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Abstract

Abatement technologies for soot and \Nkave become a topic of relevant research over the
years due to the stricter legislations. Oxidatiasdd technologies may be a useful solution to
reduce soot by converting it to GOHowever, high temperatures are needed. As atyesul
catalysts that promote soot combustion at lowemptFatures are required. Since soot oxidation
by O, requires temperatures above 600°C to start urysaidl soot oxidation, the possible
solution is to use N§ which is a better oxidant.

Soot can be collected by placing a filter devicéhi@ exhaust line. But the problem is that the
filter has to be periodically or continuously regeated, for example by oxidation of carbon in
CQO.. In this work we study active regeneration thasuslQ as oxidant by using a catalyst that
combine a NQ storage material and oxidation catalyst. This nmtevill store the NQ at
temperatures below 300°C as nitrates and releasehie temperature range of regeneration (500-
600°C). An oxidation catalyst increases the efficieof the system.

For this purpose a model NGstorage system 20% MeNG@upported on Zr©(90 nf/g),
where Me = Mg, Ca, Sr, Ba (alkaline earth metafg) ha, Ce, Pr (rare-earth metals) and Pt as
oxidant was prepared. This support was chosen becazarth metals and Zy@re known to form
nitrates upon reaction with NO

Textural properties of the catalytic systems wewnelied by TGA. NQ storage/release cycles
were analyzed by FTIR-MS and TPD-MS. Soot oxidati@s studied by TPD-MS and six-flow
reactor. It was used loose contact mixtures betwleesoot and catalysts.

It was found that introducing stored nitrates itite system decrease the temperature of soot
oxidation more than 70°C in comparison with ungestedl soot oxidation. The best storage
capacity was achieved for Ca and Sr-based sys&if6,and 61% respectively in TPD-MS. The
combination of bulk nitrates and platinum increasest oxidation, as well as the selectivity of
soot conversion to COIt was stated that platinum has almost no eff@cNOy storage capacity
but can decrease the temperature of nitrates dezsitigqm/desorption.

Sr based-system was chosen as the final catalggttimize in terms of N@storage and soot
oxidation performance. It was found that pretragtine catalyst in reducing atmosphere (air +
5% H, in argon), storage capacity increase to more 8% and the amount of NQOlesorbed
between 200 and 500°C also increased. Differenvadixin procedures were used. The best
results were achieved by the “standard” method.dGstability was obtained. ZgOsupported
system follows the same trend as fop@J system. However, zirconia support can store more

nitrates.
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1. Introduction

Air contains numerous particles originating frontumral and synthetic materials, as found in
wildfires and combustion processes. The human puodmo system can resist against larger
particles but not against particles smaller thapuh0(designated as PM-10). As a response new
research efforts have been made to evaluate thHth leftects that these smaller-size particles

have, especially for cases of diesel particulatgengPM)™.

Diesel engine exhaust gases contribute signifigatdl urban and global air pollution.
Emissions of hydrocarbon (HC) and CO from diesdiagist gases are low and can be easily
converted by using diesel oxidation catalyst (DOBpwever, even the most recent diesel
engines generate nitrous oxides @nd carcinogenic particulates, whose size raf@®-e200
nm falls in the dangerous range. These patrticlesisbof carbonaceous soot that carries many
toxic compounds, such as poly-aromatic hydrocarl{®d). Further improvements in modern
diesel engine design and combustion process vedlig lead to decreased amounts ofyNAO
+ NO,, though mainly present as NO) and particulate b@arsoot) emissions. Even these
improvements in diesel fuel engines and combugirocesses alone cannot meet the targets set
in recent legislation from Europe (in the agendaswn as Euro 5 and 6) for NCand soot.
Therefore, abatement technologies for soot angt N&ve become a topic of relevant research.
Oxidation and reduction-based technologies may bisedul solution to reduce soot and NO
amount by converting them to the better managegdd®@ N, respectively.

However, during typical diesel engine operatiorse exhaust gas temperature is below
300°C, but that temperature is too low to operatetinuous un-catalysed soot oxidation that
occurs around 600°& I Therefore, catalysis is required to lower the gemature of soot
oxidation. To support the oxidation process, &ffitollects soot particulates in the exhaust gas
and periodically converts them to &O'wo filter schemes are currently used to conseunt,
classified as passive and active filter regenemagtoategies. Passive regeneration can be applied
on heavy duty diesel vehicles, such as trucks asédy because the engine often works within an
exhaust temperature range of 250-400°C. Howevisr sttiheme cannot be applied to light duty
vehicles, since the exhaust temperatures of dieastenger cars rarely exceed 250°C. The
advantage of active systems is that they will fiomcteffectively even if the desired exhaust
temperatures are not achieved in normal operatimh @nsequently can be employed in

vehicles/equipment with low exhaust temperatures.



Soot oxidation by @occurs at a significant rate above 550 °C. Theptature inside the
DPF (diesel particulate filter) is lower (200—450) ‘under normal driving conditions. Therefore
catalysts that promote soot combustion at lowemptratures are required. Active regeneration

with NO storage materials is a possible solution.

NO, has a better oxidative capability than, o the possible utilization for the filter is tige
NOyx storage material which will store the N@t temperatures below 300°C as nitrates and
release it at the temperature of regenerationexiarsed reactions. In this case, the efficiency can

be improved further if we add oxidation catalystsiak will oxidize NO into N® and later

converts soot selectively into G@nd back to NO which can participate in the neotts
oxidation event. Because of the decreasing amaifritkD, at higher temperatures the main role
of oxidation catalyst is to provide the recycling dO to NO, with high efficiency. Several
catalysts have been reported, particularly the IF®A Pt/K—ALOs, Pt/Ba—AbO; B! and also
Co,Ba,K/CeQ ™. However, only a part of the stored N@hat is decomposed at high
temperatures under lean conditions is found todaduli for soot oxidation. NQstorage capacity
decreases upon ageing under soot oxidising conditidhis will lead to a decreased soot
oxidation activity on stored nitrate decompositi®/K—Al,O; catalyst is more active and more
stable compared with Pt/Ba—@ls.

The increased interest in particulate filter regatien systems and the promising results of
NO.-assisted systems have motivated research ovgetrs™ ©. Nevertheless, due to the high
commercial interest of these systems, there argtéished works, and most of them only study
reaction rates daboratory scale usingynthetic soot. Therefore, in this work, we will study the
capability of a material that will store the NGt temperatures below 300°C as nitrates and
release it at the temperature range of regenerdfiore add an oxidation catalyst the efficiency

can be improved because the oxidation rate of@wdthe recycling of NO to NGare increased.

2. Literature Review

2.1 Diesel engine and emissions

Gasoline and diesel engines are the most commorbwsgiion engines used in the world.
During the combustion of fuel in these engines sdvendesirable by-products are formed that
can be dangerous for human health, particularipfdeesel combustion.

As a result of the growing urbanization and theaerdt gas emissions, serious threat to air
quality emerge, leading to the first legislatioarstard in 1970. Along the years standards were

tightened, and as a result catalytic convertergufféi 1) became necessary. Nowadays, every car
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is equipped with a catalytic converter, reducing, &€, and NQ, emissions typically by 80-
95%. The first generation of catalytic convertesediin diesel emission control were the “flow
through monoliths”. These monoliths had been use@WC (three way catalysts) in gasoline
exhaust since the first emission regulation wa<tena These monolithic ceramic filters have
open channels covered with a high surface area-o@eth(ALO; or SiG) on which a small
amount of precious metal (Pt or Pd) is coated

ling mat
Insulates, seals and
provides an unbreakable
enclosure for the __'f e
monolith e

Stainless steel
housing

Ceramic monolith
Substrate for the

Lambda catalytic noble

probe ___ 0
Measures the L TR Catalytic layer of
Catalytic Converter residual oxygen noble metal
content in the Washcoat
exhaust gas Ceramic substrate

Figure 1 — Schematic representation of a catatytiozerter (example: three way catalyst)

The three way catalysts (TWC) are described initbeature as the best catalytic converters,
and are called that way because all three pollstéh©;, CO and HC) are removed from the
exhaust gas simultaneously. However, this type atélgsts “works” with very low or none
oxygen content, so in that case can be applied daolygasoline engines, which have
stoichiometric air to fuel ratios. After the sucskes introduction of three-way catalysts the
attitude towards diesel engine emissions were enited, because they had always been
considered clean in comparison with gasoline exhgases. Today, CO and HC emissions from
modern gasoline engines are similar to diesel esgiNevertheless, the NOand certainly the
particulate emissions from diesel engines are mhigiher. Particulate standards for diesel
engines were introduced in 1982 In Europe diesel vehicles are responsible for 488 72%
of NOx and PM (particulate matter) emissions respectjvefythe “on road” emission§’.
Therefore, they represent negative impact on oaltth@nd in the environment. As a result it is
very important to decrease these emissions.

Nowadays the diesel engines are well spread atihesw/orld because of lower fuel prices
(partly because of less severe tax levels), dutgblbow maintenance requirements and large
indifference to fuel specification. In Europe 10086 heavy-duty, 60% of light commercial
vehicles, and 20% of passenger cars are dieselrpdit&.

In diesel engines fuel is injected after the aircompressed in the combustion chamber
causing the fuel to self ignite. The air-to-fudioa. (which is defined as the ratio of air available
to air required for complete combustion), variesween 1.1 and 6. The diesel internal
combustion engine differs from the gasoline becaisss a higher compression (16-24) of the
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fuel to ignite the fuel rather than using a spaldgp("compression ignition" rather than "spark
ignition").

In gasoline engines, air and fuel are pre-mixefreecompression. The air-to-fuel rai®
constant and is often chosen to be stoichiomelhe. mixture is compressed in the cylinder and
ignited by a spark plug. Pre-mixing of fuel and saéwverely limits the compression (6-10), and
thus efficiency. Fuel efficiency for a diesel ermirs 30-50% higher than that for a gasoline
engine with comparable power. The difference indffigiency is caused by: energy losses at the
throttle valve; differences in compression ratial atifferences in air-to-fuel ratio (higher,O
concentration in the diesel combustion chamb&rsyhese differences are responsible for the
better fuel efficiency. In addition, diesel fuelshapproximately 15% more energy per unit
volume than gasoline. Therefore, when compared omiles per gallon basis, diesel engines
begin with a 15% advantage over gasoline engimethd following table are theompositions of
exhaust gases emitted from diesel and gasolinemesdlower value can be found in new clean

engines while the higher numbers are charactefaticlder engines).

Table 1-Typical compositions of the diesel and f§as@xhaust for passenger cars,#™2.

( C/:k(?n) ( |;I|§n) (I\;(k)r;) ( F/)L\Am) TeIrEnXphea;l;ffj re fIIE()):/C-?;tS(et

° ’ ° 0 (K) (m3/h)
Diesdal 0.5-1.0 0.40-0.60 0.20-2.0 0.01-0.2 373-635 40-50

Gasoline 1.0-6.0 0.40-0.60 0.10-0.80 0.005-0.01 573-750 430-

Carbon monoxide (CO), hydrocarbons (HC), sulphoxidie (SQ), nitrogen monoxide and
nitrogen dioxide (NQ) and particulates (PM), also called soot are sl legislation, which

will be discussed further in section 2.1.2.

2.1.1 Environment and health effect of diesel emisss

As previous mentioned the diesel engine exhaustsesavere pollutants, which can pose
serious public health concerns, particularly pattite matter (soot). In the urban areas, where
exposure to diesel exhaust may be especially lsgbt becomes a bigger problem. In general,
particles inhaled by humans are segregated by dizmg deposition within the respiratory
system. Larger particles deposit in the upper raspy tract, while smaller particulate
denominated PM-10 (particulates smaller thamud() travels deeper into the lungs and retained
for longer periods of time, which may cause advéesalth effects, like asthma and increase the
probability of lung cancer and the risk of prematdeath. If the smaller particles are present in
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greater numbers, they have greater total surfaegethan large particle of the same mass, so they
are more likely to interact with cells in the lutigan those carried by larger particles. Also these
smaller particles contain a quantity of organic enats, such as polynuclear aromatic
hydrocarbons (PAH), alkylated benzenes, which migive significant long-term health effects.
In fact several of them have shown carcinogenimitg mutagenicit{?>.

2.1.2 Diesel emissions legislation

The growing awareness of the effects of pollutamtshe environment and human health has
made legislation on the emission of, among othdmssel-powered vehicles more and more
stringent over the years. European Union emissgulations for new light duty vehicles (cars
and light commercial vehicles) are specified inEheective_70/220/EEC

Since the Euro 2 stage, EU regulations introdudierdnt emission limits for diesel and
gasoline vehicles. Euro 5/6 regulations have striemission for N@ and PM, since iadopts a
new PM mass emission measurement method developedhd UN/ECE Particulate
Measurement Programme (PMP). PMP method introdagearticle number emission limit, in
addition to the mass-based limits. Number-basedliRiils would prevent the possibility that in
the future open filters are developed that meetRtRemass limit but enable a high number of
ultra fine particles to pass®. As an example, diesel emission standards forepgss cars
(vehicle categories M are summarized in Table 2. For the sake of bydhié standards for the

other categories are not covered here.

Table 2 - EU diesel emissions standards for passerags (Category M, g/km ™,

Tier Date (6{0) HC+NOx NOx PM
Euro 1 7/1992 2.72 0.97 - 0.14
Euro 1, IDI 1/1996 1.0 0.7 - 0.08
Euro 2, DI 1/1996 1.0 0.9 - 0.10
Euro 3 1/2000 0.64 0.56 0.5 0.05
Euro 4 1/2005 0.50 0.30 0.25 0.025
Euro 5 9/2009 0.50 0.23 0.18 0.605
Euro 6 9/2014 0.50 0.17 0.08 0.005

a- proposed to be changed to 0.003 g/km using e mieasurement procedure

In addition to complying with the emission limitsentioned above, for the Euro 5/6 vehicle
manufacturers must also ensure that devices fittedontrol pollution are able to last for a
distance of 160 000 km or 5 years (whichever ocfitgs.



The Euro 4 requirements could be fulfilled withdurther exhaust gas treatment, but for Euro
5 the manufacturers will require the use parti@fdters. Given this progress, the diesel car will

soon be “seen” as a much more environmentallgrfdly vehicle than it was previously.

2.2 The characteristics of diesel particulate matte
Various terms are used to describe the particlatemirby diesel engines. Often this lead to
confusion, however we can call diesel particlethindividual particles present in the exhaust
gas. The diesel soot is the carbonaceous partestdparticulate matter (PM). It is the fraction
that is oxidized during regeneration of a diesetipie filter.
The carbonaceous soot is formed in the centre efubl spray droplets, where the air/fuel
ratio is low. Non-ideal mixing of fuel and air ctea pockets of excess fuel, where solid

carbonaceous soot particles (the solid and théokobrganic fraction, SOF) are formed.
A scheme of the diesel exhaust particles size @tdhition, and the schematic structure and

° layer of adsorbed

composition of a typical diesel particulate systm@ shown in Figure 2.
condensed hydrocarbons PY
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a)
Figure 2-a) Scheme of engine exhaust particle size distributimth mass and number based

concentrationb) Schematic representation of diesel soot and &eraed species. AftéY.

The soot particles consist of a carbonaceous sobie with adsorbed hydrocarbons,

sulphates, nitrates, metals, water and some tracgpaunds, such as, polycyclic aromatic
hydrocarbons (PAH) that are very harmful for health was previous mentionethe PM is

typically composed of 50% to 75% elemental carbB@)( The particles tend to agglomerate
because adsorbed hydrocarbons, sulphate, and acates “glue”, increasing the particle size and

mass distribution to what is observedbin!*®. The size of individual soot spheres is about 25
[16]

nm, while the size of total particulates is abdd®@m



Due to the stricter legislation over the years tieddanger of these particulates, strategies for

reducing the diesel exhaust emissions were initiate

2.3 Strategies in diesel emissions control

For a diesel engine the emissions of particulatdéemand NQ have an inverse correlation.
An effort to reduce soot particles is always assed with an increase in NOThe emissions of
CO and HC can be treated very easily with a nobéahoxidation catalyst, like the Diesel
Oxidation Catalyst (DOC), but for the removal of N@nd PM from diesel engines the task is
more difficult. There are several strategies tauoedemissions from diesel engines, like engine
modification, fuel reformulation, and exhaust afieatment system.

Modifying the engine reduces N@missions via Exhaust Gas Recirculation (EGR),dd&t
injection and water injection, but has also sevdraivbacks**'"*® The particulate matter can
be reduced by retarding injection of the fuel, @ging the injection pressures or by turbo
charging®®. A small reduction of diesel regulated emissioais be achieved by modifications in
diesel fuels using lower sulphur contents, butsamough to meet the minimal requirements.

Besides engine adjustment and fuel reformulatiftey-éreatment techniques can be used to
reduce the N@ and PM emissions. The reduction of the Y\NGannot be applied to the
conventional technology (three-way catalyst) beeatissel engines operate with more air than
needed for the combustion process (lean burn).eThee 2 main options for the NGafter-
treatment: selective catalytic reduction (SCR) wit@, NH; or urea, and NQstorage reduction
(NSR) catalyst™ often also called lean-NQOtrap (LNT) catalysts*®*® that will be further
discussed in section 2.4.3.

Engine adjustment and fuel reformulation have dyeatntributed to the reduction of PM
emission. The suppression of lubricant oil comlmustand the fuel quality like, fuel density,
cetane number, sulfur-, oxygen- and aromatics cbmnesulted in a substantial reduction of
particulate emissior*®. However, it is anticipated that particulate rethre via engine
modification and fuel reformulation will not meettfire standards. For that reason, in the future
after-treatment techniques have to be used. Theren® ways: the catalyst is added to the fuel
(fuel borne catalyst) or coated on a filter.

. Fuel borne catalysts are blended into the fuelthedefore can act with the structure of the
soot. Thus, the catalyst-soot contact, which igiatuor solid-solid reactions, is increased. The
most commonly used fuel additives are Ce and!Félowever, the blending of the catalysts in
the fuel can be a problem and the additive canetsned within the filter. Nevertheless, PSA



Peugeot Citroén uses since 1999 a particulate §iltstem with a fuel additive system integrated
(Ce and Fe-based catalyst additive is used) withess.

The second alternative is the catalyst coated effilter's surface. This way the filter collects
the soot particles and acts as a substrate focdtadyst. The reaction takes place on the filter’s
surface, and the catalyst — soot contact attaised little worse than that of the fuel borne
catalysts. However, this way the problem of catatgmsumption is prevented and extra cost of
using a separate system for catalyst blending tmdge is avoidef?.

Thus, the use of a filter is the most straightfaxdvanethod for reducing particulate emissions.
There are several types of filter, such as, wallvfimonolith filter, ceramic foams, candle filters,
metal wool filters and wire mesh filters. The gexlderm for filters which remove particulates
from diesel exhaust gases is “particulate trap”mistakably the most studied and applied
particulate trap is the wall-flow monolith becausfethe easiness to use, large scale production
and good collection efficiency (90-95%)igure 3?Y) shows a typicawall-flow monolith filter

commonly used as a particulate trap.

Trapped PM
Plugged
||- Cells

PM

co

HCs ‘ CO;
PAHs ! H.O
SOz SO;
NO NO

Figure 3— Several schematic representations of wall-flow ntitimo

It consists of ceramic structure with parallel amals of which half are closed in an alternate
checker board manner from upstream side and othkrahe closed at the downstream end.
Therefore the exhaust gas cannot flow directlyugloa given channel. It enters the upstream
side of the trap where the channels are open (@hlahnel), forced through the porous walls of
the channels to exit through the adjacent chanmieése the ends are open (outlet channel). As a
result, exhaust gases are forced to flow throughptirous walls, whicthen act as filters, in this
way high particulate trapping efficiency can beiagéd. If too much PM accumulates , the back-
pressure across the filter will increase and deggeatjine performance, and ultimately the engine
will cease to functiof®.

Still, when using a particulate trap, a regenematexhnique is necessary, from time to time,

to prevent the trap becoming clogged with collecedt which, in the longer term, would result



in engine malfunction due to increased back-pressi@everal techniques for removing
particulates from the filter have been proposed.

The easiest one is the non-catalytic regeneraliiothis case, the temperature is increased to
initiate fuel combustion by air which is presenttire exhaust. This method is relatively simple
and has the advantage of not needing a catalyiste@uires temperatures above 600°C. This type
of regeneration can easily get out of control amdnage the filter due to chaotic thermal
runaways. Another problem is the low regeneratifiitiency: up to 35% of the soot can be
retained in the filter creating soot gradient buio!®.

As an alternative, the use of catalysts for sontoeal from particulate traps seems to be a
logical choice, since catalysts for oxidation ofbmmaceous materials have been studied for a
long time. But in fact it is not that easy, sinaglbsoot and particulate trap are solid, and tiere
a big problem of the contact between them. Thezevao approaches to overcome this problem:
passive regeneration or active regeneration.

Passive regeneration is commonly based on thélfattNG is a more powerful oxidant than
oxygen and it is present as a component of exlgasss and in this way the filter can regenerate
in normal vehicle/equipment operation without axgidonal assistance. Therefore, soot can be
continuously and effectively oxidized at much lowemperatures. However, oxidation of soot
with NO, requires relatively high temperatures and high &dcentrations in exhaust gases,
therefore it can only be used in heavy duty digskicles because the engine often works at high
load and the exhaust temperature is in the rang@e-Z®°C (CRT system¥?, while diesel
passenger cars rarely exceed 250°C in city drivifge advantages of passive systems are:
technology less complex, require far less servicangl are less expensive than active systems.
Examples of passive diesel particulate filters (D&te filters coated with a catalytic material, a
diesel oxidation catalyst upstream of the DPF, andBC (fuel borne catalyst) used in
combination of a filter.

When passive regeneration is not possible the rsysteeds to be subjected to active
regeneration. In this case, the temperature isdagriodically to combust accumulated soot. But
unlike non-catalytic regeneration, a catalyst canused to increase the efficiency of soot
combustion. The advantage of active systems isttiegt will function effectively even if the
desired exhaust temperatures are not achieved rmahmperation and consequently can be
employed in applications on which passive filteasmot be used. An active DPF system relies on
additional strategies to ensure that filter regati@n occurs. For active regeneration it is possibl
to take advantage of NO storage materials.

As previously mentioned, catalysts seem to be #st bolution for oxidizing soot. For that
reason, catalytic soot oxidation has been studred the years.



2.4 Catalytic soot oxidation

Catalysed soot oxidation is expected to decreasestiot oxidation temperature in a
controlled fashion, thereby increasing efficienog duel economy.

Soot oxidation by @occurs at a significant rate above 550 °C. Theptature inside the
DPF is lower (200-450 °C) under normal driving dtinds. Therefore catalysts that promote
soot combustion at lower temperatures are requiBed. before reviewing different catalysts
reported active for oxidation of diesel soot, italso important to give some information about

the mechanism of soot oxidation.

2.4.1 Mechanism of catalytic soot oxidation

Two different approaches can explain the catalyxiclation of soot: “redox type oxidation”
and “oxygen spillover”.

The redox type oxidation mechanism, proposed by rgtia and Duval®®, requires a
physical contact between the catalyst and gragigerial used to understand soot oxidation
mechanism) — direct contact.

Some catalysts can oxidise soot without havingniate physical contact — indirect contact.
They catalyse the formation of a mobile compoun@4{ND,g4s etc) that is more reactive than.O
In the absence of physical contact, the formatidnthmmse mobile species is the main
advantageous property of this type of catalyst. Fatlirect catalysts, two main reactions
mechanisms are known: the N@ided gas-phase mechanism and the spill-over mesrha

Cooper and Thos&” discovered a way of using gas-phase,N@ an activated mobile
species for soot oxidation - NOaided gas-phase mechanism. They proposed that NO
accelerates soot combustion. In the spill-over raedm (figure 4) catalysts can dissociate
oxygen and transfer the activated oxygen atom&easoot particle, where they it react as in a
non-catalytic reaction.

Figure 4 — lllustration of the spill-over mechanisma catalyst surface. Aftét

It should be noted that most of the catalysts meqai direct physical contact with soot.

Therefore, for these catalysts, no matter how nibely enhance soot oxidation, a good physical
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contact should be provided. This was recognizednbpy scientists, and the studies have been
focused on the catalysts having improved abilitgiitbance contact.

2.4.2 Catalysts for diesel soot oxidation

In the last two decades, a number of materials bae®a explored as catalysts for diesel soot
oxidation. There are two kinds of catalysts: diremhtact catalysts and indirect contact catalysts.
The direct contact catalysts can oxidise soot daylyintimate contact with soot, while in the
indirect catalysts this is not necessary.

In spite of a lot of research on the subject, diféicult to achieve direct contact between the
catalyst and solid soot. Many catalysts were exathfor their activity in diesel soot oxidation in
the past years including oxides of Cu, Mo, Cr, Bednd V!®; Co/MgO, Co/K/MgOP®
vanadates of Cs and K supported on alurtfiiakCl promoted Cs and Cu vanadat®§ which
were reported to oxidize soot in the temperatungezof 350-450°C. These performances are, of
course, strongly dependent on some parameters,asutiie degree of contact between the soot
and the catalyst, the model soot used, and the destposition. As a result, it is difficult to
compare the real performances without assessingftbets of each parameter. For that reason,
some researchers adopted a certain terminologynware the activities of the catalysts. For
example, Neeft et al*® developed a definition about the degree of contdicsoot with the
catalyst, and some researchers used the same téwgyrihereafter. Two different contact modes
were defined, depending on the way the powder ystand soot were mixed. They named
“loose contact” when the catalyst powder is mixdathvgoot with a spatula and “tight contact”
when a mechanical mill is used. Diesel soot filleiem the exhaust stream on a bed of catalysts
particles is defined as “in-situ contact”. For th@me samples with different contacts a large
difference in the combustion temperature (up tokd0@as found. The tight contact samples are
more reactive because they have more points oficomtith soot and the particles are smaller
and more dispersed.

There are also mobile catalysts §884-V,0s, CsVO;-MoO; and KCI-KVQ 2°3) that do
not evaporate during soot oxidation - liquid casédy This type of liquid contact occurs both in
laboratory test and pilot plant scale. VanadatesOg) were the first catalysts that were
considered to have extreme ability of contact tbamce, due to the high mobility of the surface
metals inherent in their molten state natfité?.

The concept of molten catalysis then became pogudrthe studies were concentrated on
the phase stabilization of these molten catalysts;e their vapour pressures were high for a
possible exhaust application, causing the evamoraif the catalyst. Some phase stabilization
techniques such as K doping of copper vanadates, iported to enhance the stability.
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A different way could be blending a stable organetatlic additive into the fuel (10-100ppm)
- fuel borne additive$”. As a result, the catalyst—soot contact problembeaovercome, because
the catalyst and the soot particles have more umifdispersion. This leads to a higher intimate
contact and decreases soot oxidation temperatusbbyt 200 °C, compared with un-catalysed
soot oxidation. The PSA Peugeot-system is an exaofithis type of catalyst”.

NO, is a more powerful oxidant thar, @nd if enough N@is present in the exhaust gas, soot
can be oxidised around 350 °l@.catalysed soot filter (CSF) and continuouslyeregrating trap
(CRT), NO in the exhaust gas is converted to,ld@d NQ can oxidise the deposited soot in the
filter. The above-mentioned after-treatment tecbg@s (fuel borne additives and CRT) are
already commercially available for decreasing paléite emissions from various sources.
Cooper and Thog8" developed the N@aided continuously regenerated trap ¢N@ided CRT)
for trucks and buses (passive regeneration). Isistsof a wall-flow monolith with an upstream
flow trough diesel oxidation catalyst, which isled| in this context, pre-oxidiser. The oxidation
catalyst converts 90% of the CO and hydrocarboesgmt to CQ and 20-50% of the NO to
NO,. Downstream, the particles are trapped on a catelall-flow monolith and, subsequently,
oxidised by NQ. The next table summarizes the catalysts andytiatéilter system for oxidation

of diesel soot.

Table 3 - Classification of diesel soot oxidati@atysts®.

Catalyst type/Chemical Process Examples Remarks
(1) Catalysis by mobile catalyst Molten salt: Based on C-@reaction
CsSO,. V.05, Cs0.V,0s  Establish in-situ tight contact
Ref {2931 through soot wetting by the
Volatile material: catalyst
Cu/K/NVICI Hydrothermal stability is low
Ref{? Discouraging investigations
(2) Fuel-borne catalysts Ce(Pt-CeQ Based on both C-Cand C-NQ
Ref4 reaction

PSA-Peugeot system Generates fine particle

Ref{* Requires DPF
assisted soot oxidation -system ased on the C-N{reaction
3) NOy isted idati CRT-sy Based he C-NO i
Ref2422 Uses Pt catalysts to generate NO

Operates properly in lower

sulphur level
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Cos0,~CeQ B also showed excellent catalytic activity for soatdation, despite their low
surface area. The promotional effects of an optimamount of cobalt oxide incorporation in
ceria and presence of a small amount of potassppeaas to be responsible for the excellent soot
oxidation activity of this mixed oxide type matdridhe catalytic materials show good thermal

stability, while their low cost will also add toetin potential for practical applications.

2.4.3 NQ storage systems

In the last years a major part of the after-treatinesearch is focussed on N€onversion to
N, over NG storage and reduction (NSR) catalysts or learx M&alysts (LNG. The NG
storage and reduction (NSR) catalysts storg; N@der lean conditions, typically as a nitrate at
the average exhaust temperature, which is 200-230A@er rich conditions, the nitrate is readily
reduced to W leaving the catalyst ready to store N@gain once lean conditions are re-
established. One strategy for utilizing the NSRrapph is to periodically operate the engine
under both lean (i.e., excess oxygen) so-calledhge cycle and rich (i.e., excess fuel) conditions
so-calledreduction cycle. The lean operation period should be much lonigan the rich one in
order to take advantage of the natural “lean-burandition of a diesel engirf& 7.

NSR catalysts consist of a NGtorage component (typically an alkaline or eatkalae
metal oxide) and by a noble metal which reducesstbeed NQ. Early formulations developed
by Toyota included Ba as NOstorage compound and Pt as noble metal, but difere
formulations have also been patent&tin order to optimize both the NGstorage capacity and
the NO reduction properties. Toyota Corporation developieel Pt/BaO/-Al,O; B%. In this
catalyst formulation, the Pt component provides Wfidation and NQ@ reduction (redox)
capabilities, whereas the primary role of BaO siseN Oy storage in the form of Ba(N§3. The
y-Al,0O3 support material enables dispersion of the agtivases over a large surface area and
may facilitate the reactant transport between tiiea sites on the catalyst via surface diffusion
B9 There are also NSR catalysts composed by Pt—RAMB@; and Pt—Rh/K-Al0; *? and
zeolite based catalysts’. Several catalysts like Pt/&Ds, BaO/ALOs, and Pt-BaO/AIO; were
also investigated by Nova et al. to elucidate th@x torage mechanisms and the role of the
noble metal in N storageé*?. A general review of the NOstorage and reduction technology is
given by Epling*®.

The mains drawbacks of NSR system are the extrezed for high temperatures for the
regeneration of the N@trap and the sulphur sensitivity (this could bgioved by reformulating

the fuel)*”28!
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For the next legislations, both N@nd soot levels have to be decreased to satisjdetels,
therefore SCR and soot oxidation catalytic systeasge to be integrated. In order to make this
kind of system Toyota has developed diesel paetedNG, reduction (DPNR) system, based on
NSR catalysts, which can reduce N® N, and simultaneously oxidise soot to £tJ.

When the exhaust gas composition is abundantif.€, lean conditions), NO, which is the
major NG component in the untreated exhaust gas mixtuneadily oxidized to N@over Pt
and NQ is stored as nitrates over the metal used viapbase adsorption and/or surface
diffusion. Under rich conditions the stored nitsatEre released in the form of NOwhich is
further reduced to Nby soot, resulting in regeneration of the activeOM(Me=metal) storage
component. It is proposed that nitrates and acygyen generated during storage and reduction
steps are active soot oxidation species and, thieoalm decrease the oxidation temperature; NO
produced over noble metals of NSR catalysts catrapped as nitrates and can also react with
soot generating NO again. Under lean conditiondNBR system can be expected to function as
CSF. It is also proposed that, under rich condgiantive oxygen generated on the catalyst can
oxidise the trapped sobt.

A similar system is wanted for improving the soaidation in passenger cars. For that
reason, NQ assisted soot oxidation catalyst (active regeimrahas to be developed that later
could be implemented in a catalytic filter. Thigatgst will store NQ at 200°C and release it at
450-550°C. Several catalysts have been reporteticydarly Pt/ALOs, Pt/K—AlLO3, Pt/Ba—AbO3
Bland also Co,Ba,K/Ced. However, only a part of the stored N@at is decomposed at high
temperatures under lean conditions is found todaéuli for soot oxidation. NQstorage capacity
decreases upon ageing under soot oxidising conditidhis will lead to a decreased soot
oxidation activity on stored nitrate decompositi®/K—Al,O5; catalyst is more active and more
stable compared with Pt/Ba—&l;. The total NQ storage capacity is similar over Pt/K-8j
and Pt/Ba—AlO; and significantly higher than that of Ptj@k (425pmol/g.) &

Also previous studies, using activated carbon stpgametallic catalyst¥* ! potassium
bimetallic catalysts decrease effectively the terajpee for the N reduction. KCu and KCo
showed some interesting results because, at lowdratures (300 °C), they combine a high
capacity for NQ reduction with a considerable consumption of cadeeous material. Among
the two bimetallic catalysts tested, KCo was thestmaxtive, achieving total NOreduction, to
N,, at 350 °C with the highest soot consumption f&te

In last year the catalysis group reported thexNSsisted soot oxidation using Me/@4- Pt,
where Me is Ca, Ba, Mg, Sr was reported. FrancBsoaardi has also study the influence of the
surface area and the Sr concentration orx Mf@rage and high temperature soot oxidation for
%Sr(NQ), and %Sr(NQ),+1%Pt/ZrQ 4748l
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2.4.4 NQ, assisted soot oxidation

Soot oxidation with oxygen can be used to regeadhe filter, however a significant reaction
rate only occurs around 600°C, which very diffidaliaccomplish at normal operative conditions.
Therefore, a more reactive compound with soot cessary. N@is a possible solution, since it
is highly reactive with soot. In fact, N@s able to oxidize soot at temperatures aroundG0h
figure 5, the reactivity of @and NQ with soot is compared.

2.5E-11

NO, o

2E-11 =

1.5E-11 =

1E-11 =

CO,Intensity(arb)

T T T
0 100 200 300 400 500 600 700

Temperature (C)

Figure 5 - Dependence of N@nd Q reactivity with soot from temperatuf&.

However, NQ is present in diesel raw exhaust at very low cotreéions (5-15% of total NQ
or less than 50 ppm), which are not sufficientrtovpde the required reaction rates.

In order to increase the concentration of N@® the exhaust gas it is necessary to put an
oxidation catalyst in the upstream part of theefilfThis catalyst (Pt) can oxidize NO to N@ith
high efficiency. Therefore, the idea is to creatmatinuously regenerating trap concept, a system
composed of a selective oxidation catalyst plagesttly upstream of the particulate filter.

At temperatures of 300-350 °C, the oxidation catiayarts to oxidize a portion of the NO in
the exhaust stream to form h@ncreasing the N©fraction up to 50% of total NgOZ2.

Due to the stricter legislation, the interest imtjgalate filter regeneration systems using NO
for oxidizing soot (N@ assisted systems) has increased. This motivated sesearch works®,
nevertheless these works are few comparing witlintipertance of this issue.

In this work we studied the property of a storagaterial which will store the NQ at
temperatures below 300°C as nitrates and releadehe temperature of regeneration. If we add
an oxidation catalyst the efficiency can be impbecause the oxidation rate of soot and the
recycling of NO to NQ@ is increased. It also increases the selectiviliesomplete oxidation
reactions.

The NQ storage-release cycle consists of two stages:
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(1) Adsorption- The NG is “stored” from the gas flow by the catalyst 80250°C.

(2) Release The NQ is desorbed from the storage component at 5006500Kis happens
because most nitrates are decomposing at thesetates.

This concept can be expressed in the followingupecfusing barium as example):

COZ"' NO
HNO X

NO, + O* <+— NOxy Storage Catalyst

<“+— Filter Substrate

@ - soot D: Ba(NO3),-SrO

Figure 6— NOy storage-release

ZF‘OZ

The basic principle of NQassisted soot oxidation can be explained by thewong plan.
During storage conditions NO reacts with storagemponent (in the presented case it is

barium nitrate) forming nitrite§l) and nitrate$2) in the catalyst:

BaO + 2NO % Q -~ Ba(NQ) (1)
BaO + 2NQ +§ Q- Ba(NQ) 2)

During the regeneration procedure the barium mitraleases N(3) by reverse reactions:

Ba(NGQ,), - BaO + NO+ NQ 3)

In the final step, an oxidation catalyst oxidize® Nto NG, (4) and then converts soot
selectively into CQand back to N@5) which can participate in the next soot oxidativarg:

2NO +Q Uy 2NQ (4)
C+2NQ, ~ CQ +NC (5)

At higher temperatures the amount of N®smaller. As a result soot is mainly catalyzgd b
O, at temperatures above 600°C. Therefore, platirumecessary to increase the efficiency of

recycling NO to NG.
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3. Objectives

Given the present state of research inxN&3sisted soot oxidation systems, given in the
previous section, and the research done by Arkaastd¢ and Francesca Ricciardi for the same

research project, four objectives were set in tireenit study:

B To determine the influence of the catalyst compmsion the NQ storage/release and

high temperature soot oxidation.

1 Try to optimize catalyst composition in order tavir the temperature of soot

oxidation.

B Compare the data for Zp&3upported systems with those previously obtaioed f

Al,O3 previously by the Catalysis Engineering group.

B Optimize the efficiency of NQutilization for soot oxidation and find a catalygth

the best soot oxidation performance.

4. Experimental

This section focuses on the experimental work Wes done to accomplish the goals for this
project. The experimental work described is focused the catalyst preparation and the

equipments used for catalyst characterization.

4.1 Catalyst preparation

The first step in this work was the screening & tatalytic systems based on high-surface
area ZrQ as support. This support was chosen becauseraattis (alkaline and rare) and 24rO
are known to form nitrates upon reaction with N@lso finally, platinum was introduced to
increase oxidative function of the catalysts.

From previous research on the Catalysis group,fawasd that the best results were obtained
for ZrO, with 90 nf/g surface area. Furthermore, the best weight peage for the catalyst
supported was 20%. Therefore, a modelxNsborage system 20% MeNGupported on Zr®
(90 nf/g) where Me = Mg, Ca, Sr, Ba (alkaline earth ngtahd La, Ce, Pr (rare-earth metals)
was prepared.
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The catalyst’s support was prepared from pelletdr@k (provided by Alfa Aesar, a Johnson
Matthey Company, 99% purity). The pellets of Zr@ere crushed in a mortar and sieved to
obtain a fraction between 0.075 and 0.135 mm. Thersupport was dried in the oven at 200°C
for 2 hours, so that all water could be removed.

The supported catalysts were prepared by incipregthess impregnation (IWI) of ZgO
support with an aqueous solution of correspondady sexcept for Ba(Ng),/ ZrO.. Because of
the low solubility of barium nitrate in water thigjdid phase adsorption (LPA) technique was
used. In typical catalyst preparation experimegtraéns of ZrQ were impregnated with (2x0.8)
ml/g of aqueous solution for the support. After legnation the samples were dried for one hour
at 120°C with a heating ramp of 5°C/min.

In the LPA technique 10ml of distilled water waglad to a certain amount of barium nitrate
(0.6179). This mixture was stirred and heated (§@6€2 hours so that all barium nitrates could
be dissolved. The 2 g of the support then was adsteded and heated during 4 hours (60°C).
After adsorption the sample was filtered and theeddfor 2 hours at 120°C with a heating ramp
of 5°C/min.

To prepare platinum based catalysts, a platinumutisol was prepared using
Pt(NHs)4Cl,-HO (provided by Alfa Aesar, a Johnson Matthey Conyp&6.4% purity) and then
1 gram of impregnated zirconia was impregnated WiBml of Pt-containing solution. The
sample then was dried for 2 hours at 120°C. Thig, @& of Pt was loaded in the catalyst. The

concentrations of the metal nitrate and Pt solutised are in the following table:

Table 4 - Concentrations of Me(N)p and Pt(NH)4-Ck in solution.

Sample Final sample [Me(NQ),], g/l [Pt(NH 3)4-Clo],9/l
Mg(NO3)2- 6 HO  20%Mg(NG)/ZrO; 303 -
Ca(NGy)2r 4 HO  20%Ca(NQ)./ZrO, 279 -
Sr(NG;) 20%Sr(NQ)2/ZrO, 250 -
Ba(NQ)z 20%Ba(NQ)2/Zr02 62 -
La(NGs)2: 6 HO  20%La(NQ)s/ZrO, 512 -
Ce(NGy)2r 6 HO  20%Ce(NQ)3/ZrO, 513 -
Pr(NGs),- 6 O 20%Pr(NQ)s/ZrO, 514 -
Z2rO; 1%Pt /ZrQ - 18
Ca(NG): 4 HO  20%Ca(NQ), + 1%Pt /ZrQ 279 18
Sr(NGy)2 20%Sr(NQ), + 1%Pt /ZrQ 250 18
Ba(NG;), 20%Ba(NQ); + 1%Pt /ZrQ 62 18
La(NGs): 6 HO  20%La(NQ); + 1%Pt /ZrQ 512 18
Ce(NG),: 6 HO  20%Pr(NQ)s + 1%Pt /ZrQ 514 18

To conduct reproducible experiments and compares/éini@us results thought out the years
diesel soot with constant properties is requiredcé&the composition of diesel particles depends

on many aspects, like motor characteristics (enlgiad, speed, life time) and way of collecting,
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it is very difficult to find a suitable model. Ftinat reason Degussa Printex U soot was chosen
that shows properties in catalysed oxidation simita “real soot”. This industrial soot is
produced by high-temperature pyrolysis. The nehletghows the main properties of synthetic

Printex U soot.

Table 5 — Chemical and Physical properties of Bxitd synthetic sodt™.

Property Value
Specific surface area 97’y
@ primary particles 30nm
Hydrocarbons 5.2 wt%
C-content 92 wt%
H-content 0.6 wt%
N-content 0.2 wt%
S-content 0.4 wt%
Metal ash content Below detection limit

4.2 Equipment

4.2.1 TGA

Thermogravimetric Analysis (TGA) is an analyticathnique for measuring changes in mass
as function of temperature. It is primarily usedditermine the fraction of volatile components
by monitoring the weight change that occurs asexiagen is heated. It is also used to analyze
adsorption and desorption, reactions with purgegjaand ash content. From TGA curves, data
on the kinetics and thermodynamics of the variobendcal reactions, reaction mechanisms,
reaction intermediates and final reaction prodgets be obtained. The measurement is normally
carried out in air or in an inert atmosphere, saglmelium or argon, and the weight is recorded as
a function of increasing temperature.

The thermo gravimetric analysis (TGA) of the vas@amples was carried out in a Mettler
Toledo, TGA/SDTA851 instrument. The samples (around 30 mg) were pldnedlumina
crucibles and loaded into TGA sample tray.

Two different programs were used in TGXr 900°C, 10°C/minandHe 900°C, 10°C/min
This means that the data presented in this studg wetained by heating up the sample from
25°C to 900°C in air with a constant rate of 10mM&Y. The same heating rate was also used with
helium. Prior to sample analysis blank referengeeerment with an empty crucible was always

performed.
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4.2.2 TPD-MS

TPD (temperature programmed desorption) involvestihg a sample and simultaneously
detecting the residual gas by means of a mass saralymass spectrometer (MS), that monitor
the desorption products. As the temperature risedain absorbed species will have enough
energy to escape and will be detected as a ripeessure for a certain mass. The results of the
experiment are the desorption rate of each proshesties versus the temperature.

In modern implementations of the technique the aleteof choice is a small, quadrupole
mass spectrometer (QMS) and the whole processrigedaout under computer control with
guasi-simultaneous monitoring of a large numbegyasfsible products.

During this work the temperature programmed degmrgdecomposition (TPD) was carried
out in a tubular quartz reactor (5mm internal digemelocated in the high temperature furnace
using MS analysis of the products. In the typicgbeiment approximately 200 mg of sample
(previously diluted with SiC to a ratio of 1:6) wpacked between two quartz wool plugs and
heated from room temperature to 900°C with a hgatte of 5°C/min, in a flow of 10 ml/min of
O, and 40 ml/min of He.

Decomposition of bulk nitrates, soot oxidation astdrage-release cycles were performed
using this equipment. Below it will be explainedwhgoot oxidation and storage-release were
performed.

Soot Oxidation

To perform soot oxidation, soot was mixed with tegalyst and diluted with SiC in a
1:20:120 weight proportion. The TPD is a good médttmsee how bulk and surface nitrates are
decomposed and also to determine the conversiosoaf. By this method it is possible to
monitor the signal of each compound, which is propoal to the concentration of the product
desorbing from the sample. The nitrates start wongose with the increase of temperature,
releasing nitrogen dioxide, which reacts with tlwdtsforming carbon monoxide and carbon
dioxide and back to nitrogen monoxide. The massctspmeter permits the continuous
monitoring of the formed products.

The soot conversion and selectivity of soot oxmlatio CQ can be quantified as function of
temperature and assuming complete soot oxidatidgheaend of the experiment at 900°C. The
soot conversion can be calculated by the follovaggation:

Conversion (%) o (I):S;? M, 10 (6)

o )
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where, $o(T) and SoAT) represent the areas under the CO and @@ves at a certain
temperature, respectively. It is also assumedahaiot is converted to CO and ¢6ét the end
of the experiment.

The selectivity to C@can be calculated dividing the total area under@i@ curve to the

sum of the areas under the CO and,C@ve, as is represented in the following equation

. Sto
Selectivity (%) =Smt+—2m x10( (7)

co o

This temperature control in TPD-MS equipment isverty precise comparing with the TGA.
The temperature difference between two technigaesifilar experiments (like bulk nitrates
decomposition) can reach almost 100°C. This mehat dulk nitrates decompose at ~100°C
lower temperature in TGA. This happens mainly beeate detector in TPD takes longer time to

detect the signal of each compound and also timaderis not excellent.

Storage-Release cycles

The storage release cycles for all the samples alscestudied in TPD-MS. In this case a
bottle containing 2.5%N£in He was added, which makes it possible to doatieorption step.
The storage release cycles are divided in thrgesstaulk nitrate decomposition, adsorption of

NOx and desorption of nitrates, which are describetane details further.

1. Bulk Nitrate Decompositiorn- In this step approximately 200 mg of sample (presip
diluted with SiC to a ratio of 1:6) was packed betw two quartz wool plugs and heated from
room temperature to 700°C with a heating rate 8C1®in, in a flow of 10 ml/min of @and 40
ml/min of He. With the increase of temperature thates start to decompose (NO signal
increase) from the sample according to the follgwieaction (as an example it is presented for

the barium nitrate):

Ba(NQ,),/Zr0O, - BaO/ZrQ, + 2NO g Q (8)

Using the area under the NO curve it is possiblgeftne the maximum possible N@torage

capacity, since the amount of storage componeatas/n.

2. Adsorption of NQ at 200°C—- The second step was the adsorption ofkNThe He and

O, flow were switched off and a bottle of 2.5% of NiD He was opened with a flow of 10
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ml/min. The sample was treated with this mixtur2@0°C for 30 minutes. During adsorption
step nitrates are formed on the surface of thdysataccording to the following reaction:

( BaO/ZrO, +3NO, — Ba(NO,),/Zr0, + NO 9)

3. Desorption of nitrates: In the third step, the flow of 2.5% N@ He was switched off and
the Q and He flows were switch on. Desorption of thefae nitrates happened following the
same conditions as in the decomposition step. Biserbbed species were again detected by MS.
From the area under desorption curve it was passibtalculate the actual NQtorage capacity
of the system according to the following equation:

NO, Storage Capacity= NO, stored

100 10
maximum possible NQ (10)

4.2.3 Diesel Six-Flow Reactor

For study of the soot oxidation with different opgre modes the diesel six-flow reactor was
used (Fig. 9). This equipment is very similar taDl'But instead of only one reactor, it is possible
to operate with six reactors at the same time,gugia same operative conditions.

The diesel six-flow reactor can be divided in thseetions: gas mixing, reactor, analysis.

The gas-mixing is where the inlet gas that goegHerreactors can be mixed with plenty of
compounds, such as Ar,(NO, NG, CO, propene and $0The flow of each compound and
total flow are controlled by mass flow controlléBrooks 5850 E).

In the reactor section six quartz-glass reactoth am outer diameter of 10 mm and an inner
diameter of 7 mm were placed in an oven. Each sarfgantaining SiC+soot+catalyst) was
mixed and packed between two quartz wool plugs. gdeemixture from the mixing section gas
then passed through a heated glass bed and thefedvéisrough each reactor (in down flow)
using mass flow controllers. The pressure upstrebeach reactor was measured with a Kulite
ITQ-1000-100-A pressure transducer. The oven teatper was controlled with an Eurotherm
818P programmable controller. The temperature th e@actor was measured with Nicrosil
thermocouples positioned on top of the soot be@. diftire reaction section, including the mass
flow controllers, was placed in a heated cabing®B4C. The outlet gas of the reactor was guided
through a Valco 6-way selection valve that leads dlitlet gas of one of the reactor to the
analysis section and that of the other reactoteg¢osent. The composition of each reactor outlet
was analysed every 12 minutes (2 minutes/reactor).

To study the behaviour of the catalyst in differepérative conditions, four sets of experiments

were made. The experimental conditions are destiibA&ppendix C.
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4.2.4 FTIR-MS

In infrared spectroscopy, IR radiation is passeduph a sample. Some of the infrared
radiation is absorbed by the sample and someisfpassed through (transmitted). The resulting
spectrum represents the molecular absorption asrirission, creating a fingerprint of the
sample. Like a fingerprint no two unique molecukructures produce the same infrared
spectrum. The different catalysts were analyzedFIyR-MS (Fourier Transform Infrared
associated with a mass spectrometer). Experimeeits preformed in a Thermo Nicolet Nexus
spectrometer using Spectratech diffuse reflectammoessory equipped with a high temperature
cell — drift cell. The sample (around 50 mg) waecpld into the high-temperature quartz cell. The
NOy storage-release cycles were studied by similarneraas TPD-MS, but with FTIR-MS it
was also possible to collect and process the spdoim the samples using the OMNIC
software. The same steps were used in the FTIRmal&D-MS, only with minor variances in
the conditions. During the first phase the tempeeatvas increased from 200°C to 600°C at a
100°C steps (heating rate of 1800°C/h) followedahyisotherm of 20 min at each temperature.
As was mentioned before, the nitrates start to mgose by increasing the temperature, releasing
NO. After decomposition of bulk nitrates the baakgrd spectrum was collected on going back
from 600°C to 200°C with 100°C steps.

In the second step — adsorption — the sample wagett with a flow of 800ppm of NO + 20%
of Oy at 200°C during 3 hours. The molecules of NO welsogbed on the surface of the catalyst
over the time. The spectrum was collected for B, 3,0, 15, 20, 30, 45, 60, 90, 120, 150 and 180
minutes after the start of adsorption.

The last phase - desorption of nitrates - was cetaglis the same conditions as the first
(decomposition of bulk nitrates). During the des$ionp of stored nitrates spectra were collected
from 200°C to 600°C with 100°C steps. From the ameder the desorption curve, it was possible

to calculate the actual NGstorage capacity of the system.

5. Results

5.1 TGA

Thermogravimetric analysis (TGA) gives us inforroati about the temperature of the
decomposition of the nitrates. Standard TGA ouilputhe weight loss in the samples as a
function of time or temperature. Figure 7 showsygical TGA pattern, comparing the air

programme and helium programme for Bag¥ZrO..
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Figure 7 - TGA analysis of Ba(N§/ZrO, using Air program and He program.

Different programs (air and helium) were used t® if¢he composition of the gas influences
the decomposition of nitrates. In both programsperature is increased from room temperature
to 900°C, although different gas composition isduseéomparing the results obtained for the
different programs it is possible to see that teésadecomposition in air happens at somewhat

higher temperatures. This happens because the gesdiman of nitrates (for example barium

nitrate), is reversible (reaction 11).

Ba(NO,), - BaO+2NO+0, (11)

In the case of decomposition in air, the concelatnadf O, increases and the reaction shifts
towards barium nitrate. So, in the air program &ighemperatures will be necessary to
decompose the nitrates. For the sake of brevityhalother TGA data are presented in appendix

A. In Figures 8 and 9 different systems measur@tjube air program are compared.
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Figure 8 - TGA profiles of Mg, Ca, Sr and Ba- basgstem using the air program.
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For the practical application in soot trap as nred previously, storage compound should
release nitrates at temperatures above 400°C. dicgpto results shown on figures 8 and 9, Sr,
Ca, La and Pr-based systems look more promisingusecin their case nitrates are mainly
decomposed between 350 and 550°C. Cerium and magnagrates decompose too early. But
this is just bulk nitrates and we are of courseamoterested in actual stored nitrates therefage th
next step is to study all these systems in theageorelease cycles. In table 6 and 7 temperatures
of nitrates decomposition and theoretical and raktveight losses (before and after 200°C) are

compared for the air and helium programs.

Table 6 — Practical and Theoretical Weight Losthefsamples using the Air program.

Sample T max, °C Weight Loss, % Theoretical
T1 T2 T3 T4  <200°C >200°C Weight Loss, %
ZrO, 65 - - - 2.8 15 -

Mg(NO3),-ZrO, 93 171 343 427 9.5 8.8 20.4
Ca(NGy)2-ZrO; 99 443 - - 6.6 9.8 17.0
Sr(NGs)2-ZrO, 65 457 559 581 1.9 12.0 10.2
Ba(NGs),-ZrO, 61 591 - - 1.7 10.5 10.2
La(NO3)3-ZrO, 95 403 - - 7.0 12.7 25.5
Ce(NGy)3-ZrO; 95 215 390 - 7.4 9.6 25.5
Pr(NGs)s-ZrO, 91 343 - - 7.3 12.8 25.5
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Table 7 — Practical and Theoretical Weight Losthefsamples using the He program.

Sample T max, °C Weight Loss, % T.heoretical
Tl T2 T3 T4  <200°C >200°C Weight Loss, %
yA(®)) 71 - - - 2.7 1.3 -

Mg(NO3),-ZrO, 87 151 338 428 9.1 8.4 20.4
Ca(NQy)2-ZrO, 77 437 . - 6.1 9.7 17.0
Sr(NOs),-ZrO; 81 455 543 - 2.0 10.4 10.2
Ba(NGs),-ZrO, 63 567 - - 1.8 11.4 10.2
La(NOs)3-ZrO, 80 394 506 - 7.5 12.5 25.5
Ce(NGy)3-ZrO; 85 213 379 - 8.1 9.3 25.5
Pr(NGs)s-ZrO, 85 338 - - 7.0 12.0 25.5

The weight loss before 200°C in the samples is @8t, namely because of the water,
except in the case of Mg (NI ZrO,, Ce(NQ)3/ZrO,, La(NGs)3/ZrO,, and Pr(NQ)s/ZrO,. Their
weight loss before 200°C is much larger becausepkmrused also have incorporated water
[Mg(NO3)2: 6 HO ; Ce(NQ)s- 6 HO ; La(NGy)s- 6 HO ; Pr(NQ)s- 6 HO] and also in the case
of Mg (NGOs)/ZrO, and Ce(NQ)3/ZrO, the decomposition of nitrates start before 2009C. |
Ca(NQy)./ZrO, the weight loss is relatively smaller because thende used only had 4
molecules of water (Ca(N- 4 HO). In principle all the samples should have thecaé
weight loss of 10.2%, like Sr(N/ZrO, and Ba(NQ)./ZrO,. In the of Mg (NQ)./ZrO, and
Ca(NG;)./ZrO, weight loss is higher because of the water incagor and for the rare-earth
metals one extra N{anion accounts for higher weight losses.

5.2 TPD-MS

Temperature programmed desorption-decompositio) MAas used to study soot oxidation
and storage release cycles. In soot oxidation ¢ngpérature was increased from 25°C until
900°C. During increasing of the temperature nigatart to decompose and release,Nhich
reacts with soot forming CO, G@nd back NO. In the following figure a typical TRofile is
shown (La based-system). All the other curves arengn Appendix B1. In the case of the TPD-
MS set up a 0.5:1 N/C ratio was used

The results for soot oxidation for all samplessummarized in the table 8.
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Table 8 — Temperature of the max peak of,C20D% and 50% conversion of soot, nitrate

decomposition and soot conversion at 500°C anddleztivity obtained.

Tmax peak T20% conv T50% conv T nitrate peak Convsgoec Selectivity

sample cC) () (O O ) (%)

Soot+ZrQ 650 580 634 - 6.8 79.6
Soot+20%Mg(NQ)2 / ZrO, 660 524 590 370 15.9 83.3
Soot+20%Ca(Ng). / ZrO, 630 516 603 476 16.0 83.1
So0ot+20%Sr(NG), / ZrO;, 600 530 605 560 12.8 82.9
Soot+20%Ba(NG), / ZrO, 650 550 616 663 9.6 82,6
Soot+20%La(NQ)s / ZrO, 650 512 613 404 17.2 84.3
Soot+20%Ce(Ng)3 / ZrO, 653 570 629 260 6.7 89.9
So0t+20%Pr(NG)s / ZrO, 645 506 604 370 18.7 81.8

In Table 8 temperatures of maximum peak of,@@d of 20% and 50% soot conversion as

well as amount of soot converted up to 500°C awergito provide the comparison between

different systems. Selectivities of soot convergiorCQ; are also shown. The,ifate peadS also

shown which corresponds to the temperature at wiheh highest NO signal during the

decomposition of the nitrates is obtained. Analgdizble 8 it is easy to observe that Ca, Sr, La

and Pr-based systems show lower soot oxidationdeatyres and therefore look more promising

for further investigations. In Mg and Ce based@ys the nitrates decompose at lower

temperatures; as a result the NI® not used so efficiently for oxidizing soot. T@GAd TPD-MS

data show similarities in the curves of decompositof nitrates (NO signal). Finally Pt was

added to increase the oxidation rate. The resbittmed are shown in the table 9.
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Table 9 — Temperature of the max peak of,CED% and 50% conversion of soot, nitrate
decomposition peak and soot conversion at 500°Ctlamdelectivity obtained for Pt-containing

catalysts.
Sample ngx peak TZ%% conv TSOC:%) conv Tnitréate peak ConV500°C SeleCtiViW
Q) (O (O ) (%0) (%0)
Soot+1%Pt-ZrQ 642 581 627 - 4.2 93.4
Soot+20%Ca(Ng), +1%Pt-ZrQ 650 505 597 440 19.2 88.4
So00t+20%Sr(N@), +1%Pt-ZrQ 623 487 581 480 24.1 91.9
Soot+20%Ba(NG), +1%Pt-ZrQ 605 536 586 650 8.6 93.2
Soot+20%La(N@); +1%Pt-ZrQ 572 483 580 312 22.8 86.8
So0t+20%Pr(N@s +1%Pt-ZrQ 644 502 579 305 19.7 93.4

The presence of platinum on the surface of thelystanfluences soot oxidation since Pt
increase the oxidation rate, and the recycling Of td NG.. Therefore after adding platinum, all
the samples achieved higher conversions at the dmmmgerature and of course higher
selectivities to C@ Sr based system showed highest conversions &C52@.1%), while La had
the lowest temperature of 20% of conversion (483°C)

The TPD was also used to study the storage-reades of the different samples. With this
equipment it is possible at the same time to se& Wwappens on the surface of the catalyst and
detect what products are coming out of the sysfBne TPD-MS was used according to the
following steps: decomposition of bulk nitratessawption of NQ and desorption of nitrates.
They are explained in detail in the Experimentalisa.

In figure 11 the NO decomposition and the NO detsampcurves are compared (Ca based-
system). Dividing the area under the curve of dasmm for the area under the curve of
decomposition it is possible to calculate the gferaapacity. For the sake of brevity all the
curves for decomposition and desorption of the d$asmre presented in Appendix B2.
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Figure 11 - Decomposition and desorption of nigsdte 20%Ca(NG), /ZrO, sample (in a flow
of 50 ml/min of air) with increasing of temperaturem 25°C to 700°C at a heating rate of
10°C/min followed by an isotherm of 20 min at 700°C

The storage-release cycles were performed for ofdke studied systems and the results are
summarized in Table 10. The absolute,\sforage capacity is proportional to the amourkiusk
nitrates introduced. Since they have different malaight the absolute bulk nitrates in each

sample will be different.

Table 10 — NQ Storage Capacities of different samples obtainaah fTPD-MS results.

Relative NOk Measured Absolute NOx released
T Dec/ Des Storage NOyx Storage NOx Storage  petween 200°C

Sample (°C) Capacity Capacity Capacity and 500°C

(%) (pmol/g) (pmol/g) (%)

ZrO, -1340 - - 36.1 45.3

20% Mg(NQ).-ZrO, 296/343 47.6 450 945.1 41.2
20% Ca(NQ)2-ZrO, 444/422 91.0 860 944.3 35.5

20% Sr(NQ)2-ZrO, 493/427 61.1 577 945.0 25.3
20% Ba(NQ)2-ZrO, 534/433 39.7 375 943.8 19.6

20% La(NQ)3-ZrO; 325/382 45.3 570 1258.4 48.2

20% Ce(NQ)3-ZrO, 229/329 24.2 304 1256.7 72.4
20% Pr(NQ)s-ZrO, 332/328 37.1 467 1256.8 60.8
20% Sr(NQ),+1%Pt-ZrQ 308/363 63.7 602 945.0 52.8
20% La(NQ)3+1%Pt-ZrQ  305/300 43.6 548 1258.4 63.1
20% Pr(NQ)s+1%Pt-ZrQ 285/258 36.9 464 1256.8 67.8

Ca and Sr based-system are the most promisingnsystece they can store more nitrates.
Also the incorporation of Pt on the surface of ttaalyst does not have much influence on
storage capacity, nevertheless the percentage of N@ased between 200°C and 500°C

increases. This observation will be further disedsis more detail in section 6.

5.3 Diesel Six-flow Reactor

Diesel six-flow reactor was used to study soot atiah for different samples at different
operative condition. To evaluate the effect of&liéint operative modes on the soot oxidation, the
experiments were done in four different conditionise different operative modes are described
in the Experimental section. All parameters weteutated for all analyzed sample, by the same
way as in the TPD. The results are summarizedem#xt tables. The soot oxidation graphs of
the samples are in Appendix C.
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Table 11 — Results for soot oxidation on six-fl@actor set-up (first experiment).

Tmax pic T 20%conv T 500conv CONVsooec Selectivity

Reactor Sample °C) °C) °C) (%) (%)
1 So0t+20%Sr(N£), / ZrO, 506 426 485 63.5 94.7
2 Soot+20%Pr(N§s / ZrO, 504 428 482 65.5 93.2
4 Soot+20%La(Ngs/ ZrO, 506 419 482 66.4 80.4
5 Soot+20%Ba(N£), / ZrO, 500 424 478 68.8 81.8

These results appear to be better than those eldtéyn TPD, because higher conversion of

soot is obtained at lower temperatures. Howevas, ltard to see any difference between the 4

samples (error within £3°C). The possible soluti®no use higher catalyst/soot ratios. It is well-

known that the set up cannot be directly comparithl the TPD-MS since the catalyst-soot ratio

and also the heating rates are different. Withaavdheating rate it is more difficult to take

advantage of the Nassisted soot oxidation. In the second experirftabte 12) platinum was

added to increase the oxidation rate, and thereficrease the recycling of CO to &0n table

13 the uncatalysed system (with and without Pt) dtnedCa-based systems are compared. The

difference between the third and forth experimenthat in the last case the samples used were

calcined at 500°C during 5 hours (table 14). In finerth experiment there was an isotherm at

200°C where the samples could storexN(3 nitrates.

Table 12 - Results for soot oxidation on six-flaeactor set-up (second experiment).

Reactor

Sample

Tmax pic T20%conv T 5006conv CONVs00°c Selectivity

S (6 (9 (%) (%)
1 So0t+1%Pt+20%Sr(NR / ZrO, 507 419 485  66.4 97.2
2 So0t+1%Pt+20%Pr(NRR / ZrO, 498 424 480  69.6 96.8
4 Soot+1%Pt+20%La(\N§) / ZrO, 498 425 480  69.8 97.4
5 Soot+1%Pt+20%Ba(NR / ZrO, 500 423 480  70.8 97.3

Table 13 - Results for soot oxidation on six-flexactor set-up (third experiment).

Tmax pic T20%conv T 50%conv CONVsooc Selectivity

Reactor Sample °C) °C) °C) (%) (%)
1 Soot+20%Ca(Ng) / ZrO, 513 427 491 59,0 86,9
2 Soot+1%Pt+20%Ca(N)R/ ZrO, 509 428 486 64,1 97,4
4 Soot+ Zr@ 507 432 488 62,7 85,8
5 Soot+1%Pt / Zr 500 428 485 65,1 96,8

Table 14 - Results for soot oxidation on six-flaeactor set-up (fourth experiment).

Tmax pic T 20%conv T 50%conv CONVspoec Selectivity

Reactor Sample °C) °C) °C) (%) (%)
1 Soot+20%CaO / ZgO 509 439 492 58,3 86,1
2 Soot+1%Pt+20%Ca0 / Z+O 506 438 486 63,4 98,1
4 Soot+ Zr@ 507 439 488 62,4 87,1
5 Soot+1%Pt / ZrD 509 438 489 61,3 97,8
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Comparing the catalyst-soot ratios used in theéguipments, it is possible to notice that in
diesel six-flow the N/C ratio is only around O.lvérsus 0.5:1 in TPD experiments, for that
reason the effect of nitrates is not as promineninathe case of TPD experiments. All the
experiments do not show big differences betweenvénmus systems. Comparing the rare earth
metals with the alkali-earth metals that have senamounts of nitrates, the results are the same.
This can be explained by the low ratio of nitratest was used in the experiments.

Although similar trends were not found we can shst when platinum is added the
selectivity to CQ and the conversion of soot are increased.

It would be expected in the forth experiment (sasmalcined) to obtain lower conversions
at 500°C, however the conversions are similar &tktird experiment, indicating again the fact

that it is necessary to increase the catalystisiot

5.4 FTIR-MS

The FTIR-MS was performed for four catalysts: ZrO 20%Ca(NQ)o/ZrO;
20%Sr(NQ)2/ZrO, and 20%La(NG)s/ZrO, using the drift cell. By this method it was possibb
record at the same time the mass signal of eaclpa@and released, and the spectra of each

sample. This study was performed in three phases:

In the first phase decomposition of the bulk nitratestemperature was increased from 200°C
to 600°C leading to the decomposition of the bulkates as can be seen in the graph below.
Figure 12 shows the bulk nitrates decompositiontlier 20%Ca(Ng)./ZrO, sample. The other
curves are not presented for sake of brevity beirgported in the Appendix D1 and show similar

trends.

3,00E-12 600

+ 500

2,00E-12 A

1 400

Nox signal
() ainresadwa |

ee o

1,00E-12 o
+ 300

4 R
.kk1
; ; ‘ \\&» 200

0 1000 2000 3000 4000 5000 6000

Time (s)

Figure 12 - Decomposition of bulk nitrates for 208R0;), /ZrO, sample (in a flow of 30
ml/min of air) with increasing of temperature frd&2@80°C to 600°C with a 100°C steps, heating
rate of 1800°C/h followed by an isotherm of 20 raireach temperature (red-T;blue-N€ignal).
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The maximum of bulk nitrate decomposition is obedtvfor the all the samples, between
400°C and 500°C. Using the area under the decommnosurve it is possible to know how much
nitrates are stored in the beginning assuming dhatitrates are decomposed at the end. In the
end of bulk nitrate decomposition the backgrourets@ was collected from 600°C to 200°C.

After decomposition of bulk nitrateadsorption of NQ at 200°C was performed. The
samples were treated with 800 ppm of NO +20%irOHe during 3 hours. Over the time, the
nitrates start to form in the surface of the catbnd the spectrum was recorded during 180
minutes to ensure that steady-state was achievedsgectra corresponding to NO adsorption for
ZrO, and 20%Ca(Ng),/ZrO, are shown in Figure 13(a and b):
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Figure 13- NOx adsorption at 200°C in a flow of 800ppm of NO #26f O, in He for(a) ZrO,,
(b) 20%Ca0/ZrQ.

After some minutes the nitrates start to form anghrface of the catalyst as seen in Figure 13.

All the spectra are not presented for sake of byebut are reported in the Appendix D2. In the
following table the band positions and the corresiog structures are summarized.
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Table 15 Reported wavenumbers of adsorbed\{Pecies observed on Ca, Sr, La oxide and

ZrO, and their corresponding structdig.

NOx species Structure Vibration Band position, crit
o VW(NO,, as) 1200-1310
Bidentate nitrate M< >N=O w(N=0) 1500-1630
© W(NO,, s) 1003-1040
M—0 W(NO,, as) 1200-1260
N\
Bridged nitrate /N=O v (N=0) 1590-1660
M—0 W(NO,, S) 1000-1030
Nitrosyl Sr—ON S—NO" vv(NO) 1103-1810
0 VW (NOs, as) 1400-1460
lonic nitrate Sr——0= \ Partially overlapped 1300-1360
© W(NO;, s) 1038
Vw(N=0) 1400-1485
M—20O
Nitrito \N/ v (NO) 1050-1100
ddONO 820-840

Analyzing figure 13 (a and b) and table 15 it isfible to observe that after some minutes
some bands start to increase intensity in both kgt around 1620-1630, 1230-1250 and 1010-
1020 cn* which can be associated with the formation of gl or bidentate nitrates. Over the
time, these bands increase intensity continuousily saturation with nitrates is reached. It isoals
seen that after 30-45 minutes all the nitrate péakeme effectively visible.

It is impossible to differentiate bridged or bidatet nitrates because they have characteristic
adsorption bands in the same regions. But for ti@2 Zample it is probable that the predominant
species are the bridge nitrates, because the gteust more stable than bidentate nitrate species.
The bands for CaO/ZrCat 1381, 1458, 1587 and 1055 tean be assigned to the ionic nitrates,
since they appear only for the catalyst with mei#iates. Therefore, these bands are typical
when the metal nitrate is added.

Finally the bands around 1780-1795 ‘tman be assigned to nitrosyl species and can be
correlated to the presence of metal on the surfloe.other systems showed similar spectra like
calcium, but are not presented for sake of breMypendix D2). However it should be noticed
that the rate of development of the peaks betwaerpkes is different. As example, in zirconia
the bands around 1630 and 1240 increase intensibynwfew minutes, while for the other

systems it takes at least 30-45 minutes.

33



In the third phase desorption in air- the samples were treated again with the sane diad
temperature conditions as for decomposition of mitkates. This means, temperature increase
from 200°C to 600°C with a 20 minutes isotherm. épected, the surface nitrates that were

formed during adsorption start to decompose as e¢estyre increase. Figure 17 shows the
desorption of nitrate compounds for the 20%CaO44nCair:
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Figure 14- Desorption in air for 20%Ca(N{} /ZrO, sample with increasing of temperature
from 200°C to 600°C with a 100°C steps, heating tdt1800°C/h followed by an isotherm of
20 min at each temperature and in a flow of 30 nnl/ofi air (red-T; blue-NQ signal).

During desorption, the nitrates reach the maximelsase of NO at lower temperatures then in
the decomposition phase. In this case they arasetebetween 300°C and 400°C. From the area

under this curve it is possible to calculate théuacNOx storage capacity of the system
according to equatiofi0).

Figure 15 represents the spectrum that was colldntencreasing the temperature from 200°C
and 600°C during the desorption step.
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Figure 15- Desorption spectra foa) ZrO,; b) 20%CaO/ZrQ. Conditions: heating rate of
1800°C/h followed by an isotherm of 20 min at etahperature in a flow of 30 ml/min of,O

The intensity of the bands decrease as temperatcreases, and at 600°C most of the bands
disappear (in Zr@they all disappear), indicating almost completeaeposition of stored
nitrates. However some minor bands at 1259 and £&58 characteristic for bidentate or ionic
nitrate species, still remain, particularly in C&@)L/ZrO, and Sr(NQ)/ZrO..

Similar NO storage-release cycles were performedsfaand La-based systems and the results
are summarized in Table 16, while the spectra tlebras are omitted and can be found in

Appendix D2.

Table 16 — NQ Storage Capacities of different samples obtainat TIR-MS results.
Relative NOx Measured NOx Absolute NOx released

Samble Storage Storage NOx Storage between 200°C
P Capacity Capacity Capacity and 500°C
(%) (pmol/g) (pmol/g) (%)
ZrO; - - 33 82.7
20% Ca(NQ)2-ZrO; 71.5 675 944 96.9
20% Sr(NQ)2-ZrO, 34.4 325 945 76.9
20% La(NQ)2-ZrO, 26.8 327 1258 711
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Table 16 shows that the NBtorage capacity obtained in FTIR-MS is lower thamnthe same
samples studied with the TPD-MS. In TPD-MS the dasave approximately 25% higher
storage capacity. That happens because the redgpm” used in TPD is more suited for
adsorption studies then the drift cell in the FT#Rd the concentrations of N@sed during the
adsorption step were also higher.

It should be also noticed that for adsorption inAFEMS is used NO, and not N@s in the
TPD. Therefore this could be also a reason fohtglk storage capacity in the TPD-MS.

5.5 Pre-treatment

To study the influence of the pre-treatment on thi®rage capacity, we chose
20%Sr(NQ).+1%Pt/ZrQ because it is the catalyst with best soot oxidagierformance and a
good storage capacity. Approximately 200 mg of dan(previously diluted with SiC in ratio of
1:6 and packed between two quartz wool plugs) wssd.u Three different preactivation

procedures were applied:

1% Experiment (He) —In the first stage (decomposition of the bulk atiés) the sample was
heated from room temperature to 600°C with a hgatte of 10°C/min, in a flow of 50 ml/min
of He and then dwell for 150 minutes at 600°C. $kheond stage (adsorption) was done under
the same conditions as the normal storage-relgasesq10ml/min of 2.5% of N©in He during
30 minutes). In the third stage (desorption) they@a was heated from room temperature to
600°C with a heating rate of 10°C/min, in a flow % ml/min of He and then dwell for 20
minutes at 600°C.

2" Experiment (Air) — This pretreatment was exactly the same as the Kitstinstead of

pure helium, the total flow was 10 ml/min of @d 40 ml/min of He.

3 Experiment (Air / 5% H, in Ar) - In the first stage (decomposition of the bulk ris)
the sample was heated from room temperature to@G®ith a heating rate of 10°C/min, in a
flow of 10 ml/min of Q and 40 ml/min of He and then dwell for 20 minua$00°C. At 600°C
the sample was pretreated with 2.5ml/min of ahd 47.5ml/min of Ar during 150 min. The
second stage (adsorption) was done under the sanuitions as the normal storage-release
cycles. In the third stage (desorption) the samyds heated from room temperature to 600°C
with a heating rate of 10°C/min, in a flow of 10/min of O, and 40 mI/min of He and then
dwell for 20 minutes at 600°C.

Table 17 shows the results obtained for each piartrent procedure:
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Table 17 — NQ Storage Capacities for 20%Sr(B)e>1%Pt/ZrQ obtained from TPD-MS for
three different pre-treatment procedures.

Relative NOx Measured Absolute NOx released
Pre-Treatment Storage NOx Storage NOy Storage between 200°C
Procedures Capacity Capacity Capacity and 500°C
(%) (pmol/g) (pmol/g) (%)
He 51.4 486 945 60.5
Air 73.5 695 945 60.8
Air / 5%H; in Ar 85.7 810 945 81.5

5.6 Final optimization of the catalyst

Until this point, all the samples were impregnatath platinum using 1g of metal nitrate
supported on zirconia and then impregnated witmOd@ Pt-containing solution — we can call it
the “standard” method. In order to improve the smdatation performance (with air) the final
catalyst (20%Sr(Ng),+1%Pt/ZrQ) was impregnated with platinum by two additional
preparation/activation procedures:

1. The Pt solution (0.8ml) was added to the Sr ratsailution (0.8ml) and then this mixture

was used to impregnate the Zr{0.89). Afterwards the sample was dried for twarscat 120°C.

2. The support (0.8g) was impregnated with Pt sotuf{@.8ml). After impregnation, the
sample was dried for two hours at 120°C. On the day the sample was calcined for five hours
at 500°C. Afterwards Sr nitrate solution (0.8ml)swadded and in the following day the sample
was dried for two hours at 120°C.

Table 18 shows the results obtained for each paéiparmethod.

Table 18 — Temperature of the max peak of,CZD% and 50% conversion of soot, nitrate
decomposition peak and soot conversion at 500°Ctfandelectivity obtained for three different

procedures.
T k T20% conv T509% conv T nitrate peak  CONVspoec ~ Selectivity
Methods Maxkea A A oy
Q) <) <) Q) (%0) (*0)
Standard 623 487 581 480 24.1 91.9
1 626 513 594 480 16.1 93.6
2 615 499 582 474 20.3 93.0
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5.7 Stability Testing

Finally the stability of the final system — Sr(N@+1%Pt/ZrQ was tested in multiple NO
storage/release cycles. For that, the same sanmgdesubmitted to 8 storage-release cycles in
TPD-MS using the same conditions already mentionegéction 5.4. This means that the catalyst
was submitted to decomposition of the bulk nitrate&know how much N§ are stored in the
beginning. Then adsorption was performed with 2@ in He at 200°C and finally desorption
of the nitrates in air. These last two steps wepeated 8 times. Table 19 gives the obtained

results:

Table 19 - Stability Testing of Sr(NR+1%Pt/ZrQ obtained from TPD-MS.

Number of Relative NOX' Measured NQS Absolute NOx_
Cycle Storage Capacity Storage Capacity Storage Capacity
(%) (pmol/g) (pmol/g)
1 60.9 576 945
2 57.8 546 945
3 59.5 562 945
4 58.5 552 945
S 60.5 572 945
6 59.1 559 945
7 58.6 554 945
8 59.7 564 945

It is clearly seen that the catalyst shows goolil#iaand the differences between the results

achieved are within the error of the equipment.

5.8 Comparison between ZrGQ-supported systems with AJO;

To complete the final goal of the thesis the dditained for the Zr@supported system it
were compared with those of &l; system, obtained by Arkady Kustov. All data web¢ained
following the same procedures that were previoustimeed in the Experimental section (soot-
catalyst-SiC ratio was 1:20:120).

Table 20 shows the results obtained by TGA andPR-MS for Mg, Ca, Sr and Ba nitrates

supported in AlO;.
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Table 20 — Temperature of nitrate decompositionAY,@Gemperature of the 20% conversion of
soot and selectivity to CQTPD-MS).

Sample Thitrate dec ~ T20% conv Selectivity

CO) CO) (%)

Soot +AbOs 642 584 88
Soot+20%Mg(NQ), / Al,Os3 100-300 530 84
Soot+20%Ca(Ng), / Al,O3 300-450 486 81
S00t+20%Sr(N@), / Al,O3 505 509 86
Soot+20%Ba(Ng)./ Al,Os3 610 542 85
Soot+20%Ca(Ng), +1%Pt-AbO3 432 470 92
So0t+20%Sr(NG), +1%Pt-AbO3 467 484 97
Soot+20%Ba(NG), +1%Pt-ALOs 512 514 91

NO storage-release cycles were performed using #M3~or the same systems and the results

are summarized in Table 21.

Table 21 — NQ Storage Capacities for different sammesained from FTIR-MS

NOx Storage NOx released between

Sample Capacity 200°C and 500°C
(%) (%)
Soot+20%Mg(NQ), / Al,O3 6.1 97
Soot+20%Ca(Ng), / Al,O3 24.9 57
So00t+20%Sr(NG), / Al,O3 16.5 34
Soot+20%Ba(NG),/ Al,O3 5.7 15

6. Discussion

A system was required for improving soot oxidatiorpassenger cars. For that reasonxNO
assisted soot oxidation catalyst need to be derdlofhat later could be implemented in a
catalytic filter. In order to develop such catalyse capacity of several materials based on
zirconia support to store NOat temperatures below 300°C as nitrates and eelgaat the
temperature range of regeneration and also higpeesture soot oxidation was studied.

For this purpose Mg, Ca, Sr Ba-systems and Laar€ePr-systems were prepared. These
specific components were selected because alkali-aad rare earth metals oxides with Zr are
known to form nitrates upon reaction with NO

To increase the oxidation function 1% platinum wdsged to the systems that showed better
soot conversion and NOstorage capacity efficiency. To study the stapibt the best catalyst 8

storage/release cycles were performed. Differem-tq@atment procedures were studied to
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determine their influence on the storage capacity different methods of producing the catalyst
were also subject to study, in order to evaluaté thfluence on soot oxidation.

6.1 Temperature of decomposition of the bulk nitrags

For the practical application in soot trap the afig compound should release nitrates at
temperatures above 400°C. According to the TGA date figure 8 and 9), nitrates are
decomposed too early on Mg and Ce-based systerfs€®#00°C) and consequently most of the
nitrates will be released before regeneration,mdunormal engine conditions. In the case of Ba
system nitrates are decomposed only at around 600h&h seems rather unpractical, since
uncatalyzed soot oxidation also starts in thisaegind there will be no benefit in the temperature
of the soot oxidation. Of course, the Ba-basedesysitill should not be discarded, because the
presence of the driving force (reducing atmosphet®uld facilitate the decomposition of
nitrates. Nevertheless based on the temperaturesirates decomposition, Sr, Ca, La and Pr-
based systems look more promising since they acendigosed at temperatures between 350-
550°C. But these are bulk nitrates, and we areoafse more interested in actual stored nitrates;

therefore the next step is to study all these syst@ storage-release cycles and in soot oxidation.

6.2 Effect of different catalytic systems on sootxadation

In the case of the TPD set up, a 0.5:1 N/C ratie used. For uncatalysed soot oxidation (no
stored nitrates present at the system) the tempesabf 20% and 50% soot conversion were
quite high, around 580°C and 634°C respectivelyis iy, only 6.7% of soot is converted at
500°C, which increases the importance of the useeihl nitrates. After introduction of stored
nitrates into the system, the temperature of sgmtation decreases quite significantly, except in
the case of cerium nitrate (conversions similarrtoatalysed soot conversion).

Analysing the different catalytic systems (tablet8% possible to observe that in the case of
20% Mg(NQ)./ZrO, and 20%Ce(Ng)s/ZrO, the nitrates start to decompose too early. As a
result these systems may not be considered asfgodOx assisted soot oxidation. However,
stored nitrates could decompose at higher temper#ten model. So, it is not possible to affirm
that they are excluded.

Analysing other systems, it is possible to see thedt performance is achieved with
20%Ca(NQ)o/ZrO,, 20%Sr(NQ)./ZrO,, 20%Pr(NQ)s/ZrO, and 20%La(NG)s/ZrO, systems,
especially in the case of Pr-based system. Withnlieate the temperature for 20% soot
conversion decreases 74°C in comparison with ulysatd soot oxidation. The amount of soot

converted before 500°C is also quite high, arou®%,1while other Ca, Sr and La give values
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around 16%, 13% and 17% respectively. The 20%BgM0O, sample shows lower
conversion (9.6%), perhaps because the nitratesstdecompose only above 420°C and the NO
peak is above 560°C; at this temperaturexN@ainly exist as NO that is not so active for soot
oxidation. Nevertheless, based on the soot oxidatia, La and Pr-based systems look more
capable. But this is only one part of the problerd @e are of course interested in storing nitrates
under normal driving conditions, therefore the ngbep is to study all these systems in storage-
release cycles. Data for the TPD-MS are summaiiz@able 8.

Analysing all the soot oxidation data in Appendik, Bwvo mechanisms of soot oxidation can
be identified: NQ assisted soot oxidation at low temperatures, aimg with the temperatures
of the nitrates decomposition; and high-temperatureatalysed soot oxidation with,,Qvhich
prevails when all nitrates are already decompos&adce the ratio between the amounts of
available NQ and soot are quite low the decomposition of regsatoes not provide enough NO
to oxidize all soot. Also, the thermodynamic sti#ipibf NO, at high temperatures is quite low,
and NQ mainly exists as NO, which is inactive for sootdation.

In the case of the Six-flow reactor the N/C rasoonly around 0.1:1 versus 0.5:1 in TPD
experiments, for that reason, the effect of nigat@s not as prominent as in the case of TPD
experiments. In the first experiment (table 11§ tesults do not show large differences between
the different systems (at maximum 10°C in soot ession). Comparing the rare earth metals
with the alkali-earth metals that have smaller am®wf nitrates, the results are the same. This
can be explained by the low ratio of nitrates thate used in the experiments and by the slow
heating ramping rate. When platinum was added (@xpat 2) the selectivity to COand the
conversion of soot increased, which can be takea @end. Also, in experiment 3 and 4, the
addition of platinum increased the conversion @itso

6.3 Effect of different catalytic systems on N storage capacity

The results of storage/release cycles obtained RY-MS (summarized in Table 10) show
that Ba, Ce, La and Pr-based systems have the idwW@gs storage capacity (39.7%, 24.2%,
45.3% and 37% respectively).

The available storage capacity increases on gaoorg Ba to Ca, which can be related with
the difference in the availability of the storagenponent and with the decrease of the basicity of
the cation used. The Mg based-system falls outeoeral trend probably due to the fact that
some of the stored nitrates are decomposed agstaa@nditions (200°C). The Ce based-system

has the same problem as Mg.
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The Ca and Sr-based systems achieved good stoapgeity, 91% and 61% respectively.
However, only 36% and 25% of the NO is releasesvéen 200°C and 500°C respectively. So
the storage capacity is far from being optimaljéating that most storage components does not
participate in nitrates storage. To increase tlaesbf NG released between 200°C and 500°C:
(1) an oxidation function can be added d&y different pre-treating conditions can be applied,

which will be discussed further.

Storage capacity was also studied in FTIR-MS usdivegdrift cell. According to the results
most of the NQ is adsorbed within first 30-45 minutes. Also tleenples studied (Zr§) Ca, Sr
and La-based systems) show some bands of majoisityet around 1624, 1234 and 1012°cm
which can be associated with the formation of ke@tigr bidentate nitrates. The bands at around
1458, and 1050 cthcan be assigned to the addition of the metal tritom the ZrQ (ionic
nitrates). Band at 1780-1790 ¢roan be assigned to nitrosyl species and can belatd to the
presence of metal (Ca, Sr and La) on the surfanaly&ing table 16 is possible to observe that
the NQ¢ storage capacities obtained in FTIR-MS show sinmiiends as those obtained in TPD-
MS. However, the storage capacity in FTIR-MS is 28%er for the same catalysts used. That
happens because the reactor “type” used in TPRtiersuited for adsorption studies than the

drift cell in FTIR, and the concentrations of N@sed during adsorption step were also higher.

6.4 Effect of Pt addition in different catalytic systems on soot
oxidation and on storage capacity

TPD-MS experiments showed that only 36% and 25%h@fNO is released between 200°C
and 500°C for Ca and Sr based-system, respectiVelg. low efficiency of nitrates utilization
can be improved by recycling NO to M@uring the reaction. Therefore platinum was aded
the catalyst formulation. The presence of platinumthe surface of the catalyst influence soot
oxidation since it can increase the oxidation (&l® to NG,). Therefore by adding platinum, all
samples achieved higher conversions at the samgetatare, and of course higher selectivities
to CQO. Sr based-system showed higher conversions (24t1360°C), while La had the lowest
temperature at 20% of conversion (483°C).

At the same time, by studying storage/release sydlevas found that Pt has almost no effect
on NO storage capacity (Table 10), but decreases thepdeture of nitrates
decomposition/desorption by at least 50°C, anchendase of Sr based-system the decrease is
180°C. As a result, the percentage of NO releagddden 200°C and 500°C is increased by at
least 20%, and in the case of Sr-based systemasetefrom 25% (without Pt) to 52% (with Pt).
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Significant improvement in terms of catalytic adivas well as selectivity was observed when Pt
was added to the storage component (Table 10).

Combining both platinum and storage component alag/to lower the temperature of 20%
conversion by more than 90°C, compared to uncaedlysot oxidation. As shown by TPD
experiments soot oxidation with Sr-based systemthacdamount of soot removed before 500°C
increases from 6% to more than 24%, which can beidered as a great progress.

For six-flow reactor experiments (second experimdghe results clearly show that by
introducing platinum, the selectivity of soot corsien to CQ is increased significantly, but has
little impact on the amount of soot converted bef&00°C (3-4% increase). In the third
experiment, uncatalysed soot oxidation is compaxéti catalysed soot oxidation with and
without platinum. The results show that with stoneitfates the temperature of 20% soot
conversion decreased (3-5°C), but not so signifigaas could be expected, and the amount of
soot converted before 500°C also decreased sligtiiyparing 20%Ca(N£y/ZrO, with ZrO..
This difference may be due to the error of the paopgint. In the three 6-flow experiments it is
possible to notice that the temperatures of 20%@&mon and 50% conversion are quite similar
for all the catalysts, except in the case of Audcatalysed reactiotat is 5-10°CQigher.

The drawback of the systems studied is the sigmfiamount of soot that is oxidized through
the non-catalyzed route, mainly because the coratert of NG, during regeneration is not
sufficiently high. To achieve complete soot oxidatiat low temperature, the ratio between

catalyst and soot should be increased even fuftb@btain N/C ratios around 1 and higher).

6.5 Effect of different after-treatment techniqueson NOy storage
capacity

Since the storage capacity is far from being optinmadicating that most of storage
component does not participate in nitrates storage, tried three different preactivation
procedures. To study the influence of the pre-tneat in the storage capacity, we chose the
catalyst with better soot oxidation performance andood storage capacity (around 62%) -
Sr(NG;)+1%PY/ZrQ.

In the first procedure the samplas pretreated in helium at 600°C and the storagedity
was around 54%. The second procedure was pregeiatiair, which led to an increase of the
amount of stored NQup to 74%. The most pronounced increase of thegocapacity was
obtained after pretreating in reducing atmosphaireH{ 5% H in argon), giving storage capacity
of more than 85% and the amount of N@esorbed between 200 and 500°C also increased

significantly (from 60 to 82%). The results achig\metween different pretreating conditions can
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be related with redispersion of the storage compinghis means that Hallows a higher
dispersion, resulting in more available storage poment for NQ storagelt should be noticed
that it is unknown if the dispersion achieved withis stable after the first cycle. For that reason,
repetitive storage release cycles using 2%Ar should be studied in future.

The last procedure showed higher storage capaeitguse we assurf€' that H increases
the storage capacity. However this would never assible in a real engine because there is no
H, in diesel exhaust; as a result this technologyecthe applied to our system. Nevertheless, the
catalyst can be pretreated before putting it ihi éngine. If dispersion is higher, then storage

capacity would also be higher. For that reasorpuid work.

6.6 Effect of different preparation and activation procedureson
soot oxidation - final optimization of the catalyst

To improve the soot oxidation performance (with),athe final catalyst - 20%Sr(Ng
+1%Pt/ZrQ was impregnated with platinum by other two prepandactivation procedures, as
was explained in detail in section 5.6.

By analyzing table 18 it can be seen that in adicpdures the selectivity is increased after
introduction of Pt, as expected. The first procedwsulted in lower soot conversions (16.1%) at
500°C, while the second route led to 20.3% sootewion. Since in the first method the Pt and
Sr solution are mixed before impregnation, it isgble that the majority of the Sr layers formed
during the impregnation are above platinum. In thay there is less recycling of NO to N®
oxidize soot because the Pt sites are not so ableess

In the second method the sample was calcined &C5@ming medium size clusters of Pt
on the catalyst that increase the recycling of NONO,, however bigger and enough clusters
were not formed so that conversion of soot at 50@W3%) could be higher compared with the
“standard” procedure (24.1%). Bigger clusters hlaigher specific activities than smaller ones
(<50nm) meaning that larger clusters are more @¢8woot catalytic reactions are size dependent
(12159 This does not mean that the “standard” methdbdsest, because it is known in literature
(Xue et al®®) that if the temperature of calcination is inceghsintil 700°G*?, more and bigger
clusters (>100nm) are formed that increase thectigy of NO to NQ and as consequence

increase soot oxidation rate.
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6.7 Study of the stability of the optimal catalyst

In the end we have tested the stability of thelfgystem — Sr(Ng), +1%Pt/ZrQ. For that,
the same sample was submitted to 8 storage-remades in TPD-MS using the conditions
already mentioned in section 5.7.

It is clearly seen that the catalyst shows goolilgtaand the differences between the results
achieved are within the error of the experimente Tallowing figure exemplifies the good
stability of the system.
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Figure 16 — Stability testing for 20%Sr(N+1%Pt/ZrQ.

6.8 Comparison between ZrQ-supported systems with AJO5

Analyzing tables 8 and 9, and comparing then wathle 20, a similar trend is observed
between the systems. When Pt is added, selectmitysoot conversion increase in all samples.
Sr based-systems show similar temperatures of 28®%eecsion for soot — 483°C (AD3) versus
487°C (ZrQ). However, comparing Ca-based systems for botp@ts the temperature of soot
conversion is approximately 20°C lower using alumngupport. It is concluded that alumina as
the same or better conversion of soot at the sampdrature.

Comparing the results in table 16 with table 21IBEMS) it is possible to say for the same
sample (for example Ca), that the zirconia suppan store more nitrates — 71% (Zy@ersus
25% (ALOs). Also, the NQ released between 200°C and 500°C is smaller. ifi@ans that
zirconia has better potential for N@torage then alumina. But if zirconia can storeenotrates
it should have higher soot oxidation rates. Thiesdnot happen because maybe in alumina the
efficiency of NQ utilization is higher. Also has a higher surfaceaaand for soot oxidation the

surface area is very important. With higher surfacea the contact between the soot and the
catalyst is increased favoring soot oxidation.

45



6.9 Comparison between ZrQ-supported systems (Sr(NG),)

Data obtained in this work were compared to tha datained for Zr@supported system by
Francesca Ricciard”. All data were obtained following the same proceduthat were previous
mentioned in the Experimental section (soot-catehy€ ratio was 1:20:120).

Analyzing tables 8 and 9 and table 22, a simikandris observed between the systems. When
Pt is added selectivity and soot conversion in@edbe system shows similar temperatures of
20% conversion for soot — 487°C versus 475°C. Haveomparing the conversion at 500°C,
her system achieved better results — 24% versus 3B&reasons could be the error associated
with the equipment and the person. Everybody wadifleréntly, therefore could be possible that
small differences could exist while preparing tlgatyst or mixing it with soot. For example, the
time spent mixing the soot with the catalyst candbferent. This can be an important factor,
because if soot is mixed for more time, the conbativeen soot and catalyst is increased and this
can favor soot oxidation.

Comparing the results in table 16 with table 2paossible to state that for both samples the

NOx storage is about the same — 31.4% versus 34.1%otBsystems show similar trends.

Table 22 — Temperature of nitrate decompositionAY;Gemperature of the 20% conversion of
soot, conversion of soot at 500°C, selectivity @,@nd NG storage capacity (FTIR-MS).

... NOx Storage
Thitrate dec T 20% conv CONVspo-c Selectivity X g

Sample o o 0 0 Capacity
) O ®) (%) (%)
S00t+20%Sr(NG), / ZrO, 530 508 16.7 79 33.8
S00t+20%Sr(N@), +1%Pt-ZrQ 470 475 32.0 92 314

7. Conclusions

Based in all data obtained it is concluded theeetao mechanisms of soot oxidation after
introduction of stored nitrates: NCassisted soot oxidation at low temperatures, aimg with
the temperatures of the nitrates decompositionhagia-temperature uncatalysed soot oxidation
with O, which prevails when all nitrates are already dgposed. Introduction of stored nitrates
into the system decreases the starting temperafigeot oxidation more than 70°C (La system)
in comparison with uncatalysed soot oxidation. Ig &hd Ce-based systems the nitrates start to
decompose too early, meaning that they cannot Insidered good assisted soot oxidation

systems and are excluded from further investigatidime effect of nitrates was not as prominent
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in the Six-flow reactor experiments because the ft® was only around 0.1:1 versus 0.5:1 in
TPD experiments and the heating rate used do wotifaNGy assisted soot oxidation.

The best NQ storage capacity was achieved for Ca and Sr-bsgsiems, 91% and 61%
respectively in TPD-MS. But the storage systemoisaptimal since NO released between 200°C
and 500°C was too low. NOstorage capacity obtained in FTIR-MS shows simitands as
those obtained in the TPD-MS. However, in the FMR-storage capacity is 25% lower for the
same catalysts used because the reactor “type” ins@®D is a more suited for adsorption
studies than the drift cell in the FTIR and is ubkd and not NQ@.

The combination of bulk nitrates and Pt increases sxidation even further, as well as the
selectivity of soot conversion to GOy oxidizing formed CO. Sr based-system showedtst
conversion - 24.1% at 500°C, while La showed tiveelst temperature of 20% soot conversion -
483°C (90°C less than uncatalysed soot oxidatiSmnificant amount of soot is still oxidized
through non-catalyzed route, mainly because theartration of NQ during regeneration is not
sufficiently high. To achieve complete soot oxidatiat low temperature the ratio between
catalyst and soot should be increased even furtPiehas almost no effect on NGtorage
capacity but decreases the temperature of nitcegesmposition/desorption by at least 50°C, and
in the case of Sr based-system by 180°C.

Sr based-system showed promising soot oxidationites and good storage capacity. For
that reason this system was chosen as the finallysato improve. After pretreating the Sr-based
catalyst in reducing atmosphere (air + 5%iklargon), storage capacity increased to more than
85% and the amount of NQlesorbed between 200 and 500°C also increaseificagily (82%
of all NOx in the sample is released in this range).

To improve the soot oxidation performance (with) e final catalyst was impregnated with
platinum by other two preparation/activation prages. However by the “standard” method
better results were achieved, indicating the imgrare of Pt location on top of Sr-layers.

The final catalyst was submitted to 8 storage-sdeaycles in TPD-MS and demonstrated
good stability. Average of 60% storage capacity \aakieved. The differences between the
results attained are within the error of the expent.

Finally is concluded that soot oxidation data aiedi for the Zr@ supported system follow
the same trend as for A; system. On the other hand, for the same samplegjriconia support
can store more nitrates — 71 % (ZyQ@ersus 25% (ADs) in case of Ca. The amount of NO
released between 200°C and 500°C is also highteeinase of the zirconia support. Alumina can
be considered a better soot oxidation system bedaass a surface area higher than zirconia and

as a result the contact between the soot and thlysias increased favoring soot oxidation.
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8. Recommendations for future work

4 To achieve complete soot oxidation at low tempeeatine ratio between catalyst and soot
should be increased even further in the six floacter set-up (to obtain N/C ratios

around 1 and higher).

4 Stability of the dispersion achieved with, s unknown after the first cycle. For that

reason multiple storage release cycles using S#Ar should be studied.

4 Is recommendable to use the additional activaticthod/procedure to investigate if
calcination at higher temperatures, for example/@@°C, forms bigger clusters of
platinum so that could improve the conversion obtsat 500°C compared with the

“standard” procedure.

4 Apply other storage component in combination wittiN®3),/ZrO,, such as Ca. This

mean to study a bimetallic catalyst.

4 Study the influence of the metals concentration 46@ Sr as a bimetallic catalyst) on the
NOy storage capacity and assisted soot oxidation.

+ Improve the efficiency of N@utilization in ZrQ.

4 Try to find a support with a higher surface ared Bi®x storage capacity than As.
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Appendix A— TGA results
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Appendix B
Appendix B1 — TPD-MS Soot Oxidation results
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Figure B1 - TPD profiles of COCO and NO signals and calculated soot convefsioa) ZrQ, (b)
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Appendix B2 — TPD-MS NGO storage
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Figure B4 — Decomposition and desorption of nitrates for a) Zr®) 20%Mg(NQ), /ZrO, ,c)
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Appendix C - Six-flow reactor results
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Table C1 - First set of experimental conditions.

Amount of SiC 400 mg
Amount of soot 10 mg
Amount of catalyst 40 mg
P (total pre-pressure) 3.5 bara
P (pressure reactor) 1.1 bara
Flow through reactor 200 ml/min
O,-Flow 40 ml/min
Ar-Flow 160 ml/min
Temperature
programmed:
20-200 °C 5.0 °C/min
200-600°C 0.5 °C/min
Isotherm on 600°C 20 min
Catalyst type
Reactor 1 20%Sr(NL/ZrO,
Reactor 2 20%Pr(N£y/ZrO,
Reactor 3 -
Reactor 4 20%La(Ngs/Zro,
Reactor 5 20%Ba(N,/ZrO,
Reactor 6 -
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Figure C1- Soot oxidation in 6-flow reactor:20%Sr(NQ),/ZrO,, b)20%Pr(NQ)s/ZrO, ,c)
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Table C2 - Second set of experimental conditions.

Amount of SiC 400 mg
Amount of soot 10 mg
Amount of catalyst 40 mg
P (total pre-pressure) 3.5 bara
P (pressure reactor) 1.1 bara
Flow through reactor 200 ml/min
O,-Flow 40 ml/min
Ar-Flow 160 ml/min
Temperature
programmed:
20-200 °C 5.0 °C/min
200-600°C 0.5 °C/min
Isotherm on 600°C 20 min
Catalyst type
Reactor 1 20%Sr(NOL+ 1%PYZrQ
Reactor 2 20%Pr(NQs+ 1%PUYZrQ
Reactor 3 -
Reactor 4 20%La(Ngxs+ 1%Pt/ZrQ
Reactor 5 20%Ba(NQ+ 1%Pt/ZrQ
Reactor 6 -
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Figure C2 — Soot oxidation in 6-flow reactor:20%Sr(NQ),+1%Pt-ZrQ, b)20%Pr(NQ);+1%Pt-
ZrO; ,c) 20%Pr(NQ)s+1%Pt-ZrQ ,d) 20%Ba(NQ),+1%Pt-ZrQ.



Table C3 - Third set of experimental conditions.

Amount of SiC 400 mg
Amount of soot 10 mg
Amount of catalyst 40 mg
P (total pre-pressure) 3.5 bara
P (pressure reactor) 11 bara
Flow through reactor 200 ml/min
O,-Flow 40 ml/min
Ar-Flow 160 ml/min
Temperature
programmed:
20-200 °C 5.0 °C/min
200-600°C 0.5 °C/min
Isotherm on 600°C 20 min
Catalyst type
Reactor 1 20%Ca(Ng /ZrO,
Reactor 2 20%Ca(Np+ 1%Pt/ZrQ
Reactor 3
Reactor 4 ZrQ
Reactor 5 1%Pt/ZrO
Reactor 6
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Figure C3 - Soot oxidation in 6-flow reactor: 20%Ca(NQ)./ZrO, b)20%Ca(NQ)+1%Pt-ZrQ ,c)
ZrO,,d) 1%Pt-ZrQ,



Table C4 - Forth set of experimental conditions.

Amount of SiC 400 mg
Amount of soot 10 mg
Amount of catalyst 40 mg
P (total pre-pressure) 3.5 bara
P (pressure reactor) 11 bara
Flow through reactor 200 ml/min
O,-Flow 40 ml/min
Ar-Flow 160 ml/min
Temperature
programmed:
20-200 °C (in air) 5.0 °C/min
Isotherm at 200°C (in 180 min
presence of NO)
200-600°C (in air) 0.5 °C/min
Isotherm on 600°C 20 min
Catalyst type
Reactor 1 20%Sr(NL/ZrO,
Reactor 2 20%Pr(N£y/ZrO,
Reactor 3 -
Reactor 4 20%La(Ngs/Zro,
Reactor 5 20%Ba(N,/ZrO,
Reactor 6 -
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Figure C4 -Soot oxidation in 6-flow reactor: 20%Ca(NQ)/ZrO, b)20%Ca(NQ).+1%Pt-ZrQ ,c)

ZrO,,d) 1%Pt-ZrQ,
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Appendix D— FTIR results

Appendix D1 — Decomposition and desorption of nitrees
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Figure D1 — Decomposition of bulk nitrates a) 20%G3g), /ZrO, c) 20%Sr(NQ)./ZrO, e)
20%La(NQ)s /ZrO; (in a flow of 30 ml/min of air) with increasing eémperature from 200°C to 600°C
with a 100°C steps, heating rate of 1800°C/h fodddviby an isotherm of 20 min at each temperature.
Desorption b) 20%Ca(Ng /ZrO, d) 20%Sr(NQ)./ZrO, f) 20%La(NQ)s /ZrO, (in a flow of 30
ml/min of air) with increasing of temperature fr&@0°C to 600°C with a 100°C steps, heating rate of

1800°C/h followed by an isotherm of 20 min at etshperature.
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Appendix D2 — Adsorption and Desorption spectra
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Figure D2 - Adsorption spectra faj 20%SrO/ZrQ ; b) 20%LaO/ZrQ. Conditions: 800ppm Of

NO + 20% of Q in He at 200°C during 180 minutes.
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Figure D3 — Desorption spectra fa) 20%SrO/ZrQ@; b) 20%La0O/ZrQ. Conditions: heating rate of
1800°C/h followed by an isotherm of 20 min at etshperature and in a flow of 30 ml/min of air.
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