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ABSTRACT

Catalytic emission control for vehicles was first applied in the 1970’s.
The first such catalysts were designed to oxidize unburned hydrocarbons
(HC) and carbon monoxide (CO). A few years later, the oxidation catalyst
was further developed into the three-way catalyst (TWC), which efficiently
removes CO, HC and nitrogen oxides (NO, ), under stoichiometric air-to-fuel
ratios. However, the awareness of climate changes, caused by anthropogenic
emissions of carbon dioxide (CO;), is a major motivator for the development
of fuel-efficient engines, operating in excess oxygen (lean) combustion. At
these air-to-fuel ratios, the TWC is ineffective for NOy reduction, promoting
the development of lean NO, reduction techniques. Among the most promis-
ing today is selective catalytic reduction (SCR), for which the silver-alumina
(Ag/Al;,O3) catalyst shows promising results, both with HC and ammonia
(NHjs), as the reducing agent.

The current work focuses on the nature of the active sites of the Ag/Al;O3
catalyst and the impact of the structure of the reductant on the selective
catalytic reduction of NO,. For this purpose, five different hydrocarbons
and oxygenates, all containing two carbon atoms in the structure, as well as
NHj, are investigated as reducing agents, with and without the presence of
hydrogen. Furthermore, the influence of the active phase is elucidated by
exchanging silver for the equivalent molar amount of indium. The catalysts
are prepared by incipient wetness impregnation, characterized with regard
to specific surface area, crystalline structure, concentration and strength of
acidic sites, SCR activity and surface species. The latter are studied by
diffuse reflectance ultraviolet-visible (UV-vis) spectroscopy, where spectra
from both the fresh samples and from samples subjected to various gas-phase
pretreatments, mimicking conditions of the SCR reaction environment, are
recorded. The connection between the silver and indium species, and the gas-
phase environment is discussed, and it is proposed that species important for
the activation of the reducing agent are essential for high SCR activity, both
during HC- and NH;3-SCR.



Furthermore, quantification of the NO reduction and NHj slip over Ag/Al,O3
is performed for different locations of the reductant injection spray. The
probability of a stoichiometric ammonia dose is higher when the spray is
positioned in the center of the exhaust pipe, compared to at the pipe wall.
Moreover, the NO conversion increases rapidly with increasing ammonia dose,
however, NH3 doses of several times the stoichiometric amount do not im-
prove NO reduction significantly but increase the NHj slip almost linearly.

Keywords: Lean NO, reduction, HC-SCR, NH3-SCR, silver, indium, alu-
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Chapter 1

Introduction

1.1 The development of emission control

Today, the transport sector is the most important source to air pollutions
in the western world. Among these emissions are carbon monoxide (CO),
hydrocarbons (HC), particulate matter (PM), sulfur oxides (SOy) and nitro-
gen oxides (NOy). The latter (almost exclusively NO) is, regardless of the
chemical composition of the fuel, formed during combustion at high temper-
atures and is oxidized into NO, in the atmosphere. This suffocating gas is
largely responsible for the brownish color of smog and plays a major role
in the formation of ground-level ozone. In the environment, this strongly
oxidizing agent reacts in the air to form nitric acid as well as toxic organic
compounds, which cause acidification and eutrophication [1]. Moreover, in
the human body, NOy can irritate the lungs and lower resistance to respira-
tory infections, such as influenza. The effect of short-term exposure is still
unclear, however, long-term frequent exposure to concentrations higher than
typically found in the ambient air, may cause increased incidence of acute
respiratory illness [1]. On a global basis, it is estimated that 500.000 people
die each year as a result of the air pollutions from the transport sector [2].
In Europe, the average pollution of NO, was 16.2 kg per capita in 2013, of
which the largest source was road transportation (39.4%) [3], see Figure 1.1.

Catalytic emission control has been applied to passenger cars in the US
since 1975. The first generation of car exhaust catalysts was able to oxidize
unburned HC and CO. In 1981, a new catalytic system called the three-
way catalyst (TWC) was developed, which operates under stoichiometric
conditions and, except for CO and HC, also converts NO, [2] (see Figure
1.2). Gasoline powered vehicles operate under stoichiometric conditions and
emissions provided by this type of engine can be effectively converted by



Figure 1.1: NO, emissions divided by source sector in the EU in 2013 [3].

the TWC. However, the awareness of climate changes, caused by anthro-
pogenic emissions of carbon dioxide (CO,), has gained increased concerns,
motivating the development of more fuel-efficient engines, operating under
lean conditions (excess oxygen) and in this way emitting less CO5 per driven
km, compared to the ordinary gasoline engine. However, lean conditions
contradict the fundamentals of the TWC, hence another abatement tech-
nique is required for reducing NO, under lean conditions. The legislation
regarding NO, emissions was first applied in Europe 1992 by the Euro I
standards. Since then, the standards have been updated several times and
Euro VI requires nowadays NO, emissions of no more than 0.4 g/kWh. The
development of Euro-standards of NO, emissions is shown in Figure 1.3.

Promising techniques for lean NO, reduction at present involves NO,
storage and reduction catalysts and selective catalytic reduction with hydro-
carbons (HC-SCR) or ammonia (NH3-SCR). A promising catalyst for HC-
SCR is silver-alumina (Ag/Al,O3) [5-9], which shows high stability under
hydrothermal conditions [10].
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Figure 1.2: Illustration of the catalytic conversion of CO, unburned hydrocarbons and
NOy as a function of air-to-fuel ratio, over the TWC.
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Figure 1.3: The historical development of Euro emission standards for NO, emission for
heavy-duty vehicles. Data for this chart is collected from Ref. [4].



1.2 Objectives

The aim of this work is to study the nature of the active sites of the Ag/Al;O3
catalyst and the impact of the structure of the reductant on the lean NO,
reduction over alumina-based silver and indium catalysts. For this purpose, a
Ag/Al,03 catalyst is compared to an In/Al,O3 catalyst containing the same
molar amount of active phase, using various Co-hydrocarbons and oxygenates
(paper I), and Ho-assisted NHj3 (paper II), as reductants. The connections
between the gas-phase environment, and type of silver and indium species
in the samples are investigated using UV-vis spectroscopy (paper 1 & II).
Furthermore, the impact of the location of the urea spray injection on NO

reduction and ammonia slip in Hs-assisted NH3-SCR is quantified (paper
I11).



Chapter 2

Background

2.1 Challenges associated with lean NOy
reduction

Development of lean NOy reduction catalysts for usage in vehicles involves
several challenges. For example, the engine operates under transient loading,
which results in variations in temperature and flow rate of the exhaust stream
over time. Hence, a successful catalyst should be able to operate properly
over a wide temperature range and exhaust flow rate. During lean operation
in energy-efficient engines, such as the diesel engine, the exhaust temperature
is considerably lower compared to the stoichiometric gasoline engine, around
150-250°C in light-duty exhaust and 100-200°C in heavy-duty [11]. The lean
NOy reduction catalyst must therefore be able to operate effectively at low
temperatures. Furthermore, the catalyst is subjected to small amounts of
electronegative elements such as sulfur and phosphorus, which tend to adsorb
strongly to the surface and poison the catalyst by physical or electronic
blockage of active sites [12]. Another degradation mechanism is sintering,
of the active phase, which leads to loss in surface area and increase in the
average surface coordination. Formation of volatile compounds, containing
the active phase, also contributes to catalyst depletion, as well as fouling
of pores. In addition to these demands on a successful lean NO, reduction
catalyst to provide high activity at low temperature and to avoid degradation,
space limitations onboard a vehicle need to be considered. Some of today’s
promising techniques are presented in Section 2.2.
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Figure 2.1: A schematic illustration of a monolithic reactor with the entrance of four
individual channels enlarged. The washcoat consists of the porous support material and
the catalytically active phase.

2.2 Methods for conversion of NO,

Today, the standard of vehicle emission control is monolithic reactors, typi-
cally made of a porous ceramic substrate material such as cordierite, but can
also be metallic. The ceramic substrate consists of thousands of channels
and is coated with the catalytic material, which consists of a porous sup-
port material, in order to provide a large surface area, and the active phase.
Figure 2.1 shows a typical monolithic catalyst. In this section, some of the
promising techniques for lean NO, reduction is presented.

2.2.1 NOy storage and reduction

A promising technique for lean NO, reduction is NOy storage and reduction
(NSR), where Pt and BaO supported by Al,O3 is the most commonly used
catalytic material. In this approach, NO is first oxidized to NOy over Pt
and subsequently adsorbed as stable nitrite or nitrate species on the storage
material BaO during a lean phase, which lasts for 1-2 minutes. During a
subsequent rich (oxygen deficiency) period of 3-5 seconds, the trapped NOy
is released and reduced to Ny by unburned fuel and CO over Pt [13-15].
Drawbacks of this technique include the complexity of the engine system
and fuel penalty during the rich periods [16]. Also, the formation of stable
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sulfates with the NO,-storage material and the oxide support makes the
NSR-catalyst degrade over time, and in requirement of regeneration, which
is usually performed under high temperatures (>600 °C) and during the rich
part of the cycle [17].

2.2.2 Hydrocarbon-SCR

Another feasible solution for lean NO, reduction is selective catalytic re-
duction using hydrocarbons (HC-SCR) [7, 18-23]. In this approach, the
hydrocarbon-based fuel is injected into the exhaust system upstream the
SCR catalyst and used as reducing agent for NO, over the catalyst. An
advantage of using the fuel as the reductant is that there is no need for an
additional tank for reductant storage onboard the vehicle, and thereby being
a NO, reduction system that is not limited to heavy-duty vehicles. However,
some of the challenges regarding this technique are to receive high conversion
of NO4 with high selectivity to Ny despite high oxygen concentration, low
temperature, transient loadings and exposure to sulfur and water.

The exact reaction scheme of lean NO, reduction with hydrocarbons is
still under debate. However, some general differences have been detected
over different types of catalysts, based on noble metals, oxides or zeolites.
The TWC is based on various combinations of noble metals such as Pt, Pd
and Rh as the active phase and converts HC, CO and NO, effectively un-
der stoichiometric conditions at 400-800°C. Since this catalyst proved to be
completely ineffective for NOy reduction during large excess of oxygen, the
platinum group metals (PGMs) were first assumed to be incapable of reduc-
ing NOy in lean conditions. However, although PGM-based catalysts are
ineffective at moderate or high temperatures, they have showed to be active
for NOy reduction at low temperatures (typically below 300°C) [18]. Reaction
mechanisms proposed for lean NO, reduction by short-chained alkene-type
hydrocarbons over Pt are 7) the intermediacy of cyanide or isocyanate surface
species, 1) the intermediacy of organo-nitro species and iii) decomposition
of NO followed by oxygen removal by the HC [18].

NO adsorbs as strongly bound nitrite and nitrate species in excess oxygen
(but adsorbs only weakly in absence of oxygen) on most catalyst surfaces [24].
Over oxide catalysts, the first step in the reaction mechanism is proposed to
be the surface adsorption of NO,. Adsorbed oxidized hydrocarbon species,
such as acetate [22, 25|, are formed during SCR with various hydrocarbons
or oxygenates over alumina-based catalysts, and are believed to react with
the adsorbed NOy species, yielding organo-nitrogen species, which appears
to be the rate-determining step [18]. Via these species, reduced nitrogen
species, such as -NCO and NHj3 can be formed. It has been proposed that
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the nitrogen coupling to form Ny could occur by a reaction between these
reduced species and NO(g) or adsorbed NOy [18, 26].

2.2.3 NHj3-SCR

NH;3-SCR is an already implemented technique for the reduction of NO, on
heavy-duty vehicles such as buses and trucks [27]. Traditional active metal
oxides used in NH3-SCR are V5,05, WO3 and MoOj [15], where the vanadium-
based catalyst is the most active for lean NO, removal. However, usage of
this highly toxic catalyst poses some serious problems involving high vapor
pressure of vanadium oxides that might form volatile vanadia species leading
to toxic emissions [28], which calls for new types of catalytic materials. To
avoid storage and handling issues of ammonia, the reductant is injected to
the exhaust system as a urea-water solution, which decomposes to ammonia
over the catalyst. Alumina has been shown to be especially suitable for
this decomposition [28]. However, there are some disadvantages regarding
NH;3-SCR, such as distribution of the urea solution and the possibility that
unreacted ammonia is emitted (so called ammonia slip) [29].

2.3 Alumina-supported catalysts

2.3.1 The Ag/Al,0;3 catalyst

Alumina-supported catalysts have received much attention thanks to their
high stability under hydrothermal conditions. The alumina phase most
widely used for this purpose is the porous and amorphous 7-Al,O3, which
provides a high surface area (100-300 m?/g). This support material is pre-
pared by calcination of Boehmite (AlIO(OH)) or Bayerite/Gibbsite (Al(OH)s3)
at 500-850°C.

Miyadera was the first reporting on alumina-supported silver (Ag/Al;O3)
catalysts in 1993 [30]. Ever since, a major interest has been directed towards
this catalyst, which exhibits SCR activity both with ammonia [31-35] and
hydrocarbons [21, 30, 36-38]. The optimal silver loading has been frequently
studied and it has been found to be around 2 wt% for impregnated catalysts
8, 22, 26, 39, 40]. The reason for this has been suggested to involve the
optimal silver density, which should be close to 0.7 Ag/nm? [41].

The species active for SCR of NO, has been suggested to be Ag*-ions
22, 42, 43] and small clusters of ionic silver (Ag,°", n < 8) [32, 43], or
a combination of these. Metallic silver particles are most likely active for
total oxidation of the reductant by molecular oxygen [26]. Moreover, it has
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also been suggested that active sites of Ag/Al,O3 vary as a function of the
reductant type and reaction temperature [23]. Over Ag/Al,O3, the following
reactions are proposed to be involved: i) oxidation of NO to NO, followed
by the formation of surface nitrites and nitrates, i) adsorption and partial
oxidation of hydrocarbons, and i) surface reactions between the adsorbed
nitrogen species and the partially oxidized hydrocarbons [14].

The ’hydrogen effect’

That the addition of small amounts of hydrogen to the gas feed majorly
promotes the NOy reduction activity over the Ag/Al,O5 catalyst was first
discovered by Satokawa [44], and has later been widely studied [7, 33, 41, 45].
The effect is reversible so that addition/removal of hydrogen from the feed
increases/decreases the SCR activity instantly. Such cycles can be repeated
without loss in catalytic performance [7, 43]. Moreover, the mechanism(s) be-
hind this promotion has been widely debated. Suggestions involve reduction
of adsorbed nitrogen species [45-48], enhanced activation of the hydrocarbon
in HC-SCR [32, 43, 48-50], modification of the Ag-species [32, 43, 48, 49], as
well as direct effects on the reaction mechanism [48, 51]. During NH3-SCR,
Ag/Al,03 lacks in activity without the presence of hydrogen in the feed while
NOy is completely converted at relatively low temperatures when hydrogen is
present [31]. In/Al,O3 has shown a minor hydrogen effect during NH3-SCR
[52].

2.3.2 The In/Al,03 catalyst

Alumina-supported indium has been studied as an SCR catalyst, both with
NH; [52] and hydrocarbons [20, 53-55]. This catalyst has shown relatively
high activity in the presence of water, and a catalyst prepared by the sol-
gel method shows higher activity than that by impregnation [56]. Park et
al. [57] proposed that, during HC-SCR, well-dispersed indium oxide clusters
provide hydrocarbon activation that, with utilization of active alumina sites,
selectively reduce NO, to No.
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Chapter 3

Scientific methods

3.1 Catalyst preparation and monolith
coating

The catalysts evaluated in this work have been prepared by incipient wetness
impregnation of 7-Al,O3 (PURALOX@®) SBa 200, Sasol) using silver nitrate
(> 99.0% Sigma-Aldrich) for the Ag/Al,O3 sample and indium nitrate hy-
drate (99.99% Sigma Aldrich) for the In/Al;O3 sample. In this preparation
method, the pore volume of the support material (in this case v-AlyO3) is de-
termined by slowly adding drops of water that migrate into the pores. When
the support is saturated the powder attains a creamy consistence. The ac-
tive phase precursor is dissolved in a volume of water that corresponds to the
pore volume of the support material and the precursor solution is added to
the support. The Ag loading was 2.0 wt% and the In loading corresponded
to the equivalent molar amount, giving an In loading of 2.1 wt%. After the
addition of precursors, the powder samples were frozen by liquid nitrogen
subsequent to the impregnation, then freeze-dried and finally calcined in air
at 600°C for four hours.

Monoliths with 188 channels (400 CPSI, @ = 20 mm, L. = 20 mm) were cut
from a commercial cordierite honeycomb structure (Corning) and calcined in
air at 600°C for one hour. Washcoat slurries were prepared, containing binder
agent (DISPERAL®) P2, Sasol) and one of the powder catalysts (ratio 1:4)
in 1:1-ratio ethanol-water solutions. Monoliths were dipped into the slurries,
gently shaken for removal of excess slurry, dried in a 90°C hot air stream
and subsequently calcined at 500°C for 3 minutes. The coating procedure
was repeated until the washcoat mass corresponded to 20% of the coated
monolith mass. Finally, the monoliths were calcined in air at 600°C for one
hour. A coated monolith sample is shown in Figure 3.1.
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Figure 3.1: A monolith coated with Ag/Al;Os5.

3.2 Characterization techniques

3.2.1 Specific surface area according to the BET-method

The specific surface area of a solid material can be determined according
to the method published in 1938 by Brunauer, Emmett and Teller [58] (the
BET-method). The technique is based on physical adsorption of an inert
gas (most often nitrogen) on the surface of the solid material. Generally,
the method provides reliable values of the surface area, unless the sample
involves micropores, where the size of the pores in the adsorbent and the
adsorbate is similar [59]. The method assumes that ) the heat of adsorption
of the first monolayer is constant, i) the lateral interaction of the adsorbate is
negligible, i) the adsorbed molecules can act as new adsorption surface and
the process can repeat itself and iv) the heat of adsorption of all monolayers
but the first is equal to the heat of condensation [60]. In practice, the sample
is first heated up under vacuum to remove moisture and subsequently cooled
down to 77 K by liquid nitrogen. At this temperature Ny is dosed in small
volumes and the pressure is allowed to stabilize. The physisorbed volume of
Ny can now be calculated using the ideal gas law. Knowing the area of one
adsorbed Ns-molecule, the specific surface area of a sample can be derived
from the following formula:

P 1 +C—1P
V(Phb—P) VuC  VuC P

(3.1)

where P is the equilibrated partial pressure, V' is the volume of absorbed
gas, Py is the saturation pressure and V4, is the inert gas monolayer volume.
At low pressure, the relationship between P/V(Fy — P) and P/ P, is linear,
hence it follows that 1/V;,C is where the straight line intercepts the y-axis
and (C —1)/(Vi,C) is the slope of the line.

In Paper I, IT and III, N, sorption according to the BET-method was

12
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Figure 3.2: Illustration of an X-ray diffraction experiment.

used to determine the specific surface area of the powder catalyst samples
using a Micrometrics TriStar@®) 3000 instrument.

3.2.2 X-ray diffraction — Crystal structure

The non-destructive technique X-ray diffraction (XRD) can be used to ex-
amine the crystal phase of a sample. When irradiated by X-rays with the
wavelength A, electron clouds of the crystal-structured atoms scatter the X-
rays, which are measured by a detector. The distance between the lattice
planes, d, can then be calculated by Bragg’s law:

nA = 2dsin © (3.2)

Where n is any integer and © the incident angle.
The crystal phases of the catalysts were investigated using XRD (Siemens
D5000 X-ray diffractometer scanning 20 from 5 to 65° in the scan mode 0.02°,
s) with Ni-filtered Cu ko radiation. XRD was used in Paper I and II. An
illustration of the technique is presented in Figure 3.2.

3.2.3 NHj3-TPD — Surface acidity

The density and strength of the acidic sites of a catalytic sample can be
characterized by temperature programmed desorption (TPD) of NHs. In this
work, the flow reactor described in section 3.3 was used for this experiment.

13
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Prior to the NH3 adsorption, the sample is pretreated to remove possible
carbonaceous matter. By saturating the catalytic sites by this strong base at
low temperature (around 100°C) and then slowly increase the temperature,
the amount of NH3 able to chemisorb to the sites at low temperature is des-
orbed and can be measured. Weakly adsorbed NHj is released first and more
strongly bound at somewhat higher temperatures, which gives the possibility
to distinguish between different kinds of acidic sites. NH3-TPD was used in
paper I, IT and III.

3.2.4 UV-visible diffuse reflectance spectroscopy
— Surface species

Electronic d-d transitions are observable in the ultraviolet and visible light
region (200-2000 nm) when degenerated d orbitals are split by placing a tran-
sition metal ion in a crystal field. Furthermore, the number of d-electrons,
the effective charge on the ion and the distribution and charge of the sur-
rounding anions are circumstances that affect the spread of the energy levels
[61]. Consequently, the technique can be used for characterization of the
types of species present in a solid sample. A typical beam path is visualized
in Figure 3.3.

In this study, UV-vis was used to characterize the oxidation states of
the samples studied in Paper I and II, where spectra have been deconvoluted
into Gaussian peaks. Spectra in the range 200-1500 nm were recorded using a
Varian Cary 5000 UV-vis-NIR spectrophotometer equipped with an external
DRA-2500 unit. The reflectance spectra were recorded and the spectrum of
the Al,O3 support was subtracted as part of the background. To investigate
the influence of reaction conditions on the type of surface species, both fresh
catalysts and samples exposed to various gas-phase pretreatments, using the
flow reactor described below (3.3), were analyzed.

14
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3.3 Flow reactor experiments

The catalytic activity for lean NOy reduction was evaluated during extinction
ramps (500 to 100°C by 10°C/min), using a flow reactor illustrated in Figure
3.4. The reactor chamber consists of an insulated horizontal quartz tube (L
= 80 cm, @; = 22 mm) heated by a metal coil. The catalyst temperature is
measured inside the sample and the reactor temperature is controlled 15 mm
before the catalyst sample by K-type thermocouples. Uncoated monoliths
placed before and after the coated monolith shield the thermocouple from
heat radiation emitted by the heating coil as well as reduce axial radiation
heat losses from the coated monolith sample [62]. The inlet feed gases are
introduced and regulated by mass-flow controllers (Bronkhorst Hi-Tech) and
the outlet gas flow is analyzed by a gas-phase FTIR spectrometer (MKS
2030). Fluent hydrocarbons/oxygenates and water are introduced to the
reactor via a controlled evaporator mixer system (CEM, Bronkhorst Low
AP Hi-Tech), carried by Ar.

The total gas flow was set to 3500 ml/min in all experiments, which corre-
sponds to a space velocity (GHSV) of 33,400 h™!. Prior to each measurement,
the sample was pretreated in Oy (10%, Ar balance) at 500°C for 30 min. In
the HC-SCR study, the gas feed composition was 500 ppm NO, 1500 ppm
Cy-hydrocarbon (C/N ratio of 6, in line with previous experience [35, 37)),
10% O4 and 5% H,O, in the presence or absence of 1000 ppm H,. The C,-
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Figure 3.5: Structures of the hydrocarbons and oxygenates used as reductants.

hydrocarbons and oxygenates used are ethane, ethene, ethanol, acetic acid
and DME, respectively, with the structures shown in Figure 3.5 (Paper I).
In the NH3-SCR study (paper II and III), the gas composition was 500 ppm
NO, 500 ppm NHs, 1000 ppm Hs, 10% O, and 5% H,O.

In addition to lean NO, reduction and NH3-TPD experiments, this reac-
tor setup was also used for the UV-vis pretreatments of Paper I and II, using
a flow rate of 100 ml/min.
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Chapter 4

Results and discussion

In the present work, Ag/Al;O3 has been evaluated as an SCR catalyst with
hydrocarbons and oxygenates, as well as ammonia, as reductants. During
these experiments, the gas feed contained 500 ppm NO, 1500 ppm HC or
500 ppm NHj, 10% O, and 5% H,O. The experiments were performed in
the presence or absence of 1000 ppm Hy (Ar-balance). Furthermore, diffuse
reflectance UV-vis spectra have been recorded after various pretreatments,
elucidating the effect of the reaction environment on the catalyst surface
species. In order to highlight the influence of the catalytic material on the
NO,-reduction activity, Ag/Al,O3 has been compared to an In/Al,O3 cata-
lyst, holding the equivalent molar amount of active phase. The results and
relating discussion of this work are presented in this section.

4.1 Influence of the reducing agent on lean
NOy reduction over Ag/Al,O3

The influence of the nature of the reducing agent on the lean NO, reduc-
tion over Ag/Al,O3 was investigated using Cy-hydrocarbons and oxygenates
(paper I), and NH3 (paper IT), with the results shown in Figure 4.1. The high-
est activity is achieved using hydrogen-assisted ethane as reductant. How-
ever, the other non-oxygenated hydrocarbon, ethene, starts reducing NO,
at somewhat lower temperature, compared to ethane, when hydrogen is ab-
sent. Among the oxygenated hydrocarbons, ethanol shows the highest NO,
reduction followed by acetic acid. With these reductants, the addition of hy-
drogen provides a shift in the activity window towards lower temperatures.
Furthermore, DME lacks in activity both with and without hydrogen over
this catalyst. Similarly, ammonia is totally inactive as reducing agent over
Ag/Al,03 when hydrogen is absent. However, in presence of hydrogen, am-
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monia shows high activity already at low temperatures. The diversity in
activity among these reductants demonstrates that the nature of the reduc-
ing agent is very important when designing a successful catalytic system.
During HC-SCR, the current work demonstrates that NO, reduction varies
as a function of the structure of the reductant, since despite that all HC
reductants are based on two carbon atoms, the activity for NO, reduction
differs significantly over the same catalyst. Parameters such as activation
(i.e. partial oxidation) ability of the hydrocarbon, which in turn depends on
the nature of the C-H (or C-C) bonds, accessibility of m-electrons, molecular
orientation (steric effects) and sticking probability of the reductant have been
identified as critical factors [38, 55, 56, 63, 64].

4.1.1 Influence of the gas-phase environment on the
Ag phase

In order to investigate how the surface species of the Ag/Al,O3 catalyst
are affected by the gas-phase environment, UV-vis spectra were recorded af-
ter various pretreatments. The Al,Os-subtracted UV-vis spectrum of the
Ag/Al,03 sample is shown in Figure 4.2. The spectrum has been deconvo-
luted using Gaussian peaks for identification purposes. Peaks in the range
200-260 nm are attributed to the 4d'° to 4ds! transition of dispersed Ag*
ions [42, 65-70]. However, it should also be noted that isolated Ag" ions
exhibit peaks just below 200 nm [32, 71], which could not be detected due to
instrument limitations. Furthermore, peaks in the range 238-370 are assigned
to small Ag,’" clusters (n < 8) [22, 67, 68, 72], and peaks above 390 nm are
attributed to Ag® particles [22, 42, 68, 70, 73]. Hence, the UV-vis spectrum
of the fresh Ag/Al,O3 sample shows that the sample contains a mixture of
ions, clusters and metallic silver. Shimizu and Satsuma [23] demonstrated
that the sites active for hydrocarbon activation varies as a function of the
reaction conditions, especially with reductant type and temperature. During
alkene-SCR, Agt-ions or Ag'-containing species have been shown to pro-
vide hydrocarbon-activating sites. Alkanes exhibit lower activity compared
to alkenes, and alkane-SCR, therefore proceeds at higher temperatures, where
Ag,®* clusters provide active sites for hydrocarbon activation [23]. Further-
more, XRD diffractograms confirm that no particles larger than 3-5 nm of
other crystalline phases than v-AlsO3 are present in the sample [61]. Figure
4.3 shows that the impregnated silver sample is similar to the bare y-Al,O3
sample, and that all peaks are characteristic for v-AlyO3 [54, 74]. Moreover,
the specific surface area, measured by Ns-sorption according to the BET
method, shows that the surface area of the catalyst samples remains high
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Figure 4.1: Lean NOy reduction over Ag/Al;O3 as a function of the catalyst temper-
ature using (a) ethane, (b) ethene, (c) acetic acid, (d) DME, (e), ethanol (1500 ppm
HC-reductant) and (f) ammonia (500 ppm). Gas feed concentrations (except for the re-
ductant): 500 ppm NO, 10% Os, 5% Hy0, Ar-balance. Dotted lines represent the addition

of 1000 ppm Hs to the gas feed.
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after impregnation (185, compared to 197 m?/g of bare Al,O3).

As shown in the lean NO, reduction experiments presented in Figure
4.1, the Ag/Al,O3 sample exhibits in general higher NO, conversion when
hydrogen is present in the feed gas mixture. UV-vis spectra recorded after
hydrogen pretreatments at 200 and 300°C are shown in Figure 4.4, and clar-
ifies that hydrogen exposure results in a change of surface species. Peaks
at higher wavelengths (>260 nm) increase significantly, corresponding to in-
creased concentration of silver clusters (Ag,°t) and metallic silver nanopar-
ticles (Ag?). The degree of reduction seems to increase with temperature
since the pretreatment at 300°C results in a higher degree of totally reduced
silver, compared to the pretreatment at 200°C. Moreover, during HC-SCR,
an important reaction step has been identified as activation of the reductant
by partial oxidation [14]. Ag,°* clusters have been pointed out as sites ac-
tive for this reaction step [43]. Hence, the concentration of sites identified as
active for hydrocarbon activation increase with small amounts of hydrogen
in the surrounding gas phase, which could be an origin to the ‘hydrogen ef-
fect” during HC-SCR. Also in NH5-SCR, Ag,’" clusters have been identified
as key sites in the SCR reaction [32, 34]. Moreover, Figure 4.5 shows the
deconvoluted spectra of the Ag/Al,O3 sample pretreated in an SCR mixture
of NO, NH3 and Oy (Ar-bal). It is clear that peaks in the region assigned
to isolated Ag™ ions (200-260 nm) increase in this oxidizing environment.
Comparing the spectra, it can be seen that peaks in the wavelength range
assigned to Ag,’" clusters that still are present after the treatment at 200°C,
have disappeared after the exposure at 300°C. This implies that when hy-
drogen is present in the gas-phase environment, silver clusters are conserved
at higher temperatures, which might be an important function of hydrogen
in NH3-SCR. This is in accordance with the reaction mechanism suggested
for NH3-SCR by Shimizu and Satsuma [32]: ) dissociation of Hy on the Ag
site, i) spillover of the H atom to form a proton on AlyOg, iii) aggregation
of isolated Ag*t ions to Ag,°F-clusters (n < 8), iv) reduction of O, under
the cooperation of Ag,%t-clusters and Ht to Oy, HyO and Ag,°t or Ag™,
v) N-H activation by Oy to yield NHy (x < 2) vi) oxidation of NO by Oy
forming NO, and vi7) reaction between NHy and NO to yield Ny and HyO. A
study by Tamm et al. [75], confirms that silver is needed for the dissociation
of Hy which directly participates in the mechanism and also that the NO to
NO, oxidation is part of the reaction mechanism.

4.1.2 Effect of the reductant dosage

The reductant in NH3-SCR is typically supplied from urea, which decomposes
to ammonia over the catalyst, see Figure 4.6 for a schematic illustration of a
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Figure 4.2: Alumina-subtracted UV-vis spectrum of the fresh Ag/Al;O3 sample with
peak intervals assigned to isolated AgT-ions, Ag,®*-clusters and Ag®.
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Figure 4.3: XRD patterns of the Ag/Al;O3 and v-Al;O3 samples. The solid line repre-
sents the floating median of the intensity in the diffractograms.
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Figure 4.4: Alumina-subtracted UV-vis spectra of the Ag/Al,O3 sample pretreated in
Hs at a) 200°C and b) 300°C.
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Figure 4.5: Alumina-subtracted UV-vis spectra of the Ag/Al,O3 sample pretreated in
an SCR mixture of NO, NH3 and O at a) 200°C and b) 300°C.
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urea-SCR system. However, optimizing the spray setup is difficult and may
result in uneven ammonia distribution, causing inefficient NO conversion
and ammonia slip. A quantification and analysis of this issue is addressed in
Paper III.

The degree of uneven distribution of ammonia to each individual catalyst
channel in a hydrogen-assisted NH3-SCR Ag/Al,O3 catalyst is evaluated for
two different cases; with the injection spray situated in the center of the
exhaust pipe or at the pipe wall. In this study, the results of the computa-
tional fluid dynamics (CFD) simulation by Lundstrom and Strém [76] were
combined with a kinetic model developed by Tamm et al. [33], adapted to
new experimental data. Gaussian probability distribution functions for the
two cases of ammonia dosage are shown in Figure 4.7, where the probability
that a catalyst channel receives a certain ammonia dose is plotted versus the
range of doses seen in the raw data. The ammonia dose is here normalized by
the average dose, so that an ammonia dose of two indicates that the channel
in question receives twice the amount of ammonia that the average channel
does. It is clear that the arrangement with the spray positioned in the center
of the exhaust pipe produces more evenly distributed ammonia to the inlet
of the catalyst than the arrangement with the spray originating from the
exhaust pipe wall. However, both arrangements produce a large spread in
the dose to the individual channel.

Figure 4.8 shows the NO conversion and the ammonia slip as functions of
the normalized ammonia dose. These are calculated with the kinetic model
using the input parameters of the Ag/Al,O3 catalyst described previously. It
is assumed that an average dose implies dosing 500 ppm NH3 (and 1000 ppm
H,) to reduce the 500 ppm NO, which is consistent with the fact that the
global stoichiometry between NO:NHj3:Hs is 1:1:2 during the SCR reactions
[31]. The NO conversion increases rapidly with increasing dose from zero
to unity, and then it increases another 10 percentage points up to a dose of
approximately four times the average, after which no further improvement
in NO conversion is observed with increasing ammonia dosage. However,
the ammonia slip increases almost linearly above an ammonia dose equal to
unity and reaches more than 4500 ppm for a channel that receives 10 times
the average ammonia dose. For doses lower than unity, the ammonia slip is
insignificant.

The average NO conversions and ammonia slips for the two spray ar-
rangements depicted in Figure 4.7 are shown in Table 4.1. These values are
calculated with the micro-kinetic model for the distribution of channel in-
let conditions seen in the raw CFD data. It is shown that the global NO
conversion is higher with the more evenly distributed ammonia concentra-
tion obtained for the centered spray arrangement. The largest differences are
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Position NO conversion [%] NHj slip [ppm] NO + NHj slip [ppm)|

Center 61 300 495
Wall 52 565 805

Table 4.1: NO conversion, NHj slip and the sum of NO and NHj slip (mean values) as
a function of the urea-spray position.

Urea injection

Engine Oxidation N SCR
catalyst catalyst —

Figure 4.6: Illustration of a simplified diesel aftertreatment system with urea-SCR.

however observed for the ammonia slip, where the effect of local overdosing
in the wall spray arrangement becomes apparent.

Although the NO reduction is almost maximized at stoichiometric con-
ditions of NO and ammonia, the optimal ammonia dose is 0.83, as shown in
Figure 4.9. In this illustration, it has been assumed that the environmental
and health costs for releasing these two pollutants are weighted equally. This
information is of importance when designing a urea-SCR system where an
additional oxidation catalyst is not used, for example due to lack of space
or when there is an increased risk of catalyst poisoning. In these cases, a
sub-stoichiometric ammonia dose could be preferable to minimize the risk
for ammonia slip.

4.1.3 Influence of the active phase on the lean NOy
reduction

In order to investigate the role of silver for alumina-supported lean NO,
reduction systems, an alumina-supported indium catalyst was prepared in the
same way as the Ag/Al,O3 and with the equivalent molar amount of active
phase (corresponding to an In-loading of 2.1 %wt). After impregnation, the
specific surface area of the In/Al,O3 sample remained high (188 compared to
197 m?/g for bare Al,O3), as for the Ag/Al,O3 sample. XRD diffractograms
confirm that also the In/Al,O3 sample is similar to the bare 7-Al,O3 sample.
As shown in Figure 4.10, all peaks are characteristic for v-Al;Og, indicating
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Figure 4.7: Probability distribution function of the NH3 dose, where a NH3 dose equal
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Figure 4.9: The sum of NO and ammonia slip as a function of the normalized ammonia
dose to each channel.

that no particles larger than 3-5 nm of other crystalline phases than y-Al,O3
are present in the sample. This catalyst is compared to the Ag/Al,O3 catalyst
for HC-SCR in Paper I and NH3-SCR in Paper II.

The activity of In/Al,O3 as an SCR catalyst is shown in Figure 4.11.
Compared to Ag/Al,Og, this catalyst exhibits in general a lower degree of
NO, reduction. However, In/Al;O3 reduces NOy significantly much more
efficient with DME compared to the Ag/Al,O3 sample, which was totally
inactive for this reduction, as shown in Figure 4.2. It has been reported by
Tamm et al. [77] that DME undergoes gas-phase radical reactions with NO,
O and H,0O, which changes the gas-phase composition considerably before
reaching the catalyst. A catalyst suited for DME-SCR should therefore hold
other properties than HC-SCR catalysts for non-oxygenated hydrocarbons.
One reason that Ag/Al;Oj3 is not suitable as DME-SCR catalyst, could be
its oxidizing properties, which may totally oxidize DME. Moreover, the NH3-
TPD experiment shown in Figure 4.12 demonstrates that the In/Al,O3 sam-
ple holds a higher concentration of acidic sites, compared to the Ag/Al,O3
sample. It has been reported that catalysts that exhibit a high concentra-
tion of weak acidic sites are more efficient in DME-SCR [78]. The experiment
also shows that bare AlyO3 exhibits an even higher number of acidic sites
than In/Al,O3. However, Erkfeldt et al. [74] demonstrated that In/Al,O3
shows higher activity for NO reduction with DME, compared to InyO3 or
Al,O3 alone. The authors suggest that this is owing to that InoO3 consumes

26



IN/ALOs i |

Intensity (a.u.)

s b it by by g by 'y y a1y )

10 20 30 40 50 60
20 (°)

Figure 4.10: XRD patterns of the In/Al;O3 and -Al;O3 samples. The solid line repre-
sents the floating median of the intensity in the diffractograms.

a species that otherwise inhibits the reaction, resulting in a more efficient
reaction path, or perhaps the formation of additional or more active reaction
sites for the combined In/AlyO3 compared to the bare oxide.

In addition to Ag/Al,O3, In/Al,O3 also exhibits a promoting effect when
adding hydrogen. This is especially obvious with ethane and ammonia as re-
ductants, as shown in Figure 4.11. The UV-vis spectra of fresh and hydrogen-
pretreated In/Al,O3 are shown in Figure 4.13. Peaks in the range 200-450
nm are attributed to InyOs, according to Refs. [79-84]. After pretreatment
in hydrogen, peaks increase at longer wavelengths, i.e. >450 nm, especially
after the pretreatment at 200°C. This indicates that the exposure of In/Al,O3
to hydrogen results in increased concentrations of species that are more re-
duced than Iny,Os, which could explain the promoting effect of hydrogen
during NH3-SCR. However, the spectra also experience redshift and broad-
ening of absorbance edges, especially after the pretreatment at 300°C, in
the wavelength range 200-300 nm. This indicates increased concentration of
Iny, O3 [79]. Park et al. [57] propose that dispersed InyO, clusters promote ac-
tivation (i.e. partial oxidation) of HC that, with utilization of active alumina
sites, selectively reduce NOy to Ny. Hence, the promoting effect of hydrogen
in HC-SCR could originate in increased formation of dispersed In,O3 clusters
that, in turn, enable HC activation.
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Figure 4.11: Lean NO, reduction over In/Al; O3 as a function of the catalyst temperature
using (a) ethane, (b) ethanol, (¢) DME (1500 ppm HC-reductant) and (d) ammonia (500
ppm), as the reductant. Gas feed concentrations (except for the reductant): 500 ppm NO,
10% O3, 5% H20, Ar-balance. Dotted lines represent the addition of 1000 ppm Hs to the
gas feed.
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Chapter 5

Conclusions and future outlook

Ag/Al,O3 has been evaluated as SCR catalyst with Cy-hydrocarbons and
oxygenates, as well as ammonia, in order to investigate the active sites and
the influence of the structure of the reducing agent during lean NO, reduc-
tion. Furthermore, this catalyst was compared to an In/Al,O3 catalyst, con-
taining the equivalent molar amount of active phase in order to elucidate the
role of the active phase. The connections between the gas-phase environment
and type of silver and indium species in the samples were investigated using
UV-vis spectroscopy after various gas-phase pretreatments. Furthermore,
the consequence of the reductant dosage over Ag/Al,O3 was investigated by
combining CFD simulations, kinetic modeling and experiments.

The results from the SCR experiments show that the Ag/Al,O3 cata-
lyst in general exhibits superior activity for NO, reduction compared to
In/Al;O3. However, In/AlyO3 shows significantly higher activity with DME
as the reductant, which may be explained by gas-phase radical formation that
DME experiences together with the more pronounced ability of HC activa-
tion (i.e. partial oxidation) that Ag/AlyO3 exhibits. The ‘hydrogen effect’
observed over the Ag/Al,O3 sample may be explained by modification of
surface species acquired after hydrogen exposure, resulting in increased con-
centration of Ag,°T-clusters. Such clusters have previously been identified as
key components in the reaction mechanisms, both during HC- and NH3-SCR.
Furthermore, the results show that in addition to Ag/AlyOs, In/Al,O3 also
exhibits a ‘hydrogen effect’ during both HC- and NH3-SCR. Hydrogen expo-
sure of In/Al,O3 results in an increased number of InyO3 species, which has
been identified as an active component for HC activation during HC-SCR.
However, more reduced species are also formed during hydrogen exposure,
which may be an explanation of the promoting effect of hydrogen during
NH;3-SCR over this catalyst. Moreover, the hydrogen effect has been shown
to be rapidly reversible when the hydrogen is removed from the gas feed. It
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is likely that the origin of this phenomenon is dual and a direct participation
of hydrogen in the NOy reduction reaction mechanism is feasible.

Quantification of the NO reduction and ammonia slip in different lo-
cations of the reductant injection spray shows that the probability of an
ammonia dose equal to unity is higher when the spray is positioned in the
center of the exhaust pipe, compared to at the pipe wall. However, both
arrangements produce a large spread in the ammonia dose to the individual
catalyst channels. Furthermore, the NO conversion increases rapidly with
increasing ammonia dose from zero to unity, and then it increases another 10
percentage points up to a dose of approximately four times the average, after
which no further improvement in NO conversion is observed with increas-
ing ammonia dosage. However, the ammonia slip increases almost linearly
above an ammonia dose equal to unity and reaches more than 4500 ppm for
a channel that receives 10 times the average ammonia dose. For doses lower
than unity, the ammonia slip is insignificant.

As a next step, a better understanding of the catalytic sites during reac-
tion conditions could be achieved by studying the construction of nitrogen-
and hydrocarbon species on the catalyst surface. A technique useful for this
is in-situ FTIR spectroscopy. Also, in-situ diffuse reflectance UV-vis spec-
troscopy could contribute to a deeper understanding of the surface species
interplay during reaction conditions.
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