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Abstract

Catalytic emission control is used to reduce the negative impact of pollutants from
diesel exhausts on our health and on the environment. For a heavy-duty truck, such a
system consists of a diesel oxidation catalyst (DOC), a diesel particulate filter (DPF), a
selective catalytic reduction (SCR) catalyst, and an ammonia slip catalyst (ASC). Due to
greenhouse-gas induced global warming, it is necessary to decrease the emissions of
such gases. Two strategies for this reduction are: 1) to produce engines that are more
fuel efficient, 2) to use sustainably produced renewable fuels such as biodiesel and
HVO. However, both these strategies may pose additional challenges for the emission
control system: a colder exhaust due to the higher fuel-efficiency requires the use of
highly active catalysts; catalyst deactivation related to impurities in biofuels, which
requires very robust catalysts.

The objective of this thesis was to study the impact of biofuel as well as lubrication oil-
related contaminants on the performance of emission control catalysts (DOC and SCR
catalysts) for heavy-duty diesel engines. The main focus has been on the low-
temperature performance of V.05~-WO;/TiO. (VWTi) and Cu-SSZ-13 SCR catalysts.

Results from the project have shown that both Cu-SSZ-13 and VWTi catalysts capture
and can be deactivated by phosphorus (P), while only the Cu-SSZ-13 is deactivated by
sulfur (S). The degree of the P-related deactivation depends on the concentration in the
catalyst, which depends on content of P in the exhaust and the exposure time, as well
as the type of catalyst. S-deactivation of Cu-SSZ-13 is observed at low temperatures,
where un-poisoned Cu-SSZ-13 are significantly more active than VWTi catalysts. As a
contrast, the VWTi-performance can even be improved by sulfur; but alkali metals are
severe poisons to VWTi catalysts. Partial performance-recovery of S-poisoned Cu-SSZ-
13 can be obtained by exposing it to sulfur-free exhausts at elevated temperatures. The
use of an upstream DOC, providing fast SCR conditions to the SCR catalyst,
considerably improves the low-temperature performance of the VWT], as well as
sulfur-poisoned Cu-SSZ-13 catalysts. An upstream DOC also protects the SCR catalysts
from phosphorus deactivation, as it can trap large amounts of P. However, if too much
phosphorus is captured by the DOC, severe deactivation of this catalyst results, which
lowers the overall performance of the exhaust treatment system.

Insights from this project will guide the development of robust exhaust treatment
systems for various applications. Additionally, it could aid in developing more durable
emission control catalysts.

Keywords: NH;-SCR, Cu-SSZ-13, V.0s-WO3/TiO,, catalyst deactivation, diesel oxidation
catalyst, sulfur, phosphorus, biodiesel, heavy-duty, emission control, regeneration, alkali
metals



Sammanfattning

Katalytisk avgasrening anvands for att minska de negativa halso- och miljoeffekterna
av dieselavgaser. For tunga lastbilar bestar detta avgasreningssystem av flera
komponenter, dieseloxidationskatalysator (DOC), partikelfilter, SCR-katalysator och
ammoniakoverskottskatalysator. I och med de klimatnegativa effekterna av
vaxthusgaser, inkl. koldioxid, méste dven emissionerna av dessa fran tunga fordon
minska. Tva sitt att uppna detta ar att 1) producera mer bransleeffektiva motorer, 2)
anvanda fornybara branslen sdsom biodiesel och hydrerad vaxtolja (HVO). Bada dessa
strategier kan dock medfora tuffa utmaningar for efterbehandlingssystemet — kallare
avgaser respektive katalysatordeaktivering relaterad till kontamineringsamnen i
biobranslena. Detta kraver att katalysatorerna ar bade aktiva och taliga.

Syftet med detta doktorandprojekt har varit att studera effekten av biobransle- och
motoroljerelaterade kontamineringsamnens paverkan pa avgasreningskatalysatorer
for tunga dieselmotorer. Huvudfokuset har varit paverkan pa
lagtemperaturegenskaperna hos tva olika typer av SCR-katalysatorer, V.05-WO3/TiO-
(VWT1i) och Cu-SSZ.

Resultat fran projektet har visat att fosfor kan ackumuleras i bade VWTi och Cu-SSZ-
13 och deaktivera dessa, medan svavel endast deaktiverar Cu-SSZ-13. Denna
deaktivering syns vid laga temperaturer dar Cu-SSZ-13 annars har en betydligt battre
prestanda 4n VWTi. Prestandan for svavelforgiftad Cu-zeolit kan delvis fas tillbaka
genom att 0ka temperaturen i avgaserna i svavelfri miljo. Narvaro av ammoniak i
avgasen underlittar regenereringen. VWTi-katalysatorn dr daremot inte kénslig for
svavel utan far snarare en nagot forbattrad prestanda. Daremot ar alkalimetaller ett
starkt gift for VWTi.

En uppstroms DOC kan viasentligt forbattra lagtemperaturprestandan f6r VWTi och for
svavelforgiftad Cu-SSZ-13 genom att forse dessa med NO. sa att snabb SCR kan
uppnas. DOCn kan ocksa skydda SCR-katalysatorer fran fosforforgiftning genom att
sjalv fanga upp fosfor. For mycket fosfor pa DOCn resulterar dock i forgiftning dven av
denna, vilket paverkar resten av avgasbehandlingssystemet negativt.

Resultaten fran detta projekt kan anviandas for att utveckla robusta
avgasbehandlingssystem for olika typer av tillampningar, och kan bidra till
utvecklandet av mer taliga katalysatorer.

Nyckelord: NHs-SCR, Cu-SSZ-13, V,0s-WO3/TiO,, katalysatordeaktivering,
dieseloxidationskatalysator, svavel, fosfor, biodiesel, tunga dieselmotorer, avgasrening,
regenerering, alkalimetaller
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Part |: Introduction

1.1 Setting the scene

Transportation is the bloodstream of our modern society

Our society relies on efficient transportation of both goods and humans. As the
population grows, and more people are living in densely populated areas, the need
for goods transportation is increasing. In Europe, the road freight transportation
increased by more than 11% in the years 2013-2017 for most distances (see

Figure 1), and is expected to continue to grow [1]. The same applies in, for
example, the US: the tons of freight moving on roads are expected to grow by 40%
in the coming three decades [2]. A common and efficient way of doing this
transportation is by trucks powered by internal combustion engines, usually diesel
engines. Trucks are flexible and can handle a large volume and weight of goods. In
comparison to spark-ignited (SI) Otto engines, which commonly use gasoline or gas
for propulsion, compression-ignited (CI) diesel engines are durable and fuel
efficient. However, a drawback of diesel engines is the emissions related to the
combustion of the fuel, and many parts of the world are heavily polluted due to
this. Nevertheless, not only diesel exhausts contribute to this pollution but all types
of combustion, whether it is used for propulsion of vehicles or for heat and
electricity production in powerplants.

Road transport by distance class, EU-28, 2013-2017

116 (based on tonne-kilometers, 2013 = 100)

114

112

110

108

150-299 km
106

104
102
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98

>2000 km
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Figure 1: Road freight transportation in the European Union (EU, Malta excluded) from 2013 to 2017 for
different distances. A steady increase in road transportation is observed for all distances except the longest
distances (>2000 km). The graph normalizes the year 2013 to a value of 100 [3].
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The products from combustion of any fuel containing hydrocarbons are carbon
dioxide (CO-) and water (H20). Carbon dioxide is a greenhouse gas (GHG), which
negatively influences our environment as it contributes to climate changes through
global warming of the planet [4]. In addition to CO- and H-O that are the main
products from the combustion, pollutants such as carbon monoxide (CO), unburnt
hydrocarbons (HC), particulate matter (PM), nitrogen oxides (NOx, x=1, 2), as well
as sulfur oxides (SOx, x = 2 or 3) are also formed. CO, HC, and PM in the form of
soot is related to incomplete combustion, and PM also forms from incombustible
material in the fuel or lubrication oil. NOx is mainly formed from reaction between
nitrogen and oxygen in the air at high combustion temperatures, but could
additionally form from nitrogen-containing compounds in the fuel; SOx originate
from sulfur-containing compounds in the fuel. All of these pollutants are harmful
for our health and/or the environment. The amount of these pollutants in the
exhaust depends on the type of combustion and the fuel. In a combustion with
excess oxygen, such as in the diesel engine, the combustion is normally very
efficient, and only small amounts of HC and CO are formed. The main pollutants in
diesel exhausts are instead nitrogen oxides and PM. [5] A typical composition of
diesel exhausts is shown in Figure 2, together with a photo showing significant air
pollution.

Typical diesel exhaust
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Figure 2: Typical composition of diesel exhausts including realistic concentration ranges of exhaust and
pollutants concentrations, and air pollution in Ningbo (left). Figure based on data from [6], [7], combined with
the photo by [8] (CC BY-SA 2.0).

Catalytic exhaust treatment is used to minimize emissions of pollutants

To reduce the negative impact of engine exhausts on our health and on the
environment, emission legislations were first introduced in the US in 1975. Since
then, the emission standards have become gradually more stringent. Today, strict
emission legislation applies in many parts of the developed world, and is
progressively being introduced in less developed countries as well [9, 10]. This is a



part of reaching the United Nations (UN) Sustainable Development Goal number 3,
Good Health and Well-Being. The solution to fulfill the current emission standards,
in for example Europe and the US, is to use catalytic aftertreatment of the exhausts.
In this, the pollutants are converted over catalysts into less harmful or harmless
compounds. The task of the catalysts is to increase the reaction rate of these
conversions, such that the reactions occur at the temperatures practical in the
exhaust system. In addition to increase the reaction rate, it is important that the
catalyst is selective. This means that the reaction should yield the products that are
wanted, and not form any undesirable by-products.

In an engine operating at stoichiometric fuel-oxygen conditions, such as a gasoline
engine, a three-way catalyst (TWC) is used to simultaneously oxidize HC and CO
and reduce NOx (see Figure 3). However, diesel engines operate at conditions with
excess of oxygen, also called lean combustion that means that it is fuel-lean and
oxygen-rich. Whereas the oxidation of hydrocarbons and carbon monoxide is easy
in this atmosphere, the reduction of NOx is difficult, as displayed in Figure 3.
Consequently, another strategy is needed for this NOx reduction. In diesel trucks,
the method applied for reducing NOx is selective catalytic reduction (SCR), using
NH; as a reductant.
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Figure 3: Effect of air-fuel ratio on conversion of HC, CO and NOx over a 3-way (left axis) and on oxygen
concentration and fuel consumption (right axis). Adapted from and used with permission from S. Shwan [11].

Reducing greenhouse gas emissions from diesel vehicles required

In the European Union, trucks and buses are responsible for around a quarter of
the total CO2 emissions from road transport [12]. Emissions of GHGs, such as CO-,
is a major concern for our environment. Increasing levels of GHGs in the
atmosphere, which may lead to global warming of the planet resulting in severe
climate changes. Recently, the Intergovernmental Panel on Climate Change (IPCC)
therefore announced that a global warming limit of 1.5 °C above pre-industrial
levels should be targeted [4], rather than the previously stated 2 °C limit [13].



Consequently, one important task is to reduce the anthropogenic GHG emissions
from trucks, as a part of reaching the UN Sustainable Development Goal number
13, Climate Action. Two strategies of reducing GHG emissions from diesel vehicles
are: 1) to produce engines and vehicles that are more fuel efficient and thus
consume less fuel; 2) to use sustainably produced renewable fuels/biofuels, such as
biodiesel and hydrogenated vegetable oil (HVO). Biofuels in themselves do not emit
less CO2 when combusted; however, the CO- that is emitted during the combustion
of biofuel was captured during the growing of the plant in a quite near time
perspective and will furthermore be captured when a new plant is growing. Thus,
there is no extra CO- added to the atmosphere from this combustion. The CO- that
originates from combustion of fossil fuels on the other hand, was captured during a
long period of time, millions of years; thus, the release of this CO- in a short period
of time, with no corresponding uptake during this time, results in a significant
amount of net CO: to the atmosphere. Both the US [14] and EU (renewable energy
directive [15]) have programs or standards related to the use of renewable fuels,
although the focus of using biofuels appear to be larger in Europe.

Challenges for catalytic diesel exhaust emission control: low temperature and durability

Although more efficient engines are beneficial from both an environmental and
economical perspective, there is a challenge with this in relation to the emission
control catalysts. This challenge originates from the colder exhausts that are
produced from more efficient engines, as more fuel is converted into useful work
while less is wasted as heat. However, lower temperatures in the exhausts results in
a slower conversion of the pollutants in the exhaust, and thus more active catalysts
are required to increase the rate of conversion.

The use of biofuels, such as biodiesel, also poses a challenge for the catalytic
components, as impurities from the biodiesel, e.g. phosphorus, sulfur, and sodium
could deactivate the catalysts, making them less active.

Both challenges above are illustrated in Figure 4, which shows the conversion of
NOx into mainly water and nitrogen as a function of temperature for a vanadium-
based SCR catalyst. In this figure, 100% conversion means that all NOx that is
introduced to the catalyst is converted, i.e. there will be no NOx in the effluent gas
from the catalyst. At temperatures of around 300 °C and above, the NO conversion
is good. However, at low temperatures (e.g. <250 °C) the conversion level of NO is
rather low. This low-temperature part will become increasingly important as the
fuel-efficiency improves. Furthermore, a significant deactivation is observed after
use in a truck operated on biodiesel for around 120,000 km, as displayed by the red
curve in Figure 4. An improved low-temperature performance can be obtained by
the use of small-pore metal exchanged Cu-zeolites, such as Cu-SSZ-13. However, a
drawback with this kind of catalyst is its sensitivity to sulfur oxides in the exhaust.
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Figure 4: Challenges for NOx reduction in heavy-duty vehicles displayed by NO conversion profile of a fresh
and aged vanadium-based SCR catalyst. The aged catalyst had been operated approximately 120,000 h on
biodiesel in a truck with a Euro V emission control system. Figure adapted and printed with permission from
J. Englund [16].

Exposure to SOx leads to a considerable decrease in the low-temperature NOx
reduction performance of this type of catalyst.

Coming emission standards will be even more stringent than today. Specifically,
the importance of a fuel efficiency and/or greenhouse gas reduction will grow. Fuel
efficiency or greenhouse gas standards for heavy-duty trucks have been adopted
both in the EU (Regulation EU 2019/1242) [17] and in the US [17, 18], and these
standards will progressively become more stringent. At the same time, the emission
standards related to pollutants, such as NOx and PM, must be fulfilled. These
emission standards will be at least as stringent as today, and most likely even more
stringent. For example, the California Air Resources Board (CARB) suggested NOx
standards to decrease from the current 0.2 to 0.05-0.08 g/bhp-hr for the years
2024-2026 [19]. Additionally, for the emission standard tests, a stronger emphasis
will be put on the cold-start parts, and on on-road compliance tests that ensure the
emissions are kept low also in real-world, during the whole lifetime of the truck.

In conclusion, highly active, selective, and durable catalysts are essential to comply
with future emission standards and reduce the negative impact of diesel exhausts
on our health and on the environment.



1.2 Objective of the thesis

Impact of biofuel and lube-oil related components on emission control catalysts

The objective of this thesis was to study the impact of biofuel and lubrication oil-
related contaminants on the performance of emission control catalysts for lean-
burn heavy-duty engines. An increased understanding about deactivating effects of
different contaminants on the different types catalysts will aid in designing robust
exhaust treatment system for various applications. Furthermore, it can aid in the
development of more durable catalysts. To understand deactivation phenomena, an
understanding of reaction mechanisms and active sites of fresh catalysts are also
essential. This in turn, might result in an extended knowledge that additionally
could aid in the development of more active and selective catalysts.

1.3 Scope of the thesis

The main focus has been on SCR catalysts, but oxidation catalysts have also been
included in some studies. Two different types of SCR catalysts were investigated,
vanadium-based (V205-WO3/TiO- also denoted VWTi) and Cu-zeolite based,
namely, copper-exchanged small-pore zeolite (Cu-SSZ-13) catalysts. An overview of
the general experimental procedure is shown in Figure 5.

The first paper used a multivariate experimental design approach to study the
effect of six different biodiesel-related contaminants on the performance of the
V205-WO3/TiO: catalyst using a wet-impregnation method for contaminant
exposure. The aim was to establish which of these contaminants that have a
significant influence on the catalytic NOx reduction performance, and elucidate if
there are any important interaction effects between various contaminants.

The second paper is a review that investigates what kind of contaminants could be
present in different types of biofuels and the subsequent effect they could have on
the different types of exhaust treatment catalysts. The main focus is on diesel
oxidation catalysts (DOC) and SCR catalysts, but particulates filters are also
included. The aim of the paper was to identify relevant contaminants for biofuel-
operated vehicles, establish what is known about their deactivating effect on
different catalyst materials, as well as to identify knowledge gaps.

The third paper investigated the effect of SO» on Cu-SSZ-13 SCR catalysts. SO- gas-
phase poisoning of two different Cu-SSZ-13 was performed to understand its
impact on the low-temperature SCR performance and regeneration possibilities. In
addition, an engine-aged catalyst was evaluated. Furthermore, the effect of SO on
a third Cu-SSZ-13 and the VWTi catalyst was investigated (not included in Paper
I1I, but in this thesis).



The forth paper went deeper into the copper species in fresh and SO--poisoned Cu-
SSZ-13 catalysts, and investigated the responses of fresh and poisoned catalysts to
oxidizing and reducing gas atmospheres. The aim was to identify possible sulfur-
copper species and understand the interaction of S/SO- with the copper sites in
various conditions.

The fifth paper is and aging study in which exhausts from pure and doped (P, S,
and P+S) biodiesel were used to evaluate effects on both a VoO5-WO3/TiO- and Cu-
SSZ-13 SCR catalysts. In this study, a DOC was also included in the aging
experiments. The aging conditions in this work was closer to real-world aging than
the lab-agings in the previous studies.

In the sixth paper a Pd-Pt/Al.O3 oxidation catalyst was evaluated. This catalyst had
been used in an engine operated on biogas and aging effects related to the biogas
operation were investigated.

Catalytic
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Figure 5: Overview of the general experimental procedure used in most papers.



1.4 Background

1.4.1 Emission legislation

Emission legislations were first introduced in the 1970’s in the United States, by the
Clean Air Act (CAA), as a response to the heavy air pollution caused by the road
traffic. In this act, the federal government established regulations for passenger
cars regarding several key pollutants, as well as air quality standards including the
following seven outdoor pollutants: CO, NOx, SOx, PM, VOC, ozone (03), and lead
(Pb).[10] In Sweden it became mandatory for gasoline passenger cars to use
catalytic converters in 1989 [20].

For heavy-duty vehicles, emission regulations were generally introduced later: in
the US, EPA set regulations for NOx and PM from heavy-duty engines in 1985 [10],
whereas the Europe Union introduced the first standards in 1992, for both heavy-
duty (Euro I) and light-duty (Euro 1) vehicles [21, 22]. Since then, increasingly
stringent emission standards have been introduced [9], and in more and more
parts of the world, as can be seen in Figure 6. This figure shows how the NOx and
PM limits for heavy-duty trucks in different parts of the world have evolved over
time
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Figure 6: Evolution of heavy-duty diesel on-road NOx and PM regulations with time in different parts of the
world. The years noted are when it started to apply for all vehicles included in the standard, not only type
approvals (which commonly is one year earlier) [9]. Note that the very first emission standards are not included
in the figure.




In the beginning, mainly engine control methods, which reduce the production of
NOx and/or PM during the combustion, were used. One such method is exhaust gas
recirculation (EGR). This method lowers the combustion temperature by diluting
the burning mixture with recirculated exhaust gases. A lower combustion
temperature, leads in turn to less NOx produced. The normal procedure by the
original equipment manufacturers (OEM) was to control of one of the PM or NOx
by engine-means, and add an aftertreatment component to abate the other. [23] In
2003, SCR catalysts were introduced commercially in Europe, and the use of these
was continuously growing as the limits for NOx tightened from Euro IV in 2005 to
Euro V in 2008. [24] Today, the Euro VI emission standard applies in Europe, with
substantially more stringent limits for NOx and PM. However, not only NOx and
PM are regulated, also HC, CO, and ammonia are tightly regulated in this standard
(see Table 1). To comply with this standard, a combination of different catalysts,
as well as a particulate filter, are needed, which is described in Section 1.5.

Table 1: Current emission standards in Europe — Euro VId for heavy-duty (HD) trucks?, and Euro 6d-TEMP for
light-duty (LD) vehicles. For light-duty vehicles, the limits are in g/lkm while for heavy-duty the limits are in

g/kWh. Note that limits for particulate numbers also are included in the standards, although not shown in this
table. [25]

NOx PM HC Cco NHs (ppm)
HD diesel (g/kWh) 0.46 0.01 0.16 4.0 10
LD diesel (g/km) 0.08 0.005 0.173 0.5 -
LD gasoline 0.06 0.005 0.1 1.0 -

L in the world-harmonized transient cycle (WHTC); 2 on the New European Driving Cycle (NEDC).

3 (HC+NOy)

Recently, regulations regarding GHGs, e.g. CO2, and/or fuel consumption for
heavy-duty vehicles have been introduced in parts of the world. For example, EPA
and National Highway Traffic Safety Administration (NHTSA) established
standards for GHGs (including N-0) and fuel consumption, which became effective
in December 27, 2016 [18]. In March 2019, Japan updated their fuel efficiency
standard for trucks and buses, with efficiency improvements of 13.4-14.3% setting
2015 as a base and 2025 as target [26]. In 2019 the European Union also adopted
the first EU-wide CO- emission standard for heavy-duty trucks and buses. This
standard sets targets for reducing CO- emissions from new vehicles for the years
2025 and 2030. [12]

In coming emission standards, even stricter demands on NOx and PM are expected,
but the major focus will probably be on fuel efficiency and greenhouse gas
emissions. Furthermore, it is likely to be more emphasis on colder parts of the test
cycles, as well as on-road compliance tests on vehicles in service through portable
emission measurement systems (PEMS). Using PEMS, real-world emissions from
the vehicles can be measured. In addition, the durability demand is also expected to
increase from today’s 700,000 km to 1,000,000 km [27].



1.4.2 Diesel and renewable fuels used for heavy-duty applications

The following section contains a description of some common fuels and impurities
that could be found in these fuels. A more thorough description about biodiesel,
HVO, and ethanol fuels can be found in Paper II.

1.4.2.1 Petroleum-derived (conventional) diesel

Diesel fuel is a mixture of hydrocarbons (boiling point 200-350 °C, at atmospheric
pressure) obtained from crude oil via distillation and subsequent treatment. This
typically results in a mixture of hydrocarbon chains that contain between 9 and 25
carbon molecules [28]. It mainly consists of paraffinic (saturated) hydrocarbons,
but can also contain some aromatic and olefinic (unsaturated) hydrocarbons. The
content of these non-paraffinic hydrocarbons depends on the fuel quality. [29]

Diesel fuels also contain impurities such as sulfur. To enable the use of highly
efficient exhaust treatment systems, the sulfur content in diesel fuels has been
gradually decreased the past decades. For example, in the EU, the allowed sulfur
concentration decreased from 0.2% in 1993 (Euro I) to 0.001%, i.e. 10 ppm, in
2009 (Euro V). Today, the use of ultra-low-sulfur-diesel (ULSD) is required in
parts of the world, for example the EU and the US, where the sulfur content is
regulated to 10 [30] and 15 ppm [31], respectively. However, lower quality diesel
fuels are still used in many parts of the world, for example in Brazil. These diesel
fuels can contain considerably higher concentrations of sulfur, 50-2000 ppm [32].
Another application in which the sulfur concentration in the fuel can be high is in
marine applications, where its common with an S content of more than 1000 ppm

[31].
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Figure 7: Correlation between fuel sulfur content and corresponding concentration of SOx in the engine-out
exhausts for three typical air/fuel mass ratios. For the calculation of the SOx concentration, the diesel fuel was
assumed to be fully oxidized into CO2, H20, and SOx during the combustion. Reprinted from Appl. Catal. B
160-161, Y. Xi et al. [33] with permission from Elsevier.
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From January 2020, the maximum sulfur content in marine fuels, outside
emission-control areas, was regulated to 5000 ppm, or 0.5 wt%. If the
concentration of sulfur is higher than this, a scrubber must be used on the ship.[34]

The sulfur concentration in the exhaust, as a function of the sulfur concentration in
the fuel, for three different air/fuel mass ratios is shown in Figure 7.

1.4.2.2 Biodiesel

Biodiesel is a biodegradable and non-toxic diesel-like fuel made of renewable
resources, such as vegetable oil and animal fats. Biodiesel is commonly produced
through a catalyzed transesterification reaction. In this reaction, vegetable oils
react with an alcohol, usually methanol, to produce biodiesel and glycerol, see
Figure 8. According to the European biodiesel standard, EN14214, biodiesel is
defined as fatty acid methyl esters (FAME), which means that methanol must be
the alcohol used for the production. An ester means that the biodiesel molecule
contains oxygen, as opposed to petroleum-derived diesel that consists of paraffinic
hydrocarbons (Figure 9).

Biodiesel is a biodegradable and non-toxic diesel-like fuel made of renewable
resources, such as vegetable oil and animal fats. Biodiesel is commonly produced
through a catalyzed transesterification reaction. In this reaction, vegetable oils
react with an alcohol, usually methanol, to produce biodiesel and glycerol, see
Figure 8. According to the European biodiesel standard, EN14214, biodiesel is
defined as fatty acid methyl esters (FAME), which means that methanol must be
the alcohol used for the production. Being an ester means that the biodiesel
molecule contains oxygen, as opposed to petroleum-derived diesel that consists of
paraffinic hydrocarbons (Figure 9). In the US (ASTM D6751) the definition of
biodiesel is less strict; it is defined as mono-alkyl esters of long chain fatty acids
derived from animal fats and vegetable oils, which means that other alcohols than
methanol are allowed to be used for the production of the biodiesel. Another
difference between conventional diesel and biodiesel is that the hydrocarbon chains
in biodiesel can contain unsaturations (double bonds), depending on the feedstock
that it is produced from. These unsaturations lower the oxidation stability of the
biodiesel. Biodiesel can be used pure or in blends with petroleum-derived diesel.
For blends with a low content of biodiesel, no modifications need to be done to the
engine and fuel system. However, when higher blends or pure biodiesel is used,
slight modifications are needed.

11
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Figure 8: Transesterification reaction scheme for biodiesel production

Biodiesel blends are usually called BX, where the X is the percentage of biodiesel in
the blend, e-g. B7, B20, B100. The conventional petroleum-derived diesel (EN590)
is currently allowed to contain up to 7% biodiesel in Europe.

In biodiesel, impurities related to the raw material and to the production process
could exist. These impurities can be phosphorus (P), sulfur (S), sodium (Na),
potassium (K), calcium (Ca), and magnesium (Mg). Phosphorus and sulfur mainly
originate from impurities in the feedstock/raw material, while the alkali and
alkaline earth metals mainly originate from the commonly used base-catalyzed
transesterification process (Na or K) or subsequent separation/cleaning steps (Mg
and/or Ca). These contaminants could negatively influence exhaust treatment
components. As a result, the biodiesel standards (e.g. EN 14214) state the
maximum allowable concentration of these elements in the biodiesel (see Table 2).
Another potential impurity is zink (Zn), which could originate from another
production route that uses a heterogeneous Zn-Al catalyst for the
transesterification (Esterfip-H process, used by Perstorp, for example). However, a
heterogenous catalyst is easier to separate from the product than a homogeneous
one; consequently, Zn is likely to be present at lower concentrations than those of
Na and K from the homogeneous catalytic process. No limit for Zn is included in
the biodiesel standards. The biodiesel standard mentioned above states the
maximum allowable limits of contaminants; however, it appears as the
concentration of impurities in commercial biodiesel often are lower than these
values [35].

In Paper I and V, catalyst exposed to biodiesel exhausts have been evaluated.

1.4.2.3 Hydrotreated Vegetable Oil, HVO

Hydrotreated, or hydrogenated, vegetable oil is a renewable diesel fuel that is
produced from treating vegetable oils or animal fats with hydrogen to remove
oxygen and double bonds from the hydrocarbon chains. In this process, paraffinic,
non-aromatic hydrocarbons are produced, which are very similar to the
components in conventional diesel (see Figure 9). However, HVO is cleaner than
diesel as it contains no aromatics. In addition, this fuel contains low levels of sulfur

12
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Figure 9: Examples of hydrocarbon chains in conventional diesel and HVO (paraffin), and in biodiesel (ester).
Conventional diesel normally contains also some aromatic compounds, as opposed to HVO, which does not.
The hydrocarbon-chain in biodiesel, could in addition contain some unsaturations, depending on which
feedstock it originates from.

Paraffinic diesel (conventional and HVO)

(max 5 ppm) and phosphorus, as the catalyst used for the hydrotreating requires
very low contents of contaminants in the process.

Another benefit of HVO compared to FAME is that it has exceptional stability and
storage properties. [36]

Other common names for this type of fuel include Renewable diesel, NExBTL, or
Green Diesel, depending on the producer [37].

A difference from conventional diesel is that the density of HVO is slightly lower.
Therefore, this fuel does not fulfill the EN590 standard. However, a new standard
for paraffinic diesel fuel was introduced in 2016, EN15940, which HVO complies to

[38].
1.4.2.4 Ethanol/ED95

Ethanol (CH3;CH-=0OH) is a clear, colorless, flammable, and volatile liquid that can
be produced through fermentation of biomass such as sugar cane and beet, corn,
and lignocellulosic material [35]. Ethanol fuels are normally considered mainly for
SI engines. However, there are also interests in use for CI engines. One example of
such application is the EDg5 fuel, which is an ethanol-based fuel for heavy-duty
trucks and buses with modified diesel engines. Scania is currently the only supplier
of such engines [39]. ED95 consists of around 93-95 vol% ethanol and 5 vol%
ignition improvers and corrosion inhibitors (polyethylene glycol derivative, MTBE,
and isobutyl alcohol) [40]. Up to 90% CO- reduction [41], but more commonly
around 68% [40], can be achieved by running on ED95 compared to conventional
diesel.

Another option for using ethanol in CI engines is to use a dual-fuel approach, in
which diesel is used for ignition and the ethanol thereafter is used as the main
operating fuel [37].

Both ED95 and E85 (85% ethanol, 15% gasoline), which is used for modified
gasoline (SI) engines, is allowed to contain maximum 10 ppm S, but the typical
value is less than 3 ppm [42]. The presence of other contaminants in bioethanol
appears to be low, less than 1.5 ppm and usually well below 1 ppm [35].
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1.4.2.5 Biogas

Biogas is a product of anaerobic digestion of biomass, for example sludge from
waste water treatment and food wastes. It consists of around 50-70% methane
(CH4) and CO: (raw biogas). Biomethane is biogas that has been upgraded to
natural gas quality. This gas has a high CH,4 content, at least 90% but usually 96-
99%, and low contents of impurities [43].

Trucks operated on biomethane are often equipped with an Otto engine (spark-
ignited) and work under stoichiometric conditions such that a TWC can be used for
abating emissions. However, to improve the fuel efficiency a lean-burn dual-fuel
diesel engine could be used instead. In this engine, diesel is used as an igniter and
thereafter biogas is used for operation. In this case, a TWC cannot be used for NOx
reduction; instead an aftertreatment system similar to that for conventional diesel
engines must be used. The main difference in biogas operation, compared to
gasoline or diesel, lies in the oxidation part of the catalyst, which in addition to
oxidizing CO, normal hydrocarbons, and NO (in the case of lean conditions), it
must also oxidize any slipped methane (CH,) efficiently. However, this is a rather
difficult task as methane is a very stable hydrocarbon. Palladium (Pd) is currently
considered to be the best exhaust gas catalyst for CH4 oxidation [44].

Contaminants that can be found in biogas include sulfur, siloxanes, and ammonia.
According to the Swedish standard for biomethane, the sulfur and ammonia
content in the gas is limited to maximum 23 mg/Nms3 (1 atm, 0 °C) and 20
mg/Nm3, respectively. Biogas can furthermore contain siloxanes, and the
concentration of such compounds must be low when the gas is used for engine
applications [45]. Concentrations of siloxanes up to 50 mg/Nms3 have been
reported [46], but it appears as concentrations lower than this are more common.
In a study in which the concentration of seven fuel-grade biogas samples were
analyzed, the concentrations of siloxanes were low, only around 0.1 mg/Nm3 [47].

In this thesis, the effect of biogas operation on a Pd-Pt/Al-O3 oxidation catalyst has
been studied in Paper VI.

14



1.4.2.6 Summary of possible contaminants in fuels for heavy-duty vehicles

A summary of the possible contaminants in different biofuels is provided in
Table 2.

Table 2: Summary of possible contaminants, density and lower heating value (LHV) of different fuels for
heavy-duty vehicles.

Diesel Biodiesel HVO ED95? Biogas?
EN590 EN14214 EN15940 (SS 155437:2015)
[48] [48] [36]

S (ppm) <10 <10 <5 <10 <23 mg/Nm3
Ash (wt%) <0.01 <0.02 <0.001 <3 ppm (sulfate) -
P (ppm) - <4 - <0.20 mg/dm? -
Na+K (ppm) - <5 - - -
Mg+Ca (ppm) - <5 - - -
Siloxanes - - - - 50% mg/Nm?3
Density at 15 °C 820-845 860-900 770-790 807-815 0.68*
(kg/m3)
LHV (MJ/kg) 42.9 37.2 44.1 25.7 35.84

1 For ED95, limits for the following elements are also included in the standard SS 155437:2015: inorganic
Cl <1.0 ppm; Cu < 0.1 ppm

2 N indicates NTP, 0 °C, 1 atm; 1 Nm? biogas is approximately equivalent to 1 dm? diesel. Values for
contaminants taken from the review in Paper Il [35].

3 Values up to this concentration reported

4 Assuming 100% CHg4, 1 atm. For the LHV the unit is MJ/Nm?

1.5 Catalytic exhaust treatment in diesel trucks

To fulfill current emission legislations (e.g. Euro VI and US10), several different
components are required for the emission control, as can be seen in Figure 10.
This figure shows a schematic of a Scania Euro VI engine with exhaust treatment
system, which is typical for a heavy-duty truck complying with Euro VI and
equivalent emission standards. It includes a diesel oxidation catalyst (DOC), a
diesel particulate filer (DPF), injection of an aqueous urea solution (AdBlue),
selective catalytic reduction (SCR) catalysts, and ammonia slip catalysts (ASC).

Exhaust " " o~ AdBlue
\ | ——m N
- ! | DOC > -
| —— o) ),
A 23 NOx NOx
| _EGR ;:f
P 4 =L == \\\
| | | | 'EGR
=EESSESSEY  valve
T Intake s Engine . Scania
throttle management XPI

Figure 10: Scania Euro VI engine with extra high-pressure injection (XPI), variable geometry turbocharger
(VGT), and EGR. Exhaust treatment system including DOC, DPF, urea solution injection, SCR catalysts and
ammonia slip catalysts. AP — Pressure Drop. Published by kind permission of Scania CV AB.
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To fulfill coming emission standards, some different exhaust treatment systems
configurations have been suggested. One example is shown in Figure 11. In this an
extra SCR catalyst, including an extra urea injection, is added close to the engine, to
be able to comply with stringer NOx limits. Another option is to use a passive NOx
adsorber (PNA), which adsorbs NOx at low temperatures, before the SCR catalyst is
active. It then releases NOx at higher temperatures where the SCR catalyst is active.

[27]
DEF
x I:QIII.’
SR |

Figure 11: Possible exhaust treatment system configuration to fulfill upcoming emission standards. An
additional SCR is placed in a closed-couple position. Another option is to add a passive NOx adsorber (PNA)
that adsorbs NOx during cold temperature events and then releases it at higher temperatures where the SCR
catalyst is active. DEF — diesel exhaust fluid, the aqueous urea solution that in Europe is called AdBlue. [27]

1.5.1 Diesel and methane oxidation catalyst (DOC and MOC)

The role of the DOC is to oxidize hydrocarbons (HC), CO, and NO into CO-, H-0,
and NO- (see Figure 12). The NO- is desired to facilitate regeneration of the DPF
and for improving the performance of the SCR catalysts by achieving fast SCR
conditions [49], as will be described later.

The most common material for commercial oxidation catalysts is platinum (Pt) and
palladium (Pd) supported on y-aluminum oxide (Al-03), Pt-Pd/Al-O3. However,
other types of materials, such as CeO-, SiO-, ZrO-, and zeolites, are sometimes also
mixed into the support material. [50]

Pt has a higher oxidation activity for NO and non-methane hydrocarbons, but is
easily poisoned by CO. Pd has a better activity for CO oxidation and CH,4 oxidation,
but almost no activity for NO oxidation. A combination of Pt and Pd results in an
increased stability of the catalyst, to atmospheres containing water and SOx. The
presence of Pd stabilizes the catalyst against sintering. [50]
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Figure 12: Schematic of a) the functions of the DOC, and b) a simplified structure of the DOC indicating the
substrate wall and the catalytic layer on the wall, i.e. the washcoat that contains a high-surface area support on
which noble metal particles are dispersed.

1.5.2 Diesel Particulate Filter, DPF

Particulate matter from the exhaust is a health hazard that can cause severe
problems, including cardiovascular diseases [51]. To remove, or the decrease, the
amount of this PM, a diesel particulate filter is needed. This filter traps the
particulates in the exhaust. The DPF is commonly a flow-through filter (see
Figure 13), which has alternately open and plugged ends [52]. This design forces
the exhaust with particulates to flow through the porous wall, which acts as a filter.
The PM consists of soot, ash, and condensed hydrocarbons as well as sulfuric acid.
A typical PM composition is shown in Figure 14; however, it varies significantly
with engine design, calibration, and operational conditions. [53] With time, the
accumulation of PM in the filter results in an increasing pressure drop over the
filter, and the available filter volume decreases. The pressure-drop over the filter is
an energy loss, which translates into increased fuel consumption.

Wall-flow diesel
Gas flow  Particulate filter (DPF)

PM collected
engine-out

PM collected
after DPF

Figure 13: Wall-flow DPF in which every other channel is plugged, forcing the particulate-containing exhaust to
go through the porous walls that act as a filter [52]. In the figure, particulates collected from the exhaust before
and after a DPF are indicated [54]. The figure is a combination of the figure by Tsuneyoshi and Yamamoto
(Energy 48 (2012) 492-499 used with permission from Elsevier [52]) and a figure from DieselNet technology
guide [54].
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Consequently, when the differential pressure reaches a certain limit, the DPF needs
to be regenerated. In this regeneration, the combustible part of the PM, mainly the
soot and condensed HC, is removed by oxidizing it into CO- and water. The
regeneration can be done with oxygen at high temperature (>500 °C). This process
is called active regeneration, because it is done by actively increasing the
temperature in the exhaust, for example injecting extra fuel before the DOC. This
fuel is then oxidized over the DOC, creating an exotherm (i.e. an increase in
temperature). Alternatively, the soot can be oxidized by NO- that has been
produced by the DOC and/or by a catalytic coating (similar to the DOC) on the
filter. NO:is a stronger oxidant than O-; consequently, the regeneration can occur
at a lower temperature. This means that less energy is needed, and is thus better in
terms of fuel efficiency. [44]

13%
Ash and
other

14%
Sulfates and
water
Typical composition of engine-out
particulate matter (PM)
41%
Carbon

25%
Unburnt oil

Figure 14: Example of a typical PM composition from a heavy-duty truck; however, the PM composition varies
considerably with engine design, operation conditions and calibration. Based on numbers from [53]

1.5.3 Selective Catalytic Reduction, SCR

The SCR catalyst is used to reduce the NOxin the exhaust to nitrogen and water
with the help of ammonia (NHj3) that acts as a reducing agent (Figure 15). NHs is
introduced to the exhaust through injection of the aqueous urea-solution (Adblue
or DEF) [55].

NH,
(from urea)

SCR
NO N
no, I catalyst - Hio
O, (NH3)

Figure 15: General description of the SCR NOx reduction process.
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1.5.3.1 Reactions relevant for the SCR catalyst

NOx from the exhaust is converted with ammonia over the SCR catalyst. In a
vehicle, the ammonia is introduced as an aqueous urea solution. This urea solution
is sprayed as a fine aerosol into the exhaust, where it vaporizes and transforms into
ammonia and carbon dioxide, via formation of isocyanic acid, through reactions
called thermolysis and hydrolysis (Reactions R1-R2, respectively) [55].

NH,CONH, - HNCO + NH; (R1) Thermolysis
HNCO + H,0 - NH; + CO, (R2) Hydrolysis

The two above equations then result in the overall reaction (R3). Thus, one urea
molecule results in two ammonia.

NH,CONH, + H,0 —» 2NH; + CO, (R3)

Three different NH3-SCR reactions can occur, depending on the concentration of
NO and NO:in the feed. These reactions are the standard (R4), the fast (R5), and
the slow, or NO.-SCR reactions (R6) [49]. The majority of the NOx in the engine-
out exhaust is NO (normally around 90-95 %). Therefore, the standard SCR
reaction (R4), with NO only, will be the dominating reaction in the exhaust system
if no DOC is present in front of the SCR catalyst, or at conditions where the NO
oxidation rate is low.

ANO + 4NH; + 0, > 4N, + 6H,0 (R4) Standard SCR

If the amount of NO and NO: instead are equal, the fast SCR reaction occurs. This
called the fast SCR reaction because it generally improves the low-temperature
performance of the catalyst, i.e. it is a faster reaction.[56] This is especially true for
vanadium-based and iron-exchanged zeolite SCR catalysts, which are dependent on
NO:- to reach high conversion at low temperatures [57, 58]. For vanadium-based
SCR catalysts, it has furthermore been observed that, even with NO- concentrations
only half of the stoichiometry of the fast SCR reaction (i.e. NO2/NOx=0.25), a
remarkable improvement in the SCR performance can be obtained, compared to if
only NO is present [59].

NO + NO, + 2NH; - 2N, + 3H,0 (R5) Fast SCR

In the case where all the NOx would be in the form of NO., the slow or NO2-SCR
reaction will occur [49, 60]. This reaction is called the slow SCR reaction because it
is normally slower than the standard SCR reaction. In reality, a pure slow/NO--
SCR reaction would not occur, as there is no case when all the NOxis in the form of
NO:in real applications. However, if the NO-/NOx is above 0.5, the slow SCR
reaction (or ammonium nitrate equilibrium reaction, depending on the
temperature) can also take part [59].
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6NO, + 8NH; — 7N, + 12H,0 (R6) Slow/NO2-SCR

Different types of SCR catalysts show different responses to the NO>/NOx ratio, and
what is optimal for one type of catalyst may not be optimal for another type [58].

Besides from the desired SCR reactions mentioned above, side reactions that
lowers the SCR performance of the catalyst can occur [61]. These unselective side-
reactions should be kept as low as possible, i.e. the catalyst should have a high
selectivity towards the wanted SCR reactions. What kind of side reaction that occur
depends on the type of catalyst, catalyst formulation, and exhaust conditions, such
as temperature and NO-/NOx ratio. Example of important, unwanted side reactions
are formation of N-O and ammonia oxidation [61].

A reaction that might be of importance for the SCR performance is the NO
oxidation (R%7). However, there are different opinions regarding the importance of
this reaction for the SCR activity, and there appears to be no clear consensus about
it [62].

2NO + 0, 2 2NO0, (R7) NO oxidation

Other important properties for SCR catalysts are the ammonia storage capacity and
the redox ability. Ammonia storage is important as the SCR mechanism includes
reaction of NO with adsorbed NH3, and furthermore ammonia stored on other sites
of the catalyst can act as a reservoir if the ammonia supply is low. The dynamics of
the ammonia adsorption and desorption are important to know for adequate urea
dosing [55]. The redox potential is important because the SCR mechanisms include
cycling between different oxidation states. [63]

1.5.4 Ammonia Slip Catalyst, ASC

The ammonia slip catalyst (ASC) is used to convert any remaining NHj that has not
reacted over the SCR catalyst, i.e. NH; that has slipped through it. To ensure high
NOx conversion, a slight excess of NH3 might be used under operation, and thus
some NHj slip is likely to occur. [49, 64] Ammonia has an unpleasant odor, and the
Euro VI emission standard limits the maximum slip of NH; to 10 ppm.

The ASC is basically an oxidation catalyst, in which the ammonia is selectively
oxidized to nitrogen and water. Another name of this type of catalyst is ammonia
oxidation catalyst (AMOX or AOC ) [65]. Pt particles supported on e.g. Al.O3, have
a high NHj oxidation activity. However, the selectivity towards N- formation is
rather low; significant amounts of NO and N-O can be formed in addition to N.. As
a solution to this selectivity issue, the oxidizing part can be combined with an SCR
catalyst. One way of practically realizing this is to use a so-called dual-layer
catalyst/architecture. In this architecture, the catalyst consists of an oxidation
catalyst in the bottom layer and an SCR layer on top of this, as illustrated in
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Figure 16. [65] In the oxidation layer of this catalyst, ammonia is oxidized to NOx
or N.. The formed NOx can then react selectively with incoming NH; in the SCR
layer (e.g. Cu- or Fe-zeolite). [66, 67] Again, the selectivity towards N-O needs to be
low. Currently there are no emission regulations on N-O in the European Union,
but it will likely be introduced in future standards, either as an N-O limit or
included in the GHG emission limits. In the US, on the other hand, EPA limits the
N0 emissions to 0.1 g/bhp-hr [18].
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Figure 16: Principle of a dual-layer ammonia slip catalyst (ASC) to the left, and SEM-image of such a catalyst
showing the cordierite wall and the two different catalytic layers: an oxidation layer and an SCR layer. The
figure is adapted and based on figures from the Master Thesis of P. Wikholm 20 [68].

1.6 SCR catalysts: Cu-SSZ-13 and V.0s-WO3/TiO>

Different types of materials can be used as SCR catalysts, but the catalysts most
commonly used commercially today are based on vanadium (V205-WO3/TiO-) and
small-pore zeolites exchanged with copper (Cu-SSZ-13). Cu-SSZ-13 has better low-
temperature NOx reduction activity, but this performance is negatively affected by
SOx in the exhaust. VWTi on the other hand is tolerant to SOx, but has a lower
hydrothermal stability than Cu-SSZ-13. A potential concern about vanadium-based
catalysts is their hydrothermal stability in terms of a potential loss of toxic vanadia
to the surroundings. This is highly undesired both due the toxicity of vanadia (V20s),
and to the loss of active material thus occurring [69, 70]. Some markets therefore
demand vanadia-free catalysts [69-71], or proof that evaporation of vanadia cannot
occur during operation.

1.6.1 V205-WO3/TiO2

The vanadium-based catalyst has been used for selective catalytic reduction of NOx
by NHj since the 70’s in Japan where it was used for stationary applications,
abating emissions from e.g. nitric acid plants. In Europe it has been used for
stationary applications since the 80’s. [72] In the 90’s, it was investigated for the
use in mobile applications, especially heavy-duty diesel trucks. Instead of gaseous
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ammonia, which would be difficult to handle on a truck, an aqueous solution with
urea was used as a precursor for NHs. In 2005/2006, vanadium-based SCR was
introduced at a large scale in Europe, with the introduction of Euro IV. [49]

In this catalyst, vanadium pentoxide, or vanadia (V-0s), is the active component
(typically 1-2.5 wt%), promoted by tungsten trioxide, tungsta (WO, typically 6-10
wt%), and supported on titanium dioxide, titania (TiO2). WOj3 increases the low-
temperature activity of the catalysts by increasing its acidity. It furthermore
increases the durability of the catalysts, both towards hydrothermal aging and
chemical deactivation by sulfur and alkali metals. Advantages of the vanadium-
based SCR catalyst include the price and the good sulfur tolerance.

Depending on the V.05 loading of the catalyst, different vanadium sites can form
on the catalyst: monomeric vanadyls, polymeric vanadates (see Figure 17) and/or
crystalline vanadia [73]. Furthermore, thermal treatment of the catalyst may
transform sites from one kind to another. At vanadia loadings below the monolayer
capacity, the vanadium usually exists as the monomeric and polymeric species [73].
It is generally agreed that polymeric sites are the most active for the SCR reaction

[73, 74].
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Figure 17: A simplified illustration of monomeric and polymeric vanadium-sites in V20s-based SCR catalysts.

In the mechanism for the SCR reaction on vanadium-based catalysts, it is generally
agreed that ammonia is adsorbed on the catalyst and then reacts with gas-phase or
weakly adsorbed NO [75, 76]. It is also agreed that the SCR reaction occurs through
a redox mechanism in which vanadium sites cycle between two different oxidation
states [777, 78]. However, the exact mechanism and nature and role of the different
sites are not completely agreed on. Tronconi et al. [77] showed that both ammonia
and NO are required to reduce the vanadium from 5+ to 4+. Concurrent with this
reduction, N> and H-O are formed (see Figure 18). Oxygen is then used to re-
oxidize the vanadium from 4+ to 5+*. This re-oxidation is considered as the rate-
limiting step for low-temperature standard SCR (<300 °C) [59, 77, 79, 80]. In the
fast SCR reaction this re-oxidation is facilitated by surface nitrates formed from
NO: in the feed, and re-oxidizes the vanadium considerably faster [59, 77]. The rate
limiting step for the fast SCR reaction at low temperature, is instead the reaction
between HNOj3 and NO [59]. A schematic of this is shown in Figure 18.
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V=0 2NO, V-OH

NO2 + N2 + 2H,0 oxidation
Figure 18: Proposed schematic of standard and fast SCR mechanism over a vanadia-tungsta-titania SCR
catalyst, reprinted from Tronconi et al. J. Catal. 245 (2007) 1-10 [77] with permission from Elsevier (license
number 4753640238659). S=0O denotes a non-reducible oxidic site on the catalyst.

1.6.2 Cu-SSZ-13

The first copper-exchanged zeolite investigated for SCR was Cu-ZSM-5, and Cu-
beta has also been investigated [81-83]. However, these materials suffered from
insufficient hydrothermal stability and hydrocarbon poisoning, which hindered
their commercial application. Nevertheless, in 2009, a new Cu-zeolite SCR catalyst
was patented [84]. This catalyst was the small-pore copper-exchanged SSZ-13
zeolite, Cu-SSZ-13, and the zeotype Cu-SAPO-34, with the same framework [84].
As opposed to the earlier Cu-zeolites, this catalyst has a high hydrothermal stability
and low susceptibility to hydrocarbon poisoning. Additionally, it has an excellent
low-temperature performance and a wide temperature operating window. Due to
these features, Cu-SSZ-13 is now widely used in markets with stringent emission
standards. However, fuels with a very low sulfur content must be used, due to their
sensitivity to sulfur-poisoning when exposed to SOx. In addition, an important
durability issue has been revealed for Cu-SAPO-34 catalysts: this type of material
can severely and irreversibly deactivate as a result of exposure to water at low
temperatures (<100 °C) [85-87].

The zeolite SSZ-13 is a small-pore zeolite with chabazite (CHA) framework. It
consists of a CHA cage, constructed by 8- and 4-membered rings (8mr, 4mr),
which are connected to double 6-membered rings (d6mr) (see Figure 19). These
units are then connected in a three-dimensional structure. The pore openings of the
CHA cages are 3.8 A [88]. The hydrothermal stability and low susceptibility
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towards HC poisoning of the Cu-SSZ-13 catalyst, is considered to be due to this
small pore size.
6mr
} démr

7 % 6mr, 2Al site
(Z,Cu)

8mr — CHA cage

8mr, 1Al site
¢ % (ZCuOH)

Figure 19: Schematic of a unit cell of a Cu-SSZ-13 catalyst consisting of double 6-membered rings connected
by a CHA cage. In the figure, each corner represents a tetrahedral Si or Al, and in-between these corners is an
oxygen atom. Cu?* ions are coordinated to the zeolite by the negative charge induced by Al in the zeolite
structure. The 6-and 8mr rings can contain either one or two Al, which [CUOH]* and Cu?*, respectively, can be
coordinated to.
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Figure 20: Simplified schematic of different cationic Cu (LeW|s acid) and Brgnsted acid S|tes in the Cu-SSz-13
catalyst. Adapted with permission from Song et al. ACS Catal. 7 (2017) 8214 [89], Copyright 2017 American
Chemical Society.

During the past decade, Cu-CHA materials for both NH3-SCR and the partial
oxidation of methane have been studied extensively. A significantly increased
understanding about the copper sites and the standard SCR reaction mechanism
has been achieved through a combination of catalytic studies, in-situ and in-
operando characterization techniques (e.g. XAS, DRIFTS) and computational
investigations of a range of well-defined samples, nicely summarized in the reviews
by Paolucci et al. [90], Borfecchia et al. [91], and Gao and Peden [92].

It is now well-established that the type of Cu species that exists in the catalyst is
highly dependent on the sample composition (Si/Al and Cu/Al) and on the external
conditions the catalyst is subjected to, such as gas atmosphere and temperature.
The synthesis route can be of relevance as well. Some important findings are that
both water (at ambient conditions) and ammonia (at low SCR reaction
temperatures) solvate the copper sites; instead of being strongly coordinated to the
framework as e.g. Z.Cu, paired Al exchange sites, and ZCuOH, isolated Al exchange
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sites (as shown in Figure 19-20), the Cu ions become mobile within the zeolite. A
facile movement of Cu ions in the zeolite framework occurs upon interaction with
strongly adsorbing molecules [90-93].

The standard SCR mechanism consists of a reduction half-cycle and an oxidation
half-cycle, in which Cu changes oxidation state between 2+ and 1+. In the low-
temperature reduction half-cycle, ammonia-solvated Cu2+ ions are efficiently
reduced to Cu* by NO [94]. According to the current understanding of the standard
SCR reaction, the re-oxidation of Cu+* to Cu2+ by oxygen at low temperature,
requires the formation of dimeric copper oxygen species, which forms from highly
mobile [Cu(NHj3)2]* species. At low Cu loadings, the low-temperature SCR reaction
is limited by the ability of Cu to form these dimeric copper species [95, 96]. At
higher Cu loadings, the reaction is limited by O- dissociation on the formed Cu
pairs [95-97]. Figure 21 shows a proposed catalytic cycle for the standard SCR

reaction at low temperature.
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Figure 21: Low-temperature catalytic cycle for the standard SCR reaction over Cu-SSZ-13 proposed by
Paolucci et al. [96] The re-oxidation of Cu* to Cu?* requires the meeting of two ammonia-solvated Cu* ions.
Reprinted from Paolucci et al. Science 357 (2017) 898-903 with permission from Science AAAS (license
number 4753640740238).

Mechanisms that include NO. in the feed gas, e.g. fast SCR, are less well-
understood, probably due to some experimental difficulties. These difficulties
include background reactivity of SSZ-13 support, accumulation of ammonium
nitrate on the surface of the catalyst at low temperature, while at high temperature,
the reaction occurs too fast to obtain kinetic data [92]. Whether or not the fast SCR
follows a redox mechanism is not established. Only Cu2* has been detected during
in-situ XAS studies of the fast SCR reaction [94, 98]. However, this does not
necessarily imply that the reaction is not redox-based. It could as well be that the
re-oxidation of the Cu* is so fast that these ions are not detected.[94]
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The formation and accumulation of ammonium nitrates at low temperature may
inhibit the fast SCR reaction, rendering it no faster but even slower than the
standard SCR reaction [99, 100]. However, in a recent study by Bendrich et al.
[101], the inhibitory effect observed by these ammonium nitrates for steady-state
experiments, was not observed during transient tests, which were more similar to
the conditions in real engine exhaust.

1.7 Catalyst deactivation

In theory, a catalyst is neither consumed nor irreversibly changed with time; that
is, the activity and selectivity of the catalyst would be constant. However, in reality
the activity and/or selectivity of the catalyst can change/decrease with time due to
catalyst deactivation. This deactivation can be related to high temperatures, with
sintering, vapor phase formation of active phase, or support phase transformation
as a result.

T
m\\l Wnrﬁﬂ
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Figure 22: Conceptual figure of different deactivation mechanisms for supported catalysts. a) thermal aging by
sintering/agglomeration of the active sites with formation of larger catalyst particles with less active surface
area; b) poisoning of active phase by e.g. chemisorption of a compound binding strongly to the active site; c)
fouling of active site and support, pore filling, covering support, pores and active sites; d) vapor phase
formation of active phase resulting in loss of catalytic sites. Figure reprinted with permission from P. Velin
[102].

Active phase

’

T

Another cause of deactivation is due to components in the feed (e.g. contaminants
from the fuel or lube oil in the exhaust). It can furthermore be due to mechanical
damage. A conceptual model of some of these deactivation mechanisms is pictured
in Figure 22. [103]

The focus of this thesis is chemical deactivation, mainly about SCR catalysts, but
also oxidation catalysts. Therefore, a discussion of the effect of different
contaminants on the catalytic performance of vanadium-based and Cu-SSZ-13 (or
CHA) SCR catalysts is given below. Deactivation by hydrothermal aging is also
briefly discussed, as this mechanism is often present, at least to some extent, in real
applications.
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1.7.1 Deactivation by various fuel- and lube oil-derived components

The following discussion is based on the review in Paper II, and a more thorough
description of the different contaminants and their effect on both SCR catalysts and
DOCs can be found therein [35]. However, some additional, newer results and
insights, especially about chemical deactivation of Cu-SSZ-13 catalysts, are
presented in the following sections.

1.7.1.1 Sulfur/SOx

Sulfur will always be present to some extent in the exhausts due to its presence in
both fuels and lube-oils. In ULSD and biodiesel, the maximum allowed limit for
sulfur is 10-15 ppm. This translates into a SO- content in the exhaust of around 0.5-
1.5 ppm. In lower-quality diesel, the sulfur content can be considerably higher
[104]. The lube-oil normally contains around 0.3-0.7 wt% sulfur [105], with normal
oil consumption rates around 0.075% of the fuel consumption [106]. The sulfur
tolerance of the catalyst is thus of high importance.

V20s5-WO3/TiO2

The V205-WO3/TiO- catalyst has been shown to be sulfur tolerant, unless high
S0O-/S03 concentrations are present in combination with ammonia at low
temperatures. In this case, ammonium bisulfate can form and deactivate the
catalyst by fouling. Depending on the concentration, SO- can even promote the
SCR performance of this type of catalyst. [35] For example, both these phenomena
have been observed when testing a VWTi SCR catalyst in an engine-bench with
ULSD after aging cycles using fuels with two different sulfur contents, 350 ppm and
3600 ppm, respectively [107]. The test after the 350 ppm S fuel had been used
resulted in a slightly improved SCR performance, while the test after aging with the
3600 ppm S-fuel, resulted in deactivation at temperatures up to 375 °C. When
repeating this performance test, after the first test had been done, almost full
activity was regained, and the deactivation was proposed to be due both to sulfur
and heavy hydrocarbons [107].

Cu-SSZ-13

As opposed to the VWTi catalyst, Cu-SSZ-13 catalysts are severely deactivated by
sulfur. SOx severely affects the activity of Cu-SSZ-13 (and Cu-SAPO-34) in the low
and mid-temperature range (up to around 300-350 °C), as shown in several papers
[104, 108-125].

As an example, at a reaction temperature of 220 °C, the rate constant under
standard SCR conditions have been shown to decrease to values between 2 and
54% of that of prior to the SOx-exposure. In these experiments, the effect of SOx
under various conditions was investigated, e.g. different temperatures [108, 109],
type of SOx (SO- or SO-+S03), and presence or absence of H-O [109].
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At temperatures higher than 300-350 °C, the performance of Cu-SSZ-13 is not
affected, or could even be slightly increased [108]. Furthermore, SOx poison Cu-
CHA catalysts no matter if the SO- exposure is performed in the presence of SCR
gases or not; however, the temperature dependence of the sulfur uptake, and the
extent of poisoning, appears to differ [126]. It has also been shown that
deactivation by SOx is rapid; most of the deactivation occurs within the first hour of
SOx exposure. However, saturating the catalyst completely with sulfur takes a long
time [108]

Partial regeneration to reach a rate constant (at 220 °C) of around 75-95% of that of
fresh catalyst could be realized if the catalyst is heated to 550 °C in oxidizing
conditions [109]. Heating the catalyst further up to around 600-700 °C has been
observed to result in complete regeneration [127]. However, this high regeneration,
or deSOx, temperature is not feasible in a vehicle since it would result in an
excessive fuel penalty. Regeneration in a partially reducing atmosphere (e.g.
ammonia-containing exhaust), on the other hand, appears to be easier, i.e. sulfur is
released at a lower temperature, as compared to a fully oxidizing atmosphere [119].

SOx is proposed to deactivate the Cu-CHA catalysts by interacting with Cu sites,
forming some kind of Cu-(HvSOw)x(NHy) species [111, 122, 126, 128]. Thus, less Cu
ions are likely available for formation of Cu pairs, and the low-temperature
performance is consequently affected. According to recent findings, ZCuOH sites
have been shown to be more sensitive to sulfur-poisoning than Z.Cu sites [111, 121,
122, 126]. DFT calculations have shown that both SO- and SO3; can adsorb on
ZCuOH/ZCu sites, while they cannot adsorb on Z-Cu. However, the presence of
water and/or NH3; may change this, resulting in interaction with SOx also on these
sites [111, 126]. DFT calculations also indicated that SO interacts more strongly
with Cu* than Cu2* while the opposite is true for SO3. Furthermore, these
calculations indicated that SOx do not bind to the mobile [Cu(NHj3)2]* species that
form under SCR reaction [126]. Some proposed sulfur-copper structures are shown
in Figure 23.

Another observation is that the presence of NO- in the feed during the SCR reaction
for a SO.-poisoned catalyst has been shown to result in an alleviated effect of the
SO--poisoning compared to standard SCR conditions [114].

Several SOx deactivation studies have been performed; although all studies agree
upon the severe poisoning effect on the low-temperature NOx reduction
performance, some contradictory results exist, and the sulfur poisoning mechanism
is still not completely understood. One example of such contradictory results is the
effect of SOx-exposure temperature. In some studies, a higher degree of
deactivation is observed when the sulfation occurs at high temperatures compared
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Figure 23: Some proposed structures of SOx-poisoned Cu-sites in Cu-SSZ-13. Adapted with permission from
Jangjou et al. ACS Catal. 8 (2018) 1325 [111] (copyright 2018 American Chemical Society), and Shih et al.
Appl. Catal. A 574 (2019) 122 [122] with permission from Elsevier (license number: 4753641351768)

to at low temperatures. In other studies, the opposite effect has been observed.
Such differences could be related to different gas atmospheres during the SOx-
exposure. Nevertheless, even with similar gas compositions, different results have
been obtained. Another reason could be differences in the copper speciation in the
investigated samples, which in turn may affect the SOx poisoning, as different Cu
species have been shown to have different sensitivities towards sulfur. Even a
similar Cu/Al and Si/Al does not necessarily imply that the Cu species on the
catalysts are the same. Another thing that might be of importance is the state of the
catalyst prior to the SOx poisoning.

1.7.1.2 Phosphorus

Phosphorus can be found in biofuels and originates from the raw material used for
biofuel production. It is additionally present at rather high concentrations in lube
oils.

V205-WO3/TiO2

The effect of P on V-05-WO3/TiO- has been studied by several authors [129-135]. In
general, the V>05-WO;/TiO- catalyst appears to be rather tolerant towards
phosphorus; severe deactivation is normally only observed at high P concentrations
(around 2 wt% and above) [35]. However, most of these studies were done using
wet impregnation for the phosphorus-exposure, and notably, some studies showed
that for similar phosphorus loading, aerosol aging resulted in more severe
deactivation than wet impregnation [130, 133]. Additionally, a severe deactivation
has been observed for a truck operated on FAME for around 10,000 h, and high
concentration of phosphorus was found on this catalyst [16].
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Cu-SSz-13

A few studies related to phosphorus exposure of Cu-SSZ-13 SCR catalysts are
available in the open literature, of which most use wet impregnation for the
phosphorus-exposure [118, 136, 137]. Wet impregnation is a simple and exact
method for introducing poisons, but it may not reflect the deactivation mechanism
that occurs in real operation. The combined conclusions from these studies suggest
that the deactivation of Cu-SSZ-13 by phosphorus could be severe; however, it
appears to depend on the concentration of phosphorus on the catalyst, or more
importantly, the molar P/Cu ratio. Low P/Cu ratios appear to result in a
suppression of NH3; and NO oxidation reactions while the standard SCR reaction is
unaffected, or even slightly promoted at high temperatures [118, 136, 138]. Higher
P/Cu ratios, on the other hand, could be detrimental [118, 137, 138]. Furthermore,
there are indications that vapor-phase deposition of phosphorus [138] results in a
more severe deactivation than do wet impregnation methods [136]. Furthermore,
sulfur poisoning of P-exposed Cu-SSZ-13 catalyst by SO- has been observed to be
accelerated, due to a lower amount of active copper ions in the P-poisoned catalysts
[118].

1.7.1.3 Alkali metals and alkaline earth metals

Alkali and alkaline earth metals can be found in biodiesel and originates from the
biodiesel production process.

V205-WO3/TIiO:

Deactivation of vanadium-based SCR catalysts have been studied extensively. This
type of SCR catalyst is very sensitive to deactivation by alkali metals, and alkaline
earth metals. The degree of deactivation follows the basicity of the alkali or alkaline
earth metal, with potassium being the strongest poison, followed by sodium. A
corresponding decrease in ammonia storage capacity is usually observed upon
exposure to alkali metals. [130-132, 139-148]

Cu-SSZ-13

The studies performed on the effect of alkali and alkaline earth metals on Cu-SSZ-
13 [137, 149-151], Cu-SAPO-34 [152-155], and other Cu-zeolites [144, 156] imply
that Cu-zeolites are significantly more resistant towards these contaminants than
are VWTi catalysts. Severe deactivation is generally only observed at high loadings
of the alkali/alkaline earth metal. A high contaminant load could in this case be e.g.
above around 1 wt% or around 1-1.5 mmol contaminant per gram catalyst.
Compared to the vanadium-based catalysts, the poisoning strength of the
alkali/alkaline earth metals also appears to be different. In all studies on Cu-CHA
catalysts, in which both alkali metals and alkaline earth metals were investigated,
Mg had the strongest poison effect [149, 153]. This is similar to what has been
observed for some Fe-exchanged zeolites [157, 158]. As a contrast, K or Na is the
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worst poison for VWTI catalysts. Comparing the deactivating effect of alkali metals
with that of SO2-exposure for Cu-CHA catalysts, the deactivating effect of alkali
metals is significantly lower [154]. In addition, an improvement in SCR
performance in the high-temperature range, due to an inhibited ammonia
oxidation, has been observed in some of the studies [151, 154].

Exchange of the isolated Cu ions with the alkali or alkaline earth metal, and
concurrent formation of CuOx (or CuAl-04-like species [150, 152]), which could
block the pores of the catalyst, have been proposed as deactivation mechanisms
[137]. Pore blocking by oxides of the contaminant may also contribute significantly
to the deactivation [137]. Disruption of zeolite framework may additionally occur at
high poison concentrations [153].

In a study by Gao et al. [159] it was observed that co-impregnation with an alkali
metal can actually improve the thermal stability and may also increase both low-
and high-temperature SCR performance. An increase in the low-temperature
reducibility and an inhibition of the high-temperature ammonia oxidation reaction
were the explanations for these effects. In addition, a lower N20 formation was
observed over the entire temperature range [159]. On the other hand, Wang et al.
[150] observed a stronger poisoning effect of alkali metals after mild hydrothermal
aging (600 °C), compared to what had previously been observed for similar alkali
loading (0.5 mmol/g catalyst) in other studies. In addition, the hydrothermal
stability at 700 and 800 °C decreased after this alkali contamination.

The effect of different types of potassium salts on a Cu-SSZ-13 (2.6 wt% Cu) was
investigated by Liu et al. [151]. It was shown that these salts displayed significantly
different degrees of deactivation on the catalyst. 2 wt% K from K.COj; resulted in a
significant deactivation over the whole temperature range, whereas for 2 wt% K in
the form of K-SO,4 or K3PO4, only the low-temperature performance was negatively
affected while the high-temperature performance was improved due to an inhibited
NH; oxidation [151].

Applying fast SCR conditions has been observed to result in a lower decrease in the
NOx reduction performance compared to during standard SCR conditions [144].

All the above studies were made by wet-impregnation methods. In addition to these
studies, deactivation of a Cu-BEA was observed after engine aging with Na-doped
fuel using a light-duty exhaust treatment configuration. In this configuration, the
SCR catalyst was positioned downstream of the DOC but upstream of the DPF. In
contrast, for a similar aging performed with a heavy-duty configuration, with both a
DOC and a DPF before the SCR catalyst, no Na-related deactivation was observed
due to the DPF capturing the sodium [160].
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1.7.1.4 Zinc

Zinc is present in the lubrication oil in the form of Zinc dialkyldithiophosphates
(ZDDP). It could additionally be present in biodiesel, from the production process
using a heterogeneous catalyst, but the concentration is expected to be rather low
(below around 1 ppm).

V205-WO3/TIO>

In most studies that have investigated the effect of zinc on the SCR performance of
VWTi catalysts, using a wet impregnation or an aerosol method, a deactivating
effect has been observed [130-132, 161, 162]. The deactivating effect appears to be
stronger than that of phosphorus, but weaker than that of alkali metals [130, 131].

Cu-SSz-13

Only one study that investigates the effect of zinc on Cu-SSZ-13 SCR catalysts has
been found [137]. In this study, which was performed by wet impregnation (0.34-
1.35 mmol Zn/g catalyst), a significant deactivation was observed during the
standard SCR reaction at 250 and 350 °C. However, the deactivating effect was
lower as compared to phosphorus at the same loadings. The deactivation was
concluded to be due to mainly pore blocking and pore filling, but a decrease in
isolated Cu2* and formation of CuO upon contamination was also observed. [137]

Although no more studies on the effect of Zn on Cu-CHA materials were found, an
interesting result was obtained in a study on an iron-zeolite (Fe-MFI) [158]. In this
research paper, the authors investigated the effect of Zn using different
contamination procedures, wet impregnation and aerosol aging. While the
impregnation method (0.1-0.3 mmol Zn/g catalyst) resulted in a strong
deactivation under standard SCR conditions, the aerosol method caused only slight
deactivation. This was likely related to the low capture efficiency of Zn on the
catalyst during this the aerosol aging. [158]

1.7.2 Hydrothermal aging

In this thesis, no studies with focus only on hydrothermal (HT) aging have been
performed. However, this kind of deactivation/aging is important to understand as
it will always be present some extent in real conditions. Furthermore, some of the
samples evaluated in this thesis are engine-aged samples. During the operation in
the truck or engine, these samples may have been subjected to conditions such that
HT aging cannot be fully excluded.

1.7.2.1 V,05-WO3/TiO>

Vanadium-based SCR catalyst has a rather low hydrothermal stability. The thermal
deactivation can occur by formation of crystalline vanadia, transformation of the
TiO2 support from high-surface area anatase to the low-surface area rutile, and

32



through evaporation of vanadia. This evaporation may occur around 670 °C and is
highly undesired, both due to loss of active material and to that V.Ojs is a toxic
compound [69, 70].

1.7.2.2 Cu-SSZ-13

Cu-SSZ-13 catalysts have a rather high hydrothermal stability. However, it appears
to be more sensitive towards high-temperature aging in rich/reducing conditions,
and metallic copper may form [163]. ZCuOH sites are less thermally stable, and can
convert into Z-Cu, and eventually also CuOx if the temperature is high enough
temperature [164]. When CuOx has formed, destruction of the zeolite framework is
facilitated [92] .

Another important deactivation phenomenon observed is that Cu-SAPO-34,
another Cu-CHA material, can deactivate severely and irreversibly when it is
exposed to wet exhaust, not at high temperature, but at low (<100 °C) [85-87, 165].
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Part Il: Experimental

2.1 Catalyst samples

Several different catalysts were included in this project. The focus was on SCR
catalysts, including investigations of both Cu-SSZ-13 and V.05-WO3/TiO- catalysts.
Additionally, some studies included bimetallic Pt-Pd/Al.O3 oxidation catalysts
(Paper V-VI). Fresh and lab-aged, as well as engine or vehicle-aged samples, have
been evaluated. All catalysts samples were commercial or close to commercial, and
received from catalysts manufacturers, delivered as small cores drilled out from
full-size (truck) catalysts.

Details regarding the fresh SCR catalysts used for various aging experiments are
displayed in Figure 24. The vanadium-based catalyst has been used in Paper I
and V. Cu-SSZ-13 Cat A1 was evaluated in Paper III-IV, while Cat B were
included in Paper III, and Cat A2 was used in for Paper V.

260 cpsi, corrugated substrate

Commercial

Spec: 2.3 wt% V,05; 8 wt% WO,

Cu-SSZ7-13 400 cpsi, washcoated monolith
Cat Al Cat A2 CatB

Cu content in crushed monolit: 0.69 wt% 0.78 wt% 0.67 wt%

Cu content in washcoat: 2.5 wt% 3 wt%
Si/Al: ~15 ~7 ~15
Coat load (g/dm3): ~150 ~143

Figure 24: Fresh SCR catalyst samples used for various aging experiments. Small cores (typically @ = 21 mm,
L = 30 mm) were drilled out from full-size catalysts. Cu-SSZ-13-A1l and -A2 are from the same supplier, while
Cu-SSZ-13-B is from another supplier. 25x45 mm in Paper I.

Information regarding the engine- and vehicle-aged SCR catalysts that were
evaluated in this project is provided in Table 3. The vehicle-aged VWTi catalysts
are the same type, or similar, as the fresh V.O5-WO3/TiO-, while the engine-aged
Cu-SSZ-13 is the same type as Cat B. However, they are not from the same batches
as the fresh catalysts. Details about the DOCs that have been investigated are
provided in Table 4.
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Table 3: Vehicle- or engine-aged SCR catalyst samples used in various papers. Small cores (@ =21 mm, L =
30 mm) were drilled out from full-size catalysts.

Catalyst sample Description
V205-WO3/TiO2 EuVI 700 kkm SCR catalyst from 480 hp long-haulage field test truck operated for
(Paper 1) 700,000 km on biodiesel (100% RME).

Euro VI configuration (DOC-DPF-SCR-ASC) (Paper 1)
V205-WO3/TiO2 EuV 120 kkm SCR catalyst from 250 hp long-haulage field-test truck operated for

(Paper ) 130,000 km on conventional diesel in Brazil.

Euro V configuration (SCR only) (Paper 1)
Cu-SSZ-13-B Engine-aged, SCR catalyst from a 500 h, standard test cycle in an engine-bench,
samples from inlet and outlet using a 500 hp Scania DC13 Euro V engine, ULSD fuel
part of the catalyst Peak temperature before the SCR catalyst during the test was 530 °C,
(Paper IlI) but in average a higher than normal temperature during the test. Eu V

configuration (SCR only) (Paper I1I)

Table 4: Oxidation catalyst samples used in various aging experiments. Small cores (either @ =21 mm, L = 30
mm, or @ =11 mm, L = 19 mm) were drilled out from full-size catalyst bricks.

Catalyst sample Description

Pt-Pd/Al2O3 Pt-Pd/Al203 washcoat coated on cordierite, 400 cpsi

(Paper V) 20 g PGMI/ft3, Pt:Pd=2:1 (mass-based), designed for diesel fuel operation
Pd-Pt/Al203 Pt-Pd/Al20O3 washcoat coated on cordierite, 400 cpsi

fresh and samples from inlet 100 g PGM/ft3, Pt:tPd=1:2 (mass-based), designed for biogas operation

and outlet of an engine-aged  engine bench consisting of a Volvo G13C 460 hp engine, Euro VI compliant

catalyst (Paper VI) emission control system, dual-fuel type engine, powered with 90 % biogas
and 10 % diesel for 900 hours, mixed driving simulated

2.2 Evaluation of catalytic performance using laboratory flow
reactors

The performance of fresh and aged catalyst samples was evaluated in laboratory
bench-flow reactors. A description of the different test protocols used for these
tests follows below.

2.2.1 Test protocol for SCR catalyst samples

Three different SCR test protocols have been used for the different aging studies in
this thesis. The first test protocol (Table 5), which was used in Paper I, aimed to
investigate the effect of different biodiesel-derived contaminants on a V.Os-
WO3/TiO2 SCR catalyst in a typical Euro VI system. That is, with a functioning DOC
in front of the SCR catalyst, providing NO- to the SCR catalyst in order to yield fast
SCR conditions. Therefore, the NOx reduction performance during the fast SCR
reaction (NO-/NOx =0.5) was investigated in this case. The performance of most of
the fresh catalyst samples was tested before the samples were exposed to
contaminants. After this, the performance of all contaminated catalysts was
evaluated.
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Table 5: Conditions for Test protocol 1 (Paper I). Prior to performance tests of fresh catalyst samples, a
degreening (450 °C, 5h, in air) was done to ensure stable performance.

Inlet gas concentrations Test temperatures GHSVnrp

1000 vol-ppm NO, 1000 vol-ppm NO2, 375, 300, 250 °C 50,000 ht

2000 vol-ppm NHs,

8 vol% O, 6.5 vol% H20

The other two test protocols (Test protocol 2 and 3), used in Paper III-V for
evaluation of performance effects of sulfur and phosphorus, were more extensive:
at each tested temperature, they included (1) an NO oxidation step or NOx
reference concentration step, (2) an NHj saturation step from which the total
ammonia storage capacity at the specific temperature could be determined, (3)
different SCR steps, and finally (4) a step in which adsorbed ammonia could react
with gas-phase NO and O-. Details from these two test protocols are displayed in
Figure 25 and Table 6.

Inlet concentrations during Test protocol 2 (for evaluation of SO,-exposed samples)

1200
1.NO 2. NHg 3a) Standard 3b) Fast 3c) NO,-rich 4. NO reaction
| oxidation/NO,  saturation SCR SCR SCR with adsorbed
reference conc. NH;
1000 - 25
NO r

800 A ’ I 3

=z
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Figure 25: Test protocol 2, used for SCR test of fresh, SO2-exposed, engine-aged, and regenerated SCR
catalyst samples, showing the feed concentrations of NOx, NHs, Oz, and Hz20. The test sequence is performed
first at 220 and then at 280 °C, with a GHSV 120,000 h, total flow of 21 dm3min (N2 as balance).
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Table 6: Experimental conditions during degreening and SCR performance tests according to Test protocol 3.
H20 was present at all steps except for during the temperature ramps, which were performed in Nz only.

Experimental step Test conditions

Degreening of fresh catalysts 1h, 500 °C, 10% Oz, 5% H20, GHSV 120,000 h*

SCR performance test of fresh and  The following steps were performed at each temperature (200, 250,
aged catalysts 300, 350, 400, 500 °C) with a GHSV of 120,000 h!

1. 500 ppm and 1000 ppm NO, 2, 5, and 10% O2

2. NHs saturation (1200 ppm, 1000 ppm, in absence of Oz in Paper
IV-V. In Paper IV-V, additionally a step with 500 ppm NH3)

3. Standard SCR reaction at 200, 250, 300, 350, 400, 500 °C with:
a) 2% Oz, 1000 ppm NO and NHs
b) 5% Oz, 1000 ppm NO and NHs
c) 10% Oz, 1000 ppm NO and NHs
d) 5% Oz, 500 ppm NO and NH3

4. Reaction with adsorbed NHs: 1000 ppm NO, 10% O2

2.2.2 Test protocol for DOC samples

The NO, CO, and C3Hs oxidation performance of all the fresh, degreened Pt-
Pd/Al-Oj catalyst cores, which were used for aging experiments with biodiesel
exhausts (Paper V), was tested in a bench flow reactor at KTH prior to the aging
experiments. This was done in order to be sure that any observed decreased
performance would be related to the aging experiment, and not due to an inferior
performance as a starting point. From these tests, it was noticed that one of the
tested DOCs displayed a poorer fresh performance; consequently, this core was not
used for the aging experiments. Instead, an additional DOC core was tested and
used for the experiments. In the test of these fresh DOCs, a GHSV of 80,000 h,
100 ppm CO, 100 ppm C3Hs, and 1000 ppm NO, 10% O- and 5% H-O, balance N»
was used. The steady-state conversion at 4-5 different temperatures between
around 50 and 375 °C was measured. Additionally, we measured the conversion
during the cooling. Prior to the activity tests, all cores were degreened for 1h at 500
°Cin 10% 02, 7% H-0, balance N. with a GHSV of 40,000 h-.

The ability of biogas-aged oxidation catalyst samples (Paper VI) to oxidize CH.,,
CO, and NO during heating and cooling was tested in a bench-flow reactor at
Chalmers (described elsewhere [166]. Table 77 provides information regarding the
performance test used for this catalyst.
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Table 7: Experimental test protocol for oxidation catalyst. In all steps, 8 vol% Oz, 5 vol% H20, balance Ar was
used. GHSV: 45,000 h't. The temperature was ramped linearly by 5 °C/min.

Temperature CO CHas NO SO2 Description
Q) (vol-ppm)  (vol-ppm)  (vol-ppm) (vol-ppm)

100-4501 1000 - - - CO oxidation
100-4501] - 1000 - CHa oxidation
100-4501] 1000 - NO oxidation

100-4501] 1000 1000 1000 Oxidation in complex gas mixture

2.3 Aging experiments and construction of an aging rig

2.3.1 Screening of the poisoning effect of biodiesel-related contaminants by
wet impregnation using a DoE (Paper )

P, S, Na, K, Mg, Zn are contaminants that can be present in the exhaust when
operating the engine on biodiesel. These contaminants could have a poisoning
effect on exhaust treatment catalysts. To elucidate which of these contaminants
that impact the NH3-SCR performance of a VWTi catalyst, and reveal important
interaction effects between the contaminants, a design of experiment (DoE) in the
form of a screening design was constructed. This design was constructed to resolve
main effects of each contaminant, as well as interaction effects between
contaminants, at least for any poison in combination with either sulfur or
phosphorus. S and P were considered to be most important poisons for interaction
effects, as these are normally more abundant than any of the other potential
poisons in real engine applications. A reduced factorial design in the form of 261
was considered to fulfill the design criteria. In this design, the combined effect of
the six potential catalyst poisons was investigated using two different
contamination levels (contaminant concentrations) for each poison: one high
concentration and one low concentration. With the two different contamination
levels for each of the six contaminants, plus six replicates, this design resulted in
totally 38 observations, i.e. 38 samples to be poisoned and evaluated.
Contamination of the catalyst samples was performed by wet impregnation. The
activity (NOx conversion during the fast SCR reaction) of the poisoned catalyst
samples were analyzed with respect to the concentrations of the different
contaminants in the samples.

Wet impregnation was chosen as contamination method, as this is a simple, fast,
and precise method. This was required since the number of catalyst samples that
were poisoned and analyzed was high. For the wet impregnation, nitrate salts of
Na, K, Zn, and Mg, and ammonium salts of P and S, in aqueous solutions were
used. Two contamination levels of poisons in the catalyst samples were targeted:
0.25 and 1 wt% of each contaminant, for the low and high level, respectively. After
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this, the SCR performance of the contaminated samples were tested. Prior to the
contamination, all catalyst samples were degreened, and the SCR activity (NOx
conversion) of fresh samples was tested for most of the samples. In order to save
time, some fresh samples were not tested. This was motivated by observing that the
NOx conversions of all tested fresh catalysts were very similar.

2.3.2 Construction of an aging rig

In this project, an aging rig for chemical and hydrothermal aging was designed and
constructed (see Figure 26). The rig consists of a setup where gases and aerosol
particles are fed to a multi-channel reactor positioned in a furnace. The flow
through each channel is controlled by rotameters (heated by an oven lamp), to
ensure equal flows through all channels that are in use. A static mixer is used to
ensure mixing of the gases prior to the reactor. The flow of various gases and water
(currently air, nitrogen, SO-, but also prepared for one or two additional gases, eg
NHj;) is controlled by MFCs, and the water is evaporated with a controlled
evaporation and mixing (CEM) system from Bronkhorst. The aerosol is provided by
a TSI3076 constant output atomizer (COA), including a filtered air supply (FAS)
and a diffusion dryer (DD). The flows are programmed via iTools with using
Eurotherm 3508 and 3504 controllers. All lines after water introduction are heated
(to above the dew point) to avoid water condensation. The heating of the gas lines
is done by heating tapes connected to an adjustable electric power source, in which
the temperature is controlled by the voltage and the dimensions of the heating tape.

For aging experiments in which the aerosol generator was used, the rotameters
were unfortunately easily clogged by precipitated salt. Furthermore, the time
needed to reach a desired poison concentration was considered to be too long when
several channels were in use at the same time, since the aerosol flow, and thus the
total amount of contaminant, was split into several sub-flows. Therefore, a bypass
to only one of the channels in the reactor was constructed to mitigate these
problems. A schematic of the aging rig is displayed in Figure 27.
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Figure 26: Aging rig for hydrothermal and chemical aging using aerosol and/or gases.
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Preliminary aging experiments on DOC and Cu-SSZ-13 SCR samples with a
phosphorus-containing aerosol were performed in the rig. The phosphorus came
from an aqueous solution of (NH4)-HPO,. In these tests, the aging temperature was
approximately 200 °C, 2-4 g/dm3 (NH4)-HPO,4, and the aging time 8-24 h. The
results for the aged DOC will briefly be discussed in Chapter 3.5.6.

Aging rig schematic
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Figure 27: Simplified schematic for the aging rig for hydrothermal and chemical aging using aerosol and/or
gases.
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2.3.3 SO2-exposure and regeneration in lab-reactor (Paper IlI-1V)

The effect of sulfur on Cu-SSZ-13 catalysts were studied by exposing the catalyst
samples to SO- in in a wet oxidizing flow in bench flow reactors. In most of the SO--
aging experiments, the synthetic catalyst activity test (SCAT) rig at Scania was used
for the SO2-exposure. In this rig, regeneration of the catalyst was also performed,
and SCR performance tests were conducted prior to and after SO.-exposure and
regeneration. The regeneration was performed at first 500 and then 700 °Cin a
wet oxidizing flow, with an SCR test in between. For the SO.-exposure of the
catalyst sample used for characterization in Paper IV, the aging rig was used. The
conditions for the SO2-exposures and regenerations are shown in Table 8.

Table 8: Conditions during SOz-exposure and regenerations (notation within brackets). 10% Oz and 5% H20O,
balanced by N2, was present all the time during both SO2-exposure and regeneration.
Experimental step Conditions
SOz-exposure (SXYO, where XYO 50 ppm SOz, GHSV 60,000 h, 8h, T =210%*, 220, 280,
denotes the temperature e.g. S220) 350, or 400 °C

Regeneration 500 °C (R500) GHSV 120,000 h-1, 30 min, T =500 °C

Regeneration 700 °C (R700) GHSV 120,000 h-1, 30 min, T = 630-670 °C (constant
increase during the regeneration time)

* Paper IV, SOz-exposure in the aging rig

2.3.4 Exposure of DOC and SCR catalysts to FAME-exhausts with
phosphorus and/or sulfur using a diesel burner rig (Paper V)

In this aging study, a diesel burner rig (see Figure 28) at Umicore in Copenhagen
was used to expose DOC and SCR catalyst samples to pure, P-, S-, and P+S-doped
biodiesel exhaust. Four different aging experiments were conducted: One with pure
FAME, one with P-doped FAME, one with S-doped FAME, and finally one with P-
and S-doped FAME. In each aging experiment, two DOCs and 4 SCR (two VWTi
and two Cu-SSZ-13) catalysts were aged in four separate channels (see Figure 28).
The DOCs were positioned upstream of two of the SCR catalysts, while a dummy
(cordierite core with no coating) was positioned upstream of the other two SCR
catalysts. The effect of having a DOC in front of the SCR catalyst is two-fold: it is
expected to protect the SCR catalyst against chemical deactivation by acting as a
trap, and it could additionally oxidize SO- in the exhaust into SO3;. The dummies
were included to yield similar flow restrictions in all channels, but was not expected
to trap significant amounts of contaminants.
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Figure 28: The diesel burner aging rig (a) and sample holder (b and c). For each aging, the sample holder was
loaded with 4 SCR catalyst cores, 2 DOC cores (in front of two of the SCR catalysts) and the remaining
channels (1, 3, 5, 7, 9) were filled with dummies.

The phosphorus and sulfur concentrations in the aging experiments with only P or
S were targeting a full-useful lifetime-exposure (FUL) of P and S respectively, while
the concentrations in the 4t experiment with both P and S were decreased to
around 1/10th of a FUL exposure. Details for the different aging experiments are
shown in Figure 29.

Baseline Lifetime phosphorus Lifetime sulfur Combination sulfur and phosphorus
1/10t of a lifetime P and S
: e N
Pure B100 ‘ P-doped . S-doped . P+S-doped
B100

N NS P

Lifetime Euro VI: 700,000 km

Figure 29: Details regarding the different aging experiments in the diesel burner rig. B100 = 100% biodiesel
(rape methyl ester, RME). The inlet temperature to the samples was around 450 °C and the oxygen content in
the biodiesel exhaust around 7% during all aging experiments. The aging time was around 170 h, using
approximately one barrel (200 dm?) of biodiesel in each aging.
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2.3.5 Aging of a Pd-Pt/Al20s oxidation catalyst in an engine operated on
biogas (Paper VI)

In this part, a Euro VI emission control system was aged in an engine-bench using
a dual-fuel engine (Volvo GC13C 460 hp) operated on 90% biogas and 10% diesel
(<10 ppm S). The exhaust treatment system consisted of an oxidation catalyst
(DOC) followed by a DPF, urea injection, three SCR catalysts in series and finally
an ASC (see Figure 30). The oxidation catalyst in this system was optimized for
biogas operation, and was described in Chapter 2.1.

900 h of aging in the engine-bench was performed by repeating a 700 s cycle until
900 h of aging was reached. The exhaust gas flows and temperatures (170-550 °C)
in this cycle represented mixed driving conditions. After the aging, the exhaust
treatment system was dismantled and the different components in it were tested
separately. In this thesis, only the results of the DOC are included.

Urea
injection

DOC DPF SCR1 SCR2 SCR3 ASC

(o [ (L (w

Figure 30: Euro VI exhaust treatment system with an oxidation catalyst (DOC), a patrticulate filter (DPF), urea
injection, SCR catalysts (SCR1-3), and ammonia slip catalyst (ASC). From Englund et al. Catalysts 9 (2019)
1014 [167].

2. 4 Catalyst characterization

2.4.1 Copper oxidation state and coordination by in-situ Synchrotron X-ray
absorption spectroscopy (XAS)

Spectroscopic techniques using X-rays are based on that each element has a
characteristic set of excitation or fluorescence energies, and thus, identification of
elements can be performed using such techniques [168]. In X-ray absorption
spectroscopy (XAS), the interaction of the X-rays with the element of interest is
dependent on the oxidation state and the coordination environment of the element.
This technique is thus widely used for identifying oxidation state and coordination
environment of a selected element. Due to the possibility to perform the XAS
measurement in-situ, and in-operando, important information about element
speciation during e.g. reaction can be obtained [90].

In an XAS experiment, the sample is bombarded with X-rays of a fixed energy.
Some of these X-rays are absorbed by atoms in the sample, which results in
excitation or ejection of a core electron. This absorption can be quantified by
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different means: 1) by comparing the intensity of the incident beam to that of the
transmitted (transmission); 2) by measuring fluorescence from the excited atoms
that results when electrons fill the now-vacant core-orbital/core-hole
(fluorescence), and 3) by measuring electrons that are ejected as the core-hole fills
(Auger electrons). Once the absorption for one energy of the bombarding X-rays is
quantified, the energy of the X-rays is slightly changed, and the process is repeated.
In this way, an XAS-spectra is created by stepping through a range of
energies.[169] A synchrotron light source provides tunable and intense X-ray
beams, improving the speed and quality of data collection [168].

An example of a normalized, background subtracted XAS spectra is shown in
Figure 31. In this figure, the different data regions of interest are shown. The X-
ray absorption near edge structure (XANES) is the portion of XAS spectra
measurement in the vicinity of the absorption edge. This part mainly provides
information about oxidation state, but can also give information regarding the
coordination environment. [169]

The extended x-ray absorption fine structure (EXAFS) is the oscillatory data
measured hundreds of electron volts above the edge. The spacing of these
oscillations depends on the distance, D, between absorbing and scattering atoms,
and provides data regarding coordination number and bond distances. [169]
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Figure 31: Example of a normalized, background-subtracted XAS spectrum, showing different data regions.

In Paper IV, we performed in-situ XAS in oxidative and reducing atmosphere
between room temperature and 400 °C to obtain information about the copper
species in fresh and sulfur-poisoned Cu-SSZ-13 (Cat A1), and the response of these
species to different conditions.
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2.4.2 Bulk elemental analyses by XRF and ICP

X-ray fluorescence spectroscopy (XRF) is a simple and quick way of analyzing a
range of elements in various types of samples, both liquids and solids. In this
technique, X-rays are used to irradiate the sample and the fluorescence coming
from the sample due to this interaction is measured by an energy dispersive (ED)
detector. This detector measures the different energies of the characteristic
fluorescence radiation coming from the sample. All elements are excited
simultaneously. Each element has a unique atomic structure giving rise to a unique
set of peaks in its electromagnetic spectrum. A wavelength dispersive detector can
also be used.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a widely
applied technique for determining concentrations of different elements in a
sample. As with the XRF, a high number of elements can be quantified with this
technique. In this technique, a liquid sample is turned into an aerosol of fine
droplets. These droplets are drawn into an extremely hot plasma, which causes the
droplets to vaporize and the atoms and ions in the sample becomes excited while
emitting light (electromagnetic radiation) with a characteristic wavelength for each
element. The intensity on the emitted radiation, is related to the concentration of
the specific element. For solid samples, it is important to dissolve the sample
completely for an accurate analysis.

ICP-OES and energy-dispersive XRF have been used to perform bulk elemental
analyses of fresh and aged/contaminated catalyst samples in all papers throughout
this thesis.

For the ICP-analyses, samples were ground and digested in HNO3; + HCI + HF in a
microwave furnace prior to analysis to ensure complete dissolution of the sample.
For the XRF analyses in Paper II and IV, the samples were ground in a ball mill,
mixed with a binder and pressed into flat briquettes, which then were analyzed. For
these analyses, the concentration of elements might not be exact as no references
were used. However, for comparison of concentrations of e.g. active material and
contaminants, and ratios of different elements, in samples of similar compositions,
the method is considered acceptable. For the SCR samples in Paper V, the
samples were instead analyzed as fusion beads, and calibration against references
had been performed. Thus, these analyses resulted in more precise quantification
results.

In all the elemental analyses, unless something other is stated, the analysis is
performed on a part of a catalyst core, i.e. the sample is a mixture of both the
substrate (cordierite) and the washcoat.
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2.4.3 Surface species by XPS

X-ray photoelectron spectroscopy (XPS) is a method widely used to evaluate the
surface elemental composition and chemical states of the species at the surface of a
solid sample. A beam of monochromatic, soft X-rays is used to irradiate the sample.
This causes electrons to be emitted from a few surface layers (1-10 nm) of the
sample. The number and kinetic energy of these emitted electrons are measured
over a range of electron kinetic energies, which results in a spectrum with electron
counts versus binding energy. The binding energy of the core electrons is unique
for each element; consequently, different elements can be identified through this
binding energy. Furthermore, this binding energy will depend on the chemical state
of the element, thus additionally providing information regarding the oxidation
state of the element. An example of an XPS survey spectra is shown Figure 32.

XPS Survey
UHV Fresh Catalyst
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Figure 32: Example of an XPS survey (wide scan) spectra for a fresh Cu-SSZ-13 sample. Smaller regions of
interest are then scanned additionally to provide more detailed information.

In Paper I and IV, XPS was used to compare the surface composition and
chemical state of the surface species of fresh, lab-aged, and engine-aged V20s-
WO3/TiO- and fresh and engine-aged Pt-Pd/Al-O3 oxidation catalyst samples,
respectively.

2.4.4 Electron microscopy to study the morphology of DOC and SCR catalyst
samples

The wavelength of light limits the resolution of a light microscope. In an electron
microscope, considerably higher resolutions are reached due to the shorter
wavelength of electrons, the so-called de Broglie wavelength. Resolution even down
to the atomic scale can be achieved using high-resolution instruments. [170, 171]

In a scanning electron microscope (SEM), a magnified, three-dimensional like
image, in the micro- to nanometer scale, of the sample is created by scanning the
surface of the sample with a focused electron beam [172].
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Similar to SEM, scanning transmission electron microscopy (STEM) uses electrons
instead of light to form an image of a sample. However, as opposed to SEM, the
image from STEM forms by electrons that interact with the sufficiently thin sample
as they pass through it. The sample must thus be very thin, usually <100 nm thick
or a suspension on a grid. In STEM, the electron beam is focused on a fine spot
(spot size normally 0.05-0.2 nm), and then scanned over the sample in a
rectangular pattern (raster scan), as in SEM, to create an image of the whole
sample. [171]

Examples of high-resolution transmission electron (HR-TEM) and high angle
annular dark field (HAADF) STEM micrographs on DOC samples are shown in
Figure 33, where Pt particles are shown by the black and white spots, respectively.
This is due to that the image contrast is strongly dependent on the atomic number
(Z) of the elements in the sample, meaning that particles of high-Z elements on a
low-Z element support will appear as dark (or bright) spots [171].
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Figure 33: Example HR-TEM (a-d) and STEM-HAADF (e) micrographs of fresh (d), hydrothermally
(a) and engine-aged DOC samples (b, c, €). Black and white dots, respectively, indicate Pt
particles. Adapted from Winkler et al. Appl. Catal. B 93 (2009) 177 [173] with permission from
Elsevier (license number 4752960738745).

Combining SEM or STEM with an energy-dispersive X-ray spectroscopy (EDX)
detector, the elemental composition of the sample can also be determined (semi-
quantitatively). A mapping over a certain surface of the sample can be performed to
show elemental distributions in different regions of the sample

2.4.4.1 Elemental mapping/quantification by SEM-EDX

SEM-EDX has been used in Paper I and V, to identify elements, and their
distributions, on the analyzed surface of some of the SCR catalyst samples from
these studies. A cross-section of some of the samples were casted in epoxy to obtain
a flat, smooth surface, which is preferable for the elemental mapping as height
differences in the samples otherwise give rise to different intensity regions in the
sample. Examples of the epoxy-casted samples and SEM images from them are
shown in Figure 34.
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Cross-sections of epoxy-casted Cu-SSZ-13 and V,05-WO,/TiO, samples

Electron Image 1 Electron Image 1

Figure 34: Epoxy-casted SCR samples and corresponding electron images

2.4.4.2 Nanopatrticle size by STEM

STEM was used to study the morphology of one of the Cu-SSZ-13 samples (CatA1,
Paper IV). It was also used to estimate the Pt and Pd nanoparticle size in fresh
and biogas-aged DOC samples (Paper VI) to investigate if thermal aging had
occured. Particles consisting of heavy elements can be observed as dark or bright
spots, depending on which mode the element operates in.

2.4.5 Determination of sulfur content by TGA-MS or using a LECO sulfur
analyzer

In Paper IV, the sulfur content in the SO--poisoned Cu-SSZ-13 sample before and
after the XAS measurement was determined by a thermogravimetric analyzer in
combination with an MS. In this method, the sample is heated with a linear heating
rate, and the weight of the sample is measured simultaneously. The weight loss is
related to different species desorbing or decomposing from the sample. The
different species, e.g. H-O and SO-, will desorb from the sample at different
temperatures due to different adsorption strengths. To determine which weight
loss that is related to sulfur (i.e. SO-), the MS is used.

The sulfur content in the catalyst samples investigated in Paper V has been
analyzed by a Leco sulfur analyzer. In this analyzer, the sample is combusted in
pure oxygen whereupon the sulfur in the sample is oxidized to gaseous SO-. This
SO:- is then detected and quantified by a non-dispersive infrared detector.

2.4.6 Acidity by NHs-TPD

The acidity of a material can be determined by NH3-temperature programmed
desorption (TPD), where ammonia (or some other molecule with basicity) is
allowed to saturate the material whereupon the sample is heated linearly to desorb
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the adsorbed ammonia. This desorbed ammonia is quantified by a TCD detector.
From the TPD measurement, acid site strength and total acidity/number of acid
sites can be obtained. Ammonia adsorbed on weak acid sites will desorb at a lower
temperature, while stronger acid sites will desorb the ammonia at a higher
temperature. By integrating the ammonia signal versus time, the total amount of
ammonia adsorbed and desorbed from the sample can be calculated. For SCR
catalysts, in which ammonia is one of the reactants, NH3-TPD is specifically useful

For a subset of the samples in Paper I, NH;-TPD measurements were performed
to see if any correlation between total acidity and contaminants and/or NOx
conversion could be found. The total acidity was quantified and the acidic strength
was compared qualitatively.

2.4.7 Reducibility and copper speciation by H2-TPR

Another temperature programmed method is temperature programmed reduction
(TPR). In this method, a sample is exposed to a reductant, commonly hydrogen
(Hz), and the H> consumption is measured as the sample is heated at a linear rate.
Using this method, reducible species in a material can be characterized. Different
detectors, e.g. MS or TCD, can be used for measuring the H> consumption. An MS
provides, in addition to measuring the H.> consumption, the ability to identify the
evolving gases during the TPR, while a TCD detector is simpler and cheaper but
only determines the H> consumption.

Using H.-TPR, different copper species in the Cu-SSZ-13 catalyst sample can be
identified and quantified in relation to each other. In 2012, Kwak et al. [174] noted
two different reduction peaks in the TPR-profile of Cu-SSZ-13 samples, and that
the ratio between these peaks changed with different exchange levels (see Figure
35). This analysis, which was also supported by FTIR results, showed that Cu-
species with different reducibility existed in the Cu-zeolite; and that the relative
quantity of these species was dependent on the exchange level. These species were
later associated with Cu2* charge-balanced by coordination to a 2Al position in the
zeolite (often considered to be related to the 6mr) and [CuOH]+ coordinated to a
1Al position in the zeolite (often considered to be related to the 8mr, or CHA cage).
The latter, which in this thesis is defined as ZCuOH, is easier to reduce than the
former, defined as Z.Cu.

In Paper IV, H.-TPR with a TCD detector was used to characterize Cu-species in a
fresh Cu-SSZ-13 samples (Cat A, batch 1).
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Figure 35: H2-TPR profile of Cu-SSZ-13 samples with different ion exchange levels (increasing from the red
curve, 20%, to the black curve, 100%) showing that two different cationic Cu-species are present in the
samples. It furthermore shows that the relative concentration of these species depends on the exchange level.
Reproduced from Kwak et al. [174] with permission from the Royal Society of Chemistry.

2.4.8 Surface area measurements by N2 physisorption

Gas physisorption, using e.g. N», is a widely used method for measuring specific
surface area, pore volumes and pore size distributions of porous materials. The
sample is exposed to N: at 196 °C (liquid nitrogen temperature, 77 K) at increasing
(and decreasing) partial pressures of N.. The volume of N. adsorbed and desorbed
during this process is measured, resulting in adsorption and desorption isotherms.
To determine the specific surface area of the sample, a model accompanied with
certain assumptions must be used. Commonly, the BET method is used, in which a
simple physisorption mechanism is assumed, where all surface sites are populated
equally, and no interaction between the adsorbate molecules occur [175].

The specific surface area of fresh and contaminated samples (Paper I) was
measured by N» physisorption at -196 °C, using the BET model, to investigate if the
contaminants had any effect on the surface area. Prior to the measurement,
samples were degassed (evacuated at an elevated temperature a couple of hours) to
remove adsorbed (physisorbed) species, mainly water, which otherwise could block
pores in the material.

2.4.9 Powder X-ray diffraction (XRD)

XRD is a method that is commonly applied to detect and quantify crystalline
phases in a powder material.

In Paper VI we have used XRD to evaluate thermal aging effects of Pd-Pt/Al-O3
oxidation catalyst. As a crystalline particle grows, e.g. due to sintering, an increase
in the measured intensity is observed in the diffractogram. XRD was also used to
see if any CuO could be detected in Cu-SSZ-13 Cat A1 in Paper IV.
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2.5 Calculations/Theory

2.5.1 Evaluation of the screening design using Multiple Linear Regression
(Paper 1)

Multiple Linear Regression (MLR) [176] was used to evaluate the results of the
screening design. The investigated factors were the main contaminants (P, S, Na, K,
Mg, Zn) as well as interaction effects between S or P with any other poison (e.g. P x
Na, SxNa, P x S).

MLR models the linear relationship between the independent variables, the matrix
X in Equation (1), and the responses, Y in Equation (1). In our case, X is the
measured contaminant concentration in the samples, and Y'is the NOx conversion
of all the contaminated samples. In the matrix X, all the design parameters (main
factors and interaction effects of interest) from the screening design are included.
The regression matrix f§ contains the regression coefficients. This parameter is
calculated based on the measured concentrations and NOx conversions, and it
describes the magnitude of the poisoning effect on the NOx conversion, relative to
the model mean. That is, for each poison and poison interactions, a  coefficient
that describes the poisoning effect is obtained. € is the residual (error) matrix.

Y=XB+e (1)

Analysis of variance (ANOVA) was used to calculate the probability that each
factor, i.e. main contaminant and interaction, explained more of the variation in
the response variable (NOx conversion) than would be expected from random
phenomena. Only main factors and interactions with a p-value <0.05 (i.e. 95%
confidence or higher), were then used in the final model.

In addition to the poison concentration, the specific surface area (BET) for all
samples, and the total acidity, measured for a chosen subset of the samples, were
used in the model, to investigate if there were any correlations between these two
factors and the NOx conversion and/or poison concentration.

2.5 2 Evaluation of aging using a relative rate constant

For most of the aging experiments, a relative rate constant has been used for
evaluating the deactivating effect on the low-temperature performance of the SCR
catalysts. This constant is defined as the rate constant of the aged catalyst, divided
by the corresponding rate constant of the fresh catalysts, and is calculated using the
NOx conversion (X) of aged and fresh catalyst, respectively, as in Equation (2).

krer = “aged = ln(l - Xaged) /ln(l - Xfresh) (2)

k fresh
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Using this equation, it has been assumed that the rate of NOx reduction is 15t order
with respect to NO, and oth order with respect to NHs, resulting in the

Equation (3). The true NH;3; dependence is actually not zero, but normally weaker
than 1 [78, 122, 177]. When used for comparison between two similar samples, the
error resulting from this simplification is likely similar for both samples, assuming
that the aging does not considerably change the NH3; dependence of the reaction.
We did not investigate this, but according to Shih et al. [122], sulfation of two
different model Cu-SSZ-13 samples did not change the reaction order for NH; as
compared to the fresh state of the catalysts.

k= — —NoIR_ . In(1 — X) 3)

Cno,in*V
k = 1st order rate constant (s™1)
Fyo.in = molar flow rate of NO in the feed (mols™1)
Cno.in = concentration of NO in the feed (mol dm™3)
V = catalyst volume (dm?)

X = NO conversion of fresh and aged catalyst
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2.5.3 MCR-ALS for analysis of in-situ temperature dependent XAS spectra
and DFT-assisted theoretical XANES

Analysis of Cu-K edge spectra of samples with several unknown different Cu
species, in unknown concentrations, is not straightforward. Linear Combination
Fitting (LCF) using normal reference compounds is difficult for framework-Cu
species, as the spectra of such species cannot be described by commonly available
reference materials [178]. Furthermore, the intensity and position of edge features
depend not only on oxidation state, but also on the coordination environment. This
is especially true for copper(I) ions [179]. Therefore, an approach using
multivariate curve resolution alternating least square (MCR-ALS) was utilized,
inspired by the work of Martini et al. [178]. In this technique, all normalized Cu K-
edge XANES spectra collected in oxidizing (O-/N-) and reducing (H>/He) flows, at
temperatures between room-temperature and 400 °C, were analyzed by an MCR-
ALS code [180] to obtain a number of pure components (spectra) that can
reconstruct the full set of spectra. The optimal number of components was based
on principal component analysis (PCA) [178, 181].

The pure components of fresh and SO.-poisoned Cu-SSZ-13 samples were
compared with calculated theoretical XANES spectra [182]. The structures for the
theoretical spectra were chosen based on density functional theory (DFT)
calculations. DFT-optimization was performed for Cu-structures in the 6- and 8-
membered rings, and the most energetically favored species were chosen.

In addition to the analysis of the XANES data, a part of the EXAFS data was
analyzed using continuous Cauchy wavelet transforms (CCWT). These transforms
were used for visualization of the EXAFS spectra in three dimensions: the waver
vector, k; the interatomic distance, R; and the CCWT modulus, which decompose
the EXAFS amplitude terms continuously. By using this analysis, it is possible to
identify overlapping contributions from different neighbor atoms or scattering
events that are impossible or difficult in the Fourier transform data, for example
the nuclearity in different Cu oxo species.
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Part lll: Results and Discussion

3.1 Performance of fresh SCR catalysts

The standard SCR reaction for fresh Cu-SSZ-13 (Cat A1 and A2) and V.0Os-
WO3/TiO- catalyst samples was evaluated with three different oxygen
concentrations (2-10%) at temperatures between 200 and 500 °C. In addition, the
effect of NO->/NOx ratio (0, 0.5, and 0.75) was investigated as the Euro VI exhaust
treatment systems have a DOC is positioned upstream of the SCR catalyst to
produce NO-. This NO- is used to apply the so-called fast SCR condition, for which
equimolar amounts of NO and NO: is fed to the SCR catalyst, as this could improve
the low-temperature performance [49]. This effect was evaluated at two different
temperatures: 220 and 280 °C, with 10% O.. A third Cu-SSZ-13 catalyst (Cat B)
was also evaluated with this test. In all the above described experiments, the GHSV
was 120,000 h, and the following inlet concentrations were used: 1000 ppm NOx,
1000 ppm NH3, and 5% water was present for all SCR reactions.

3.1.1 V205-WOs3/TiO2

For the vanadium-based SCR catalyst, the conversion of NO and NH; during
standard SCR conditions (R4) is quite low at temperatures below around 300 °C
(see Figure 36a-b); only around 10-15% is converted at 200 °C. However, when
applying fast SCR conditions (R2), this low-temperature performance can be
significantly improved: the conversion at 220 °C increases from around 20 to
around 80%, without any increase in N-O concentration, by adding NO- at
equimolar concentration as NO. Thus, the selectivity towards the desired SCR
reaction is excellent. The reason for the improved performance with equimolar
amounts of NO and NO: in the feed, has been proposed to be related to the faster
re-oxidation of active vanadium sites, which is considered as the rate limiting step
for the standard SCR at low temperatures [77].

4NO + 4NH; + 0, - 4N, + 6H,0 (R4) Standard SCR

NO + NO, + 2NH; - 2N, + 3H,0 (R5) Fast SCR
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Figure 36: NO conversion, NHs conversion and N20 production of the fresh V20s-WOs/TiO2 SCR catalysts.
Average of 8 fresh samples, +/- 1 standard deviation as error bars. Test conditions: 1000 ppm NO, 1000 ppm
NH3, 2-10% O3, 5% H20, GHSV 120,000 ht. Two points (220 and 280 °C) with fast SCR conditions (10% Oz,
5% H:0) are included as well.

Another feature observed for the catalytic performance of this vanadium-based
catalyst is that at temperatures up to around 400 °C, ammonia and NO are equally
converted, in a stoichiometry in agreement with the standard SCR reaction. On the
other hand, at higher temperatures (500 °C), the conversion of NO and NH;
differs: the NO conversion decreases while the NH3 conversion stays at the same
high value. This difference demonstrates that undesired side-reaction(s) occur,
competing with the SCR reaction, and is also shown by the high N-O production at
this temperature (Figure 36c¢). N-2O is vastly undesired as it is a strong greenhouse
gas and additionally contributes to depletion of the ozone layer [183]. As opposed
to at high temperature, the N»O formation for this catalyst at lower temperatures
(<400 °C) is negligible, both for standard and fast SCR conditions. This agrees with
previous observations [61].

Besides from reacting in the standard SCR reaction, ammonia can be oxidized to
N>, NO, and/or N-O, according to reactions R7-R10. In both reactions R7 and RS,
ammonia is consumed in a reaction not including reaction with NO. R7 is also
called selective catalytic oxidation (SCO) [184], however, in this case, it is not a
selective reaction as NHj is consumed not reacting with NO, thus less ammonia is
available for NO reduction. The same applies in reaction R8, but in this reaction
the problem is not only the unselective ammonia consumption, but NO is also
formed, resulting in negative conversion. [61]

4NH; + 30, = 2N, + 6H,0 (R7) Direct oxidation
4NH; + 50, = 4NO + 6H,0 (R8) Partial oxidation
2NH; + 20, - N,0 + 3H,0 (R9) N20O formation

4NH; + 4NO + 30, - 4N,0 + 6H,0  (R10) N20 formation

High-temperature N>O formation occurs due to ammonia oxidation [60]. As N2O is
formed at high temperature for this catalyst, one of the reactions R9-R10 is likely
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to occur. In reaction R6, nitrous oxide is formed directly from oxidation of
ammonia by oxygen, which agrees with the observed NO and NHj3 conversion.
However, it would also be possible that reaction R9 occurs, in combination with
R8 in which NO is formed from ammonia.

Another observation is that the standard SCR reaction is slightly promoted by
oxygen, displayed by the small, gradual increase in NO and NHj3 conversion as the
O- content is increased (Figure 36a-b, blue, gray and black curves are 2, 5, and
10% O-, respectively). This applies over the entire temperature range. In a previous
study, oxygen was shown to have an enhancing effect on NO conversion, at least at
concentrations up to around 10% [143]. Unlike the NOx reduction, the highest N-O
yield is obtained for the lowest oxygen concentration, which is easiest observed at
500 °C where high amounts of N>O is produced. Oxygen thus has a slightly
inhibiting effect on the reaction that forms N-O over this catalyst.

It should be noted that the space velocity is rather high in these tests, 120,000 h,
which is a challenging condition for this catalyst. Thus, full conversion is not
reached even at the highest temperature. More commonly applied GHSVs for this
type of catalyst in heavy-duty applications are between 20,000 and 70,000 h-, and
would have yielded higher conversions [49, 185]. At intermediate to high
temperatures, the reaction rate of the catalyst is mainly limited by pore-diffusion
and external diffusion (film transfer), respectively. The performance of the catalyst
in the film-transfer limited regime can be improved by increasing the surface area
for gas-solid mass transfer, i.e. the geometrical surface area (GSA), by increasing
the cell density. [49]

3.1.2 Cu-SSZ-13

For the Cu-SSZ-13 samples, a clear difference in performance is observed, with Cat
A2 having a considerably better performance than Cat A1 (see Figure 37). This is
especially true for the NO conversion, which is significantly higher for Cat A2, both
at high and low temperatures. Concurrently, no increase in N-O formation is
observed for this catalyst compared to Cat A1; instead, the N-O production at high
temperature is actually slightly lower. Consequently, Cat A2 is not only more active,
but also more SCR-selective than Cat A1.

Applying fast SCR conditions by adding NO- to the feed, result in an improvement
of the NO and NHj conversion for Cat A1, especially at 220 °C. However, this
conversion improvement is accompanied by a substantial increase in the N-O
formation, as opposed to for the VWTi catalyst. For Cat A2, full conversion is
almost already reached at 220 °C; but a slightly higher conversion is reached for
the fast SCR reaction. As for the Cat A1, this is also accompanied by a higher N.O
production, though, not as high as for Cat A1.
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Figure 37: NO conversion, NHz conversion and Nz(p) proc;u::tion of the fresh Cu-SSZ-13 catalysts (top panels:
CatAl,; lower panels: Cat A2). For Cat A2, the values are an average of 8 fresh samples, with error bars
corresponding to +/- 1 standard deviation. For Cat Al, the values are based on one catalyst sample. Test
conditions: 1000 ppm NO, 1000 ppm NHs, 2-10% Oz, 5% H20, GHSV 120,000 h,
At temperatures higher than 300 °C, Cat A1 displays a decrease in selectivity to the
SCR reaction, as shown by the decreased NO conversion at this temperature, while
the conversion of NHj still is high. This is probably related mainly to the competing
reaction in which ammonia is oxidized into N> (R7), while only a small part is
converted to N2O. Cat A2 on the other hand, has a selectivity-drop only at
temperatures above 400 °C. The selectivity-decrease above 300 °C for the Cat A1
could be related to that a part of the Cu occurs as CuOx particles instead of being
ion-exchanged to the zeolite (supported by STEM results, Chapter 3.4). CuOx
clusters are generally considered to have low NOx reduction performance at low
temperature, although some authors argue that they could oxidize NO into NO- at
rather low temperature, which then could improve the low-temperature
performance through the fast SCR reaction [186-188]. However, most authors
agree that a higher SCR activity is obtained on Cu ions exchanged to the zeolite.
Moreover, CuOx is active for ammonia oxidation, especially at higher temperatures,
thus competing with the desired SCR reaction [60]. This is consistent with the
observed results for Cat A1.

Both Cu-SSZ-13 samples show similar N-O production profiles (Figure 37, to the
right), which are quite different from the profile of the VWTi catalyst. The Cu-
zeolites have one maximum at low temperature (around 250 °C), where the
vanadium-based catalyst has insignificant N.O formation. Additionally, a 2rd
maxima appear at high temperature (around 500 °C), as for the VWTi catalyst.
However, the N-O produced at this temperature is considerably lower than that for
the vanadium-based catalyst. This indicates that the main side reaction occurring
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at high temperature is the oxidation of NH3 by oxygen to N- and water (R4), while
only a small part is oxidized to N-O. This agrees with the results of a previous study
of a Cu-zeolite, where the ammonia oxidation (in absence of NO) was observed to
yield mainly N.; ammonia oxidation was also noted during the standard SCR,
especially at temperatures >450 °C [58].

The N-O production maximum at low-temperature for the Cu-SSZ-13 samples is
consistent with the work of others [58, 114, 189]. The mechanism of N-O formation
depends on the temperature: at low temperatures (below around 300 °C), the
formation of N-O is generally considered to occur through decomposition of
ammonium nitrates formed on the surface of the catalyst, reactions (R11) and (R12)
[57, 189]. This N2O production is favored if NO- is present in the feed [24, 58, 60,
113], which agrees with our results.

2NO, + 2NH; - N, + NH,NO; + H,0  (R11) ammonium nitrate formation
NH,NO; = N,0 + 2H,0 (R12) ammonium nitrate decomposition

Combining the two reactions above results in the global reaction for N.O formation
(R13):

2NH3; + 2NO, - N,0 + N, + 3H,0 (R13) global low-temp. N2O formation

With NO present in the feed, the formed ammonium nitrates can instead be
reduced according to reaction (R14). For the VWTi catalyst, this is likely the case as
its N2O production at low temperature is insignificant. Alternatively, the formation
of ammonium nitrates is low for this catalyst. For the Cu-SSZ-13 catalysts on the
other hand, reduction of ammonium nitrates by NO appears to be less efficient.

NH,NO; + NO - N, + NO, + 2H,0 (R14) ammonium nitrate reduction

As displayed by the different curves (black, gray, blue) in Figure 37, both Cu-SSZ-
13 catalysts shows a dependence on the oxygen concentration in the feed; a lower
O- concentration results in a lower NO and NHj conversion, especially at the lowest
temperature evaluated (200 °C). For Cat A1, the oxygen dependence is observed
over the whole temperature range, while it for Cat A2 is noted mainly at 200 °C.
However, for the lowest O- concentration (2%) it is observed at 350 °C as well. At
this concentration, the NO conversion profiles of both Cu-zeolites display the
characteristic seagull shape. This means that the curve has first the normal increase
in NO conversion with temperature at low temperatures, but it is then followed by a
decrease in conversion at intermediate temperatures (here seen at 350 °C). Finally,
the conversion increases again at higher temperatures. This shape is often seen for
Cu-SSZ-13 at demanding conditions, such as low Cu content, high space velocity,
and low oxygen concentration [190]. A promoting effect of oxygen has previously
been reported for a Cu-zeolite by Colombo et al. [58], who performed SCR tests
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with 2-8% O- in the feed and estimated the reaction order to be approximately
0.45.

The oxygen dependence at the highest temperature (500 °C), appears to be
different than that at lower temperatures. Contrary to at low temperatures, the NO
conversion at 500 °C is slightly higher for the lowest oxygen concentration for Cat
A2; the small drop in NO conversion observed at this temperature is lowest when
only 2% O- is present in the feed gas. A similar trend is noted for Cat A1; in fact, the
NO conversion does not decrease at all at high temperature, as opposed to with 5
and 10% O present. Consequently, at high temperature, the oxidation of ammonia
appears to be favored by a higher oxygen concentration, while the oxygen
concentration seems less important for the SCR reaction.

3.1.3 Summary of NO2/NOx ratio effect on the SCR performance: NOx
conversion and N20 selectivity/production

Different types of SCR catalysts response differently to NO- in the feed, as is shown
in Figure 38-39. These figures show the NOx conversion and N-O selectivity at
220 and 280 °C for three different NO»/NOx ratios: 1) NO2/NOx=0, i.e. the
standard SCR reaction; 2) NO2/NOx=0.5, i.e. the fast SCR reaction; and 3)
NO2/NOx=0.75, i.e. a mix of fast SCR and slow or NO.-SCR.

In this thesis, I have defined the N-O selectivity as the amount of N-O produced
divided by amount of NO converted. This is not a true definition of selectivity, as
the true selectivity depends on the reaction through which N-O is formed (e.g. if the
nitrogen originates from both NO and NHj or only one of those), which is not
always known, and beyond the scope of my studies. However, the definition I have
chosen to use in this thesis is a good measure in terms of the SCR performance, as
it in an easy way shows how much N-O that is produced for a certain feed
concentration and conversion level of NOx.

The VWTi catalyst indeed shows a great improvement when NO: is present in the
feed, especially for fast SCR conditions in which the low-temperature NOx
conversion is significantly higher, whereas the amount of N-O produced is the
same, or lower, as at standard SCR conditions. Increasing the NO- concentration
beyond fast SCR conditions, to an NO>/NOx ratio of 0.75, also results in a
significantly improved NOx conversion at 220 °C. However, this increase is less
pronounced than with fast SCR conditions. Moreover, at 280 °C, the NOx
conversion is slightly lower than for standard SCR conditions. Additionally, the
selectivity to N-O is higher than for fast SCR conditions at both temperatures, while
compared to the standard SCR reaction, it is higher only at 280 °C. Consequently,
the NO-/NOx ratio should not be higher than 0.5 for optimal SCR performance of
this catalyst.
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Figure 38: Effect of NOz in the feed (NO2/NOx=0, 0.5, or 0.75) on the NOx conversion and N20 selectivity of
the V20s5-WOs/TiO2 catalyst at 220 and 280 °C. NOz present in the feed, especially at equimolar amounts with
NO, improves the low-temperature NOx reduction by increasing the NOx conversion at 220 °C considerably,
and decreasing the N20 selectivity. Test conditions: 1000 ppm NOx, 1000 ppm NHs, 10% O2, 5% H20, GHSV
120,000 h.

As opposed to the vanadium-bases catalyst, the copper-zeolites display only a slight
increase in NOx conversion when applying fast SCR conditions, but a considerable
increase in N.O selectivity. Increasing the NO2 concentration further results in a
slightly decreased NOx conversion, compared to standard SCR conditions, and a
substantial increase in N-O. The N-O selectivity increases to at least twice of what is
observed for the fast SCR condition. The increase in N-O production with
increasing NO- content in the feed has been observed previously for a Cu-CHA
catalyst [189]. In that study, the fast SCR reaction was actually observed to be
slower than the standard SCR reaction at very low temperatures (150 and 200
°C)[189]. This has also been shown previously in another study [99], and was
suggested to be due to blocking of the pores by ammonium nitrates [99, 189]. For
Cu-SSZ-13 SCR catalysts, it is thus of high importance not to exceed an NO2/NOx
ratio of 0.5, and for fresh catalysts it is questionable if even a ratio of 0.5 should be
reached.
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Figure 39: Effect of NO2 in the feed (NO2/NOx=0, 0.5, or 0.75) on the NOx conversion and N20 selectivity of
the different Cu-SSZ-13 catalysts at 220 °C. Fast SCR conditions result in a moderate increase NOx conversion
for all samples, but the N20O selectivity is significantly increased. A further increase in the NO2 concentration
results in substantial amounts of N2O being produced. Test conditions: 1000 ppm NOx, 1000 ppm NHs, 10%
02, 5% H20, GHSV 120,000 ht. At 220 °C, the NOz-rich SCR did not reach steady-state.
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3.2 The effect of biodiesel-derived contaminants on V20s5-WO3/TiO2
SCR catalysts — a screening study (Paper I)

The influence of 6 different potential catalyst poisons (P, S, Na, K, Mg, Zn) related
to biodiesel-operation was studied for a commercial vanadia-tungsta-titania SCR
catalyst using a screening design. In this experiment, the catalyst samples were wet
impregnated with aqueous solutions containing all the contaminants. In these
contamination solutions, each specific contaminant was present either in a low, or
a high, contamination level. These two levels were targeted to be around 0.25 and1
wt%, respectively. In addition to the lab-aged samples, two engine-aged SCR
catalysts were included in the study: one from a truck with Euro VI system that had
been operated 700,000 km on 100% biodiesel; the other from a truck with a Euro V
system, operated 130,000 km in Brazil. Both these trucks had been operated in
long-haulage.

Evaluation of the accelerated lab-aging method was performed using various
characterization techniques (ICP-OES, SEM-EDX, and XPS). The ICP-OES results
(Figure 40) showed that the aging method resulted in reproducible contamination
levels in the catalysts samples, although both levels were slightly lower than
targeted. Importantly, a significant difference was obtained between high and low
concentration levels, and the variation within each concentration level was low.
These features are important for successful use of the experimental data in the
model.

= Av. high level = Av. low level

P S Zn Na Mg K

Figure 40: Concentrations of contaminants in the lab-aged samples, measured by ICP-OES. Target levels were
0.25 and 1 wt% for the high and low level, respectively. The error bars correspond to + one standard deviation.
From Paper |, Dahlin et al. Appl. Catal. B 183 (2016) 377 [191].
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Analysis of the surface elemental composition and binding energy of each
contaminant in the fresh, lab-aged and vehicle-aged samples by XPS showed the
contaminants P, S, Na to be present as similar surface compounds on both lab- and
engine-aged samples. However, the concentrations were significantly lower for the
engine-aged samples. K and Zn were detected only on the surface of the lab-aged
samples. The binding energy of sodium, which was detected on the lab-aged and
engine-aged catalysts but not on the fresh (see Figure 41), was 1071.7-1071.9 eV
and indicates that it is in the form of pyrophosphate (Na;P-07) or sodium sulfate
(Na2S0O,). The binding energy of the sulfur was 169.7 eV, thus likely a sulfate; the
phosphorus detected in all samples, fresh as well as aged, had a binding energy
between 133.4 and 134.1 eV, agreeing well with phosphate (PO43-) or
metaphosphate (PO3-). These compounds, and additionally phosphorus pentoxide
(P20s5), have been reported previously in studies of aged SCR catalysts [192, 193].
The molar P/V ratio of the lab-aged samples ranged between 0.3-1.5, while it was
0.48, 0.33, and 0.26 in vehicle-aged Euro V and VI, and fresh catalyst, respectively.
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Figure 41. Na 1s XPS spectra for a lab-aged compared to vehicle-aged and fresh sample. From Paper |, Dahlin
et al. Appl. Catal. B 183 (2016) 377 [191].

The SCR performance of fresh and lab-aged catalyst samples was evaluated in a
laboratory bench-flow reactor. In this test, the fast SCR reaction (NO2/NOx=0.5)
was evaluated at 250, 300, and 375 °C. NOx conversion values in the range of 54-
113% of that of fresh catalysts were obtained for the lab-aged samples. Thus, not all
contamination resulted in poisoning effects. The NOx conversions of all
contaminated samples, together with measured contaminant concentrations, were
evaluated using a multivariate technique (MLR) with the aim of acquiring a model
able to describe the poisoning effect of each contaminant. Figure 42, indeed
shows that the model obtained for the NOx conversion correlates well with the
actual NOx conversion. R2-values of 0.92 and 0.85 were obtained for the calibrated
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and cross-validated model, respectively. Consequently, we can use this model to
predict the effect of various contaminants and contaminant interactions. These
effects are described by the B-coefficients (see Figure 42b), which describe the
poisoning effect of each contaminant and interaction that were significant on a 95%
confidence level. A negative value means a more poisoning effect than the model
mean, while a positive value means an improvement compared to the model mean.
The larger the absolute value of the B-coefficient, the stronger is the effect.
Contaminants that significantly affect the NOx conversion are P, S, Na, Mg, and K.
Additionally, the interactions P*Na, P*K, and S*Na have a significant effect.
Notably, Zn did not show any significant effect. A poisoning effect was obtained for
Na, Mg, K, P*Na, and P*K, with Na and K being the strongest poisons. This agrees
with several other deactivation studies, which show the strong poisoning effect of
Na and K [130-132, 139, 141-145, 148, 162, 194, 195]. The poisoning effect of the
alkali metals was lowered in presence of phosphorus, and, particularly, sulfur. For
S, P, and the S*Na interaction, NOx conversions instead became better than the
model mean. The alleviated effect of alkali in the presence of sulfur and phosphorus
is likely due to formation of sodium/potassium phosphates and sulfates, which
might prevent, or decrease, the interaction of the alkali metal with the active
vanadium sites. Previous studies on deactivation of vanadium-based SCR catalysts
by phosphorus, indicate that the deactivating effect is rather low at P
concentrations below around 2 wt%, while higher concentrations are needed for
more significant deactivation [129-132]. In these studies, the standard SCR reaction
was evaluated. In our study, the phosphorus is in a concentration range where a
low negative effect of P is expected, and the fast SCR reaction was evaluated.
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Figure 42: Centered and scaled B-coefficients for all significant main contaminant and interaction effects, i.e.

effect on the SCR performance in comparison to model mean. A negative value means a poisoning effect, and
the more negative the value is, the stronger the poisoning effect. A positive value means that the performance
is better than the mean value from the model. No significant effect was observed for Zn. Adapted from Paper |,
Dahlin et al. Appl. Catal. B 183 (2016) 377 [191].
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To investigate if the NOx conversion or any specific contaminants present in the
samples could be correlated to the specific surface area or acidity of the aged
catalyst, N2 physisorption and NH3-TPD were performed. The specific surface area
of all samples was measured, while the acidity was measured on a subset (8
samples) of the samples. The specific surface area and acidity were also measured
for fresh and engine-aged samples.

From these results, it was concluded that all aged samples had a lower surface area
compared to the fresh catalysts, around 50-67% of that of a fresh catalyst. However,
no correlation was found between the surface area and the NOx reduction
performance; the R2 value of the model was only 0.44, which is poor. Possibly, a
weak tendency towards a decreased surface area for P and Mg could be observed.
This is reasonable as these contaminants often contaminate the catalyst by fouling

[130, 143, 196].

The total acidity of the lab-aged samples was also lower than that of fresh catalyst
samples, as shown by the NHj3 desorption profiles in Figure 43. In this figure, the
position of the peak(s) is an indication of the acid site strength, sites with stronger
acidity release ammonia at higher temperatures than sites with weaker acidity. The
area under the curve is related to the total number of acid sites, that is, the total
acidity.
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Figure 43: NHs-TPD profiles of fresh and lab-aged catalyst samples together with the total acidity calculated
from the profiles, and NOx conversion at 300 °C (both acidity and conversion as % of fresh), total contaminant
concentration. In the samples, the contaminants that are in a high contamination level are shown. Adapted
from Paper |, Dahlin et al. Appl. Catal. B 183 (2016) 377 [191].

Based on the NH; desorption profiles, the lab-aged samples could be divided into

three groups with respect to the effect on the acidity: (1) slight decrease - the
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relative acidity is around 80%, (2) medium decrease - the relative acidity is around
50%, (3) considerable decrease, relative acidity of around 15%.For the samples with
a large decrease in acidity, the peak maximum was also shifted to a lower
temperature, indicating a decrease in acid strength for these samples. These
samples also displayed the largest decrease in NOx conversion (63-81% of that of
fresh catalyst) while samples belonging to the other two groups had relative NOx
conversions in the range of 89-99%. Common to the samples with the largest effect
on the acidity was that they had high levels of Na, K, and P. To determine whether
there were actually any significant correlations between the total acidity, specific
poisons and NO conversion, partial least square (PLS) regression was used. A
correlation was found for Na and K, resulting in a Q2-value (corresponding to the
R2 value in the validated model) of 0.77, which is acceptable.

For the vehicle-aged catalyst, no (or very minor) effect on the fast SCR performance
was observed, while a slight decrease in surface area and ammonia storage capacity
was observed. The surface area and total ammonia storage was around 87-88%,
and 84%, respectively, relative to that of a fresh catalyst.

To summarize, some important conclusions from this study are:

e The strongest poisons for the NOxreduction performance during the fast
SCR reaction for the V-05-WO3/TiO- catalyst are sodium and potassium.
The decreased NOx conversion is accompanied with a significant decrease in
acidity for these contaminants.

e The interaction of Na and K with P also resulted in significant deactivation,
although, alleviated compared to the effect of only the alkali metals. The
interaction of sulfur with sodium, S*Na, on the other hand, results in a
better NOx conversion than the model mean.

e A deactivating effect was also seen for Mg, while no significant effect could
be observed for Zn. P and S resulted in an improved NOx reduction
performance, compared to the mean value of the model.

e Although the surface area was decreased for all aged samples, no correlation
to the NOx reduction activity was obtained.
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3. 3 The effect of SO. and engine-aging on the performance of Cu-
SSZ-13 SCR catalyst (Paper Il1)

In this chapter, the effects of SO- on three different Cu-SSZ-13 and the V.Os5-
WO3/TiO- catalyst are summarized. In addition, some results from an engine-aged
Cu-SSZ-13 are included. The major part of this chapter is based on Paper III,
although some additional results (not presented in Paper III) are included as well.

3.3.1 Effect of lab-scale SO2-exposure

The poisoning effect of SO= on the SCR catalysts was investigated by exposing the
catalysts to 50 ppm SO- for 8h in a bench-flow reactor (a total sulfur throughput of
34 g/dms3 SCR catalyst). The influence of the SO.-exposure temperature was
investigated for the Cu-SSZ-13 samples (mainly for Cat A1). For all samples, the
standard, fast, and NO:-rich SCR performance was tested at 220 and 280 °C, using
Test Protocol 2. Furthermore, the effect of regeneration in a wet oxidizing
atmosphere at two different temperatures, 500 and 700 °C was evaluated. The

500 °C-regeneration temperature was chosen as a realistic deSOx temperature
applicable during operation of a truck. The additional regeneration at 700 °C was
included as a step in which total regeneration was expected [104, 127]. However, in
real applications, this temperature would result in an excessive fuel penalty.

When a Cu-SSZ-13 catalyst is exposed to SO-, sulfur accumulates on the catalyst, as
indicated by the delayed detection of SO (see Figure 44) in the outlet gas flow.
This SO- uptake is rapid, as the major part of the uptake occurs within the first
1000-1500 s. After this, the uptake is slower, reaching a completely saturated
catalyst takes a long time. These features have been shown previously by
Hammershgi et al. [108], who also observed a rapid uptake in the beginning of the
SO:-exposure, followed by a continued slow accumulation of sulfur. In this study,
small increase in S/Cu with increasing time was noted even after 60 h of SO--
exposure [108].

The V205-WO;3/TiO: catalyst on the other hand, shows an insignificant SO- uptake,
similar to an empty cordierite core, observed by the immediate breakthrough of
SO-. This was also confirmed by a TGA-MS analysis of the cordierite core, in which
no mass loss related to sulfur was observed.
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Figure 44: SOz outlet concentration during the 8 h SOz-exposure of Cu-SSZ-13 (Cat A2), V20s-WO3/TiOz, and
a bare cordierite (no washcoat) core at 280 °C. The total flow is diluted prior to the FTIR analyzer to reach a
flow of 20 dm3/min. Therefore, the concentration of SO after saturation is lower than 50 ppm.

The effect of this SO--exposure on the performance of all SCR catalysts investigated
in my PhD project is shown in Figure 45, as the relative rate constant at 220 °C
for the standard SCR reaction. This constant is defined as the rate constant of the
SO.-exposed catalyst divided by that of the fresh catalyst; by this division it
simplifies to be dependent only on the NO conversion (X) for the sample (assuming
a first order reaction w.r.t. NO, and zero order w.r.t. NHj3):

kaged/kfresh = ln(I-Xaged)/ln(l-Xﬁesh).

All Cu-SSZ-13 catalysts experience a severe drop in NO reduction performance, as
the rate constant is only 10-25% of that of the corresponding fresh catalyst. As
opposed to the Cu-zeolites, the vanadium-based catalyst instead becomes
promoted by the SO.-exposure. A positive effect of sulfur was also observed in
Paper I, although this contamination was done with wet impregnation and only
the fast SCR reaction was studied. Studies by others have also shown that SO- can
promote the SCR reaction, especially at low temperature [141]. This effect could be
explained by enhancement of both the number and strength of acid sites on the
catalyst by SOz-exposure [141, 197].
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Figure 45: Relative rate constant of the standard SCR reaction for the three different Cu-zeolites and the
vanadium-based SCR catalyst after SO2-exposure (50 ppm for 8 h at 280 °C). Inlet gas concentrations: 1000
ppm NO, 1000 ppm NHs, 10% Oz, 5% H20 during; GHSV: 120,000 h; test temperatures: 220 and 280 °C.
Although the performance of all the Cu-zeolites decreased upon sulfur exposure,
some differences are observed between the samples. For example, Cat A2, which
shows the best fresh performance, and Cat B is approximately twice as deactivated
as Cat A1, which has the poorest performance when fresh. These differences
become even more pronounced when the effect of sulfation temperature is
investigated (Figure 46). For Cat A1, there is a clear dependence on the SO--
exposure temperature: a lower exposure temperature results in a higher degree of
deactivation, especially for the samples aged at 350 and 400 °C, for which the
relative rate constants only decrease to around 0.4 and 0.65, respectively. For both
Cat A2 and Cat B, on the other hand, the differences in the relative rate constant
related to exposure-temperature are significantly smaller: for Cat A2, an aging at
400 °C results in a relative rate constant (220 °C) of around 0.14 compared to 0.09
when the SO:-exposure temperature is 280 °C, and for Cat B the difference is even
lower, 0.12 and 0.11 at aging temperatures of 400 and 280 °C, respectively. In
previous studies performed by others, different results regarding sulfur-exposure
temperature, both increased and decreased NO reduction performances with
increasing temperature have been reported [108, 198].
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100 Effect of SO,-exposure temperature on Cu-SSZ-13 catalysts
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Figure 46: Relative rate constant at 220 °C for Cu-SSZ-13 samples (Cat Al, Cat A2, Cat B) exposed to SO
at different temperatures (220, 280, 350, and 400 °C. Cat A2 and B were exposed to SOz only at 280 and
400 °C. Molar S/Cu ratios after each experiment are indicated. SOz-exposure: 50 ppm SOz, 8 h, 10% Oz, 5%
H20, GHSV 60,000 hL. SCR test: 1000 ppm NO, 1000 ppm NHa, 10% Oz, 5% H20, GHSV 120,000 h.

The deactivation due to SO- can be partially to completely reversed by exposing th
Cu-zeolite to elevated temperatures, see Figure 47. Exposing the catalyst to an
oxidizing stream, with water vapor present, at a temperature of 500 °C results in an
increase in the relative rate constant (220 °C) from around 0.1-0.20% to around
0.65-0.85, while it increases further to 0.9-1.0 after additional regeneration at

700 °C. Again, some differences are observed between the different catalysts, with
Cat A2 and Cat B appearing to be slightly harder to regenerate. Regenerating

Cat A2 at 500 °C results in an increase in the relative rate constant from 0.09 to
0.75 at 220 °C, and from 0.14 to 0.85 at 280 °C. The S/Cu decreases
correspondingly from 1.2 to 0.32.The same trends as stated above applies also for
the relative rate constant at 280 °C, although the rate constant is generally slightly
higher at this temperature compared to at 220 °C. For example, after regeneration
at 700 °C, the rate constant at 280 °C for all Cat A1 samples has the same value as
that of the fresh catalysts. The S/Cu in these samples after regeneration at 700 °C
is 0.07-0.10, according to XRF analyses.
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a) Relative rate constant at 220 °C
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Figure 47: Effect of regeneration (500 and 700 °C in presence of Oz and H20) of SO2-exposed (50 ppm, 8h)
Cu-SSZ-13 catalyst samples expressed as the relative rate constant during the standard SCR reaction: a)
Cat Al sulfated at different temperatures; b) Cat A2 and B sulfated at 280 °C, S/Cu for sulfated and
regenerated Cat A2 indicated in the graph. Test conditions: during all steps 10% Oz, 5% H20; 1000 ppm NO,
1000 ppm NHs, GHSV 120,000 h', 220 and 280 °C during SCR test. * this S/Cu was done for a catalyst sulfur-
exposed without prior SCR test.
We also investigated the effect of NO2/NOx ratio on the NOx reduction performance
of SO2-exposed SCR catalysts. As an example, the outlet concentrations of the
reactants, NOx, and NH3, and the unwanted by-product, N-O, during the standard,
fast, and NO--rich SCR reactions at 220 °C are displayed in Figure 48. Comparing
the region of standard SCR with that of fast SCR, it is evident that adding NO- to
the feed relieves the poisoning effect, as the outlet concentration of NOx and NH3
are much closer to those of the fresh catalyst.

Increasing the NO- concentration further, to NO>/NOx = 0.75, the overall
performance became worse than for standard SCR, as the NOx and NHj3 conversion
is rather similar to those under standard SCR but the amount of N-O produced is
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higher. The effects of NO- are summarized in Figure 49 which shows the NOx
conversion and N»O production at 280 °C during standard, fast, and NO.-rich SCR
for fresh, SO.-poisoned, and regenerated (500 °C) catalyst.
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Figure 48: Outlet concentration of NO, NO2, NHs, and N20 during SCR performance test of fresh and SO2-
exposed Cu-SSZ-13 (Cat A2) at 220 °C. Higher outlet concentrations of reactants are observed after SO»-
exposure, as well as decreased concentrations of the by-product N20. Inlet gas concentrations: 1000 ppm
NOx (NO2/NOx=0, 0.5 or 0.75), 1000 ppm NHs, 10% Oz, 5% H20 during. GHSV 120,000 h'L.

It is interesting to note that the N>O formation is suppressed by the SO.-exposure,
and that this effect is larger than the effect on NOx reduction. Almost no N-O forms
during the standard SCR reaction, and the amount of N.O formed during the fast
SCR reaction is considerably lower than what is produced for the fresh catalyst,
although the NOx conversion is almost the same as for the fresh one. The same
applies after regeneration at 500 °C, and is applicable to all the Cu-SSZ-13 samples
investigated here. For the NO2-rich SCR reaction however, there are some
differences among the catalysts. While the same trend as stated above is true for
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Cat A1, both Cat A2 and Cat B show an increase in N-O formation at 280 °C,
compared to fresh catalyst, after regeneration. Regeneration at 500 °C results in a
similar, or slightly larger value than for fresh, while regeneration at 700 °C results
in a considerable increase — from around 53 ppm N-O for the fresh catalyst to
around 84 ppm N-O for the regenerated catalyst. It is thus likely that some of the
copper species are transformed into other types of copper species during the
regeneration. At 220 °C steady-state was not reached during the NO--rich SCR
reaction, for neither fresh nor poisoned or regenerated catalyst samples, which
makes it difficult to draw conclusions about the effect at this temperature.

An explanation for the enhancing effect of NO- on the NOxreduction performance
of SO2-poisoned Cu-SSZ-13 catalysts might be that the fast reaction does not
require two active Cu sites for the re-oxidation of the copper from Cu* to Cu2+ as
opposed to what is considered to be required for the standard SCR reaction at low
temperature [95, 96].

Effect of NO,/NO, ratio of fresh, SO,-aged and regenerated Cu-SSZ-13
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Figure 49: Effect of NO2/NOx ratio on NOx reduction performance of Cu-SSZ-13 (Cat A2) - fresh, SO2-aged
and after regeneration at 500 °C: a) NOx conversion and b) N2O production at 280 °C. Test conditions: 1000
ppm NOx (NO2/NOx=0, 0.5, 0.75), 1000 ppm NH3z, 10% Oz, 10% H20, GHSV 120,000 h1. Applying fast SCR
conditions at 280 °C on an SOz-deactivated catalyst results in a NOx conversion close to fresh catalyst.
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The effect of SO--exposure of NH; storage capacity at 220 °C depends on the
sulfur-exposure temperature (see Figure 50), while no effect is observed on the
ammonia storage capacity at 280 °C. For Cu-SSZ-13 Cat A1 samples exposed to SO-
at 220 and 280 °C, the ammonia adsorption capacity at 220 °C appears to be
slightly decreased, as indicated by the slightly earlier breakthrough of ammonia for
these samples. Upon regeneration at 500 °C, the NHj storage increases, as
indicated by the later breakthrough of ammonia. Additional regeneration at 700 °C
does not induce any further difference in the NH; profile.

A more significant effect is observed for all Cu-SSZ-13 samples aged at higher
temperatures, 350 and 400 °C. For these samples, the NHj; storage capacity is
instead considerably increased as compared to the fresh catalyst. This increase is
larger for the higher exposure-temperature. After regeneration, this capacity
decreases significantly; however, it is still larger than for the fresh catalyst.

The observations regarding the ammonia storage indicate that different S-species
form on the catalyst depending on the temperature, and furthermore that these
species might transform from one type to another upon a change in condition, such
as temperature.

Effect of SO,-exposure on NH; adsorption at 220 °C
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Figure 50: Outlet NHs concentration during the NHs storage step at 220 °C for Cu-SSZ-13 Cat Al after
sulfation at different temperatures (220 and 350 °C) and after regeneration at 500 °C. Test conditions: 1000
ppm NHs, 10% 02, 5% H20, GHSV 120,000 h-t.

3.3.2 Effect of engine-aging

The performance of a Cu-SSZ-13 catalyst (Cat B) from a 500-h test in an engine-cell
was tested with the same protocol as used for the SO--exposed samples. A ULSD
fuel with a sulfur content of 5 ppm S, and a Euro V emission control system with
only an SCR catalyst was used during this engine-test. The maximum exhaust
temperature reached during the test was around 530 °C, which means that
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hydrothermal aging effects should be rather low. To note though, is that the
average temperature during the engine-test was higher than normal.

As shown by the decreased rate constant in Figure 51, the catalyst became
deactivated during the engine-test. At 220 and 280 °C, the relative rate constant is
only around 0.28 and 0.4, respectively.

Regeneration at 500 and 700 °C resulted in small, progressive improvements in
the NO conversion, to reach a maximum relative rate constant of around 0.40 and
0.60 at 220 and 280 °C, respectively. After the regeneration at 700 °C, a small
amount of the sulfur present in the catalyst had been removed.

The N-O formation at 220 °C is as for the SO--exposed catalyst lower than for the
fresh catalyst (Figure 51b), although this effect is smaller than for the SO--
poisoned samples. However, contrary to the SO.-poisoned samples, the N-O
production of the engine-aged sample at 280 °C was increased by around 20%
compared to the fresh sample. Regeneration of the engine-aged catalyst causes this
N-O production to increase even further: after regeneration at 700 °C, the amount
of N-O formed is almost doubled compared to for fresh, 19 and 10 ppm N-O for the
engine-aged and the fresh catalyst, respectively, during the SCR reaction.
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Figure 51: SCR performance of a catalyst core from the inlet part of an engine-aged catalyst (Cu-SSZ-13 Cat
B) expressed as: a) the relative rate constant (Kagea/kresh), and b) the relative N2O production (concentration of
N20 produced for aged catalyst divided by that of fresh) at 220 and 280 °C. Test conditions: standard SCR
reaction, 1000 ppm NO, 1000 ppm NHz, 10% Oz, 5% H20, GHSV 120,000 ht. Contaminant concentrations
(molar ratios) for the engine-aged catalyst is are indicated.

78



As for the SO.-exposed samples, the NOx reduction performance in the presence of
fast SCR conditions is significantly higher than under standard SCR conditions (see
Figure 52). However, as opposed to the SO2-poisoned catalysts, the N-O
formation during the fast SCR reaction is higher for the engine-aged catalyst than
for the fresh. Another difference compared to the SO.-exposed samples is the
ammonia storage capacity, which is significantly decreased at both 220 and 280 °C
for the engine-aged catalyst.
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Figure 52: Outlet concentration of NOx, NHs, and N20O during SCR performance test of fresh and engine-aged
Cu-SSZ-13 (Cat B) at 220 °C. Higher outlet concentrations of reactants are observed for the engine-aged
sample implies deactivation. Inlet gas concentrations: 1000 ppm NOx (NO2/NOx=0, 0.5 or 0.75), 1000

ppm NHz, 10% Oz, 5% H20 during. GHSV 120,000 h.

XRF analysis of the engine-aged catalyst shows the presence of P, Ca, and S: 0.15,
0.20, and 0.11 wt%, respectively, in the inlet part. Higher concentrations of P and
Ca were detected in the inlet part of the catalyst compared to the outlet part.
During the regeneration, a part of the sulfur was desorbed as the sulfur
concentration decreased to 0.08 wt% after the regeneration at 700 °C.

The presence of these contaminants might be a reason, or a part of the reason, for
the decreased performance of the engine-aged catalyst. However, hydrothermal
effects might also be a part of the deactivation, especially since the N-O formation
is increased and the NHs-storage capacity is decreased for this catalyst.
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In summary, the following conclusions can be made from the investigation on the
effect of SO-- and engine-aging;:

SO- severely affects the low-temperature NOx reduction performance of Cu-
SSZ-13 catalysts, although, the exact effect varies between different samples.
As opposed to Cu-SSZ-13, the performance of the VWTi catalyst increases by
sulfur exposure.

The standard SCR reaction is most affected — adding NO- to the feed to
reach fast SCR conditions significantly increases the performance of an SO--
poisoned Cu-SSZ-13 catalyst.

Partial to full regeneration is possible by exposing the catalyst to a humid
oxidizing flow at 500 and 700 °C.

The N0 formation is suppressed by SO2-exposure, especially during the
standard and the fast SCR reaction. For the NO2-rich SCR condition,
differences between the Cu-zeolites are observed.

For the engine-aged catalyst, only a small is part related to sulfur
(reversible), other contaminants and probably also hydrothermal aging are
responsible as well.

A summary of the effect of SO2-exposure on the relative rate constant in relation to
the measured S/Cu ratio in the catalyst sample is shown in Figure 53. Note that
the data provided in this figure are based on all three Cu-zeolites for which S/Cu
data were available. Also, for several samples, mainly Cu-SSZ-13 Cat A1, no Cu/S
data are available.
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Figure 53: Relative rate constant at 220 °C as function of the measured S/Cu (mol/mol) for all SO2-exposed,
engine-aged and regenerated Cu-SSZ-13 samples (Cat Al, A2, B) for which elemental analysis data are
available. Conditions during SCR test: standard SCR, 1000 ppm NO, 1000 ppm NHs, 10% Oz, 5% H20, GHSV
120,000 h,
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3.4 Copper sites and oxidation and reduction behavior of fresh
and SO2-poisoned Cu-SSZ-13 catalyst by in-situ synchrotron XAS
(Paper V)

Exposing Cu-SSZ-13 catalysts to SO- results in a considerable decrease in their low-
temperature NOx reduction performance. However, the NOx reduction at higher
temperatures is only slightly affected or not affected at all; also, under fast SCR
conditions the poisoning effect is significantly less pronounced. It is furthermore
possible to regenerate the catalyst by exposing it to elevated temperatures.

To understand the nature of these effects, copper species in a fresh and an SO--
poisoned Cu-SSZ-13 catalyst (Cat A1) were investigated using in-situ Cu K-edge
XAS. These experiments were done in a temperature range from room temperature
to 400 °C, in oxidizing and reducing atmosphere (20% O-/N- and 5% H-/He,
respectively). TGA-MS was used to determine the sulfur content in the as-received
Cu-zeolite, and after it had been exposed to different gas atmospheres during the
XAS experiment. XAS is a technique that gives the average result of all Cu-species
that exist in the analyzed sample, and provides information about coordination
environment and oxidation states. As a compliment to the XAS experiment,
additional characterization was performed with STEM and H.-TPR (fresh catalyst
only). A multivariate curve resolution alternating least squares (MCR-ALS)
approach was used to evaluate the XAS data, and was compared to reference
spectra of Cu-species obtained by DFT-assisted XANES calculations. In addition to
the analysis of the XANES data, a part of the EXAFS data was analyzed using
continuous Cauchy wavelet transforms (CCWT). This analysis can be used to
enhance the sensitivity to the nuclearity of Cu-oxo species in Cu-zeolites, which
otherwise could be difficult to differentiate [199].

Based on the TEM-images of the fresh Cu-SSZ-13, it is likely that this sample, in
addition to exchanged Cu ions also contain CuOx nanoparticles, as indicated by
black dots (Figure 54). Particles with similar structures have previously been
assigned to such clusters in studies performed by others [188, 200, 201]. These
CuOx clusters might be a reason for the inferior performance of the fresh Cat A1
compared to the fresh Cat B and Cat A2. The SO--poisoned catalyst also contained
similar clusters/particles.
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Figure 54: STEM images and Hz-TPR profile for the fresh Cu-SSZ-13 Cat ALl. The Hz-TPR was conducted
from 50 to 600 °C with 10% Hz and a heating rate of 10 °C/min, after an in-situ pre-treatment step with 2.5%
O2/He 1 h at 400 °C. The profile of Cat A2 is shown for comparison.

The H.-TPR profile of the dehydrated fresh Cu-SSZ-13 sample has two clear peaks
at temperatures below 500 °C (see Figure 54). This shows that that there are at
least two Cu species with different reducibility in the catalyst, likely corresponding
to ZCuOH and Z.Cu, where the former is easier to reduce than the latter. Previous
studies on well-defined Cu-SSZ-13 catalysts, for example with different Si/Al and
Cu/Al ratios, have shown that Cu2+ in ZCuOH (or in CHA) reduce to Cu+ at around
230-280 °C, while Cu2* in the less reducible Z-Cu (or in the dér) reduce to Cu+ at
temperatures around 310-410 °C [111, 121, 123, 174, 202, 203]. The reduction
temperatures depend on the experimental conditions. Although only two peaks can
easily be observed in the profile, the Ho-consumption profile might as well be
constructed by additional Cu species with reducibility in similar range as for the
species stated above. For example, it is likely that CuOx nanoclusters, as observed
by STEM, contribute to the H> consumption. In previous studies, CuOx
nanoclusters have been shown to reduce at temperatures between around 210 and
300 °C[118, 200, 201, 204], with differences in reducibility depending on the size
of these clusters [204].

The XAS spectra of fresh and SO.-poisoned catalyst samples change with
temperature and gas atmospheres, as shown in Figure 55. Analyzing all these
spectra by MCR-ALS resulted in the pure components displayed in Figure 56. In
this figure it is seen that some of the pure spectra in fresh and SO--poisoned
catalysts are rather similar, while other are quite different from each other.
Especially spectra F1 and P1 look similar, but also F2 and P2 appear quite similar.
In contrast, large differences are observed for other spectra, e.g. F3, P3, and F5, P5.
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Figure 55: All XAS spectra of fresh (a) and SO2-poisoned (b) Cu-SSZ-13 Cat Al at temperatures between
room temperature (RT) and 400 °C in oxidizing (20% O2/N2) and reducing atmospheres (5% Hz/He)

The change in concentration of the various components in fresh and SO:-poisoned
catalysts with time along with a comparison of the experimental spectra with
theoretical XANES spectra (see Paper IV), is discussed below.

Oxidizing atmosphere (O2/N2, RT = 400 °C - 200 °C)

The spectra of F1 and P1 in fresh and poisoned catalyst, respectively, are both
similar to the spectra of hydrated [Cu(H20)6]2*. In this state, the Cu2+ ions are
solvated by water molecules and only weakly coordinated to the zeolite framework
[98, 178, 205]. The calculated XANES spectra of [Cu(H20)s]2+agrees well with the
experimental result. The concentration of these components is highest in the
beginning of the experiment (see Paper IV), which starts at room temperature
with an oxidized, hydrated Cu-SSZ-13 sample. It then rapidly decreases with
increasing temperature in O»/N- atmosphere, as dehydration of the copper ions
occurs. This dehydration process is evident by the decrease in intensity and
broadening of the white line (the “peak” with the highest intensity) in the XAS
spectra in Figure 55.

As the concentration of hydrated Cu2+ species (F1, P1) decreases, an increase in
component F6 and P6 occurs. The concentration profiles with time are rather
similar for fresh and poisoned catalyst, but differences in the spectra are observed.
The concentration of components F6 and P6 reaches a maximum after about one
quarter of the heating time in O»/N-. After that, it smoothly decreases until the end
of heating; however, even at high temperatures in O-/N>, the concentration of this
component is around 10-15%. These spectra are thus likely represented by
dehydration intermediates, but may also be related to CuOx, which would be
supported by the STEM results. The Cu K-edge XANES spectra of CuOx
nanoparticles have smeared spectral fine structure features, as compared to bulk
CuO, and could thus be rather similar to the spectra of the dehydration
intermediates. This spectroscopic difference compared to bulk CuO originates from
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differences in the surface-to-volume ratios [206], and absence of long-range order
in the nanoparticles [206-208]. Based on similarities in the concentration profiles
of component F6 and P6, but differences in the spectra, P6 likely corresponds to
dehydration intermediates of sulfur-poisoned Cu2+ species.

As water molecules are removed from the copper ions during the dehydration
process, the Cu2* ions instead become coordinated to the zeolite framework and the
coordination symmetry of these ions decrease. The spectra of the dehydrated,
oxidized catalyst samples are shown as the black curves in Figure 55. In an
oxidizing atmosphere these Cu2+ species are likely present as Z-Cu(II), ZCu(II)OH,
and/or ZCu(II)-O., in fresh Cu-SSZ-13. According to the concentration profile,
components F3 and F4 fit with these species; as the concentration of component F3
starts to decrease at an earlier stage, i.e. a lower temperature, during the reduction
part (H=/He), this component is assigned to ZCu(II)OH (and/or ZCu(II)-O-) as this
specie is easier to reduce. Consequently, F4 is assigned to the more stable Z-Cu.
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Figure 56: Pure components from the MCR-ALS analyses of the full set of spectra in oxidizing and reducing
atmospheres at temperatures between room temperature and 400 °C. F (e.g. F1) indicates fresh catalyst; P
(e.g. P1) indicate SO2-poisoned catalyst.
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Significant spectral differences were observed for the components F3 and P3.
Recently it has been shown that ZCuOH sites are more sensitive to SOx poisoning
than are Z.Cu sites [111, 122, 126]. In our analysis of the spectral data of sulfur-
poisoned catalyst, we therefore excluded the ZCuOH and replaced with ZH-
Cu(HSO,)- species. Based on our DFT calculations of several suggested Cu-S
structures, these species were the thermodynamically most favored. This is also in
agreement with a previous study by Shih et al. [122]. In addition, some spectral
differences were also observed for component P4 compared to F4. This could thus
be an indication that also these sites can be poisoned. Therefore, we also
considered sulfur-poisoned Z-Cu sites as Z.H-Cu(HSO,)- species.

Reducing atmosphere (Hz/He, 200 °C 2 400 °C 2 RT)

As the oxidizing gas mixture is replaced by a reducing gas mixture, substantial
changes in the spectra occur (see Figure 55, blue curves) and reveal significant
differences between spectra of fresh and poisoned samples.

In the fresh catalyst, a rapid increase in component F2 was observed upon heating
in H>/He, concurrent with a decrease in concentration of components F3 and F4.
Component F2 is thus assigned to Cu* in ZCu, which originates from reduction of
ZCu(IT)OH (and/or ZCu(II)-0-) species). Z-Cu sites also reduce, but at a higher
temperature, to ZCu(I)/ZH. Calculated XANES spectra of these Cu+* species suggest
that component F2 could include both of these species, as their spectra are similar.

The spectra of component P2 in the SO2-poisoned sample looks similar to the
spectra of F2 in the fresh catalyst, and is thus likely related to ZCu and/or ZCu/ZH.
However, the concentration profiles of component P2 and F2 are different.
Especially, the concentration of component P2 (i.e. ZCu) is significantly lower for
the poisoned catalyst sample in the end part of the heating in H>/He (holding at
400 °C). This is consistent with part of the Cu species being poisoned by sulfur, not
being able to form ZCu or ZCu/ZH during this heating.

For the poisoned sample, component P5 also appear upon heating in H>/He,
already in the first half of this step. In contrast, this is not the case for component
F5 in the fresh sample; the concentration of this component increases only upon
cooling from 400 to 200 °C in H./He. Comparing the spectra of fresh and poisoned
samples during the heating in H>/He, we noted a more rapid increase in intensity
in the region of 8983 eV for the poisoned sample, compared to the fresh sample.
The presence of features in this region is an indication of Cu*. However, the
spectral pre-edge features (intensity and position) of Cu* species are very sensitive
to the coordination environment and geometry [179, 209]. Linear two-fold
coordinated Cu+* complexes have a sharp peak in the region of 8983-8984 eV, while
three- and four-fold coordinated Cu+ species show less intense features. [179, 209]
A distortion from the ideal linear 2-fold coordinated structure, which has an angle
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of 1809, results in a decreased intensity of this pre-edge feature [209]. We therefore
propose that the high intensity of the pre-edge peak in the SO.-poisoned catalyst is
due to formation of quasilinear Cu*-SOx complexes. Consequently, component P5
in the SO2-poisoned catalyst is assigned to such a quasi-linear Cu* complex. This
specie might be formed from the reduction of Cu-bisulfate species. According to
H>-TPR data performed by others [187, 203, 210], reduction of dispersed copper
sulfate species occurs at around 230-270 °C, which agrees with the rapid increase
in intensity at 8983 eV in the XANES data for the poisoned sample during the first
part of heating in H>/He. In the middle part of the heating in H>/He, the
concentration of component P5 first becomes constant, and then slightly decreases.
This could be associated with the release of SO- from this component, liberating
some of the Cu ions from the sulfur-poisoning. This agrees with the TGA-MS
results, which showed that some sulfur had been removed from the catalyst during
the in-situ XAS experiment.

Component F5 in the fresh catalyst, on the other hand, is not related to quasilinear
Cu* complexes, but could be related to Cu=0 and/or metallic Cu. Using the CCWT
approach showed formation of a significant amount of metallic Cu in the fresh
sample, while this effect was substantially lower in the SO2-poisoned sample.
Component F5 was therefore assigned to metallic Cu, although some contributions
from Cu-0 cannot be excluded.

Based on the time-temperature-atmosphere dependent concentrations of different
components in fresh and SO.-posioned catalyst, the following was concluded:

e Besides exchanged Cu ions, copper exists also as CuOx nanoparticles in the
investigated Cu-SSZ-13 catalyst (Cat A1).

e The SO.-poisoned catalyst contains both Cu-species that are similar to, and
Cu-species that are significantly different than, those in the fresh sample.

e The response of the Cu-species in fresh and poisoned samples to various
conditions differs, especially to a reducing atmosphere.

¢ Differences in reducibility are related to the formation of quasi-linear
complexes in the SO.-poisoned catalyst formed during heating in H>/He,
while no such complex is formed in the fresh catalyst.

e Heating in H>/He to 400 °C leads to partial removal of sulfur from the
catalyst, as confirmed by TGA-MS, and corresponds to a regeneration of
parts of the sulfur-poisoned Cu-ions.

e The CCWT analysis showed that cooling in H>/He after heating to 400 °C
leads to formation of Cu-metal clusters, which are more easily formed in the
fresh catalyst than in the SO.-poisoned. This could be an indication of Cu
species in the fresh catalyst being more mobile than those in the poisoned
catalyst.
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3.5 The effect of phosphorus and sulfur in biodiesel exhaust on
Cu-SSZ-13 and V205-WO3/TiO2 SCR catalysts (Paper V)

In this chapter the aging experiments are a step closer to real conditions as the
catalysts were exposed to real biodiesel exhausts, generated by a diesel burner.
Four different aging experiments were performed: one with pure biodiesel, and the
other three with either phosphorus-, sulfur-, or phosphorus- plus sulfur-doped
biodiesel. The average temperature during the aging experiments was around 450
°C. The aging with pure biodiesel served as a baseline aging while the experiments
with only phosphorus or sulfur was targeting a full lifetime exposure of the
catalysts to phosphorus and sulfur, respectively. In the fourth aging with both P
and S added to the fuel, the concentration of the contaminants corresponded to
approximately 1/10th of a lifetime. During the aging experiments, the SCR catalysts
were aged in two different configurations, either with an upstream DOC, or with an
upstream dummy (empty cordierite core).

3.5.1 Aging effects on the V,0s-WQO3/TiO; catalyst

The different aging experiments resulted in different effects on the VWTi catalyst —
from a promoting effect to a severely deactivating effect (see Figure 57). The most
noticeable effect is observed for exposure to the exhausts of the phosphorus-doped
biodiesel (orange curve). This aging resulted in a severe deactivation of the VWTi
catalyst over the whole temperature range, no matter if a DOC or dummy was
present upstream of the SCR catalyst sample during the aging. Only at 500 °C, a
significant difference is observed between the two samples. An interesting
observation is that at 500 °C the NHj3 conversion is more affected than the NO
conversion, as compared with the conversion of these reactants for the fresh
catalyst. This indicates that also the non-selective oxidation of NH3, which is quite
significant in the fresh catalyst, is also inhibited, and is also supported by the
decreased amount of N>O formed (<25 ppm compared to 55 ppm) by the P-aged
catalyst.
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Figure 57: Effect of exposure to pure (green), P- (orange), S- (yellow), and S+P-doped (brown) FAME exhaust
on NO and NHs conversion and N20 production of V20s-WOs/TiO2. DOC-SCR or dummy-SCR during aging.
Test conditions: 10% O2, 1000 ppm NO and NHs, 5% H20, GHSV 120,000 h,

Deactivation by phosphorus over the whole temperature range of a VWTi SCR
catalyst has previously been observed by for example Kamata et al. [129].
Furthermore, Englund [16] observed a severe deactivation, also this time over the
entire temperature range, for a catalyst that had been in a truck operated on
biodiesel around 120,000 h. High concentrations of phosphorus was found in this
catalyst [16], and hence might be the reason for the observed deactivation.

For the aging experiment with both phosphorus and sulfur added to the biodiesel
(Figure 57, brown curve), but at lower concentrations, it is clear that an upstream
DOC could considerably protect the SCR catalyst. For the sample exposed to the
exhaust with a DOC in front, only a slight deactivation was observed. Furthermore,
this sample appears to have an increased selectivity towards the desired SCR
reaction, and decreased selectivity towards unwanted ammonia oxidation, as
shown by the smaller difference between the NO and NHj3 conversion at 500 °C,
and the significantly decreased N2O production. The sample with a dummy, on the
other hand, shows a high degree of deactivation. This deactivation is observed over
the whole temperature range, as for the samples exposed to the exhaust with high
phosphorus concentration. Also for this sample, the selectivity towards non-
selective ammonia oxidation appears to be lower.

As opposed to the experiments that included phosphorus, the aging with sulfur-
doped biodiesel resulted in a promotion of the NOx reduction performance. This
promotion was observed for the VWTi catalyst that had a DOC in front during the
aging. A slight increase in NO conversion is observed, as well as a significant
decrease in N-O production (decrease from 55 to 45 ppm). Consequently, the
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selectivity towards the unwanted N-O is significantly decreased. However, at high
temperature, ammonia is still oxidized in a reaction that does not include NO, as
the NHj3 conversion is higher than the NO conversion. The VWTi sample aged with
a dummy in front, instead shows a moderate deactivation in the NOx reduction
performance, primarily noticed at 300 °C and above. Similar to the sample with the
DOC upstream, the N-O production at 500 °C is decreased. Only 35 ppm N-O was
produced for this sample.

A slightly promoting effect of the aging was also noted for the experiment with pure
FAME (Figure 57, green curve), especially in terms of decreased N-O selectivity.
This applies for both the samples, but the decrease in N>O formation is most
significant for the sample with the dummy in front during the aging. Slight
increases could also be noted in the conversion of both NO and NHj for the sample
with a DOC in front during the aging.

3.5.2 Aging effects on the Cu-SSZ-13 catalyst

As opposed to the VWTi catalyst, the Cu-zeolite experienced deactivation, to a
higher or lower extent, due to all of the aging experiments (see Figure 58). As for
the VWTi, the most pronounced effect is the severe deactivation resulting from the
aging with P in high concentration (Figure 58, orange curves). Almost no
conversion is observed for both P-aged Cu-SSZ-13 samples at temperatures up to
350 °C. After this, the NO and NHj conversion gradually increase with
temperature, but even at 500 °C, the conversion does not reach the value of the
fresh sample. This effect is especially pronounced for the sample aged with the
dummy in front; the NO conversion at this temperature is only 60% for this
sample, while it is 82 and 92% for the sample with the DOC upstream during the
aging, and the fresh catalyst, respectively. This indicates that the DOC protects the
SCR catalysts by capturing part of the phosphorus before it reaches the SCR
catalysts. The formation of N-O is also almost totally suppressed at all
temperatures for both P-aged Cu-SSZ-13 samples.

Similar to the VWT], large effects of the aging configuration, i.e. DOC or dummy
upstream of the SCR catalyst during the aging experiment, are observed after the
aging with P+S-doped fuel. The sample aged with the dummy upstream has a
considerably higher degree of deactivation than the sample that had a DOC in
front. As opposed to the aging with only phosphorus doped in the fuel, the
conversion at high temperature reaches the same level as the fresh catalyst. For the
sample with the DOC a similar conversion level is reached at around 400 °C, while
500 °C is required to reach the same level for the catalyst aged with the dummy.
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Figure 58: Effect of exposure to (green), P- (orange), S- (yellow), and S+P-doped (brown) biodiesel (FAME)
exhaust on NO and NHs conversion and N20O production of Cu-SSZ-13 (Cat A2). DOC-SCR or dummy-SCR
configuration during aging. Test conditions: 10% Oz, 1000 ppm NO and NH3, 5% H20, GHSV 120,000 h1.

A considerable effect is also observed for the aging experiment with high sulfur
concentration. Both Cu-SSZ-13 samples from this aging are severely deactivated at
temperatures below around 350 °C. Again, a more severe effect is observed for the
sample aged with the dummy in front. The N-O production of the sample aged with
the dummy is suppressed at all temperatures, while the sample aged with the DOC
instead show an increase in the high-temperature N-O production. However, at low
temperatures the N.O formation is decreased.

After the aging experiment with pure biodiesel, mainly the low-temperature (200-
250 °C) performance of the Cu-SSZ-13 samples is affected. At 200 °C, a decrease in
NO conversion from 80 to 64 and 59% was observed for the sample with an
upstream DOC and dummy, respectively. A similar effect was seen for the NH3
conversion for both samples. This was accompanied with a decrease in the low-
temperature N-O production. However, at 500 °C, the N-O production was slightly
higher for the aged samples.

3.5.3 Effect of sulfur desorption during SCR test — partial regeneration of Cu-
SSZ-13

During the activity test, I noted significant SO desorption peaks from several of the
Cu-SSZ-13 samples, while not observed for the aged vanadium-based catalyst
samples. This desorption was especially pronounced for the performance test at
500 °C, and in the step when ammonia was first introduced, varied depending on
the aging experiment and configuration (see Figure 59). Consequently, most of
the Cu-SSZ-13 samples were subjected to a second performance test to investigate
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the effect of this removed SO- on the NOx reduction performance. In these second
tests, no, or very low amounts of, SO- were detected, and an improved SCR
performance was observed. This improvement was observed over the whole
temperature range where the catalyst was deactivated (see Paper V); the effects on
the low-temperature are summarized in Figure 59, in the form of the relative rate
constant (kaged/kfresh) for the standard SCR reaction at 200 °C, with 10% O-.
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Figure 59: Effect of SOz desorbed during the 15t SCR test on the relative rate constant at 200 °C — partial
regeneration due to this sulfur removal from the catalyst, as seen when comparing the relative rate constant for
the 15t and 2" SCR tests. Test conditions: 10% O2, 1000 ppm NO, 1000 ppm NHs, 5% H20,

GHSV 120,000 h'. The total time at 500 °C was around 26 min.

Smaller amounts were detected also at lower temperatures; however, the FTIR
detected “SO.” even for fresh samples, although these samples contained no sulfur.
In my approximate quantification of the amount of desorbed SO- from the samples
during the first SCR test, the values obtained for fresh samples were therefore
subtracted from those obtained for the aged samples. It was later found that the
FTIR had a cross-sensitivity for ammonia and SO, which was dependent on the
NHj; concentration.
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3.5.4 Capture of phosphorus and sulfur in the SCR catalysts

Bulk elemental analysis (XRF) of the aged samples shows that both the V2Os-
WO3/TiO- and the Cu-SSZ-13 capture phosphorus, while significant amounts of
sulfur are only captured by the Cu-zeolite. This agrees well with the results in the
SO.-aging from Chapter 3.3. However, as a promotive effect was observed for the
VWTi catalyst upon sulfur-exposure, it is likely that it contains some small amount
of surface sulfur species not detectable by the bulk elemental analysis.
Alternatively, the SO- induces changes in the catalyst material without self being
strongly adsorbed to it.

No other fuel- or lube-oil related contaminants (Na, K, Mg, Ca, or Zn) could be
detected at any increased levels compared to the fresh material in any of the VWTi
and Cu-SSZ-13 samples.

The V205-WO;3/TiO- samples exposed to P-doped FAME exhausts (93 ppm P in the
fuel) had the highest concentration of phosphorus. The bulk concentration of P in
these samples was around 2 wt%, with no difference in concentration between the
inlet and the outlet part of the samples. This concentration notably corresponds to
a molar P/V ratio of almost 3, i.e. almost three times as much phosphorus as
vanadium. This indicates that the phosphorus in the exhaust interacts not only with
the vanadium in this catalyst, but also with other parts of the catalyst material e.g.
the WOj3 and/or the TiO.. Alternatively, more than one phosphorus can be
associated with one vanadium.

In the samples from the aging with S-doped FAME, increased concentration of
phosphorus was only detected for the sample that had a dummy upstream during
the aging. For this sample, a gradient was observed between the inlet and the outlet
of the catalyst, with highest concentration in the inlet.

Both samples from the aging experiment with P+S-doped FAME (around 10 ppm P
in the fuel) contain increased amounts of phosphorus.
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Figure 60: SEM-EDX mapping of V20s-WO3/TiO2 aged with pure FAME (top) and P-doped FAME (bottom)
with a dummy upstream during the aging. The sample exposed to P-doped biodiesel exhausts shows high
concentration of P all over the catalyst substrate, similar in inlet as in outlet. The sample exposed to pure
FAME-exhaust had a slightly increased P-concentration compared to the fresh catalyst. Magnification: 151x.

The concentration of P is considerably higher in the sample aged with the dummy
in front, compared to that with the upstream DOC. However, both samples display
an axial concentration gradient with higher concentration of P in the inlet part of
the catalyst.

According to SEM-EDX mapping of a cross-section of the pure biodiesel-aged and
the P-aged catalysts (Figure 60), the phosphorus appears to be evenly distributed
throughout the whole substrate thickness in both catalyst samples. The P in the
biodiesel-aged catalyst is mainly related to what is present already in a fresh
catalyst, as the bulk elemental analysis did not detect increased concentrations of
phosphorus in this sample. The P-aged sample contains significantly higher
concentrations of P as indicated by the stronger signal for phosphorus (Figure 60,
lower panels). No accumulation of P on the surface of the catalyst wall was
observed.

The Cu-SSZ-13 samples from the aging with the P-doped FAME also contained
high concentrations of phosphorus, although significantly lower than in the
vanadium catalyst. One reason for the lower total concentration of phosphorus in
the Cu-zeolite is probably because this sample is washcoated on a cordierite
substrate, while the entire VWTi substrate contains porous and active material. The
concentration of phosphorus in the Cu-zeolite was around 0.3-0-4 wt%, with a
rather uniform concentration throughout the length of the catalyst core. This
concentration corresponds to molar P/Cu ratios of around 1.09 and 0.82 for the
sample with an upstream DOC and an upstream dummy, respectively. As opposed
to the VWTi samples, the P/Cu ratio for these Cu-zeolite samples is thus close to
one, even though the total amount of phosphorus exposed to the catalyst far
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exceeds a theoretical 1:1 saturation. This suggests that phosphorus interacts mainly
with the copper in this type of catalyst, in a 1:1 relationship.

For the aging experiments with S- and P+S-doped FAME, phosphorus was only
detected (>0.1 wt% P) the samples with a dummy in front during the aging. The
sample from the P+S-aging had an axially uniform concentration of P of around 0.2
wt%, while the concentration of phosphorus in the S-aged sample was lower. In
addition, this sample had a small concentration gradient between the inlet and the
outlet, 0.14 and 0.12 wt%, respectively.

A phosphorus concentration in the same range as observed here, 0.3-0.4 wt%, has
previously been reported for a deactivated Cu-zeolite after engine-aging in a
dynamometer corresponding to 120,000 km [211]. Different from our results
though, is that this engine-aged catalyst had an axial gradient, with higher
concentration of phosphorus in the inlet part. It also had a concentration gradient
within the washcoat thickness, with most of phosphorus being present at the
surface of the washcoat [211]. As another example, the P concentration of the
engine-aged Cu-SSZ-13 catalyst that was investigated in Chapter 3.3 (and Paper
III), was around 0.15 wt% in the inlet and around 0.8 in the outlet part.

Capture efficiencies for phosphorus for the different aging experiments and catalyst
samples are presented in Paper V, as well as more details about concentrations of
P and S in the samples.

Sulfur analysis of all the performance-tested aged Cu-SSZ-13 samples showed an S
concentration in the range of 0.02 to 0.11 (<0.01 in fresh), with the highest
concentration of sulfur found in the samples from the aging with S-doped FAME.
However, remember that a significant amount of SO desorbed from some of the
samples during the SCR performance test. Based on the concentration of SO- in the
effluent gases during the test at 500 °C, and the mass of the catalyst core, it was
estimated that roughly 0.02-0.2 wt% of S, i.e. molar S/Cu of around 0-06 to 0.5,
was lost during this test.

The SEM-images indicate that the phosphorus is evenly distributed in the washcoat
thickness, see Figure 61. This observation, together with the rather uniform
concentration of P axially, indicates that catalyst samples are saturated, or almost
saturated, with phosphorus.
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Figure 60: SEM-EDX mapping of Cu-SSZ-13 samples exposed to pure biodiesel exhaust (top) and P-doped
biodiesel exhaust (bottom), with a dummy upstream during the aging. The sample exposed to P-doped FAME
exhaust contains P in the whole washcoat thickness, while no P is shown in the mapping for the pure FAME
exposed sample. Magnification: 151x

3.5.5 SCR performance in relation to captured contaminants

During the different aging experiments, different amounts of S and P were captured
in the different catalysts. Furthermore, variations between the two tested
configurations, DOC or dummy upstream of the SCR catalyst during the aging,
were observed. It is interesting to relate these differences to the effect on the SCR
performance. To display the impact of the contaminant concentration on the low-
temperature SCR performance, the relative rate constant was plotted against the
molar P/V for the VWTi, and P+S/Cu for the Cu-SSZ-13 catalyst (see Figure 62).
For the Cu-SSZ samples, data for both as-received (full symbols) and partially
regenerated (empty symbols) samples are included. The partially regenerated data
originate from the second SCR test performed for most of the Cu-zeolite samples,
and the corresponding S/Cu ratios are based on the sulfur analysis results obtained
by a Leco sulfur analyzer. The S/Cu for the as-received samples are based on a sum
of the S content from the sulfur analysis, and the estimated amount of sulfur
released during the first SCR test.

From Figure 62, we can see that a rather low contamination level results in a quite
high degree of deactivation for the Cu-SSZ-13 catalyst. In Paper V it was
concluded, by comparing the deactivating effect of sulfur with the deactivating
effect of phosphorus, that rather similar molar ratios of S or P per Cu result in quite
different degrees of deactivations: a S/Cu ratio of 0.75 leads to a relative rate
constant of 0.13 while the corresponding values for the sample with a P/Cu of 0.82
results in a relative rate constant of only 0.01 at both temperatures. Furthermore,
the P-poisoned sample (P/Cu=0.82) shows considerably lower NO conversion at
300-400 °C than does the S-poisoned sample (S/Cu=0.75) (see Paper V).
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In the engine-aged catalyst studied in Chapter 4.3 (and Paper III), the combined
S+P/Cu is around 0.83, and after regeneration at 500 + 700 °C it decreases to
0.68. The corresponding relative rate constants at 220 °C (no test performed at
200 °C) were 0.31 and 0.41, respectively.

Phosphorus deactivates the vanadium-based catalyst as well. However, the degree
of deactivation for all of the Vo205-WO3/TiO- samples is lower than for the Cu-SSZ-
13 samples, even though these samples contain higher levels of contamination. P/V
ratios around 0.5 and below do not appear to cause significant deactivation. For a
P/V ratio of around 1.2, a deactivation of around 60% is observed, and for the P/V
ratios above 2.5 the deactivation is around 90%.
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Figure 62: relative rate constant at 200 °C as a function of the molar P/V och S+P/Cu for the investigated Cu-
SSZ-13 and VWTi SCR catalysts. Test conditions: 10% Oz, 1000 ppm NO, 1000 ppm NHs, 5% H20, GHSV
120,000 h't,

In relation to the results from Paper I, in which the P/V ratios were 1.1-1.5 for the
high concentration level, where phosphorus did not appear to cause any significant
deactivation, some differences in the tests performed, and in the contamination
procedure, may explain this. First of all, the fast SCR reaction was studied in
Paper I, and this reaction might not be affected in the same way as the standard
SCR reaction (e.g. re-oxidation is easier for fast SCR). Second, the aging methods
differ: a wet impregnation in Paper I, and a gas-phase aging in this study. In the
literature it has earlier been shown that exposing the catalyst to the same P/V, but
using either an aerosol or wet impregnation, the aerosol aging resulted in a higher
degree of deactivation. [143] The temperature during the aerosol or gas-phase
aging might as well have an effect. In our study we have a rather high temperature,
450 °C.
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3.5.6 Effect of phosphorus on the DOC

The effects of the different aging experiments on the DOC samples used during
those experiments are the subject of an ongoing manuscript. However, a brief
discussion of some of the results is included here, as this will improve the
understanding about the whole system. The DOC from the aging with the P-doped
biodiesel trapped a substantial amount of phosphorus (see Figure 63), which also
resulted in a severe deactivation of this sample. No NO conversion at all was
observed over the whole temperature range tested (80-300 °C, see Figure 64),
and the highest conversion of C3Hes was around 40%. Furthermore, incomplete
oxidation of this propylene lead to production of CO at temperatures above around
200 °C and thus an overall negative conversion of CO. The aging with a lower
concentration of phosphorus in the exhaust (P+S), resulted only in slight increase
of the light-off temperatures for HC and CO, while the NO conversion instead was
somewhat improved compared to the fresh catalyst.

The capture efficiency of P in the DOC samples were 7 and 22% for the aging
experiments with P- (93 ppm ), and P+S-doped (11 ppm P) biodiesel, respectively.

Concentration of P and S in aged DOC (wt%)

EPinlet MP middle Poutlet mMSinlet S middle S outlet
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Figure 63: Concentrations of phosphorus and sulfur in the DOC samples exposed to P-, S-, and P+S-doped
FAME-exhausts in the diesel burner. Substantial amounts of P are trapped in the DOCs.

For a comparison, the effect of 0.2 wt% P on a DOC from the same batch is shown
in Figure 65. This phosphorus was added from exposure of a P-containing aerosol
using the aging rig constructed during this PhD project. An increase in the CO
light-off temperature is observed, as well as a slight decrease in the NO oxidation
ability. Note that in this test, the test conditions were not exactly the same as those
applied compared to the results in Figure 64 (e.g. a higher GHSV in the tests for
the data in Figure 65).

To conclude, a high concentration of phosphorus in the DOC, as for the P-doped
aging, is detrimental for all the oxidation reactions; however, for a P-concentration
up to around 0.5-1 wt%, the degree of deactivation is rather low.
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NO conversion of DOCs from the aging experiments in the diesel burner
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Figure 64: Effects on the NO oxidation abilities of the DOCs from the different aging experiments during
heating (and cooling, dotted) at 10 °C/min. GHSV 22,000 h'1, 10% Oz, 5% H20, 100 ppm propylene, 100 ppm
CO, 1000 ppm NO.

Conversion of CO, HC, and NO

1.00 — 25|
0.80 — Fresh
----- P-aged
(aerosol)
0.60
0.2wt% P
in catalyst
0.40
0.20
0.00 Ife=li=—" ‘ ‘ ‘ ‘ ;
50 100 150 200 250 300 350

Temperature (°C)

Figure 65: CO, NO, and CzHs conversion for fresh DOCs (2 shown as examples) prior to the aging in the
diesel burner, and for a DOC subjected to a preliminary aging experiment with P-doped aerosol in the aging rig
“sconstructed during this PhD project. GHSV 80,000 h, 10% O3, 5% H20, 100 ppm propylene, 100 ppm CO,
1000 ppm NO.
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3.6 The effect of biogas operation on a Pd-Pt oxidation catalyst
(Paper VI)

In this study, we investigated how exhaust gases from a biogas-powered Euro VI-

engine impact the performance of a bimetallic Pd/Pt oxidation catalyst. The effect
of this aging on the ability of the catalyst to oxidize methane, CO and NO is shown
in Figure 66.

After 900 h of aging, the CH,4 oxidation capability decreased considerably, as can be
seen when comparing the aged DOC (DOC in, DOC out) with a fresh reference
catalyst. Both the light-off and the maximum conversion are affected, and both the
inlet and outlet part of the aged catalyst display only minor CH,4 oxidation activity
at temperatures up to 450 °C. A difference between the inlet and outlet is observed,
with the inlet being more deactivated than the outlet. Further, it is noted that the
CH,4 oxidation ability for all samples is better in presence of the complex gas
mixture (CH4+NO+CO+0-), compared to when only CH,4 and oxygen is present
(Figure 66a and d, respectively). This effect has also been shown in a previous
study [212], and was suggested to be due to a decreased inhibitory effect of water in
the presence of NO by forming HNO- from H20O-originating hydroxyl groups.

The activity for CO oxidation is also decreased, as seen by the significantly higher
light-off temperature for the aged samples (Figure 66c, f). The Tso occurs at 25
and 50 °C higher temperature in the complex and simple reaction mixture,
respectively. No change in maximum conversion is observed. For all samples, fresh
as well as aged, the CO oxidation activity is higher in absence of NO and CH, in the
feed, as seen when comparing the light-off curves in Figure 66c¢ and f. For the
fresh catalyst the Tso is almost 50 °C higher in the complex gas mixture, while the
differences in light-off temperatures are slightly smaller for the aged samples.
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Figure 66: Conversion of CHa (a, d), NO (b, e), and CO (e, f) during a heating ramp (5 °C/m|n) for the inlet and
outlet part of the engine-aged catalyst (DOC in and DOC out, respectively) and a fresh reference (DOC ref).
The top row consists of a gas mixture including all pollutants simultaneously (1000 ppm CH4, 1000 ppm NO,
1000 ppm CO); in the bottom row these reactants are introduced separately. In both tests 8% O2 and 5% H20
are present with argon as balance, and the GHSV was 45,000 h1. From Englund et al. Catalysts 9 (2019) 1014
[167].
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The NO oxidation ability of the DOC is important for improving the performance of
downstream filter and SCR catalyst. At low temperatures, both the inlet and outlet
sample show a slightly lower NO conversion than the fresh sample. However, at
temperatures above around 300 °C, the NO conversion of the inlet part of the aged
catalyst is higher than it is for the reference sample (see Figure 66b, e). This is
likely due to a growth of the PGM particles during the aging, as NO oxidation is
known to be more active on larger Pt particles.

Furthermore, the NO conversion maxima of aged catalyst samples are split in two
peaks, which could indicate some separation of PGM particles into monometallic Pt
and Pd particles. Pt has significantly higher activity for NO oxidation than does Pd
[44, 213]. Thus, it is likely that larger, monometallic Pt particles have formed on the
aged catalyst.

The noble metal particle size of the different samples was measured by TEM. The
900 h-aging resulted in an increase in PGM size from around 4 nm to 8-9.5 nm and
a broadening of the particle size distribution (see Table 9), likely due to
hydrothermal effects [214]. Then again, the temperature in the exhaust during the
aging did not exceed 550 °C, which means that sintering due to hydrothermal aging
should not be severe in this particular aging. However, the presence of S and P in
the exhaust could promote sintering of PGM particles [173, 215]. The increase in
PGM size is likely responsible for the increased NO conversion above 300 °C.

Table 9: average PGM particle size and distribution, CO uptake, and concentration of contaminants (P, S, and
Ca) in fresh and aged catalyst samples (washcoat + cordierite)

Average PGM CO uptake P S Ca?
particle size (mol CO/mol  (wt%)!  (wt%)?! (Wt%)
(distribution) (nm) PGM)
DOC ref 4.0 (2-9) 0.063 0.00 0.00 0.028
DOC in 9.5 (5-17) 0.001 0.18 0.27 0.047
DOC out 8.0 (2-19) 0.003 0.04 0.25 0.032

140.04 wit%
2 4 0.007 Wt%

The CO uptake during CO chemisorption was also shown to be considerably lower
on the aged catalyst samples compared to the fresh one. This uptake is related to
the PGM size, as smaller more dispersed particles will result in a higher uptake.
However, the composition of the PGM particles and chemical impurities on them
can also affect the CO uptake.

The XRD results (Figure 67) support the conclusions regarding the increase in
particle size and the segregation of the noble metals. The peak at 20 around 39-
409, related to Pt and Pd (39.8, 40.1° for monometallic Pt and Pd, respectively),
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shows an increase in intensity as well as a shift towards higher angles for the aged
catalyst samples, in particular the inlet sample. The peak at 20 around 46.5° is
related to Pd, and this peak exerts the same behavior as the peak at 40°, especially
the inlet sample. The shift is an indication that more monometallic sites are present
on this bimetallic catalyst than on the fresh, and the increased intensity is an
evidence of larger particles. [216-218] These results agree well with the
observations from the TEM and the activity tests, supporting our conclusions about
sintering and segregation of PGM due to the biogas aging.
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Figure 67: XRD results of fresh and aged Pd-Pt/Al203 indicating change in PGM size and distribution of Pd
and Pt in the particles after aging 900 h with a biogas engine. The peak at 26 around 39-40° is related to Pt
and Pd, and the peak at 26 around 46.5° is related to Pd. Adapted from Englund et al. Catalysts 9 (2019) 1014
[167].
Chemical contamination of the catalyst is confirmed by XRF, XPS, and SEM-EDX
mapping of the catalyst washcoat. XRF shows that both P and S have accumulated
in the catalyst, with S present in both the inlet and outlet sample while P is mainly
present in the inlet sample (see Table 9). The aged sample also contained slightly
increased concentrations of Ca compared to the fresh catalyst. Significant amounts
of S and P are found on the surface of both the inlet and outlet part of the catalyst,
detected by XPS (see Figure 68). Again, higher concentrations are observed in the
inlet compared to the outlet.

The binding energy of phosphorus in the inlet sample indicates that it is present in
two different forms, phosphate (PO43- (135 €V) and phosphorus pentoxide, P4O10
(138 eV) [219]. P4O1o0 is sticky and covers the surface non-selectively, while
phosphates may react with the alumina support [220, 221].

In the outlet sample, mainly phosphate is found, likely due to the sticky phosphate
glass being caught in the inlet part. Sulfur is present as a sulfate in both samples,
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and is likely related to palladium sulfates rather than platinum sulfates, as the
latter normally do not form at ambient pressure [222, 223]. It could also be bound
to the alumina in the support, as alumina is a sulfating support [50]. SEM-EDX
results show a gradient in phosphorus concentration both axially, both also in the
washcoat, with higher concentrations in the inlet part of the catalyst and on the
surface of the washcoat. Sulfur on the other hand, is uniformly distributed across
both the length and the washcoat layer. Part of the observed decrease in CO uptake
as well as deactivation, is likely related to the contaminants present in the aged
samples. Thus, both thermal and chemical deactivation are responsible for the
change in performance of this Pd-Pt bimetallic oxidation catalyst after 900 h in the
engine-bench.

Phosphorus 2p Sulfur 2p

DOC in = fit DOC in — fit
— data — data

I Phosphate
| 2D35 2Py

=

S A W

S -

@ 142 140 138 136 134 132 174 173 172 171 170 169 168 167

N—r

2 = Linear bar === | inear bgr

7 DOC ref ear bg DOC ref

c — data — data

Q

S

£
— T 7T T T
142 140 138 136 134 132 174 173 172 171 170 169 168 167

Binding energy (eV)

Figure 68: XPS spectra of P 2p and S 2p regions of engine-aged (inlet) and fresh catalyst, showing significant
contamination of the engine aged catalyst. Adapted from Englund et al. Catalysts 9 (2019) 1014 [167].
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Part IV: Concluding Remarks and Outlook

In this project, the durability of heavy-duty diesel emission control catalysts
towards contaminants present in biofuels and lube oil (P, S, Na, K, Mg, Zn) has
been investigated. The main focus has been on Cu-SSZ-13 and V-05-WO3/TiO> SCR
catalysts, but diesel (and biogas) oxidation catalysts have also been included to
some extent in the project. For the vanadium-based catalyst, all the above-
mentioned contaminants have been investigated, while the effect of sulfur and
phosphorus was investigated for the Cu-zeolite. The work was performed by
executing different aging experiments, ranging from wet impregnation to gas-phase
aging using biodiesel exhausts, with performance tests of the catalysts prior to and
after these aging experiments. In addition to the lab-aged catalysts, some vehicle
and engine-aged catalysts have been evaluated. To obtain further information
about the observed deactivation, characterization of fresh and contaminated
catalysts has been conducted as well. This characterization includes, among others,
elemental analysis, NH3;-TPD, and XAS.

The main results and conclusions from this project are summarized below.
Conclusions

Alkali metals are severe poisons for the vanadium-based SCR catalysts, as shown
by the results in Paper I as well as by several other research groups. The effect of
alkali metals on Cu-SSZ-13 catalysts is less studied, but appears to be significantly
less deactivating than for the vanadium-based catalyst.

Phosphorus can be trapped by and deactivate both Cu-SSZ-13 and the V20s-
WO3/TiO- catalysts. The extent of this deactivation depends on how much P that is
trapped by the catalyst, which in turn depends on the concentration of phosphorus
in the exhaust, the exposure time, and the presence of other exhaust treatment
components present upstream of the SCR catalyst. For the experiments with a high
phosphorus concentration, the P-exposure resulted in severe deactivation of both
types of SCR catalysts over the entire temperature range 200-500 °C. However,
phosphorus has a stronger poisoning effect on the Cu-zeolite than on the
vanadium-based catalyst. Although considerably more phosphorus was trapped in
the VWTi catalyst, molar P/V ratios of almost 3 were observed, this catalyst was
less deactivated than the Cu-SSZ-13 catalyst. The Cu-SSZ-13 catalysts was
completely deactivated up to around 350 °C for a P/Cu ratio around 1, which was
the highest concentration of P captured in this catalyst. The above observations
suggest that phosphorus is not only related to vanadium in the V.05-WO3/TiO-
catalyst, i.e. it poisons the surface of this catalyst non-selectively. Alternatively, it
could be that more than one phosphorus atom can be coordinated to the vanadium.
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As opposed to this, the phosphorus in the Cu-SSZ-13 appears to be related mainly
to the copper, reaching a 1:1 ratio between phosphorus and copper.

Another observation is that the deactivating effect of phosphorus appears to be
dependent on how the aging is performed; exposure to P by wet impregnation
methods result in a lower degree of deactivation compared to exposure in gas-
phase.

Cu-SSZ-13 catalysts capture significant amounts of sulfur, while the VWTi catalyst
does not. This sulfur uptake in the Cu-SSZ-13 catalyst is related to the copper in the
catalyst, and results in a considerable deactivation of mainly the low, but also the
intermediate, temperature range during standard SCR conditions. Concurrent with
the decreased NOx reduction performance, is a decrease in the low-temperature
N-O formation. Another observation is that phosphorus-poisoned Cu-SSZ-13
samples appear to capture less sulfur than samples without phosphorus. This is
probably related to the low ability of P-poisoned Cu-sites to interact with SO- and
form Cu-S species. Partial removal of sulfur from the Cu-SSZ-13, with concurrent
partial recovery of NOx reduction performance, can be achieved by heating the
catalyst to 500 °C in a wet oxidizing atmosphere or using SCR test conditions.
Ammonia in the feed appears to facilitate removal of sulfur. The VWTi catalyst can
instead be promoted by sulfur.

A DOC can protect the SCR catalysts from phosphorus deactivation as the DOC
itself can trap large amounts of phosphorus. However, if too much phosphorus is
captured by the DOC, severe deactivation of this catalyst results as well. One of the
key roles of the DOC is to provide NO- to the SCR catalyst to obtain fast SCR
conditions, with NO>/NOx around 0.5. For the vanadium-based catalyst, the fast
SCR reaction is important to reach high NOx conversion at low temperatures. It
improves both the activity and the selectivity of this catalyst. Cu-SSZ-13 catalysts
already have higher NOx conversion performance at low temperatures and are at
fresh conditions not as dependent as VWTi catalyst on having NO. in the feed.
Moreover, the N2o production increases significantly with increasing NO- content
in the feed. It is important not to exceed NO- concentrations above 50%, as this
results in both excessive N-O production and a decrease in low-temperature NOx
conversion compared to fast and standard SCR conditions. However, for aged Cu-
SSZ-13 catalysts, e.g. SO2-deactivated, the NOx reduction performance can be
significantly improved by applying fast SCR conditions. Furthermore, this
improvement in NOx reduction, is not accompanied by a high amount of N-O.

Knowledge and insights from this work will be a good guide for the design of robust
exhaust treatment systems for various applications, as well as for the development
of suitable regeneration strategies. Additionally, it can aid the work of developing
emission control catalysts with higher durability.
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Suggestions for further work

The SO2-poisoning mechanism is still not completely understood. The sulfur
uptake/deactivation appears to depend on catalyst specification, atmosphere and
maybe the state of the catalyst prior to sulfation. In addition, Cu-SSZ-13 catalysts
can be quite different from one another, even with similar Cu/Al and Si/Al ratios,
depending on the synthesis route. Well-designed experiments on defined materials,
both simple and with a higher degree of complexity, would aid in this
understanding. For example, the effect of different pretreatment methods on SO--
uptake/species and subsequent effect on the SCR performance.

Further characterization of the burner-aged catalysts is recommended to obtain a
better understanding of the deactivation mechanisms in the different types of
catalysts from the various aging experiments. Additional aging tests in the diesel-
burner aging rig would also be useful, for example studying how the capturing of
contaminants and deactivation develops as a function of time for a certain
contaminant concentration.

For the engine-aged Cu-SSZ-13 catalyst investigated in this project, thermal aging
might, in addition to chemical deactivation, have contributed to the observed
deactivation. It would thus be interesting to perform some additional tests on this
catalyst, to determine if this is the case. For example, an NH; oxidation test and
NH;-TPD could be executed.

In another PhD project, my colleague Jonas Granestrand, has investigated the
thermal and chemical aging effects of diesel oxidation catalysts by consecutive
regeneration steps, including thermal regeneration and washing of the catalyst with
water, with performance tests and material characterization in between. This
approach could be interesting to perform on engine- or burner-aged SCR catalysts
as well.

A collaboration with a research group at Yale-NUS, led by Steven L. Bernasek, was
established during my PhD project. In this collaboration, characterization
techniques such as in-situ XAS and NAP-XPS, have been utilized to gain additional
knowledge about the interaction of contaminants, e.g. sulfur from SO.-exposure,
with the copper in Cu-SSZ-13. The first data from this collaboration was presented
in Paper IV. Evaluation of data from additional tests performed during my PhD
project, as well as from further planned experiments will be executed. MCR-ALS
analysis of the XANES data was found to be a good way of analyzing the XANES
data. Furthermore, wavelet-transformation of EXAFS data was shown to be useful
for obtaining information from features that are overlapping, and thus difficult to
separate, in the fourier-transform of the data. In-situ sulfur regeneration during
XAS, studying both sulfur and copper edges at different conditions, is an example
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of something that would be interesting to perform in a future study. Moreover, X-
ray emission spectroscopy (XES) would be a nice complimentary technique to use,
since this technique is more sensitive towards distinguishing the ligand type.
Investigating phosphorus poisoning, for example using the catalysts from the
diesel-burner aging study, would be another interesting subject.

Regarding the use of diesel-like biofuels, HVO appears to be considerably better to
use than biodiesel (FAME), due the lower amounts of contaminants present in
HVO. It is important to keep these contaminants at a low level in the fuel, as they
can otherwise significantly deactivate the emission control catalysts. The quality of
FAME appears to vary, sometimes being very clean with contaminants far below
the maximum limits in the standard; however, if the fuel has concentrations of
contaminants close to the maximum limits, significant deactivation can occur.
Moreover, in favor of the HVO is that it is chemically very similar to conventional
diesel, although cleaner. This means that this fuel has the comparable material
compatibility as conventional diesel, and consequently, it can be directly used in
conventional diesel engines and fuel systems. In addition, HVO has a much better
storage stability than does FAME. Note that the hydrogen for HVO production, as
well as the methanol for biodiesel, should be sustainably produced.

One part in reaching targeted greenhouse gas emission limits is to increase the fuel
efficiency of internal combustion engines. Concurrent with this increase, is a
decrease in the exhaust gas temperature. This temperature-decrease puts high
demands on the activity of the emission control catalysts, which need to efficiently
convert pollutants also at low temperatures. Thus, further research focus needs to
be put on emission control that can reach high conversions of pollutants at low
temperatures. For example, in the US, the 150 °C-challenge is implemented. In this
challenge, the target is to reach 90% conversion of pollutants at a temperature of
150 °C.

Electrification of vehicles using batteries is another important part of the solution
to reduce greenhouse-gas emissions and reach global warming targets. However, it
is important to remember that both the production of batteries as well as the
production of the electricity need to be sustainable. While some heavy-duty
vehicles, such as distribution trucks in the cities, currently can be suitable for
electric operation, it will take a long time before other types of heavy-duty trucks
can be efficiently operated on electricity. In the meantime, a viable solution could
be hybrid operation, in which the use of a small battery could result in significant
reductions in greenhouse gas emissions. Consequently, the effect of hybrid
operation on the components in the emission control system would be motivated to
study.
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