I I--
May displace oxygen and cause rapid suffocation. ]
1
[y
Consequence area: Ytre miljo Risk:
Assessed consequence: Large (3) ."..
Comment: May affect the people around you I I--
Contains gas under pressure; may explode if heated. ] ..
May displace oxygen and cause rapid suffocation. T ] [ |
-—
=%
Consequence area: Materielle verdier Risk:
Assessed consequence: Large (3) ."..
Comment: Contains gas under pressure; may explode if heated. I I--
A |EE
1] |
E=e
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E Detailed Risk Report

Hazard: Heating the reactor furnace

Incident: Burning injuries

Likelihood of the incident (common to all consequence areas): Unlikely (1)

Kommentar:

Use protective equipment.
Wait for cool down to remove sample/reactor
Use thermal gloves

Consequence area: Helse Risk:

Assessed consequence: Small (1)

Comment: Small burning injuries by touching the reactor.
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E Detailed Risk Report

Hazard: Electricity failure

Incident: Fire

Likelihood of the incident (common to all consequence areas): Unlikely (1)

Kommentar:

Earthing, covers, barriers, safe separation:

No live parts are directly accessible or can be touched without removing enclosures or insulation. All con-
ductive parts that can be directly accessed and touched, such as instrument housings, gas pipes, reactor
support, etc. are earthed.

Grounding is achieved either directly via the earth connection of the power cables (instrument housings) or
indirectly like e.g. the stainless steel lines via the earthing of the mass flow controllers.

Working when switched off:

The equipment is switched off when the multi sockets to which electrical parts are connected are off.
Repairs on equipment connected to voltage are forbidden.
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E Detailed Risk Report

Hazard: N2-physisorption, TPR

Incident: Handling liquid nitrogen

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Use safety equipment

Consequence area: Helse Risk:
Assessed consequence: Large (3) -n--
Comment: Liquid nitrogen at 77K will burn when contact with skin. I l--
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Detailed Risk Report

Overview of risk mitiating measures which have been decided:

Below is an overview of risk mitigating measures, which are intended to contribute towards minimizing the likelihood and/or
consequence of incidents:

Overview of risk mitigating measures which have been decided, with description:
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@ Detailed Risk Report

Detailed view of assessed risk for each hazard/incident before and after mitigating
measures
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