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ABSTRACT

The more restrictive regulations to reduce pollutants emissions, especially
CO,, promote the use of biofuels. However, biodiesel contains inorganic elements
(Na, K, Ca and P) that reduce the durability of the after-treatment catalysts. This work
aims to evaluate the performance of Diesel Oxidation Catalysts (DOCs,
PtPd/CeZrO,/La-Al,O; reference catalyst). The characterization results have shown
that the above-mentioned impurities affect the physico-chemical, redox, surface and
catalytic properties. Although the crystalline structure of reference catalyst did not
change after impurities incorporation, the specific surface area decreased. The redox
ability was also decreased when Na, K and Ca impurities are present due to their low
electronegativity, which increased the oxygen interaction. This high interaction seems
to be responsible of the enhanced C;Hg reaction rate. NO-TPD results evidenced that
the high basicity of Na, K and Ca impurities resulted in an increase of NO adsorption
strength. Accordingly, DRIFT results showed the presence of NO adsorption
intermediates associated to the electrostatic field created by these cations, hindering
NO oxidation. CO adsorption was also promoted, enhancing CO reaction rate. The
formation of cerium phosphate was also observed, which could stabilize the Ce®*
oxidation state (checked by XPS), decreasing NO oxidation due to the blockage of
catalytic sites. Nevertheless, CO and CsHg co-oxidations were enhanced by avoiding
self-poisoning. After catalyst hydrothermal aging, the effect of impurities was masked

by the sintering of Pt/Pd active sites, which decreases the DOC catalytic performances.

Keywords: Diesel Oxidation Catalysts, biodiesel after-treatment impact,

alkali-alkaline earth impurities, phosphorus, in-situ DRIFTS, hydrothermal aging.






RESUME

Les normes européennes en vigueur visent a réduire les émissions de polluants,
en particulier le CO,, favorisant 1'usage des biocarburants comme le biodiesel. Ce
dernier contient des ¢léments inorganiques comme le Na, K, Ca et P qui affectent la
durabilité¢ des systémes de post-traitement. Dans ce travail, les performances d’un
catalyseur d'oxydation diesel de type PtPd/CeZrO,/La-Al,Os ont été évaluées et des
caractérisations physico-chimiques ont permis de relier D’activité catalytique a
I’évolution des sites actifs lors de 1’accumulation de Na, K, Ca et P a la surface de ce
catalyseur de référence. Bien que la structure cristalline du catalyseur de référence ne
change pas aprés l'incorporation des impuretés, la surface spécifique diminue ainsi
que les propriétés redox. Ce phénoméne s’explique par la faible électronégativité du
Na, K ou Ca, qui favorise l'interaction avec l'oxygeéne et qui augmente la vitesse
d’oxydation de CsHg. Les résultats NO-TPD confirme que la forte basicité de Na, K
ou Ca augmente 1’adsorption du NO. Par DRIFT il a été aussi montré que 1’adsorption
des intermédiaires du NO, associ¢e au champ électrostatique des cations Na, K ou Ca,
inhibe l'oxydation de NO. Pour le CO l'adsorption est favorisée, et 1’oxydation est
favorisée. En présence de phosphore, des phosphates de cérium sont formés
stabilisant le cérium a I’état de Ce’* ce qui entraine une faible activit¢ dans
I’oxydation de NO. Néanmoins en présence de P, les oxydations de CO et de CsHg
s’améliorent avec une limitation de l'auto-empoisonnement. Apres vieillissement
hydrothermal, la diminution des teneurs en Na, K ou Ca et le frittage des métaux

nobles affectent les performances catalytiques.

Mots-clés: Catalyseur d'Oxydation Diesel, systéeme de post-traitement biodiesel,
impuretés a basse d’alcalin et d’alcalino-terreux, espeéces phosphorées, in-situ

DRIFTS, vieillissement hydrothermal.
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Introduction

The impacts of climate change are evident. The members of the states of the
European Union, including France, are active in the fight against global warming.
Fossil fuels are major contributors to climate change, accounting for the vast majority
of greenhouse gas (GHG) emissions. Transportation activities, in particular emissions
from diesel heavy-duty vehicles, are considered to be responsible for about 30% of
GHG emissions, which directly increases the pollutants levels in the atmosphere.

Diesel engines are widely used due to their high fuel efficiency and low cost.
However, it is worth noting that it contains considerable amount of nitrogen oxides
(NOx) and particulate matter (PM) that adversely affect the environment as well as
human health. In addition, use of fossil energies has led to increase CO, levels in
atmosphere, which are still climbing as a function of fuel burnt leading to greenhouse
effect, acid rains, smog and change of climate world-over.

In this context, the search of alternative fuels has become highly pronounced.
Europe has committed to promote the use of biofuels as a substitute for diesel in the
transport sector. The Directive 2009/28/EC mandates that at least 10% of all energy in
road transport fuels be produced from renewable sources by 2020.

Biodiesel is an alternative fuel that can be produced from vegetable oils and
animal fat. It presents calorific values that are greater or equal to those of a fossil fuel.
Moreover, biodiesel presents a net removal of CO, from the atmosphere, as most of
CO, emissions are recycled into organic tissues during plant growth. Thus, biodiesel
remains a promising renewable fuel that can make it possible to limit the dependence
on fossil fuels such as diesel, while limiting the carbon impact of vehicles.

The more restrictive government regulations for exhaust emissions from heavy-
duty engines (Euro VI) promoted the continuous improvement of existing after-
treatment systems. As a result, automotive makers must introduce a Diesel Oxidation
Catalyst (DOC) that processes carbon monoxide (CO), unburned hydrocarbons (HC)
and oxidation of NO to NO,, which heavily influences the effectiveness of other
catalytic units. In addition a Diesel Particulate Filter (DPF) and then a Selective
Reduction Catalyst (SCR), which targets NOx through the use of urea, were
respectively added. Moreover, the durability demanded by the Euro VI standard, in

keeping with the typical use of these trucks, attains seven years or 700 000 km.



The intensive use of biodiesel can prove detrimental with regard to the
durability of catalytic after-treatment system. Besides European regulations (EN
14214) limits their presence, biodiesel can contain alkali metals (Na, K) coming from
the liquid-phase synthesis of biodiesel, or phosphorus (P) from the additive oils.

The ANR project APPIBio (Approche Pluridisciplaire de 1’'Impact des
Biocarburants sur les systemes de post-traitement diesel, for its acronym in French)
aims to study the effects of biodiesel on the durability of the three catalytic units that
together compose the Euro VI post-treatment system of biodiesel vehicles, namely the
DOC, the SCR catalyst and the DPF, and to identify the reaction mechanisms
involved when alternative fuels are used. The consortium of this project has Renault
Trucks — Volvo Powertrain as industrial partner, and four university laboratories: the
IJLRA (Paris), the IC2MP (Poitiers), LGRE (Mulhouse) and IRCELyon (Lyon). The
objective of this Ph.D. thesis is the study of the effect of Na, K, Ca and P-impurities

coming from biodiesel on the diesel oxidation catalyst (DOC).
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CHAPTER I: Bibliographic study

I. Atmospheric pollution from thermal combustion in

diesel engines

Diesel engines have been widely used in the worldwide automotive sector due
to their high combustion efficiency, reliability and fuel economy performance [1].
Despite all the great advantages, the downside of diesel combustion engines is
evident: their ubiquitousness has created one of the major challenges for society and
the environment. Previous studies [2—4] have clearly show that the diesel engine
emissions are the most prevalent anthropogenic pollutants worldwide, which
profoundly affect human health.

Diesel engines inherently operate lean-burn conditions, which is characterized
by excess air in the combustion chamber, leading the formation of CO, and H,O
under complete combustion of diesel fuel [5]. However, the features of the diesel fuel
itself, and of the diesel engine operating conditions (air-to-fuel ratios, ignition timing,
turbulence and temperature in the combustion chamber) lead to the formation of
harmful products during the thermal combustion. The most significant harmful
products are carbon monoxide (CO), total hydrocarbons (THC), nitrogen oxides
(NOy), and particulate matter (PM). These diesel engine emissions (Figure I-1) may
originate from the incomplete combustion of fuel, from operating conditions that
favor the formation of particular pollutants, or from the oxidation of nitrogen- and
sulfur-containing compounds present in the fuel which are not hydrocarbons. Because
diesel engines are lean combustion engines, the concentration of CO and HC is
minimal.

CO:=12%

N:=67 %

H:0=11%

0:=9%
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CO| HC [NO«| SO: PM
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Figure I-1. The compositions of diesel exhaust gas [6].




Chapter I
a. Diesel exhaust pollutants

In this section, the origin and the effects on both health and environment of the
four main exhaust pollutants (COx, HC, PM and NOy) from diesel engine will be

described.
e Carbon oxides (CO,)

Carbon monoxide results from the incomplete combustion where the oxidation
process does not occur completely. The concentration of CO emitted is largely
dependent on air-fuel ratio of the mixture, in the combustion chamber. For a diesel
engine combustion happens in excess of air (lean burn conditions) in order to increase
the yield and at the same time reduce the fuel consume. Although CO is minimized
under lean conditions, a small portion still emitted under lean conditions because of
chemical kinetic effects [7].

Carbon monoxide is a colourless, odourless and extremely toxic gas due to its
high affinity for blood haemoglobin [8]. Above 0.01% vol., headaches occur and a
rate of 0.1% vol. is deadly. In the atmosphere, its life is short, but it contributes to the
increase of ozone and methane levels, and contributes to the formation of
photochemical smog.

Otherwise, carbon dioxide (CO;) coming from combustion process, contributes
actively to global temperature increase due to its greenhouse gas properties. In
addition, it could also participate in ocean acidification, which may lead to the

disappearance of some species sensitive to pH.
* Nitrogen oxides (NOy)

Nitric oxide (NO) and nitrogen dioxide (NO,) are grouped as NOy. Nitrous
oxide (N;O) is also included in some cases but its concentration is low in the exhaust
gases. The amount of produced NOx is a function of the maximum temperature in the
combustion chamber oxygen concentrations, and residence time [9].

NO is a colorless and odorless gas, while NO, is a reddish brown gas with
pungent odor [10,11]. Nitrogen oxides emissions from vehicles are responsible for a
large amount of health hazard. NO and NO; are considered as toxic; but NO; has a

level of toxicity five times greater than that of NO and it can irritate the lungs and
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lower resistance to respiratory infection [8]. However, the principal issue presented by
NOy is compared to the formation of ozone. Indeed, NOy can react with Volatile
Organic Compounds (VOCs), which can react with HC under the influence of UV
radiation to form tropospheric ozone [12]. They also participate in the formation of

acid rain and/or photochemical smog.
* Total hydrocarbons (THC)

Hydrocarbon emissions are the result of incomplete combustion or
evaporation of the fuel before combustion [13,14]. They consist of alkanes, alkenes,
aldehydes, alcohols, but also aromatic compounds added to fuels to increase the
octane number [15]. These unburned hydrocarbons continue to react in the exhaust if
the temperature is above 600 °C and oxygen present [7].

The most known effects of unburned hydrocarbons on human health are
neurasthenia, depression and anxiety (due to the depressing effect of THC on the
nervous system). The mucous membranes and the skin can also be irritated in case of
greater exposure. Chronic and long-term exposure can eventually cause brain
degeneration and cancers caused by benzene and aromatic derivatives [16]. Moreover,
they play a significant role in the formation of ground-level ozone with other pollutant
emissions. Vehicles are responsible for about 50 % of the emissions that form ozone

[17,18].
* Particulate matter (PM)

Diesel particles generally consist of a carbon core and agglomerates of several
compounds from combustion (average size: 0.1 um). Diesel particle emissions can be
divided into three main components: soot, composed of elemental carbon (31%) that
is seen as black smoke; Soluble Organic Fraction (SOF), which consist on heavy
hydrocarbons adsorbed or condensed on the soot (7%); and Inorganic Fraction (IF),
formed by sulphates, water (14%), and unburned lubricant (40%) as well as traces of
metals [19-22].

The formation process of PM is dependent on many factors as the combustion
and expansion process, fuel quality (sulphur and ash content), lubrication oil quality
and consumption, combustion temperature, exhaust gas cooling [23]. Particulate

matters are also resulted from hydrocarbon chains that have not been completely
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oxidized [24]. Among them, acetylene and Polycyclic Aromatic Hydrocarbons
(PAHs) are recognized as the precursors of diesel soot.

The main risks associated with diesel particulate matters are related to the
ability of the finest particles (PM, s and PM,, particulate matters with 2.5 and 10 pm
diameter respectively) to penetrate directly into the pulmonary alveoli when they are
inhaled [25]. Moreover PM emissions contribute to pollution of air, water and soil,
soiling of buildings, reductions in visibility, impact agriculture productivity and

global climate change [26,27].
b. Environmental regulations for atmospheric pollution

European Union (EU) has published emission regulations in order to control the
pollutants in automobile exhaust [28]. Note that Roman numerals are used for heavy-
duty engines standards (Euro I ... VI).

The last European emission standard for heavy good vehicles published, Euro
VI, was introduced by Regulation 595/2009 and became effective from 2014. Euro VI
standard aims to reduce NOy emissions by 80% and particulate emissions by 66%
compared to Euro V standards (Table I-1). These standards consider not only
particulate emissions in bulk (particulate matter, PM) but also in number (particulate
number, PN) due to the potential respiratory diseases that could be produced by
smaller particles [29]. As a result, vehicle manufacturers must introduce an after-
treatment system, which aims to reduce pollutant emissions. Euro VI standard
demanded a minimum durability of after-treatment systems equally severe, attaining

seven years or 700 000 km.

Table I-1. Heavy-duty engines Euro emission standards evolution.

| Stage Date Directive €O HE— NOx P o
| g/kWh 1/kWh
Euro0  01-10-1990 88/77 112 24 144 - -
Eurol  01-10-1993  91/542 (A) 4.5 1.1 8.0  0.36
EuroIl  10-10-1996  91/542(B) 4.0 1.1 7.0 0.15
Euro Il  01-10-2001 199/96 21 066 50 0.3
Euro IV 01-10-2006 199/96 15 046 3.5  0.02
EuroV  01-10-2009 199/96 15 046 20  0.02
Euro VI 31-122013  Segulation oy s 04 001 8.0-10"

595/2009
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Parallel to European emission standards, on-board diagnostic (OBD) vehicle
test cycles have been developed to control the accomplishment of the established
limits. Since Euro VI stage, two representative tests cycles, a transient test cycle
(World Harmonized Stationary Cycle, WHSC) that relates the engine speed with the
values used in the drive train model, with both cold and hot start requirements, and a
hot start steady-state test cycle (World Harmonized Transient Cycle, WHTC) based
on the frequency distribution of normalised engine speed and load of the reference
transient engine cycle. These tests have been created covering typical driving
conditions in the EU, USA, Japan and Australia.

In addition to the European emission standards, the yearly Conference of Parties
(COP) of the United Nations Framework Convention of Climate Change (UNFCCC)
assesses the progress in dealing with climate change. In the known Paris Climate
Conference (COP21, 2015), the Paris Agreement was negotiated, that continues the
labour of the Kyoto Protocol to deal with greenhouse emissions, and finance starting
in 2020. The Agreement aims to respond to the global climate change threat by
keeping a global temperature rise this century below 2 °C.

Moreover, the agreement states the intent of the European Commission (EC) to
move toward regulating CO, from HDVs. The EC have developed simulation
software, the Vehicle Energy Consumption Calculation Tool (VECTO) that can be
used to measure the CO; emissions and fuel consumption of HDVs for specific loads,
fuels and mission profiles. The Commission has proposed its use on 1% January 2019,
using the data collected to report a new draft Commission regulation. On the
meantime, Euro VI normative already includes a requirement of measuring CO,
emissions and fuel consumption to report to the relevant authority as part of the type
approval process.

Otherwise, European Directive 2009/33/CE imposed increase the use of
biofuels, which contributes to decrease CO, emissions. More recently a Directive
published on 17th October 2012 (COM(2012) 595) proposed to limit the volume of
agriculture-based biofuels to 5% until 2020, while maintaining the objective of 10%
renewable fuels in the transport energy mix at this date. The high calorific value of
biodiesel makes it a promising renewable fuel that can reduce the dependence on

fossil fuels such as conventional diesel fuel emanating from oil, while limiting the
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carbon impact of vehicles. Nevertheless, its intensive use can prove detrimental with

regard to catalytic after-treatment systems.
c. After-treatment systems

The more stringent emission standards defined in environmental regulations
have obliged the vehicle manufacturers to develop new systems for reducing pollutant
emission from automobile exhaust. In order to achieve the desired emission levels,
vehicles engines must be equipped with complex exhaust after-treatment systems
[5,30].

Among all current after-treatment systems to control NOx emissions, Exhaust
Gas Recirculation (EGR) is an established and effective technology to control NOx
emission for diesel engines [31,32]. In EGR systems, part of the exhaust (with O,, Ny,
H,O and COy) is recirculated back to the combustion chamber and then, mixed with
fresh air at intake stroke. In fact, since the heat capacity of CO, in the recirculated
exhaust gas is about 20-25% higher than that of O, and N,, the energy released from
the fuel combustion results in a lower temperature rise, which leads lower NOx levels.
Consequently, the combustion temperature will decrease which means a reducing in
NOx formations. However, the efficiency of combustion is decreased due to the
reduction temperature in the cylinder, leading to the increase of HC and CO emissions
[30]. Therefore, this strategy alone is not sufficient to meet the recent environmental
regulations.

As a result, vehicle manufacturers must introduce a diesel oxidation catalyst
(DOC), which processes carbon monoxide (CO) and unburned hydrocarbons (HC), in
addition to a diesel particulate filter (DPF), and to the selective catalytic reduction
system (SCR), which targets NOy through the use of urea. Moreover, the last
European standard Euro VI imposed a minimum durability of after-treatment system
in keeping with the typical use of these vehicles, equal to seven years or 700 000 km.

The after-treatment system configuration employed in heavy-duty diesel
engines consists in diesel oxidation catalyst (DOC), diesel particulate filter (DPF) and
finally, selective catalytic reduction (SCR).
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i. Diesel Oxidation Catalyst (DOC)

The main function of Diesel Oxidation Catalysts (DOCs) is the oxidation of
unburned hydrocarbons, carbon monoxide and nitrogen oxide. Besides, DOC systems
lead the reduction of diesel particulate emissions by oxidizing a part of the organic
fraction present on the carbon particles [33,34].

The most common DOC catalytic systems are constituted by a ceramic or
metallic honeycomb monolith (Figure I-2), which is the structured support for active
species that have a specific catalytic activity. The monolith channel density (specified
in cpsi: channels per square inch), wall thickness of the individual channels and the
external dimensions of monolith (cross-sectional area and length) have a significant
role on properties of DOC systems. Channel density and wall thickness determine
heat up response, exhaust-gas backpressure, and mechanical stability of the catalytic

converter [35].

H,0
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Figure I-2. Diesel oxidation flow through monolith catalyst (modified figure from

[36]).

Besides, the monolithic support is coated with an oxide mixture (so-called
washcoat) such as Al,O3;, CeO,, and ZrO,, which are principally characterized by a
high specific surface (hundreds of m?/g) and then, the active catalytic metals are
deposited within the pores of the washcoat [37,38]. Noble metals such as Pt, Pd, and
Rh, are the most popular active phases for heavy-duty vehicles. However, these noble

metals catalysts can favor the SO, to SO reaction, which consequently react with

water and generates sulphates and sulphuric acid compounds. These compounds have
quite impact in after-treatment catalytic systems and, as well as harmful
environmental and human health effects. There is no technology to prevent and
eliminate these forms. Although Ultra Low Sulphur Diesel (ULSD) is used in many

countries worldwide, the problem could not be solved completely. Using alternative
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fuels as biodiesel can completely reduce or eliminate this pollutant. Besides, it is

possible to increase the conversion efficiency of DOC using alternative fuels [39].
Therefore, the exhaust gases flowing into the DOC monolith support diffuse

from the bulk of the gas to the washcoat pore structure and down to the catalytic sites,

where three main heterogeneous catalytic reactions occur [40].

CO+10, > CO, Eq. I-1
C3H6 + g 02 - 3602 + 3H20 Eq -2

In the oxidising environment (corresponding to so-called “lean-burn conditions”
or “lean conditions”) of diesel engines, the NO to NO, oxidation will be generally
assured by the oxygen derivate the incomplete combustion of the fuel in the
combustion chamber. NO to NO, oxidation is vital to the correct functioning of
downstream components, like DPF and SCR. A high NO; concentration in the NOy
facilitates passive DPF regenerations, as well as enhances the performance of some
SCR reactions. However, the NO oxidation reaction (Eq. I-3) limits the NO,
concentration due to the equilibrium for the NO oxidation (Figure I-3). NO oxidation
reaction is limited either kinetically or thermodynamically in the lean-burn engine
after-treatment operating regime. Kinetic limitations, especially at lower
temperatures, prevent the reaction from reaching equilibrium. Above 200 °C and with
increasing temperature, lower NO, concentrations will be available as thermodynamic
limitations become apparent. Also, the amount of available O, decreases the

thermodynamic boundary shifts to lower temperatures.
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Figure I-3. NO/NO; shift in oxidation catalyst [41]. Catalyst: Pt 50 g/ft’. Gas 270
ppm NO, 6% O,, 10% H,O in N».
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The effectiveness of the DOC in oxidizing CO and HC can be observed at
temperatures above ‘‘light-off’” for the catalytic activity. Light-off temperature is
defined as the temperature where the reaction starts in catalyst and varies depending
on exhaust composition, flow velocity, and catalyst composition. CO and HC
oxidations are limited by their own chemisorption, which produces self-poisoning of
the catalysts surface. The oxidation rates increased when temperature reached is
enough to overcome kinetic limitations. Moreover, the heat releases by the
exothermic oxidation of CO and HC can be used to supports DPF regeneration.

Precious metals represent the usual choice to oxidation reactions due to their
unparalleled redox activity. It has been demonstrated that Pt is among the most active
elements for NO oxidation. However, the catalytic efficiency of Pt-only automotive
catalysts decreases exposure at high temperature under oxidizing conditions [42]. The
addition of Pd improves the durability of the catalysts. Thus, Pt/Pd alloy catalysts are

preferred due to their higher resistance to sinter phenomena.
ii. Diesel Particulate Filter (DPF)

Diesel particulate filters (DPFs) are a specific technology to remove the PM
emissions from the exhaust gas by physical filtration. Filters employed for the
trapping of the solid portion are usually made of either cordierite (2MgO-2A1,03—
5Si0,) or silicon carbide (SiC) honeycomb structure monolith with the channels
blocked at alternate ends, so exhaust gas is forced through the channel walls.

As the filter becomes increasingly saturated with soot, a layer of soot is formed
on the surface of the channel walls increasing back pressure across the filter on the
engine. It is essential to avoid the excessive PM accumulation, as if the back pressure
rise above a predetermined limit many negative effects such as increased fuel
consumption, engine failure, and stress in the filter could happen. To prevent these
negative effects the DPF needs to be periodically regenerated (cleaned) by soot
combustion [43,44]. Unfortunately, the temperature of the diesel exhaust gas is too
low (200 — 500 °C) to initiate and maintain soot oxidation. Thus two types of
regeneration processes of DPFs can be used to rise the exhaust gas temperature up to
the point that soot oxidation can be self-sustained in the filter (>600 °C): active and

passive regeneration.
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* Active regeneration

It takes place when the soot loading reaches a set limit indicated by pressure
drop across the DPF. The heat to oxidize PM is supplied from outside sources, such as
an electric or microwave heater, flame-based burner, injection of fuel in the exhaust,
etc. The large amount of energy for heating increases the cost of system. In addition,
the higher temperatures near to the melting point of filter could damage the DPF
[45,46]. Due to these negative effects the active regeneration as being out of

preference.
* Passive regeneration

The soot regeneration is facilitated by oxidation of carbon at 250-500 °C with

NO; formed on the upstream DOC by the following reactions:

C +NO,— CO +NO Eq. 14
C +2NO, — CO,+2NO Eq. I-5

A pre-oxidation step is required to transform the already present NO in the
exhaust gas to NO,, which provides a more effective oxidant than oxygen [47]. This
reaction can occur during de DOC step. In order to improve the regeneration
efficiency a catalyst can be introduced directly inside the filter. The NO, consumed
by the soot can be regenerated by Pt catalyst to reoxidize NO to NO,. This system,
named Continuously Regenerating Trap (CRT) is described in Figure 1-4 [48]. The
advantage of this system is that it requires no attention and it has been developed in

many heavy-duty applications.

CRT system

o Pt catalyst

DOC DPF

Removes CO and HC 2NO, + small soots — 2NO + CO,
2NO + 0, — 2NO,

Figure I-4. Continuously Regenerating Trap (CRT) system [36].
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iii. Selective Catalytic Reduction (SCR)

The Selective Catalytic Reduction (SCR) of NOx is one of the most prevailing
technology to reduce NOy emissions and especially, for high-duty vehicle engines
[49]. SCR systems are used to minimize NOy emissions in the exhaust gas via
Adblue® (precursor of ammonia) injection [50]. This process with urea as reducing
agent instead of ammonia is currently considered the best technology for the removal
of nitrogen oxides from the exhaust of heavy-duty diesel vehicles, e.g. trucks [51]. In
automotive applications, urea is advantageous compared to ammonia, because it is a
harmless and environmentally storage compound for ammonia, which is released in
the hot exhaust gas (250-450 °C).

In typical diesel exhaust, the nitrogen oxides are mainly composed of NO (>
90%), so that the reaction of NO with NH; on the SCR catalyst has to be regarded and
therefore called as “standard SCR”. The standard SCR follows a 1:1 stoichiometry for
ammonia and NO is maintained along with consumption of oxygen (Eq. [-6). When
equimolar amounts of NO and NO; are present in the feed (1:1 of NO:NO, ratio),
SCR process is accelerated (reaction rate 10 times higher than standard SCR) and is
called as “fast SCR” reaction (Eq. I-7) [52,53]. When only NO; is present in the
mixture, so the NO is totally converted, the reduction process is called as “NO,-SCR”

(Eq. I-8).

400 + 4NHs + 0, — 40, + 6H,0 Eq. I-6 (Standard SCR)
200 + 200, + 4NH; — 40, + 6H,0 Eq. I-7 (Fast SCR)
300, + 4NH; - 20, + 6H,0 Eq. I-8 (NO; SCR)

Therefore, the NOx emissions efficiency of SCR system is dependent of
NO/NO; ratio, in which the efficiency of DOC system is essential.

Among the various types of commercial SCR-NH; (noble metals, metal oxides

and zeolites) the copper (Cu) and iron (Fe)-exchanged zeolite catalysts are a good
choice due to their outstanding deNOx activity and superior thermal durability
[54,55], presenting high efficiency at low temperatures. The special features of these
materials are their adjustable acidic properties and their ability to stabilize transition
metal redox couples such as Cu"/Cu”", Fe*"/Fe’" [56-58].

Accordingly to the configuration considered for the after-treatment system of

heavy-duty vehicles, one of the challenges presented by these zeolite-based catalysts

11
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is their stability under hydrothermal conditions beyond 900 °C. In order to improve
the stability and efficiency of these zeolites, research efforts are focus on the change
of the zeolite structure, as chabazites [59,60]. Recently, some papers relate the use of
perovskite catalyst for SCR-NH3 due to their remarkable hydrothermal stability [61—
63].

Similarly to the other after-treatment devices, sulfur content of the diesel fuel is
an important problem for SCR catalyst. It can accumulate in the active sites of the
catalyst, which lowers the catalytic activity. Alternative fuels and fuel additives can
prevent the effect of sulphurs on after-treatment technologies. Especially biodiesel is
the most used alternative fuel to prevent the sulphur damage, and many researches

have been carried out on the use of biodiesel as an alternative fuel to diesel [64].
I1. Biodiesel

Biodiesel is a promising alternative diesel fuel derived from a variety of plant
and animal feedstock. It presents similar calorific values to those of a traditional
diesel fuel that remains a sustainable biofuel that can be used with little or no
modification in the engine. Biodiesel thus remains a renewable, nontoxic and eco-
friendly fuel that can make it possible to limit the dependence on fossil fuels.

Biodiesel is completely soluble in diesel fuel. Therefore, due to its high
viscosity compared with that of conventional diesel fuel, it is blended in any
proportion with diesel fuel. Biodiesel is typically used as a diesel blending component
at levels of 20 % volume or lower (B20) since it provides a good performance without
modification of diesel engines in most cases [65]. Nevertheless, when biodiesel is
used, especially B100, the durability of after-treatment systems demanded by Euro VI

becomes questionable.
a. Biodiesel synthesis

First step in the production of biodiesel is the choice of feedstock. The

feedstocks for biodiesel production are categorized into four main groups:

* Vegetable oils: grouped in edible and non-edible oils [66,67]. The latter have
recently been attracting attention due to the potential competition of edible oils

with food materials in the long-term.
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* Animal fats: which are often priced favourably for conversion into biodiesel,
providing an economic advantage, but which high content and various
distributions of fatty acids [68] of animal fats difficult biodiesel production.

* Used cooking oil: recycles oil and grease are attractive feedstocks, however, the
pre-treatment required due to the large amount of free fatty acids (FFA) and
impurities contained, increases the biodiesel production costs.

* Algae: recently it has been demonstrated that microalgae biodiesel has higher
yield than non-edible oil production [69,70] and can meet the global demand for
transport fuels [71]. However, the main obstacle is the high production cost for

high oil yield and effective large-scale bioreactors [72].

The vegetable oils are the main option to biodiesel production. However, it is
necessary undergo certain processes and procedures to convert them into biodiesel.
Several generally technologies haven been developed to produce a better quality of
biodiesel such as direct use and blending to avoid the problems occasioned due to
their high viscosity [73]; microemulsions, which consists in mixing the oil with an
aqueous phase and a surfactant in order to reduce the high viscosity of vegetable oils
[74] or pyrolysis of vegetable oil using thermal cracking reactions [75].

Nevertheless, among all the techniques, transesterification is the most widely
used process for industrialized biodiesel production because the conversion efficiency
is higher and less expensive [76,77]. It consists in the conversion of an ester into
another through a reversible reaction with an alcohol in the presence of base, giving
biodiesel (fatty acid alkyl esters, FAAE) as main product and glycerine as by product
(Figure I-5) [78].

(I:Hz-OOC-R. CIHZ-OH R,-COO-R’
CH-OOC-R2; + 3R'OH e CH-OH + R,-COO-R’

|
CHO0C-R; CH,-OH R3-COO-R’

Triglycerides Alcohol Glycerin Esters
Figure I-5. Transesterification reaction of triglycerides with alcohol [79].

Generally, alcohol and triglycerides (vegetable oil and animal fat) are not
miscible to form a single phase of mixture. Hence, due to the poor surface contact

between the two reactants a catalyst is used to enhance and improve the reaction rate
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and biodiesel yield. Catalysts used in biodiesel production can be: (i) homogenous, if
the catalyst remains in the same (liquid) phase to that of the reactants during
transesterification; (i) heterogeneous, when they are in different phase (solid,
immiscible liquid or gaseous) to that of the reactants; (iii) enzymatic, which can be
used in transesterification of cooking oil as they are sensitive to free fatty acid (FFA)
and water content. Alkalis as sodium and potassium hydroxides (NaOH and KOH),
and sodium and potassium methoxides (CH3ONa and CH3;0OK) with concentration
ranges from 0.5% to 1% by weight for biodiesel production are the most used. They
can provide esters with yield from 94% to 99% [80].

At the end of transesterification process, biodiesel crude has to be purified and
dried to achieve the European standard (EN14214) and the American standard
(ASTM D6751) [81]. The water content, free fatty acid (FFA) level and saturation
level of different feedstocks affects to the purification process. Feedstocks with high
amount of water and FFAs molecules could result in soaps formation associated with
alkaline catalysts (Figure I-6), which increases the biodiesel solubility in glycerol,

thereby affecting the purification of crude biodiesel and lowering biodiesel yield [82].

O 0
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HO -C - R, + NaOH — Na'-0-C- R, + H:()

Fatty Acid Sodium hydroxide Sodium soap Water

Figure I-6. Soap and water formation.

Biodiesel purification is usually achieved via wet washings, being washing with
deionized water the most common technique. The use of water can cause some
problems as emulsion formation, preventing the separation of the esters and allowing
the formation of free fatty acid and soaps [83]. Thus, organic solvents such as
petroleum, or acid solutions (normally with H3;PO,) are used to neutralize the
hydrolysis of the ester and the consequent soap formation.

Furthermore, dry washing technique is commonly employed to purify crude
biodiesel through the use of silicates (Magnesol or Trisyl) and ion exchange resins
(Amberlite or purolite) that have strong affinity for polar compounds such as
methanol, glycerin, glycerides, metals and soap [84]. The use of membrane

technology for the purification of crude biodiesel is an emergent area in order to avoid
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the operation difficulties of wet and dry washing processes [85], however, higher

efforts need to be explore.
b. Influence of biodiesel use in exhaust emissions

Use of biodiesel has an influence in the exhaust emissions when compared to
those in diesel fuel. Emissions such as those of unburned hydrocarbons, CO, NOx,

particulate matter and CO; are affected by the use of biodiesel and its blends.
i. Particulate matter (PM)

It is a well-known argument that the use of biodiesel instead of diesel causes the
PM emissions reduction [86—89]. A small portion of studies found an increase in PM
emissions attributed to the higher viscosity of the biodiesel, which decreases fuel
atomization [90-93]. However, the increased PM was due to the unburned HC
emissions that would increase the SOF percentage in PM [91].

The lower aromatic and sulphur compounds of biodiesel will reduce PM
emissions, but the more important factor is the higher oxygen content. Many authors
agree with the higher oxygen content causes combustion more complete, and further
promote the oxidation of soot, decreasing PM emissions [94]. It should be noted that,
the advantage of no sulphur characteristics for biodiesel would disappear as the
sulphur content in diesel is becoming fewer and fewer.

The combustion and start of injection of biodiesel are in advance, due to the
higher density and viscosity and the lower compressibility [87,95], as well as the
higher cetane number [86]. These prolong the residence time of soot particle in the
high temperature environment, and thus further promote the oxidation in the presence
of oxygen [96]. However, under cold start conditions, PM increases due to the higher
kinematic viscosity and lower boiling point of the biodiesel that difficult its

atomization and evaporation [97].
ii. Nitrogen oxides (NOx)

The vast majority of literatures reported that NOy emissions would increase
when using biodiesel. It is accepted generally [98] that this increase is mainly due to
higher oxygen content for biodiesel, which enhances formation of NOy. Moreover, the

higher cetane number of biodiesel produces the advance start of injection (SOI),
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which causes the increase in NOyx emissions [95,99,100]. Nevertheless, the larger
content of unsaturated compounds in biodiesel could have a greater impact on NOy
emissions, which would be decreased.

Engine type and its operating conditions have something to do with NOx
emissions of biodiesel. A larger engine load would increase the overall fuel-air ratio,
which resulted in an increase in the average gas temperature in the combustion
chamber and hence higher NOy formation would be produced, as it is sensitive to
temperature [99,101,102].

The use of EGR will reduce NOy emissions of biodiesel. EGR rates are
optimized to match the operation conditions of diesel. Thus, due to the change of
combustion characteristics for biodiesel, EGR rates may not fit well with the same

conditions of biodiesel engines.
iii. Carbon monoxide (CO)

According to most of literatures, it is common trend that CO emissions are
reduced when diesel is replaced by pure biodiesel due to increasing in oxygen content
which promotes CO complete combustion [86,88,90,103]. In addition, the higher
cetane number of biodiesel results in the lower possibility of formation of rich fuel
zones, and thus reduces CO emissions [86,104,105].

Advance in the injection timing for biodiesel fuel, leads to the advance of
ignition timing, decreasing also CO emissions [91,93,106]. It is worth noting that the
lower carbon content for biodiesel compared to the diesel diminished CO emissions
[104,107].

It was reported in [108] that CO emissions reduced with the increased load of
fuel, this trend was explained because the increase in combustion temperature lead to
more complete combustion during the higher load. As the result of the better air—fuel
mixing process and/or the increased fuel/air equivalence ratio, [88,107] CO emissions

for biodiesel decrease with an increase in engine speed.
iv. Total hydrocarbon (THC)

It is predominant viewpoint that THC emissions reduce when pure biodiesel is

fueled instead of diesel [86,87,95,109]. However, the lower heating value of the pure
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biodiesel increases fuel consumptions that could produce high local fuel-to-air ratios,
increasing THC emissions [109].

Biodiesel involves higher oxygen content, which leads to more complete
combustion [95,110,111]. Additionally, the higher cetane number of biodiesel could
reduce the burning delay, which results in the THC emissions reduction [112,113].

Otherwise, the feedstock of biodiesel and its properties have an effect on THC
emissions, especially the increase in chain length or saturation level of biodiesel led to
lower THC emissions [114].

Furthermore, the shorter injection and combustion timing will advance for
biodiesel compared with diesel would produce lower THC emissions [91,93]. THC
emissions of biodiesel decreases at low loads [52,72], although a greater decrease was

reported at intermediate load than low and high load [100,116].
v. Carbon dioxide (CO>)

The potential of biodiesel to reduce the carbon dioxide introduced into the
atmosphere as a result of engine combustion has been suggested by several authors
[117]. The carbon released by petroleum diesel combustion was fixed from the
atmosphere during the formative years of the earth. Nevertheless, carbon dioxide
released by biodiesel combustion can be fixed by plants trough the process of
photosynthesis in a recent year and will be recycled by the next. So, the use of
vegetable oils as biodiesel feedstock could reduce the accumulation of CO; in the
atmosphere because it comprised a closed carbon cycle [118]. If the effect of
biodiesel on global greenhouse gas emissions is evaluated through the life cycle of
CO; emissions, it can be pointed out that biodiesel will reduce CO, emissions in 50-
80% compared to fossil diesel fuel [87,106]. In addition, the low carbon to hydrogen
ratio of biodiesel than diesel fuel resulted in fewer CO, emissions during complete

combustion [95,110].
vi. Other non-regulated emissions

Emissions in aromatic and polyaromatic compounds and carbonyl compounds

can be also affected by the use of biodiesel fuel and its blends.
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* Polycyclic aromatic hydrocarbon (PAH) compounds

Most of researches [96,111,119,120] reported that the decrease in aromatic and
polyaromatic emissions of biodiesel was usually due to the enhanced absorption
of PM to these components. The increase of oxygen in the biodiesel improves
combustion and promotes the degradation of BTX [111]. In addition, D1 et al.
[121] detected at higher engine loads and higher exhaust gas temperatures lower
benzene emissions, and concluded that benzene could be easily degraded at high

exhaust gas temperature.
* Carbonyl compounds

It is widely accepted that, biodiesel increases these emissions because of higher
oxygen content [96,97]. Carbonyl emissions exhibited a strong correlation with
the biodiesel content. Acetaldehyde emissions increased sharply with biodiesel—
diesel blend [14], which could be caused by a higher free glycerol or total

glycerol content of the methyl ester.

II1. Diesel Oxidation Catalyst

The role of Diesel Oxidation Catalyst (DOC) is to facilitate the oxidation of
unburned hydrocarbons and carbon monoxide through the use of oxygen, thereby
producing CO,. This catalyst is also involved in the oxidation of NO to NO,, which in
turn influences both the passive regeneration of the DPF and the SCR reaction. In
addition, it is placed the first in the heavy-duty engines after-treatment system. Thus,
the correct functioning of the DOC is key for the effectiveness of the after-treatment
system.

Several kinds of materials were tested in early stages of automotive exhaust
catalysis since 70s. Metal transition based catalysts as nickel or copper were tried and
discarded due to their low thermal stability [122]. It has been long recognized, that
noble metals might be enough active to afford the oxidation of the unburned HC and
CO on a catalyst placed in the exhaust downstream of the engine. Despite the
employment of catalysts based on precious metals, also called platinum group metals
(PGM), implies higher economic costs, they are the only ones able to ensure efficient

oxidation catalysis.
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a. Bimetallic Pt/Pd diesel oxidation catalysts

As previously defined in this chapter, DOC consists on support structure in
form of monolith (e.g. ceramic cordierite), which contains a large number of parallel
channels. These are coated with a noble metal catalytic active phase supported on a
high surface area washcoat.

The primary function of the washcoat is to provide a large surface area for the
noble metal, and to slow down catalyst sintering that occurs at high temperatures.
Alumina-based materials are widely used as catalysts supports [123-125] due to
multiple factors [126]: i) the presence of Lewis acid sites on its surface, which
enhance the electron deficiency of noble metals [127,128]; ii) its high thermal
stability [129]; iii) the presence of cation vacancies on its structure, facilitating
interaction of the active component with the support [130].

For catalytic combustion, y-Al,O; is usually used as washcoat, as it provides a
high, stable surface area for dispersion of the precious metals. The thermal
stabilization of alumina support is vital to high temperature applications [123]. During
normal running of an engine the catalyst bed can rise to over 1000 °C, resulting in the
phase transformation of y-AlLO; to the thermodynamically most stable a-AlLOs.
Sintering precedes the a-Al,O3; nucleation, which contributes significantly to the loss
of surface area at high temperatures [131,132]. Many cations [131,133—-135], such as
La3+, Ba2+, Zr4+, Ce*" and Si4+, have positive effects as the inhibitors of these effects.

Previous studies [131-133] have demonstrated the influence of lanthanum on
the maintenance of high surface area at over 900 °C. However, the influence of
“purely mechanical mixing” of additive oxides on the loss of surface area of alumina
is not considered in most references, especially when the surface area of alumina is
low at temperature over 1000 °C. Nevertheless, La-modified y-Al,O3; by impregnation
has demonstrated that the addition of lanthanum delays the surface area loss of
alumina. It has been shown [125] that the lanthanum species are located in limited
“active sites” of alumina, which are vacancies in the bulk derived from the same
valence of the two aluminium ions, which are either tetrahedral or octahedral in
nature. These species can interact with the Al,O; forming LaAlO;, which stabilizes
these ions in more stable octahedral symmetry. Thus, it mainly retards the loss of
surface area by immobilizing the surface aluminium ions into a more stable structure

than a-AlLOs structure [136]. In addition, the stabilization of lanthanum species is
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related to calcination temperature. Upon calcination at high temperature, the number
of “active sites” of alumina will decrease due to the sintering. Therefore, the
lanthanum species located in other Al,Os sites would precipitate as La;Os.

Besides, a noble metal layer is dispersed on the alumina washcoat as the active
phase of diesel oxidation catalysts. The choice of these metals in automotive materials
is the result of three factors:

* The size of catalyst that could be accommodated in the available space
requires large volumetric flows of the exhaust, which translates in very
short residence times. Under these conditions, only precious metals have
the necessary activity for the removal pollutants.

* The precious metals have the required resistance to poisoning by
residual amounts of sulphur in the exhaust. Sulphur poisoning results in
the formation of sulphate species on the support, decreasing the specific
surface area [137].

* The interaction between the oxide support and the metals reduce the
deactivation at high-temperature.

Currently, Pt, Pd containing catalysts is the most commonly used active phase
of diesel oxidation catalysts supported on y-Al,Os.

Platinum has traditionally been the catalyst of choice for diesel oxidation
catalysts as is among the most active elements for NO oxidation. However, Pt
nanoparticles can sinter when the catalysts are used at high temperature under
oxidizing conditions [42]. The mechanism of sintering is Ostwald ripening, which
involves interparticle transport of mobile species, with larger particles growing at the
expense of smaller due to differences in surface energy.

Sintering catalyst process can be divided in three phases [138]. Firstly, it shows
a rapid decay of surface area caused by the disappearance of the smallest particles and
the growth in size of the larger ones. During the intermediate stage of catalyst
sintering, the decrease of the number of active sites in catalyst surface appeared.
However, significant changes are still after long time observations due to the
migration of large particles (= 10 nm). When these migrating particles encountered
other particles on the support, they tended to coalesce and become spheroidal [138].
Finally, at high temperatures, the process of sintering slows down enough to be

undetectable over short periods of time. Otherwise, at higher temperatures support
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sintering also becomes important. Nevertheless, this phenomenon can be avoided by
support stabilization by addition of promoters, as explained before.

Sintering catalysts process results in the loss of active surface area and drop in
reactivity after use. Due to the high cost and low abundance of Pt, it is important to
develop strategies to slow its rate of sintering and thus, avoid the lost of Pt catalytic
efficiency after ageing at high operating temperatures.

Earlier studies have shown that exist some synergetic effects in terms of light-
off and thermal stability during interaction of platinum with palladium [139-141]. It
has been demonstrated that Pt/Pd alloys sinter more slowly in oxidative atmosphere
than pure Pt does. The overall cause of inhibition of Pt sintering by Pd is related to
kinetic limitations of Pt volatilization. Pure Pt crystallites have been observed to
evaporate as PtO, when heated in air above 700 °C. However, PdO has negligible
vapour pressure even at very high temperatures. The vapour pressure of Pd is also
considerably lower than that of PtO, [142]. Thus, Pd and PdO can be regarded as
completely non-volatile under high temperature and oxidant conditions. When Pt and
Pd are forming an alloy, there is surface segregation of Pd on the crystallite surface.
This could inhibit Pt removal from the crystallite and accordingly, avoid Pt sintering.

The structure of the alumina supported bimetallic Pt/Pd diesel oxidation
catalysts have been widely studied [143—145]. Morlang et al. [139], have reported X-
ray absorption fine structure (EXAFS) spectra for Pt/Pd bimetallic catalysts after air
calcination. Interference between Pd-Pd shell in tetragonal PdO and contributions of
Pd-Pt and Pd-Pd metallic phase was observed. Thus, in the bimetallic Pt/Pd catalysts
Pd exists in both metallic and oxidised form. Regarding Pt, it is presented in form of
Pt-Pt scattering path. The presence of Pd as an additional scatterer increases the
metallic coordination shell due to the phase interference between Pt and Pd. So,
structure of Pt/Pd bimetallic catalysts consists on a Pt/Pd metallic core enriched of Pt,
surrounded by an outer shell of PdO. Similar results were obtained in other studies
using XPS and Raman spectroscopy [146—148]. This structure supply to the alloyed
system a significant stabilisation against sintering in contrast to monometallic

catalysts, as explained above.
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b. Oxygen storage complementary phase

Diesel engines can be considered to be learn-burning with respect to the total
volume, however the fuel and air are not well mixed before the combustion. Most of
the combustion occurs in zones around small droplets of fuel. The presence of an
“oxygen storage” component limits the decrease of diesel oxidation catalysts
efficiency under lean burn conditions in automotive exhaust.

Since the beginning of the 1980s, the use of CeO; in the automotive pollution
control has become so broad to represent today the most important application of the
rare earth oxides. Addition of CeO, limits this disadvantage due to its ability to act as
an oxygen buffer by storing/releasing O due to the Ce*/Ce’ redox couple, which is
called the oxygen storage capacity (OSC). The reactions involved in oxygen storage
are illustrated in Figure I-7, and make use of the two easily accessible oxidation states

of cerium at exhaust gas temperatures.

2Ce0; + CO — Ce03 + CO;

Ce03 + 0, — 2Ce0;

Figure I-7. Reactions involved in cerium oxygen storage [149].

The high OSC is a result of the high reducibility of Ce*', which is a
consequence of the O”” high mobility inside the ceria fluorite type lattice [150,151].
However, the major problem of CeO; is the loss of oxygen storage capacity (OSC)
due to a reduction in surface area upon sintering produced by thermal treatment.
Insertion of zirconia into the cubic CeO, framework with formation of a solid solution
leads to improvements in oxygen storage capacity of ceria, redox property, thermal
resistance, and better catalytic activity at lower temperatures [152—154]. So CeO, —
71O, solid solution is widely used for exhaust gas treatment of automobiles [155—
157].

The introduction of ZrO, intro CeO, produces structural modifications of the
fluorite type lattice. The CeO,—ZrO, phase diagram [156] below 1200 °C points to the
presence of two tetragonal phases (t’ and t’’) in the compositional range 10-80%
CeO,, while for ceria contents higher than 80% the cubic phase is formed.

Previous studies [158] have reported that the displacement of the oxygen far

from zirconium is responsible for the promoting effects of zirconia on the reduction
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behaviour of CeO,. The lower ionic radius of Zr (0.86 A) compared to Ce (1.01 A),
decreases the number of neighbouring oxygen around Zr*". The distance between Zr*"
ions and the oxygen increases upon to a non bonding distance, which induces the
formation of a pseudo cubic phase with a distorted oxygen sub-lattice [158]. This
distortion of the oxygen lattice makes the reduction in the bulk material favourable,
improving oxygen storage.

In addition, as Zr*" ion is hardly reducible, the electronic charge transferred
during the reduction process would be stabilized via the reduction of tetravalent
cerium in the network. The reduction temperature of cerium-zirconium solid solution
decreases after first cycle under reductive atmosphere (730 -1050 °C), and so the
subsequent re-oxidation middle temperatures (430 — 600 °C) [159]. This cycle
strongly affects the redox behaviour and dramatically increases oxygen storage
capacity.

Otherwise, in contrast with pure CeO,, surface area does not influence the
reduction behaviour of CeO, — ZrO; solid solutions [153,160]. As reported in the
literature [161], the surface area decreases with increasing amounts of ZrO..
However, the total OSC increases with the amount of ZrO,, so the actual value of the
OSC is influenced by the dependence of the rate on the surface area or grain size.

Moreover, high catalytic activity and stability are found when CeO,-ZrO, solid
solutions are used in automotive catalysts. Pt/ceria-zirconia based catalysts present
high noble metal dispersion [162], promoted by the metal-support interaction.
Previous studies have confirmed by EXAFS the formation of a Pt-Ce alloy that stated
as the reason of the properties of redox Pt/ceria-zironia catalysts [163].

In terms of the reaction rate, the Pt interacts with the oxide to enhance the rate
of oxygen release. It has been verified [161] that Pt has little effect on the uptake of
oxygen. Oxygen surface and bulk diffusivities correlate with the homogeneity of Zr
and Ce atom distributions in the oxide framework. However, Pt seems to act as a
“gate to remove oxygen from the mixed oxide. Oxygen storage and release reaction in
presence of Pt is divided into several reaction steps, namely, reaction on precious

metal, surface oxygen diffusion and bulk oxygen diffusion (Figure 1-8) [164].
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Figure I-8. Steps in oxygen storage/release reaction on Pt/CeO,-ZrO, catalyst [165].

In the case of ceria-zirconia promoted Pd catalysts, the formation of a ceria-
zirconia mixed oxide overlayer on Pd particles has been observed [166]. It shows a
high interaction between Pd and oxide, which reflects in the higher stability to sinter
of the catalyst [167]. Lower reduction temperature was found related to the ability of
noble metal to promote the reduction of CeO, via spilling H, species over the support
[168].

On these bases, the use of ceria stabilized in solid solution with zirconia well

account to obtain durable diesel oxidation catalysts.

c. Influence of biodiesel and lubricant impurities (Na, K, Ca

and P)

Regarding the biodiesel synthesis process, some inorganic compounds can be
present on the biofuel, exposing the catalyst to potential poisons. Thus, the use of
sodium and potassium alkaline catalysts on biodiesel synthesis via transesterification
could difficult the refining process due to the soaps formation [84]. Furthermore, to
overcome the problems associated with the separation of the catalyst from the product
after completion of transesterification, calcium oxide catalyst is introduced in
biodiesel production [169]. Even if it is separated from the reaction mixture by
filtration, some traces can stay in biodiesel fuel. Ca catalyst can be found with Mg
from dry wash adsorbents or used together from hard water washing [170]. In
addition, the burning of the antiwear/antioxidant additive oil zinc di-
alkylthiophosphate (ZDDP) might be produced phosphorus species, which can also
affect automotive catalyst efficiency [171-173].
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Current European (EN 14214 [174]), US and Canadian (ASTM D6751 [175])
regulations, limit the amount of these inorganics compounds in biodiesel fuels (Table
1-2).

Table I-2. EN 14214 and ASTM D6751 biodiesel standards [174,175].

| Compounds Na+ K Ca+ Mg P
‘ Biodiesel Cpax 50 50 40
(ppm)

Regardless of the source, these inorganic compounds are converted into
oxides, sulphates, hydroxides or carbonates during the combustion process to form an
ash that can be deposited onto the exhaust emission control devices.

In spite of the fact that alkali metal has usually been considered promoters since
several decades [176], their effective overall role is still debated [177—179]. The low
ionisation energy of alkali metals confers them an electropositive (electron donor)
behaviour, which increases in moving down a group from Li to Cs. Related to their
electron donor characteristics, the adsorption of alkali metals on other metal surface is
accompanied by distinctive changes in the work function of the metal. The work
function (®) of a solid surface is defined as the minimum energy to bring an electron
from the Fermi level (Er) through that surface when it is electrically neutral. Thus, the
promotion effect of alkali doping is linked to electronic changes, which allows
defining alkali metals as electronic promoters. Generally, electronegative adsorbates
(electron acceptor) cause an increase in @ while electropositive (electron donor)
adsorbates, such as alkali metals, decrease the work function.

The promotion effect of alkali doping can manifest in various different ways
[180]:

1. Increase the selectivity
ii. Increase the activity
iii. Prolong the lifetime of the catalyst

In general, the selectivity of a doped catalyst passes through a maximum as the
quantity of added alkali increases [181]. This is related to the decrease of the work
function by doping with alkali metal until a minimum, which is follow of an increase
of the work function value. Thus it exists a maximum alkali doping that corresponds
to a minimum of the work function. If alkali is doped in excess, then the promotion

effect upon the activity decreases. In addition, the selectivity increases doping with
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alkali metals with increasing the atomic weight [182]. Thus, the greatest increase
activity is usually achieved with cesium and the smallest with lithium. Previous
studies [183] found that Na and K alkali metals have a promoting role while Rb and
Cs presented a degradation effect in the preferential CO oxidation in H,-rich gas. This
increment of the catalytic activity can be due to the neutralization of acidic centers
and creation of basic sites, related to the highly basic properties of alkali compounds.

Although excessive quantities of alkali can be counterproductive, it is worth
noting that alkali doping can delay catalyst deactivation due to numerous factors such
as sintering or volatility of the active components, phase transformation and coking
[184]. Doping is particularly effective against coke deactivation, which is avoided by
the formation of alkali metal formats as intermediates in the coke gasification process
[185,186].

Otherwise, the modification of the electronic properties of the catalyst surface
plays a role in the activity-enhancing effect of alkali upon semiconductor and metallic
catalysts. The presence of alkalis may influence the adsorption rate and the strength of
the bonds formed between the adsorbed species and the substrate. It has been shown
[187] that when an adsorbate is chemically adsorbed on a metal surface, new
electronic states are formed. These electronic states consist of bonding and
antibonding states, as shown in Figure 1-9. When the antibonding states are pushed

above the Fermi level, the adsorbate bonds to the metal [188].

metal-adsorbate
anti-bonding state

adsorbate

Fermi level 5
orbitals

metal-adsorbate
bonding state

Figure I-9. Simplified scheme describing the electronic states related to the

interaction of adsorbate orbitals with the metal d band [187].

As discussed above, alkali metals have a strongly electropositive behaviour.
Vayenas et al. [189], demonstrated that alkali metal ions onto the metal catalyst
surface present an electron-donor effect from the alkali to the metal, and then to the

adsorbates via increased backdonation into the antibonding n orbitals of the adsorbed

26




Chapter |

molecules. These results can be applied to the interaction of adsorbates such as CO
and NO, main components in the exhaust gases, with alkali-modified transition metal
surfaces like Pt and Pd, principal components on the DOC. Accordingly, alkali
addition results in strengthening of the metal-adsorbate NO (or CO) bond, which
concomitant weakening of the N-O (or C-O) intramolecular bond, favoring molecular
dissociation and subsequent adsorption. This effect is pronounced for transition metal
surfaces, such as Pt or Pd, where the backdonation of the metal d-electronic density to

the 2" antibonding orbitals of adsorbed NO (or CO) is strong (Figure 1-10).

Figure I-10. Scheme describing the electronic transfer related to the interaction

of 21" orbital of NO with the metal d-orbitals.

Previous studies have also demonstrated that the doping of the support with
alkali or alkaline earth species may affect the catalytic activity of Pt-group metals.
Pellegrini et al. [179] suggested that using K as an alkaline dopant may affect the
reducibility of PdO. By comparing TPR results of undoped and K-doped catalysts, it
was evidenced a strong chemical interaction between potassium and Pd*" species.
This interaction can eventually lead to the formation of a mixed compound even at
low K content, which decreases the reducibility of the catalyst. Also, it has been
revealed that K species may cover a number of the Pt sites. Luo et al. [190] have
reported that the decrease in Pt availability with K loading is result from Pt being
covered by K. Thus, an excess of K loading results in encapsulation of Pt sites,
reducing the efficiency of the catalyst. In addition, because of alkali mobility, K-
based catalysts are blamed for low thermal stability, which is associated to several

technological problems due to interactions with the monolith support [191].
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It is worth noting the role of the alkali metals in de-NOx catalytic chemistry of
Pt-group. Previous studies [192—-195] have shown that alkali-modified Pt or Pd
catalysts exhibit important enhancements in both activity and selectivity towards N,
production, during NO reduction by CO or CsHg. This alkali promotion is due to
previously described alkali-induced strengthening of the metal-NO bond, which
consequently enhances dissociation of NO molecules adsorbed on the platinum metal
component of the catalyst [193].

Otherwise, it is well known that the presence of alkaline metals (and in lower
extent of alkaline-earth metals) improves the soot oxidation, either alone or as
promoters [196,197]. Several studies [198—200] have suggested that alkali metals may
favour soot oxidation through the formation of low melting point compounds. In
consequence, the mobility of the active surface species is improved, increasing
activity according to a higher contact between catalyst and soot. Thus, the oxidation
of soot is promoted by consuming the carbon to form carbonate species during soot
combustion. Along this line, some authors have proposed the impregnation of soot
with alkaline (Na, K) or alkaline/earth (Ca, Ba) metals [201] in order to increase the
contact with the soot. Under these “full contact” conditions, the reactivity in the soot
combustion is improved and well correlates with the electropositivity character of the
alkali ions [202]. However, the synergetic effects found between platinum and
potassium produce that the thermal stability is still not satisfactory [197,202]. In
addition, it has been proved that beyond 10 wt% of alkali addition, the beneficial
impact on carbon oxidation under is not found anymore [196]. Otherwise, several
studies have found higher reactivity to biodiesel soot than diesel soot due to their
more amorphous structure , but also to their higher oxygen content and the presence
of alkali metals [203,204]. However, the influence of inorganic element on soot
oxidation with NO; is not widely reported in literature, even NO, has a fundamental
role as an oxidant agent during passive DPF regeneration. Schobing et al. [205],
demonstrated that the impregnation of Na and K on carbon black have a beneficial
impact on both active and passive DPF regeneration by increasing the number of
surface carbon oxygenated active complex of the reaction.

Furthermore, due to their highly basic properties, alkali and alkaline earth
components provide a major contribution to the overall NOy adsorption capacity of

NOy-storage catalysts. Thermodynamic evaluation and reaction data have
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demonstrated that the basicity of the component is directly related to the NOy trapping
performance [206,207]. The addition of different trapping components results in
changes in the performance as a function of the temperature. Thereby, based on
results of previous studies [208,209], authors suggested that alkali nitrates formed
using K, Na and Ca are stables at higher temperatures.

Besides alkali species coming from biodiesel synthesis process, phosphorus
impurities coming from lubricants (zinc dialkyldithiophosphate, ZDDP) have also an
influence on oxidation catalysts. Chemical deactivation of the precious metals has
been verified by adsorption on the active sites, reducing the catalytically active
surface [210,211]. It has been suggested that phosphorus continues its accumulation
into the catalyst even after adsorption on the active sites. Thus, poisoning elements
may disturb the surface diffusion of adsorbed reactants, preventing the oxidation
reactions of CO and HCs [212]. In addition, phosphorus compounds may react with
the support, changing the composition by forming aluminate phosphates, which
would block the catalyst pores, decreasing the specific surface area of the catalyst
[213]. In addition, the interaction between phosphorus and the Ce-Zr mixed oxide can
lead a layer of Ce phosphate which inhibits the Ce*"/Ce’" reduction and reoxidation
steps [214]. Honkanen et al. [215] have verified by TEM analysis that phosphorus
poisoning slightly increased the average size of platinum and palladium particles,
decreasing the number of active sites. Nevertheless, few studies reveal that
phosphorus presents an inhibiting impact on the soot oxidation [216-218]. However,
phosphorus presented a catalytic effect for the DPF passive regeneration by NO,

oxidation when water was present in the gas mixture [205].

29



Chapter I

IV. Conclusions

The environmental pollution coming from heavy-duty Diesel engine emissions
is one of the major problems nowadays. The European Union has published
normative each time more restrictive in order to limit these emissions. In addition,
automotive makers need to introduce an after-treatment system which consist in diesel
oxidation catalyst (DOC), diesel particulate filter (DPF) and finally, selective catalytic
reduction (SCR). Moreover, the last European normative published, Euro VI,
established that the durability of the after treatment system has to be at least seven
years or 700 000 km.

Otherwise, biodiesel depicts like a good alternative to fossil diesel fuel due to its
similar calorific power and its better carbon balance, which is in agreement with the
objectif of the reduction of CO, emissions established in the Paris Agreement.
However, impurities coming from biodiesel synthesis (Na, K, Ca) and motor
lubricants (P) could influence in the activity and durability of the after-treatment
system. As literature review has shown, these impurities can affect the activity of Pt-
Pd based catalysts as the employed in the DOC, acting as promoters or poisons
depending of different factors.

The present work is focalised in the study of the influence of these impurities in
the Diesel Oxidation Catalyst activity. Thus, this manuscript is going to be organised
as follows. Firstly, the experimental techniques and set-up employed was resumed in
Chapter II. After that, Chapter III aims to describe the influence of Na, K, Ca and P in
the catalytic activity of a DOC reference catalyst. To follow, an in-situ DRIFTS study
was developed in order to explain the changes found in the DOC catalytic behaviour
(Chapter 1V). The Chapter V studies the influence of the hydrothermal aging
treatment of the DOC catalyst in presence of impurities. Finally, a general conclusion
of the results was described in the Chapter VI.

For brevity, some characterization results as well as secondary reactions
(reduction of NO, by C3Hg) are presented in Annexe I. In Annexe II, DRIFTS results
that present similar tendency than the described during the Chapter IV are depicted.
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CHAPTER II: Experimental

I. Catalyst preparation

As commented on the introduction, DOCs catalysts are mainly integrated by a
high surface support as La-stabilised alumina, doped with oxides such as ceria-
zirconia to increase the oxygen storage capacity and with metals like platinum and/or
palladium as the catalytic active phase.

The catalyst synthesized as a reference was supported in alumina stabilised by
lanthanum (to increase the thermal resistance). A cerium-zirconium oxide phase was
added as a complementary phase due to its high oxygen storage capacity owing to the
high oxygen mobility produce by the vacancies exist in its structure. Finally, platinum
and palladium were chosen as the active phase due to its high activity to oxidation
reactions.

To start with the synthesis of the catalyst the alumina support was prepared by
calcination of y-AlL,O3 (Alfa Aesar) at 650 °C for 5h under air flow (50 ml min™)
containing 10% water, controlled using the vapour pressure of H,O at the temperature
of the saturator. The calcined alumina was doped with 4 wt% of lanthanum by
incipient wetness impregnation, using an aqueous solution of La(NO3).6H,O (Sigma
Aldrich). Then the support was dried at 100 °C overnight and calcined at 650 °C under
10% water and 50 ml min™' of air flow. The alumina-supported ceria-zirconia supports
were prepared by co-impregnation of the lanthanum doped alumina with an aqueous
solution of cerium (III) nitrate hexahydrate (Sigma Aldrich) and zirconyl nitrate
hydrate (Sigma Aldrich) as precursors of cerium and zirconium, respectively. The
CeZrOy/Al-La support was prepared with 10 wt% of ceria-zirconia oxides (Ce/Zr
weight ratio of 2.5). This material was dried again at 100 °C overnight and calcined
under the same conditions. Finally, the reference catalyst was prepared by incipient
wetness impregnation of the support with an aqueous solution of Pt(NH;3)4(NOs),
(Sigma Aldrich) and Pd(NOs), (Sigma Aldrich); drying and calcination conditions
after the impregnation were the same as used for the support. In this way, the
reference catalyst 0.71 wt% Pt — 0.47 wt% Pd/CeZrO,/La-Al,O3 was obtained.

In order to simulate the behaviour of the catalyst after biodiesel use, once the

reference catalyst was obtained, alkalis and phosphor were supplemented to the
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catalyst. These impurities were incorporated by the same method, incipient wetness
impregnation of aqueous solutions of NaNOs; (Sigma Aldrich), KNO; (Sigma
Aldrich), Ca(NOs),.4H,O (Sigma Aldrich) or (NH4);HPO4 (Sigma Aldrich). The
amount of impurities added was related to real percentage found on DOCs based on
biodiesel fuel consumption of 35 L km™ for a truck during 700 000 km. The modified
catalysts synthesized were: 1.6 wt% Na-, 0.5 wt% K-, 1.6 wt% Ca- and 5.6 wt% P-
PtPd/CeZrO,/La-Al,0; catalysts. Finally, similar amount of impurities combinations
were simultaneous impregnated on the reference catalyst. Precursors and calcination
method were similar than employed previously.

To better compare the results obtained, reference catalyst was submitted to a
second calcination under 10% water and 50 ml min™ of air flow (Aged — PtPd
catalyst, Table II-1).

In order to study the influence of aging conditions, reference and modified
catalysts were submitted to a hydrothermal aging protocol. The fresh catalysts were
aged at 850 °C during 16 h under 10% water and 50 ml min™' of air flow.

A list of the synthesized catalysts and the names employed during the

manuscripts for abbreviation is presented in Table II-1.
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Table II-1. List of synthesized catalysts.

Abbreviation Catalyst

La-A1203 La-A1203
CeZr0O,/La-AlL O3 CeZrO,/La-AlL,O5
PtPd (reference) PtPd/CeZrO,/La-Al,O5
Aged-PtPd' PtPd/CeZr0,/La-Al, 03
Na-PtPd Na-PtPd/CeZrO,/La-Al,O3
K-PtPd K-PtPd/CeZrO,/La-Al,05
Ca-PtPd Ca-PtPd/CeZrO,/La-Al, O3
P-PtPd P-PtPd/CeZrO,/La-Al,03
NaK-PtPd NaK-PtPd/CeZrO,/La-Al,0;
NaCa-PtPd NaCa-PtPd/CeZrO,/La-Al,03
KCa-PtPd KCa-PtPd/CeZrO,/La-Al,03
PNa-PtPd PNa-PtPd/CeZrO,/La-Al,O4
PCa-PtPd PCa-PtPd/CeZrO,/La-Al,0;
PK-PtPd PK-PtPd/CeZrO,/La-Al,O4
PNaKCa-PtPd PNaKCa-PtPd/CeZrO,/La-Al, O3
HT-PtPd PtPd/CeZrO,/La-Al,0;
HT-Na-PtPd Na-PtPd/CeZrO,/La-Al,O3
HT-K-PtPd K-PtPd/CeZrO,/La-Al,03
HT-Ca-PtPd Ca-PtPd/CeZrO,/La-Al,03
HT-P-PtPd P-PtPd/CeZrO,/La-Al,03

I1. Catalyst characterization

a. Inductively  Coupled  Plasma  Optical  Emission
Spectroscopy (ICP-OES)

The chemical composition of the different catalysts was quantitatively
determined using inductively coupled plasma optical emission spectroscopy (ICP-
OES). This technique uses the inductively coupled plasma to produce excited atoms
and ions that emit electromagnetic radiation at wavelengths characteristic of a
particular element. The intensity of the emission is indicative of the concentration of
the element within the sample. Before the measurement, the metal oxides were
dissolved using a mixture of inorganic acids (H,SO4, HNO, and HF).

The ICP-OES analyses were done on a flame Perkin Elmer M1100

spectrometer.
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b. N, adsorption/desorption

The knowledge of specific surface area (SSA) of a catalyst is directly related
with its catalytic activity. Nitrogen adsorption at boiling temperature (-196 °C)
represents the most widely used technique to determine catalyst surface area and to
characterize its porous texture. Gas molecules close to the solid surface area are
attracted by forces arising from solid-surface atoms. In order to measure de
adsorption, the quantity of a sensor gas molecule (nitrogen) on the solid surface at
different partial pressure at constant temperature (isotherm) is determined. The
adsorption isotherm obtained is characteristic of each material and the quantity of gas
adsorbed can provide a measure of surface area [1]. According to ITUPAC
classification [2] six types can be distinguished, but only four are usually found in

catalyst characterization (Figure II-1).

type VI
type |
type Il 5
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Figure II-1. The four types of adsorption isotherm usually found by nitrogen
adsorption [3].

Once saturation is reached, the adsorbate desorption takes place. However, the
evaporation usually takes place at a pressure lower than that of capillary condensation
giving a hysteresis. This is due to pore shape and four types of hysteresis have been

recognized, according to [IUPAC classification [2] (Figure II-2).

type H2
type H4

type H3
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Figure I1-2. The four hysteresis shapes of adsorption isotherm usually found by

nitrogen adsorption [3].
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Nitrogen adsorption and desorption isotherms were measured at -196 °C on a
Micromeritics ASAP 2020 surface area and porosity analyzer. Primary, the catalysts
were degassed at 300 °C for 3 h under vacuum.

The specific surface area of each catalyst was calculated from the linear part
using the Brunauer-Emmett-Teller (BET) method. The model developed by Brunauer,
Emmet and Teller in 1940s [3], still remains the most used method to determine the
specific surface area of a porous material. They defined an equation for
multimolecular adsorption using a generalization method of Langmuir’s treatment of
unimolecular layer [4]. Thus, the specific surface area SSA of solids would be

calculated by the following equation:

V:-Ny-o
Vmm

SSA + Eq. II-]

where:
» SSA, specific surface area (m” g™),
* V, volume of N, adsorbed (mL),
¢ Na, Avogadro number (6.023-10* molecules mol™),
o, area covered by one nitrogen molecule (generally 0.162 nm?),
*  Vu, molar volume (mL mol™),
* m, masse of the analyzed sample.

The commonly called BET equation, involves the assumption of various
hypothesis: (i) the adsorption could occur on the solid or on a layer already adsorbed;
(i1) adsorption heat is constant and independent of the recovery rate; (iii) when the
equilibrium is reached the surface of each layer is constant. This equation is most
useful between relative pressures (P/Po) of 0.05 to 0.45 [5].

The porous volume and the pore size distribution were calculated using the
Barrett-Joyner-Halenda (BJH) method. The model is based on the fact that each
pressure increase causes an increase of the thickness of layer adsorbed on pore walls
and capillary condensation in pores. Assuming a geometric model (usually cylindrical
or slit shaped), it is possible to calculate the contribution of the thickness of the
adsorbed layer to the total adsorption. From these results and the assumed pore

geometry, the pore volume and size can be found.
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¢. X-ray Diffraction (XRD)

X-ray powder diffraction (XRD) is a technique primarily used for phase
identification of a crystalline material. It is based on the diffracted ray produced by
the interaction of monochromatic X-rays generated by a cathode ray tube, and a
crystalline sample. The law of Bragg (Eq. II-2) relates the wavelength of
electromagnetic radiation to the diffraction angle and the lattice spacing in the
crystalline sample.

2dpg; - Sinf +n- A Eq. II-2
where:
*  du, lattice spacing,
* 0, angle of incidence (rad),
* n, integer,
» ), wavelength of the incident X-ray beam (A).

To identify the phases on the material, the diffraction peaks obtained through a
range of 20 angles, are converted to d-spacing and compared with standard reference
patterns.

Powder X-ray diffraction (XRD) patterns of all catalysts were obtained using a
Bruker D8 diffractometer (CuKa radiation at 0.154184 nm) equipped with a Ni filter
and 1-D fast multistrip detector (LynxEye, 192 channels on 2.95°). The
diffractograms were collected at 20 with steps of 0.02° from 4° to 80° for the total
acquisition time of 32 min. Phase identification was carried out using the Diffrac.Eva

software (Bruker) and the ICDD-PDF4+ database.
d. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique whose
goal is observation of the shape and dimensions of solid phases, their porosity and
their interfaces. In the case of supported catalysts, the aim of the TEM study is to
establish the size of the supported particles and their distribution on the support.

To the formation of images in a conventional TEM, an electron beam from an
electron gun illuminates the specimen passing through an illuminating system of
condenser lenses. The electron gun can be either a tungsten filament heated at 2500

°C or a LaBg cathode heat at 1600 °C, which gives an intensity the times higher. The
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system of condenser lenses gives a demagnified image of the source on the specimen.
The radiation interacts with the specimen and is scattered. The scattered radiation is
brought to a focus by the objective lens, which gives a magnified image of the
specimen on the image plane. Then, a system of projection lenses magnifies the
intermediate image on a fluorescent screen [7].

Complementary to TEM, the chemical analysis system of the energy-dispersive
X-ray spectroscopy (EDX) can be used to quantify the chemical composition of the
specimen. EDX relies on the counting of X-rays emitted from the beam-illuminated
specimen region as a function of the photon energy [8].

To prepare the specimens, all catalysts were ultrasonically dispersed in ethanol
and then dried over a copper grid coated with a carbon film. TEM observations of the
catalysts were performed on a JEM-2100 microscope with Energy Dispersed X-ray
analysis (EDX) detector.

e. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is wide use to determine the chemical
state of elements, namely the oxidation state and covalency or ionic types of
bondings. The technique consists on the production of a beam of photons of X
radiation that hits the sample, which then emits electrons. As the emitted electrons are
readily absorbed by any material, the technique requires operation in a high vacuum
(10% - 10" Torr or 10° — 10” Pa) [7]. Thus, the sample emitted electrons are
analyzed in terms of numbers and energy. Usually Ko emissions from aluminium (Av
= 1486.6 eV) or magnesium (hv = 1253.6 eV) cathodes are used as X-ray sources.
The energy conversion principle allows one to write:

hv + Ex + Ep + ¢sp Eq. 1I-2

where Av is the incident photon energy; Ej the kinetic energy of the electrons
emitted analyzed with an appropriate detector; £ the binding energy of the electrons
in their orbital level; and ¢, the work function of the spectrometer. The depth of the
electron levels excited, core and valence band electrons, depends upon the energy of
the incident beam photons. The obtained XPS spectrum corresponds to the plot of the
variations in the numbers of emitted electrons vs. their kinetic energy values.

XPS analyses over all catalysts were carried out on a Kratos Analytical AXIS

Ultra DLD electron spectrometer using the AlKa (1486.6 eV) radiation source. In
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order to compare all the spectra recorded, the Al2p peak from Al,O; present in the

catalysts was selected as a binding energy reference, and its value fixed at 74.6 eV.
f- H, Temperature Programmed Reduction (H,-TPR)

In order to characterize the redox properties of the catalysts, the technique of
temperature-programmed reduction was employed (TPR). TPR technique is based on
the reducibility of species in/on solids by a gas, generally hydrogen, at the same time
that the temperature of the system is linearly increased. The gas concentration in the
effluent will decrease respect to its initial concentration due to its consumption by the
metal reduction. By measuring this decrease, the reduction progress could be follow,
obtaining the conditions of species present in/on solids.

A typical TPR apparatus essentially consists of three parts: (i) the gas line for
pretreatments and analysis; (i1) the reactor electrically controlled; (iii) the detector for
quantitative evaluation of gas-consumption. TCD detectors produced an output signal
that is proportional to the concentration of hydrogen in the carrier gas. It works by
measuring the difference in thermal conductivity between the pure carrier gas and the
mixture of carrier and reactant gas. Due to the difference between thermal
conductivities of argon (45.46-10°cal cm™ s K™') or nitrogen (65.71-10° cal cm™ s™
K") and hydrogen (471.11-10° cal cm™ s K™, they are preferentially used as carrier
gases in TPR. Moreover, the change in thermal conductivity is proportional to the
mole fraction of reactant gas in the mixture only at low concentrations of reactant gas.

The reducibility of the catalysts was examined by hydrogen temperature
programmed reduction (H,-TPR) using mass spectrometer detection (Hiden, HPR 20).
Prior to the test, the catalyst (about 100 mg) was firstly pre-treated at 600 °C for 15
min in a synthetic air flow of 50 ml min™' and then cooled down to room temperature
in an air flow. It was followed by 5 minutes of purge in an Ar flow, controlled by
residual O, analysis. 2% Ha/Ar with a flow rate of 50 ml min™ as the reducing gas
was introduced and the reactor was heated from 25 to 650 °C with a rate of 20 °C min’
!, H, consumption was quantitatively calculated by time integration of H,-TPR

profiles. Concomitant H,O evolution was also recorded.
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g. NO Temperature Programmed Desorption (NO-TPD)

Temperature-programmed desorption (TPD) is a wide useful technique to know
the interaction of reactants with the catalyst surface. The temperature at which species
are desorbed from a surface is indicative of the strength of the surface bond: the
higher the temperature, the stronger the bond [6]. Therefore, the adsorption of a probe
molecule at low temperature and subsequent monitoring of tis desorption
characteristics with temperature is a simple way to characterize surface properties of
catalysts and adsorbents.

TPD analyses consist in recordering the concentration of desorbing particles in
function of a linear increase of the temperature. NO-TPD was used to investigate the
effect of impurities (Na, K, Ca and P) in the activity of reference catalyst for NO
dissociation, and the formation of N,O and NO,.

Temperature-programmed desorption was performed using NO as the adsorbate
gas. Samples (ca. 0.1 g) were loaded into a U-shaped quartz tube and pre-treated at
250 °C for 30 min, under a He flow of 50 ml min"'. Adsorption was carried out at
room temperature in a 4000 ppm NO-He flow (50 ml min™) for 1 h. The catalysts
were then exposed to He for 0.5 h at room temperature to remove all the physically
adsorbed species before starting the desorption temperature program, which consisted
of a ramp of 5 °C min™ until 600 °C. Desorbed gases (NO, NO,, N,O, CO,) were
analysed by infrared-ultraviolet spectroscopy (EMERSON IR/UV X-STREAM
Enhanced XEPG).

II1. Catalytic tests

a. Catalytic set-up

Figure II-3 shows a diagram of the setup were the catalytic experiments were
carried out. It is constituted by three main parts:

* Feed system: it is composed by ten lines to feed different reactants. The gas
flow was controlled by BROOKS flowmeters. The water content in the
reaction mixture was regulated using the vapour pressure of H,O at the
temperature of the saturator controlled by a heating bath. All lines placed

downstream from the saturator were heated above 100 °C to prevent
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condensation. By a system of valves it is possible to by-pass the saturator
when experiments without water are in progress. In addition, when water is
used in the reaction mixture, NO feeding by-pass the saturator in order to
avoid the formation of nitrates/nitric acid.

Reaction system: firstly a six-way valve allows choosing between
pretreatment gas and gas mixture to feed to the reactor. The catalytic
behaviour was tested in a U tubular quartz reactor with the catalyst placed on
a fritted quartz place (30 mm in length and 8 mm in internal diameter, Figure
I1-4). The reactor was heated with a furnace and the temperature measured
with a K-type thermocouple (Omega).

Analysis part. gas effluents were analysed with a micro gas chromatograph
(SRA % GC-R3000), a FID (Agilent Technologies GC-FID 6850 Network
GC) and an infrared-ultraviolet spectroscopy (EMERSON IR/UV X-
STREAM Enhanced XEGP).

EXHAUST

Pretraitement gas

Exhaust

2C
CALORIFUGED
LINES

PELTIER
REACTOR
WATER
SATURATOR

Figure II-3. Experimental set-up.
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Figure II-4. Quartz reactor dimensions.
b. Operation conditions

Catalytic tests were carried out using 50 mg of catalysts mixed with silicon
carbide (SiC) in order to find a gas hourly space velocity (GHSV) on the reactor of
135 000 h™'. Temperature was increased and decreased by a ramp of 5 °C min™' from
80 °C up to 600 °C. Three consecutive catalytic cycles were performed to analyse the
catalytic stability.

The reactant mixture contained [NO] = 500 ppm, [CO] = 300 ppm, [CsH¢] =
300 ppm, [CO;] = 5 vol.%, [O2] = 10 vol.%, [H2O] = 3.5 vol.% and He as the carrier
gas, with a total flow of 250 ml min"'. Moreover, experiments varying the reactant
mixture were done with the reference catalyst. The concentrations of the gases
employed in the different experiments are showed on Table II-2. The total flow stills
250 ml min with He as the carrier gas.

Table II-2. Reactant mixtures tested in reference catalyst.

0 [NO] [CO] [CsHg] [NOz] [H;O]

_
A48 HIXEIE (%) (ppm) (ppm) (ppm) (ppm) (%)

0,+NO 10 500
0,+CO 10 300
0,+ C3Hg 10 300
0,+NO+CO 10 500 300
0,+NO+CO+H;0 10 500 300 3.5
0,+NO+C;3Hg 10 500 300
0,+NO+C3H+H,0 10 500 300 3.5
0,+C3Hg+NO; 10 300 500
0,+C;Hgt+NO,+H,0 10 300 500 3.5
0,+NO+CO+C;3Hg 10 500 300 300
0,+NO+CO+C3Hg+H, O 10 500 300 300 3.5
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¢. Analysis of the results

Concentrations of reaction gases and products were measured in ppm.
Conversion of NO, CO and propylene were calculated as shown in Eq. II-3, 1I-4 and

II-5 respectively:

[cOlo-[COl
Xco + [colo 100 Eq 11—3
[NOlo-[NOJ
XNO + [NOlo 100 Eq 11-4
[C3Helo—[C3Hel:
Xy, + 2ree e 100 Eq. II-5

In addition, NO conversion to NO, (Eq. II-6) and N,O (Eq. II-7) were also
studied.

[NO2]¢—[NO,]o

ot 100 Eq. II-6

Xno-no, T

2-([N20]¢=[N,0]o)
xNO_N20 + [NOlo 100 Eq 11-7

Due to the influence of NO, produced in DOC in the effectiveness of SCR and
the passive regeneration of DPF, the NO,/NOx rate was calculated (Eq. II-8):

00, [NO,]
/ 00, T [NO]-[NO2]~[N20]~[N2]

Eq. II-8

The amount of N, was found by balance (Eq. 11-9):

((INOTo—[NO1)—([NO21o—[NO2])—2-([N20]o—[N20]p))
2

0, balance + Eq. 1I-9
Finally, the reaction rate in function of the metal percentage on the catalyst was

calculated for NO, CO and propylene (Eq. I1-10):

P.D.(AC/106)/

R-T

PGM-g catalyst/
100

r+ g (mol - st - gptu Eq. 1I-10

Where:
* P:pressure in atm.

e D: volumetric flow in L s™'.
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* AC: increment of concentration of the compound whose reaction rate is being
calculated in ppm.

* R:ideal gases constant, 0.082 atm L mol™ K.

e T: temperature in K.

* % PGM: percentage of precious group metal, so the addition of Pt and Pd

amount on the catalyst.

IV. In-situ Diffuse Reflectance Fourier Transform

Infrared Spectroscopy (DRIFTS)

To gain further insight into the detail the mechanism of the reactions that take
place on DOC catalysts, in-situ DRIFTS experiments were done. Infrared
spectroscopy (IR) is a powerful technique for this purpose, as it provides direct
information on the nature of the different surface species.

There exist previous IR studies on the NO adsorption on different surfaces. The
object of these works is to understand the mechanism of some catalytic reactions
involving NO, such as NO decomposition, NO+CO reaction and HC-SCR of NOy.
The main aim of in-situ DRIFTS experiments in the present study is to determine the

influence of impurities on the NO involved reactions.
a. Basis

Diffuse reflectance (DRIFTS, Diffuse Reflectance Infrared Fourier Transform
Spectroscopy) is applied to analyse powders and rough surface solids. This technique
is applied to powders since it relies upon scattering of radiation within the sample.

Typically, diffuse reflectance spectroscopy was used for the study of powders in
the UV-visible region, as it seemed that the construction of an integration sphere for
collecting the diffuse radiation was too difficult. Finally, to solve this limitation, a
spectrometer with elliptic mirrors was designed.

The IR light coming from the source is focused of an ellipse, which is at one
focus on the sample (Figure I1-5). The IR radiation interacts with the particles and
then is reflected by their surfaces, causing the diffusion or dispersion of the light as it
moves through the sample. The incident light on a sample may result in multiple

reflections from the surface giving rise to diffusely scattered light. The diffuse light is
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collected by a combination of mirrors that direct this dispersed energy to the
spectrometer detector. The detector records the altered IR beam as an interferogram
signal, which generates a spectrum. Collection optics in the DRIFTS accessory are
designed to reject the specularly reflected radiation and collect as much of the diffuse

reflected light as feasible.

KBr windows
\‘\ ~~._ Dome
IR = MCT &l z— Incident

detector beam

Gas inlet / ?ITT] ‘\J'

Gas inlet | E Gas outlet

| Water |
Gas outlet Outlet / Inlet

Figure II-5. Cell DRIFTS schema of the front and up views.
b. Operating conditions

In order to identify adsorbed species and reactivity between them and the gas
phase, diffuse reflectance IR spectra were performed using a Thermo Scientific
Nicolet iS50 spectrometer equipped with a MCT detector and DRIFTS accessory
(The Praying Mantis Diffuse Reflection Accessory from Harrick Scientific) designed
for in situ sample treatment (Figure 11-6). During spectra acquisition the external

optics were purged with CO,-free dry air generated from an air purifier system

(Parker Balston, FT-IR purge gas generator). Catalysts samples (~50 mg) in a powder
form were loaded into the micro-reactor of the high temperature reaction chamber
coupled to the DRIFTS accessory. The chamber is enclosed with a dome with three
windows, two in KBr for the spectrometer radiation to enter and exit the camber and
the third for viewing, illuminating, or radiating the sample. The catalyst surface was
carefully flattened to optimize the intensity of the reflected IR beam. The DRIFTS

spectra were collected in the 4000-650 cm™ wavenumber range, accumulating 98
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scans at 4 cm™ resolutions. A Temperature Controller (ATC, Harrick Scientific) was

connected to the chamber to define temperature profiles.

Figue I1-6. DRIFTS accessory ployed in the reality.

Before experiments, the sample was pre-treated by heating in 40 ml min"' He
until 550 °C, so possible previous adsorbed species were eliminated. This temperature
was maintained for 30 min under the same flow of 100% O,, cooling down to 35 °C
again in He. A background spectrum serie were taken during the cooling down in
flowing He to remove any background shift due to temperature and any other
temperature effects.

NO-TDS (Thermal Desorption Spectroscopy) experiments were performed as
part of the DRIFTS experiments. Pre-treated samples were exposed at 35 °C to 4000
ppm NO balanced by He. Gases were mixed by BROOKS mass flow controllers and
introduced into the DRIFTS reactor at a rate of 40 ml min™'; spectra at different times
were recorded during 2 h before the temperature ramp was started. In order to explore
the thermal stability of the stored NOy spectra were also obtained during TDS. The
sample was heated at 10 °C min™' from 35 °C to 500 °C, maintaining for 30 min the
sample each 100 °C. A spectrum series was recorded during each plateau.

To characterize the interaction between gas-phase and surface nitrates,
transient experiments involving different gas mixture sequences were evaluated at
250 °C. The catalyst was firstly exposed to 500 ppm of NO with and without 10% O,
in balance He with a 40 ml min™' total flow for 2 h, followed by an He purge during
30 min. Afterwards, a gas mixture consisted on 300 ppm CsHg or 300 ppm CO in

balance He with a 40 ml min™! total flow was introduced.
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Finally, steady-state experiments at a constant mixture composition were done
at two different temperatures, 150 and 250 °C, to check changes before and after light-
off temperatures. The mixtures tested were: (1) NO, CO, CsHg and O»; (i1) NO, CsHg
and Oy; (iii) NO, CO and O,.

All DRIFTS chamber feed sequences employed during the simulated exhaust
conditions experiments are resumed in Table II-3. Note that all the sequences were
tested for the reference, Na-, K-, Ca- and P-PtPd, whereas for the HT-aged catalysts
only the NO, CO, C3Hg and O, gas mixture was verified.

Table I1-3. DRIFTS chamber feed sequences defined to simulate exhaust conditions.

DRIFTS chamber feed sequences (40 ml min™)

500 ppm NO, He balance He purge 300 ppm C;Hg, He balance
500 ppm NO, 10% O,, He balance ~ He purge 300 ppm Cs;Hg, He balance
500 ppm NO, 10% O,, He balance =~ He purge 300 ppm CO, He balance
500 ppm NO, 300 ppm CO, 500 ppm NO, 300 ppm CO,
300 ppm CsHg, 10% O», He balance  He purge 300 ppm C;3Hs, 10% O, He balance
Temperature = 150°C Temperature = 250°C
500 ppm NO, 10% O,, He balance He purge 500 ppm NO, 10% O,, He balance
Temperature = 150°C Temperature = 250°C
500 ppm NO, 300 ppm CO, 500 ppm NO, 300 ppm CO,
10% O, He balance He purge 10% O, He balance
Temperature = 150°C Temperature = 250°C
500 ppm NO, 300 ppm Cs;Hg, 500 ppm NO, 300 ppm CsHe,
10% O, He balance He purge 10% O, He balance
Temperature = 150°C Temperature = 250°C
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CHAPTER III: Effect of Na, K, Ca and P-impurities
on diesel oxidation catalysts (DOCs)

The main aim of this chapter is to study the effect of impurities contain on
biofuel on the catalytic activity of the diesel oxidation catalysts (DOCs). Both
reference (PtPd/CeZrO,/La-Al,0O3) and Na, K, Ca and P modified catalysts were
synthesized, characterized by several techniques and tested, concerning their physico-

chemical, redox and catalytic properties.
I. Characterization results

a. Chemical composition (ICP) and N, adsorption/desorption

The chemical composition and physico-chemical properties of synthesized

reference catalyst are listed in Table I1I-1.

Table III-1. Chemical composition and physical properties of synthesized catalysts.

Element contents (wt%)® Textural parameters

Samples SeeT Ve

La Ce Zrx Pt Pd (m? o)’ (em’ g'l)c
La-ALO; 3.08 - - - - 56 0.22
CeZr0O,/La-Al,03 3.08 528 198 - - 60 0.23
PtPd/CeZr0O,/La-ALO; 3.08 528 198 0.85 049 60 0.23

*Incertainty in measurement of 3%.
® BET surface area.
¢ BJH desorption cumulative volume of pores.

The metal percentage found by chemical analysis corresponded with the
expected theoretical one. The La-content was selected taking account the surface area
value of alumina final powder. Previous researches [1,2] verified that it exists an
optimum La-content for alumina doping. Thus, based on these studies, 4 wt% molar
of lanthanum was added by impregnation method (see section I, Chapter II) regarding
the alumina thermal stabilization provided by La-doping. Ce/Zr weight ratio was
chosen based in literature values [3,4], in order to provide catalyst of a large OSC
value.

The Nj-adsorption/desorption analyses showed that the BET specific surface
area (SSA) of the support and reference catalyst was evaluated (Table III-1).
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Figure III-1. Adsorption/desorption isotherms of reference catalyst.

Figure III-1 shows the Nj-adsorption/desorption isotherms of the reference
catalyst. It exhibited a type IV isotherm based upon the Brunauer-Deming-Deming-
Teller (BDDT) classification, which is characteristic of mesoporous materials (2-100

nm) with H3-type of hysteresis [5].

0.010
I - —A—TLa-ALO,
0.009 | —O— CeZrO,/La-ALO,
r —B— PtPd/CeZrO /La-AlLO
0.008 | ? 27
—A -
£ 0007 L (@
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E oosp- M .
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B | | ~
2 0004 | m ~O— u
5 r A\O
S 0.003 | AA-A_ €
s L
= 0002 |
a L
0.001 |
0.000 ——

Pore diameter (nm)

Figure III-2. The BJH pore size distribution curves of the support and reference

catalyst.

In addition, Figure I1I-2 presents the BJH pore size distribution curves for the
support and reference catalysts. Support and reference catalyst presented a double
pore size distribution: smaller mesopores at around 3-4 nm and larger mesopores with
a pore diameter between 30-40 nm. It can be observed that the formation of ceria-
zirconia mixed oxide increased the amount of the smaller mesopores (2 and 4 nm,

mainly), according to the higher SSA found (Table III-1). The formation of Ce-Zr
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mixed oxide is effective in the inhibition of the sintering of ceria, which translates in
higher BET surface area [2,6].

After addition of noble metals the smaller mesopores distribution was centred
at 4 nm diameters, but also an increase of higher mesopores (30-40 nm) was detected.
This phenomenon was in agreement with the maintenance of SSA and total pore
volume, after PtPd impregnation (Table I1I-1).

After analyse of support and reference catalyst, Na, K, Ca and P-modified
catalysts were evaluated (Table I11-2).

Table II1-2. Chemical composition and physical properties of modified catalysts.

Element contents (wt%)®

Textural parameters

. SBET Ve
Pt Pd Impurity (mz g'l)b (cm3 g'1)°
Aged-PtPd* 0.33 0.46 - 54 0.40
K-PtPd 0.56 0.48 0.5 57 0.30
Na-PtPd 0.83 0.50 1.6 50 0.41
Ca-PtPd 0.69 0.49 1.6 50 0.31
P-PtPd 0.64 0.46 5.6 33 0.26

*Uncertainty in measurement of 3%.

® BET surface area.

¢ BJH desorption cumulative volume of pores.

9 Fresh catalyst calcined twice at 650°C in presence of 50 ml min™ air and 10% water.

ICP results showed a decrease in platinum amount after impurities addition. In
order to verify if this effect was associated with the impact of the second
hydrothermal treatment after the impregnation of the additives, a second
hydrothermal calcination at 650 °C was performed to the reference catalyst (aged —
PtPd), which presented also a decrease of Pt amount contained. Thus, the lost of Pt is
related to the leaching of Pt after the calcination realized after impurities
impregnation.

The N-adsorption/desorption analyses showed that the BET specific surface
area (SSA) of the alkali and alkaline earth containing catalysts slightly decreased in
comparison to the reference catalyst. Indeed, the obtained results evidenced that the
ageing treatments had an effect on the SSA of this catalyst, which was decreased
after treatment, phenomenon also observed by some other authors [7]. However, the
decrease of SSA due to phosphorus addition was more severe, that could be attributed
to their physical deactivation (pore blocking) by phosphates [8]. Thus, the amount of

additives in the catalysts had an important influence on the SSA and pore size
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distribution, as the catalyst with higher percentage of additives presented the lower
SSA value.

As well as the reference catalyst, the Nj-adsorption/desorption isotherms of the
aged catalysts exhibited a type IV isotherm with H3-type of hysteresis (Figure Al-1).
The isotherms obtained for all the modified catalysts had the same shape, namely the
type IV isotherm corresponding to mesopores distribution, which evidenced that
these additives did not modify the type of pores in the catalyst structure.

The BJH pore size distribution curves (Figure Al-2) presented a double pore
size distribution: smaller mesopores at around 3-4 nm and larger mesopores with a
pore diameter between 30-40 nm. The amount of the smaller mesopores (< 5 nm)
slightly decreased after impurities addition, in agreement with the decrease of SSA.

The influence of impurities couple combination on surface area was also
studied. In order to simulate the real conditions at which all the impurities would be

present, PNaKCa-PtPd modified catalyst was evaluated.

Table III-3. Chemical composition and physical properties of catalysts modified by
impurities combination.

Element contents (wt%)® Textural parameters

Samples \%
Pt Pd Na K Ca P (1:2]3;3)“ (e’ ;_l)b

NaK-PtPd 070 048 178  0.50 - - 49 0.35
NaCa-PtPd 0.72 046 1.79 - 1.53 - 51 0.36
KCa-PtPd 0.80 0.50 - 055 137 - 45 0.40
PNa-PtPd 0.51 040 190 - - 6.50 26 0.18
PK-PtPd 0.53  0.44 ; <0.1 - 5.20 31 0.15
PCa-PtPd 047 043 - - <0.1 6.10 26 0.08
PNaKCa-PtPd 044 039 157 052 121  5.59 38 0.13

? Uncertainty in measurement of 3%.

The SSA decreased compared with Aged-PtPd catalyst when combination of
impurities was employed. Thus, in addition to the influence of the second
hydrothermal treatment, the higher amount of impurities present produced a stronger
impact. Finally, the results obtained for PNaKCa-PtPd catalyst released a combined
effect of alkaline, alkaline earth and phosphorus impurities. The highest amount of

impurities is present in this catalyst, decreasing the SSA value when compared with
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Aged-PtPd catalyst. However, its surface area still being higher than P- and
phosphorus couples modified catalysts. This could be explained by the formation of

phosphates that prevents the accumulation of phosphorus on the surface of the

catalyst [9].
b. X-ray diffraction (XRD)

Figure III-3 presents the XRD patterns of support and reference catalyst: (A)
La-AlOs, (B) CeZrO,/La-Al,O3 and (C) PtPd/CeZrO,/La-Al,Os, obtained using 26

positions between 20 and 80°.

* ALO,4
+ CeO,

Intensity (a.u.)

50
26 (°)
Figure III-3. X-ray diffraction patterns of La-Al,O3 (A), CeZrO,/La-Al,O; (B) and

PtPd/CeZrO,/La-Al,O5 (C).

The La-Al,O; diffraction pattern (Figure III-3, A) presented peaks at 45.8° and
67°, characteristics of y-alumina, at 39.5° and a broad peak at 37° corresponded to 8-
alumina phase. These results evidenced that lanthanum modification retards the
alumina phase transformation from y to a phase upon increasing the temperature.
XRD patterns failed to detect any lanthanum containing structure, probably because
of its high dispersed state.

The explanation of lanthanum-alumina stabilization might be related to defects
on alumina surface that consist in surface reactive aluminium ions. Due to the same
valence of the two aluminium ions, there are a lot of vacancies in the bulk, which
become very mobile and reactive increasing temperature in presence of water. Then,
alumina particles interact with lanthanum, forming LaAlO; that immobilizes the

surface aluminium ions into a stable structure [10].
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CeZrO,/La-Al,Os (Figure III-3, B) presented two peaks at 28.8° and 33.1°
related to the presence of CeO, with a cubic structure [6]. The higher intensity of
peak at 28.8°, which is usually found at 28.6°, and the no diffraction peaks related to
zirconia phases are an indicative that ceria and zirconia formed a solid solution [11].
An additional peak found at 56.5° associated with ceria-zirconia mixed oxide [4].
This ceria-zirconia mixed oxide could be favoured by the precursors used during
catalysis synthesis. Accordingly to [11], the different charge between anionic
Ce(NO;)2™ and the cationic zirconyl (ZrO*") could facilitate their interaction,
favouring the formation of a solid solution. The shifted observed for ceria phase peak
was smaller than reported in literature [4]. Thus, it is possible that not all the
zirconium was incorporated into ceria lattice, forming a highly zirconia dispersed
phase since it was not detected.

Noble metals (Pt, Pd) were not detected by XRD (Figure III-3, C), which could
be attributed to the quite homogeneous distribution on the surface of the support and
their low metal-load on the catalysts.

Otherwise, Figure I1I-4 presents a comparison between the XRD patterns of (C)
reference catalyst and modified catalysts (D) Na-, (E) K-, (F) Ca- and (G) P-PtPd

catalysts obtained using 26 positions between 20 and 80°.

* AlLO;
+ CeO,
~ CeZrO,

Intensity (a.u.)
gﬂ

26 (°)
Figure I1I-4. X-ray diffraction patterns of PtPd (C), Na-PtPd (D), K-PtPd (E), Ca-
PtPd (F) and P-PtPd (G).

XRD patterns obtained after impurities addition did not show any peak
corresponding to Na, K, Ca or P. These spectra showed only peaks attributable to y-

alumina, cerium oxide and ceria-zirconia mixed oxide. Comparing modified catalysts
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spectra with reference one, results suggest that metal addition do not modify the
crystal structure of the catalyst.

Moreover, Figure II1-5 shows the XRD patterns of (C) PtPd reference catalyst,
and the modified by impurities combination catalysts (H) NaK-, (I) NaCa-, (J) KCa-,
(K) PNa-, (L) PCa-, (M) PK-PtPd.

* AL O, °CePO,
+ CeO, " Na,P,0,
" CeZrO,

Intensity (a.u.)

T T T T T T T T T T T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 30 20 30 40 Q50 60 70
26 (°) 20 (°)

Figure III-5. X-ray diffraction patterns of PtPd (C), NaK-PtPd (H), NaCa-PtPd (1),
KCa-PtPd (J), PNa-PtPd (K), PCa-PtPd (L) and PK-PtPd (M).

As it can be seen in Figure III-5, the Na, K and Ca combinations are not visible
by XRD, similarly to the modified catalysts with only one impurity. When
phosphorus was present in the combinations, it was detected in form of cerium
phosphates. In addition, combined with Na it formed sodium phosphates as show in
spectra K. Calcium phosphate (Ca3(POs),) was also formed as demonstrated by N;
adsorption/desorption results but it was not detected by XRD as it overlaps with

cerium phosphate pattern.
¢. Transmission electron microscopy (TEM)

Figure I11-6 presents TEM analysis results corresponding to: a) PtPd, b) Na-, c)
NaK- and c) PNaKCa-PtPd catalysts. These observations were performed to better
understand the influence of impurities incorporation on morphological and structural

phases in synthesized catalyst.
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A1203+Na ey el ALO; + Alkalines

CeZrO, layer

PtPd |

Phosphorus layer

‘Figure I1-6. TEM images of : A) PtPd, B) Na-PtPd, C) NaK-PtPd and D) PNaKCa-
PtPd.

Firstly, in Figure III-6 A the alumina support appears as greyish, elongated,
partly transparent particles. According to the TEM images, no transition from the y-
phase to the a-phase was evidenced, as expected from the rather moderate ageing
temperature used in this study (650°C). In the support material, EDX analysis showed
that dark dots correspond to ceria-zirconia, such as CeO, and CeZrO, mixed oxide,
according to XRD results. It could be also observed that the particles of ceria-zirconia
formed are uniform in size and covering alumina surface (Figure I1I-6 A-2). As can
be seen on the encircled area in the micrographs, the lattice fringes are clearly visible
with a d-spacing of 0.316 nm, which can be assigned to the (111) plane of the cerium
oxide [8]. The detection of platinum and palladium was very difficult and no clear
evidence of Pt and Pd-particle growth was observed either in the fresh or modified
catalysts. In the elemental analyses (EDX), both elements were detected together in
different areas of the ceria-zirconia oxides.

In the case of Na- (Figure III-6 B) and NaK- (Figure III-6 C) PtPd catalysts,
the TEM images show the same trends. There are no changes in the alumina support
or in the platinum or palladium particles size. Again, ceria-zirconia oxides cover the

alumina surface with noble metals attached to them as a dispersed phase, according to
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the EDX analysis. The presence of alkaline metals was detected by EDX in the
alumina support, with no changes in its structure or in the platinum-palladium
particles.

Contrary, TEM analyses indicate some structural changes after phosphorus
addition. It can be observed in Figure III-6 D-1 that alumina was covered by a
phosphorus (P)-containing layer, as well as certum and zirconium oxides. The
phosphorus-containing layer covering cerium oxides could be responsible for the
cerium phosphate detected by XRD. In this case, platinum-palladium alloy was
visible on the phosphorous-containing layer (Figure III-6 D-2), corresponding to an

increased particles size after phosphorus addition.
d. X-ray photoelectron spectroscopy (XPS)

The XPS spectra obtained from the five catalysts studied yielded useful
additional information about the oxidation state of the catalysts. Firstly, the peaks
corresponding to XPS profiles of the Al 2p (Figure III-7) are centred in the range of
74.4-74.8 eV for all catalysts, corresponding to y-Al,Os3, which evidenced that the
binding energy (BE) of the alumina was not modified after impurities addition. This
fact could be attributed to Al,Os-stabilization with lanthanum, which was found as

carbonates in a BE range of 834-842 eV [12].

—®— Na-PtPd/CeZr/La-ALO, 744 748 eV Al 2p
—v— Ca-PtPd/CeZr/La-ALO, '

—A— K-PIPd/Cle/La—Ale3

—%— P-Pth/Cle/La—AlZO}

Intensity (a.u.)

82 80 78 76 74 72 70 68
Binding Energy (eV)

Figure III-7. Al 2p XPS spectra of reference and modified catalysts.

All catalysts presented the same peaks characteristic of pure CeO;, (not
shown), according to the convention established by Burroughs [13,14]. Cerium was

detected in two oxidation states, namely Ce*" and Ce‘”, with a higher amount of ceria
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species in the more oxidized state (Ce*", see Table III-4), which can be probably
associated to the oxidative atmosphere used during the catalyst synthesis. Note that
the percentages of the chemical states of cerium (Ce’*/Ce*" ratio) on the surface were
calculated by decomposition of Ce 3d spectra associated to these species. Moreover,
the highest Ce’"/Ce*" ratio observed in the case of P-PtPd catalyst could be attributed
to cerium phosphates formed in this catalyst, according to XRD results. The
formation of cerium phosphate is expected to maintain the ceria in the reduced state
(Ce™), decreasing both redox properties and catalytic activity [15]. In addition, Zr 3d
(182.1 eV) [16] also detected in two oxidation states, one its oxidation form Zr*" and
the other one as some supra oxidized ZrOy, promoted by the high amount of oxygen

and oxidized species around it [17].

Table ITI-4. Ce’*/Ce*" ratio obtained by XPS.
Samples  (Ce*"/Ce*)xps |

PtPd 0.71
Na - PtPd 0.89
K - PtPd 0.79
Ca - PtPd 0.49
P - PtPd 1.19

Moreover, the Figure III-8 shows the palladium chemical state on reference
and modified-catalysts. The Pd 3d spectra were characterized by the Pd 3ds,, peak at
336.9+£0.5 eV, corresponding to Pd** (bulk PdO). Na and K impurities addition
produced a negative shift of the Pd-3d binding energies, which is indicative of an
increased electron density on the metal due to the presence of alkali ions [18].
Moreover, XPS profile of K-PtPd catalyst showed a second peak corresponding to
Pd*" in contact with the support to form palladium-aluminate structures at 338.1 eV
or PdO, that induced the formation of new interfacial sites for the oxidation reaction
[19]. The lower intensity of these peaks in presence of alkali impurities indicates that
palladium is partly covered by the some components of the support, in fact by alkali

metal salts [20].
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Figure I11-8. Pd 3d XPS spectra of fresh and modified catalysts.
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Platinum was also detected in an oxidized state, which was not possible to
specify exactly due to overlap of their corresponding binding energy with those of
zirconium oxides. Otherwise, atomic percentage of platinum and palladium could
neither be accurately measured due to the low metal amount presented on catalyst
surface.

The Na-PtPd catalyst presented a Na 1s peak with a maximum et 1072.2eV
BE [21], which may correspond to sodium carbonate, NaCOxy. In the case of Ca-PtPd
catalyst, Ca 2p region was overlapped by Zr 3d, so the principal oxidation state could
not be detected. However, the secondary state, Ca 2s, showed that calcium appeared
also in the form of carbonate, CaCOx, at 439.8eV. The catalyst with potassium
additives followed the same trends, K was as K-Ox with K 2p BE equal to 296.5eV.
Finally, P-PtPd behaved differently; phosphorus was found in the form of
phosphates, as evidenced by TEM results, being P 2p BE equal to 134.4 eV.

e. H;temperature programmed reduction (H,-TPR)

In order to analyse the influence of the additives on the metal support
interaction and reducibility of the catalysts, TPR experiments were carried out from
room temperature to 600°C. The TPR profile of reference catalyst is depicted in

Figure III-9.
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Figure I11-9. TPR-H, profile of reference catalyst.

The reference catalyst, PtPd/CeZrO,/La-Al,Os, presented two main sharp

reduction peaks at low temperature and a broad peak at temperatures higher than 450
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°C. The reduction peak located at 70 °C could be attributed to the simultaneous
reduction of PdO species [22] and surface oxygen of CeO, around the Pd species
[23]. The reduction peak observed at 220 °C can be assigned to the reduction of PtOy
species and the superficial cerium oxide reduction, which is in interaction with Pt
[24].

The reducibility of the support was also studied by H,-TPR. No reduction peaks
at temperatures lower than 350 °C were observed. Thus, it seems that platinum and
palladium promotes the reduction of surface oxygen. Hydrogen is dissociatively
adsorbed on the Pt group metals and may react with an oxide ion in the ceria surface
to form a hydroxyl group. Such a hydroxyl group would be adsorbed on platinum or
palladium that will catalyse the formation of water, which then leaves the metal
surface. As a result, oxygen vacancies are introduced into the ceria lattice at sites near
noble metal crystallites [25].

The small broad peak between 350 °C and 400 °C can be ascribed to the
reduction of superficial CeO, that is not interacting with metal. Finally, the broad
peak detected at temperatures higher than 450 °C could be associated with the
reduction of bulk ceria promoted by zirconium.

As reported in literature [26], the reduction of ceria occurs in two steps: the
bulk reduction occurs at temperatures above 750 °C while the surface shell reduction
takes place at a much lower temperature. Doping zirconium atoms into ceria
facilitates the oxygen transport from bulk to surface [27], by increasing the number of
oxygen vacancies. Thus, largest mobility of oxygen and favors the reducibility when
the cerium-zirconium mixed oxide is formed [6]. It has been reported that reduction
of ceria-zirconia solid solution takes place between 450 °C and 600 °C, and involves
simultaneous surface and bulk reduction [28]. Balducci et al. [29] have carried out
calculation which indicate that surface Ce*"/Ce’” reduction energies in the mixed
oxides are comparable to bulk values which, in turn, are significantly lower than pure
ceria [30].

Similarly to the reference catalyst, the TPR profiles of aged and modified-
catalysts are depicted in Figure I11-10.
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Figure III-10. TPR-H, profiles of NaK-PtPd, Na-PtPd, K-PtPd, Ca-PtPd P-PtPd and

aged-PtPd catalysts.

The H,-TPR profile of modified catalysts showed some differences compared
to the aged-catalyst. The H,-TPR profile for the aged-PtPd catalyst presented one
peak corresponding to PdO and/or PtOy reduction at 87°C. The increase of the
temperature reduction can be correlated to the significant deterioration of the surface
oxygen mobility after second hydrothermal treatment [31]. In addition, the
disappearance of the Pt reduction peak for the aged-PtPd catalyst could be ascribed to
its lower amount of Pt, which was leached during hydrothermal aging.

The H,-TPR profile of modified catalysts showed some differences compared
to the reference catalyst. In addition to the decrease of oxygen diffusion after the
second hydrothermal treatment, metal-support interaction was increased after
additives incorporation, shifting first reduction peak towards higher temperatures,
with a stronger effect in the case of Na, K and Ca. This effect could be ascribed to
differences in the electronegativity of the additives. The electronegativity of the
additives used decreases as follow: Ca > K = Na. Due to the lower electronegativity
of the alkali species, a higher interaction of metals with oxygen was produced which
increased the reduction temperature. According to this electronegativity tendency, the

lowest electronegativity of sodium and potassium species increases the temperature
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corresponding to the first reduction peak. However, the higher electronegativy of Ca
comparing to that of Na and K compounds, leads to the slightly higher reduction
temperature than reference catalyst, with a less marked effect than Na and K.
Otherwise, the second reduction peak became broader after impurities
addition. With regard to reduction temperature, alkaline and alkaline-earth presence
shifted peak associated with PtOy to slightly higher temperature than in the case of
the reference catalyst. In contrast, the second peak on the P-PtPd catalyst shifted to
higher temperature in comparison to the PtPd catalyst. These effects can be ascribed
to the lower amount of Pt found after impurities addition, probably due to leaching of
Pt during the hydrothermal calcination. The broad reduction peak of bulk ceria
appears at temperatures higher than 450 °C in all the cases.
Moreover, the H, consumption of the reference and modified catalysts was
calculated in function of the noble metal amount found by ICP for each catalyst

(Table III-5).

Table I1I-5. Reduction temperatures and H, consumption observed in the TPR

experiments.
T eak 1 T eak 2 H2 consumed H2 theoretical

Samples ¢C) ¢C) (mol H, g")  (mol H, g”)
PtPd 70 220 1.28-10™ 1.33-10™
Aged-PtPd 87 - 1.20-10™ 7.71-107
Na-PtPd 137 210 1.44-10™ 1.32-10™
K-PtPd 114 218 1.85-10™ 1.02-10™
NaK-PtPd 165 224 2.35-10™ 1.17-10™
Ca-PtPd 108 215 1.49-10™ 1.17-10™
P-PtPd 93 222 5.44-107 1.09-10™

H, consumption of reference catalyst was slightly higher than the theoretical
one calculated to Pt and Pd oxides. This could be associated to the existence of a
hydrogen spillover phenomenon over Pd and Pt species during the TPR process.

In the case of aged-PtPd catalyst, only one reduction peak was found. The H,
consumed was similar to the amount of H, employed to reduce the reference catalyst.
Thus, it seems that the Pt-Pd formed an alloy during the second hydrothermal
treatment. In addition, the higher amount of H, consumed compared with the

theoretical one is in agreement with the spillover phenomenon proposed above.
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The H, consumption increased by supplying Na, K and Ca additives, especially
when Na and K were present combined. However, reduction peaks became broader
after alkali addition, being more difficult to integrate accurately. This finding
indicates that there might be a hydrogen spillover phenomenon on alkali-modified
catalysts during the TPR process, in which H;, adsorbed on the metal atoms migrates
to alkaline oxides in close proximity to them [32]. This promotion effect is closely
related to the electron donation property of alkali metals. Ca-PtPd catalyst had a
similar effect on the H, adsorption, however a weaker promotion effect than the
alkali metals was exhibited, according to its higher electronegativity [33]. The
consumption of hydrogen measured after P addition was lower than the theoretical
one, which could be ascribed to the phosphorus compound layer detected by TEM,

which could block and inhibit the reduction process [34].
f- NO temperature programmed desorption (NO-TPD)

NO-TPD was used to investigate the influence of the additives on the NO
adsorption capacity, which may be correlated with the NO conversion. Note that NO,
NO; and N,O concentration in gas flows were followed by infrared spectroscopy

during the desorption ramp.

120

L —u—PtPd

- 110 | —A— Na-PtPd
100 L w —e—K-PtPd
i 00 T Yy ¥ —+—P-PtPd
2 9% C / '\ —v— Ca-PtPd
A AT
S - v A
E 70 -— /./...\ v \
s N /s
8 sof R YEEN /
9 I [ ] / / .A v °
g w / ‘bg \\ \ W
S T R N S
30 [ J oA IR \

@) [ o ,'./A/ '\ .\ /'W% .
Z. 20 ) ’ﬁ'w' /' m LY

[ //!{/vy % ./.A/A w d A \ v

0T wrwgt? 80 LI RV Vool
r 4 L L] v
0 T W U T L— T T — T
0 100 200 300 400 500 600 700

Temperature (°C)
Figure III-11. TPD profiles following NO desorption on the reference catalyst.

NO-TPD study (Figure III-11) showed that only NO was detected in the outlet
gases flow under increased temperature for both reference and modified-catalysts.

For reference PtPd catalyst, three NO desorption peaks were observed in the 50-
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450°C temperature range, whereas only two desorption peaks were detected for
modified-catalysts. The low temperature peak disappeared upon catalyst modification
by the additives. In addition, it can be observed that, with additives, desorption peaks
are generally more intense and shifted towards higher temperatures. Otherwise, the
phosphorus-modified catalyst showed a different behaviour. Contrary to the other
catalysts, only one low temperature desorption peak was detected, with an intensity
comparable to the one related to the first desorption peak of the reference catalyst.

NO desorption peaks indicated the presence of NO reversibly adsorbed and
desorbed within low-temperature region (50-150°C) as well as in mid (150-350°C)
and high (350-600°C) temperature regions. The three distinct features in the NO
desorption profiles suggest that three types of sites are available for NO adsorption.
The first NO feature was associated with the weakly adsorbed NO, while the mid and
high temperature desorption peaks have been attributed to more stable NO adsorbed
species, as nitrites/nitrates species [35].

Moreover, the total amounts of desorbed NO are presented in Table I1I-6.

Table I1I-6. NO amount desorbed (mmol g™) during NO-TPD experiments.

Samples ooy o) (°C)  (mmolg?)
PtPd 100 188 395 49.89
K - PtPd - 260 474 41.91
Na - PtPd - 283 496 43.24
Ca - PtPd 122 263 485 61.36
P - PtPd 112 - - 4.90

Obtained results showed that the Ca-PtPd catalyst presented higher NO
desorbed amount than reference catalyst, while that Na and K-PtPd catalysts
presented similar NO desorbed quantities. Finally, in presence of phosphorus, the NO
desorbed quantity was the lowest one.

Previous studies showed that the addition of alkaline additives on PtPd causes
an increase in the strength of the metal-NO bond, accompanied by a weakening of N-
O bond of the adsorbed NO molecules, which facilitate the NO dissociation [36-39].
This fact is ascribed to the low electronegativity of alkali additives, which provides
them with an electron donor behaviour, increasing the interaction with NO, which has

an electron acceptor character [40]. This is in agreement with the results provided by
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NO-TPD experiments, which showed an increase of desorption temperatures in
presence of Na, K and Ca additives.
In Figure I1I-12 is presented the NO desorbed in mmol g™ for each catalyst and

the molar percentage and the electronegativity value of each.

20 ‘ 2.25
18 | 4
| 61.4 mmol g' NO 2:00

—_
[=)}
T

- 1.75

=
T

- 1.50

Ju—
)
T

41.9 mmol g NO | 43.2 mmol g NO | 4125

—_
(=}
T

- 1.00

AMANESIU01)I

—0.75

Impurity amount (% mol)

I P

K-PtPd  NaPtPd  Ca-PtPd  P-PtPd
Figure I1I-12. Relation between the NO desorbed amount (mmol g™') for modified

catalyst and the electronegativity and molar percentage of each impurity.

As discussed before, Ca-PtPd presented the higher NO storage, while in the
case of P-PtPd it had the lowest NO desorbed amount. Previous studies [15] have
demonstrated that the presence of alkali or alkaline earth in NOy storage reduction
(NSR) catalysts can facilitate the NOy storage due to their higher basicity. Otherwise,
Takahashi et al. [41] related the electronegativity with the basicity, indicating that
lower electronegativity translates in stronger basicity, and thus, in higher NO storage.
However, the results showed in Figure III-9 presented the contrary tendency,
increasing the NO storage with the electronegativity of the impurity presented on the
catalyst. This contrary effect could be ascribed to the different impurities mole
percentage on the catalysts. The higher amount of Na and Ca could favor the storage
more than K, as higher amount of impurity is present. Nevertheless, it is worth noting
that Ca-PtPd presented significant higher NO storage than Na-PtPd catalyst. Thus, it
could be concluded that it exists an optimum percentage, above which the impurity
would start to inhibit the NO storage. In the case of P-PtPd catalyst, the much higher
amount of impurity does not allow to compare easily with the other impurities. The
low capacity of NO adsorption/desorption was related to the formation of phosphates,

according to TEM analysis, which hinder the NO adsorption on the active sites [8]. In
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addition, electron transfer from Pt and Pd to ceria in oxidizing atmospheres has been
reported [42]. This interaction is expected to increase the strength of NO adsorption
(NO electron donor) on oxidized catalysts (Ce*", electron acceptors; Ce®”, electron
donors). However, XPS results evidenced an increase of the percentage of Ce’” in the
presence of phosphorus, which disfavoured NO adsorption in the presence of P due to

the lower availability of electron acceptor species.
I1. Activity test results

a. Catalytic activity of reference catalyst

The catalytic performances of reference catalyst for CO, C3Hs and NO

conversion (Figure II1-13) are going to be discussed.
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Figure I1I-13. CO, C3Hg, NO-NO, and NO-N,O conversion obtained for the
reference catalysts during the heating ramp of the first catalytic cycle. Operating
conditions: 50 mg, 250 ml min”', GHSV = 135 000 h™', 300 ppm CO, 300 ppm C3Hs,
500 ppm NO, 10% O, 5% CO,, 3.5% H,0 and He as balance.

As it can be seen in Figure III-13, the results obtained for platinum-palladium
reference catalyst showed that CO was the first compound to be consumed. The
temperature at 50% conversion (Tso) was 188°C and the complete conversion was
reached at around 200°C. Once CO oxidation was almost finished, the Cs;Hsg
conversion started, reaching a 50% of CsHg conversion quickly at 210°C and then, the
complete conversion was attained. As is well known, in the presence of oxygen and

NO, the propene can be consumed by: (i) oxidation with oxygen and (i1) selective
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catalytic reduction of NO (SCR). Indeed, platinum based catalysts are known to be
active for SCR at low temperature, producing the reduction of NO to N,O [43]. Thus,
propene conversion started at 183°C and, at a slightly higher temperature, the
simultaneous reduction of NO by propene (SCR) and N,O production at around
225°C take place. The maximum SCR conversion corresponded to the propene
conversion very close to 100%. Then, NO-N,O conversion started to decrease,
accompanied by an increase in the NO conversion to NO,. Finally, the NO
conversion to NO; attained a maximum of 22% at 370°C, decreasing at higher

temperatures due to limitation by the thermodynamic equilibrium.
b. Experiments varying the reactant mixture

To better understand the reaction mechanism and the influence of each gas
reactants over PtPd reference catalyst, several approaches were tested, varying the
reaction mixture. Note that in the amounts of different reactants were similar in all
catalytic experiments, using He as balance with a total flow equal to 250 ml min™'

(see section II-b, Chapter II).
i.  Oxidation reactions

The CO, CsHg and NO oxidations were first evaluated (Figure I11-14).

100 | NN AR BN AR AEAARA AR

00 | —@—NO

L —m-CO

80 | —A—CH
o~ 376
N
S 70
=
S 60| /
-
2 L
o 0 )
z ot A oTe
= [ @ N
=) ® [ )
Q ./ .\.

./0 L2
/ o
o L4 )
A .,o’.
’ ;‘/.../
T T T T T T T T T T
100 200 300 400 500 600

Temperature (°C)
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the heating ramp of the first catalytic cycle. Operating conditions: 50 mg, 250 ml
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and He as balance.
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The first reactive mixture consisted on 300 ppm CO and 10% O,, in which
only the oxidation of CO to CO, was detected. The Tsy, temperature at which
conversion is 50%, was found at 90 °C, and total conversion was quickly reached.
The low light-off temperature of CO oxidation can be explained by the ability of CO
to strongly adsorb onto the active sites at low temperatures, covering the majority of
the catalyst surface [44,45]. The propylene combustion was evaluated using 300 ppm
CsHg and 10% O,. Similarly to CO oxidation, complete conversion was found,
however the conversion of 50% was archived a higher temperature (179 °C). In this
case, the strong propylene adsorption onto the active sites of the catalyst was
favoured by its double bond [46,47]. Finally, NO to NO, oxidation was carried out
with 500 ppm NO and 10% O,. The maximum conversion was equal to 49.3%, with
Ty value equal to 233 °C. At high temperatures, NO conversion decreased due to

limitation by thermodynamic equilibrium of NO oxidation reaction.
ii. Competition between NO, CO and C;H,

It is well known that it exists a competition between NO, CO and Cs;He
adsorption and subsequent reactions when they are co-feed [48]. Thus, this
interaction between the different reactants was studied by varying the total reactive

mixture step by step (Figure III-15).
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Figure I1I-15. CO, C;Hg, NO to NO; and NO to N,O conversion obtained by

different mixtures employed during the heating ramp of the first catalytic cycle.
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Operating conditions: 50 mg, 250 ml min™', GHSV = 135 000 h™", 300 ppm CO
and/or 300 ppm C;Hg, 500 ppm NO, 10% O,, 5% CO, and He as balance.
As shown in Figure III-14, three reactive mixtures were used in order to verify

their competition:

* 500 ppm NO, 300 ppm CO and 10% O: (He as balance until 250 ml

min'l)

In this first case, total CO conversion was reached (Tso value equal to 183 °C)
with a maximum of NO to NO;, conversion of 24.9% (T equal to 275 °C).
According to these results, CO complete conversion was achieved at higher
temperatures (214 °C) than in absence of NO (183 °C). In addition, the presence of
NO led to a more gradual increase of CO conversion than in the absence of NO.
These data clearly show the inhibition between NO and CO activity by themselves.
The adsorption competition of NOy species with CO can potentially inhibit its
oxidation [45,48]. It has been observed in the literature [49,50], that NO can easily
adsorb onto Pt and Pd active sites, allowing its further dissociation, which could
produce a high coverage of adsorbed nitrogen species and oxygen atoms on the active

sites, limiting CO adsorption, although it still adsorbs [45].

* 500 ppm NO, 300 ppm Cs3Hgs and 10% O (He as balance until 250 ml

min! )

The Tso and T of C3Hg and NO light-off curves, respectively shifted to higher
temperatures when the reactive mixture was constituted by NO and C;Hg as reactive
gases. Moreover, NO-NO, maximum conversion value was decreased from 49.3% to
45%. In presence of both reactants the NO oxidation conversion was lower than in
absence of C3Hg due to active site competition and the NO reduction via SCR-Cs;Hg

(Eq. III-1), which was selective to N,O instead of Nj:
C3Hg + 200 + 40, - 0,0 + 3C0, + 3H,0 Eq. lI-1

The oxidation of NO-NO, was also detected at temperatures below 200 °C.
However, coinciding with the beginning of CsHg conversion curve at higher
temperature, the NO-NO, conversion value detected decreased. Shen et al. [51] have

shown that at temperatures lower than 250 °C, adsorbed O, facilitates the activation
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of CsHg, which could favour the formation of oxidised HC intermediates on catalytic
sites. Thus, the decrease of NO-NO, conversion can be attributed to the reduction of
NO; back to NO via reaction with C3Hg [52]. In addition, these oxidised Cs;Hg
intermediates are believed to react preferentially with adsorbed NO, forming N,O, in
agreement with the temperature at which NO reduction started. However, NO
reduction decreased when temperature increased due to the combustion of CsHg by
0O, [53].

In order to verify the oxidation of CsHe by NO; reduction to NO, a similar
experiment was performed using 500 ppm NO; instead of NO. As it can be seen in
Figure AI-5 (Annexed I), at temperatures below 250 °C NO,-NO reduction by C;Hs
takes place even in oxidizing conditions.

Once the onset of C3Hg oxidation was reached, NO can adsorb and react on the
active sites. As previously discussed, the double bond of propene favors its strong
interaction with metal sites, resulting in a high coverage of catalyst surface by CsHe
[54]. Thus, until hydrocarbon species react and lead free catalytic active sites, NO
species are not available to react, which means NO reactions are secondary and
dependent on reduction of the active sites by C3;Hs oxidation. These results are in
good agreement with H,-TPR results, in which a reduction peak at 220 °C was

observed, so at similar temperature than Ts, for CsHs oxidation.

* 500 ppm NO, 300 ppm CO, 300 ppm C3Hg and 10% O; (He as balance

until 250 ml min™)

Once the competition between NO and CO or C;Hg was verified, a mixture
containing NO, CO and C3;H¢ was used in order to study the competition between the
three reactants for catalyst active sites. CO and Cs;Hg total conversions still being
reached. If Tsy temperatures are compared with the previous values, in which only
NO is present in the reactive mixture, a slight increase of Tsy temperature was found
in the case of CsHg (from 225 °C to 230 °C), being even more pronounced in the case
of CO (from 183 °C to 208 °C). Otherwise, the maximum conversion value of NO to
NO, oxidation (23.4%) was similar to that obtained in presence of only NO and CO
(24.9%). This fact could indicate that the CO and Cs;Hg competition for catalyst
active sites affected the NO oxidation. The NO-N,O conversion still detected due to

NO reduction via SCR-C3Hg. However, the conversion was lower than in the reactive
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mixture without CO as a reactant, which could indicate that the CO inhibits all NO
reactions (oxidation and reduction), due to the competitive adsorption on catalyst
active sites.

Therefore, these catalytic results verified the competitive adsorption at low
temperatures between CO, C3Hg and NO. However, although both CO and C;Hg can
strongly adsorb on catalyst active sites, the adsorption of CO is stronger at lower
temperature than CsHg and NO adsorption, which inhibits both NO and C;Hg
oxidation. Once the temperature is high enough to overcome the kinetic limitations
the CO oxidation starts, leading some free active sites on which NO and propylene
try to adsorb [48,55]. Thus, the results obtained on the previous experiments show

that the combined effect of NO and C;Hg 1s accumulative.
iii. Study of water influence

Water is also present in diesel engine exhausts and can play an important role
in diesel oxidation catalyst practical operation. Thus, 3.5% of water was added to the
previous defined mixtures in order to clarify its influence on the NO, CO and C;Hg
reactions under oxidation conditions that take place on the reference catalyst (Annexe
I, Figure AI-6).

For mixtures in which only CO was present as carbonaceous reactant, 50%
conversion was attained at lower temperature when water was added to the mixture.
It has been recognized that water enhances CO oxidation by the reduction of the self-
poisoning of CO [56]. Otherwise, previous studies [57] have proposed that the CO
oxidation barrier could be significantly reduced by the direct reaction of H,O/OH
with CO via COOH intermediates. In addition, CO oxidation via noble metals
reduction had also an important contribution. When both C3Hg and H,O are present in
the mixture, 50% conversion of propylene and CO were reached at higher
temperatures than in absence of water. NO maximum conversion values were also
decreased when water was added to the mixture. Thus, the water inhibition is
attributed to competitive adsorption with NO, CO and propylene for catalyst active
sites [57].
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¢. Influence of Na, K, Ca and P impurities in catalytic results

The catalytic performances for CO, C3Hg and NO oxidation using Na, K, Ca

and P-PtPd catalysts (Figure III-16) are discussed and compared with reference

catalyst, leading to evaluate the effect of the different impurities on the catalytic

conversions.
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Figure I11-16. CO, C3Hs, NO-NO;, and NO-N,O conversion for reference and

C,H, conversion (%)

NO-N,O conversion (%)

modified catalysts during the heating ramp of the first cycle. Operating conditions: 50
mg, 250 ml min™', GHSV = 135 000 h™', 300 ppm CO, 300 ppm C3Hs, 500 ppm NO,
10% O,, 5% CO», 3.5% H,0O and He as balance.

Moreover, in order to better explain and compare the different results, reaction

rates have been calculated for each catalyst (Table I11-7) taking into account its actual

metal content.
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Table III-7. Catalytic activity results in presence of Na, K, Ca and P impurities for
catalytic diesel oxidation reaction.

Catalyst 1l‘(j() er3H6 1l‘No 2NOz 2NzO
PtPd 0.912 - 3.191 145 39
Na-PtPd  0.421 0.045 0.736 119 30
K-PtPd 0.504 3.963 4.351 118 31
Ca-PtPd 0384 4.003 1.036 154 12

P-PtPd 0994 0446 3.643 127 25
'Reaction rate ((mol ! ngM")- 105) during the heating at 150, 180 and 230°C for CO, C;Hg and NO,
respectively for the first catalytic cycle.

*Maximum concentration (ppm) of NO, and N,O for each catalyst during the heating ramp.

Conversely to reference catalyst, CO conversion values obtained with
modified catalysts showed the complete conversion in the temperature range of 200-
250°C. Light-off curves shifted towards slightly higher temperatures in presence of
Ca, K and Na, showing lower reaction rates calculated at 150°C (Table III-7) than
reference catalyst, notably in the case of Ca-PtPd catalyst. As already discussed, CO
strongly adsorbs on the active sites of the catalyst at low temperatures, decreasing
oxygen adsorption [33]. The use of ceria-zirconia mixed oxide as an “active” support
reduced this CO self-inhibition, due to the role of surface oxygen vacancies in
oxygen activation [58]. However, the low electronegativity of alkali impurities
produces an inhomogeneous electric field, which increase the metal-CO change
transfer [40], promoting CO adsorption and the subsequent catalyst surface
saturation.

P-PtPd catalyst showed a more different behaviour, probably due to the higher
amount of impurities loaded in the catalyst. The light-off of the P-PtPd catalyst
started at slightly lower temperatures than that of the reference catalyst. However, the
light-off curve was displaced toward higher temperatures when almost complete
conversion was attained. As reported in Table III-7, the P-PtPd reaction rate is higher
than that of the reference catalyst. This fact could be attributed to the phosphates
formed in this catalyst, detected by XRD and XPS, which inhibit CO adsorption,
avoiding CO self-poisoning. Moreover, the lower reducibility of Pt-Pd phase in
presence of P favoured its oxidation state, which is the active phase for CO oxidation.

Propene oxidation over reference catalyst followed a steady increase until
reaching the maximum conversion, in a similar trend than the CO light-off curve.
Similarly to reference catalyst, when impurities were present, almost complete

conversion was achieved in a range between 200-250 °C. The catalytic test results
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showed that Na-PtPd light-off curve shifted towards higher temperatures, whereas K,
Ca and P-PtPd catalysts light-off curves shifted towards lower temperatures
compared to the reference catalyst, reaching the highest conversion faster than the
reference catalyst. Reaction rates calculated at 180°C are shown in Table III-7,
following this trend: PtPd < Na-PtPd < P-PtPd < K-PtPd < Ca-PtPd. An
enhancement of propene reaction rate was noticed for all modified-catalysts, being
more pronounced in presence of Ca and K impurities. Note that the reference catalyst
showed no conversion at this temperature. The catalytic behaviour of Na- and K-PtPd
catalyst for CsHg conversion could be attributed to the electron-donor character of Na
and K that could produce an enhancement of oxygen adsorption [59], which could
enhance propene oxidation. In the same way, the highest catalytic activity of Ca-PtPd
catalyst could be associated to the higher electronegativity of alkaline-earth species
compared to that of Na and K species, which decrease the electron-donor effect and,
as a consequence, the oxygen interaction. As for CO oxidation, the formation of
phosphates avoids Cs;Hg self-inhibition increasing reaction rate of P-PtPd catalyst
compared to that of reference catalyst.

In addition, NO-NO; conversions obtained for reference and modified catalysts
were compared. Although the same trend was found for all catalysts, modified
catalysts reached lower maximum conversion values than the reference catalyst. K-
PtPd catalyst reached a maximum conversion (18%) at 335 °C, while Ca and Na-PtPd
catalysts accomplished its maximum of NO-NO, conversion (~17%) at 430 °C and
470 °C respectively. Finally, the P-PtPd catalyst showed its maximum conversion
(17%) at 360°C. NO reaction rates calculated at 230 °C (Table III-7) showed that K
and P-PtPd catalysts had a higher value of reaction rate than the reference catalyst,
while Na-PtPd and Ca-PtPd presented a lower value. The decrease in the NO-NO,
maximum conversion in the presence of alkali impurities could be due to the electron
transfer from alkaline to noble metals, which promotes the NO dissociation,
increasing the adsorption strength of NO on the catalyst surface. Otherwise,
according to NO-TPD analysis the presence of alkaline metal impurities can create
the new adsorption sites on these modified catalysts, which are not involved in the
reaction but can store NO species [60]. Moreover, the higher reduction temperatures
detected by H,-TPR analysis in the presence of Na, K and Ca additives made more

difficult the reduction of Pt and Pd species, diminishing the NO conversion as
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metallic Pt and Pd are the active phase for NO oxidation. Finally, the decrease of NO
conversion with phosphorus addition could be correlated to the following
conclusions: (1) the presence of phosphates detected by TEM and XPS blocked the
pores, decreasing the BET specific surface area, which reduces the amount of NO
adsorbed; (2) phosphates species on catalysts surface can stabilize the Ce®" oxidation
state, according to the higher Ce’/Ce*" ratio obtained by XPS analysis, decreasing
the NO adsorption due to its electron donor character and (3) the amount of NO
desorbed obtained by NO-TPD was the lowest, confirming the disfavoured NO
adsorption detected by the rest of the characterization methods.

Even in the presence of high amounts of oxygen, as encountered in the present
study, NO partial reduction was detected via the SCR-C3;Hg reaction. N,O and N to a
lesser extent coming from NO partial reduction via C3Hs-SCR were detected. To
complete the NO balance, the undesirable N,O production was also evaluated for the
reference and modified catalysts.

The reference catalyst presented a maximum of NO-N,O conversion (13%) at
230 °C (Table III-7), while K-PtPd maximal NO-N,O conversion (10%) was reached
at 198 °C. Na-PtPd achieved similar maximal conversion than K-PtPd catalyst (10%)
but at higher temperature and slightly lower than that of the reference catalyst.
However, Ca-PtPd and P-PtPd catalysts presented an almost negligible NO-N,O
conversion of 5% and 8% of maximum conversion, respectively.

The catalytic test results showed that the NO-N,O conversion started at the
light-off temperature of propene combustion, indicating the occupation of NO
oxidation active sites by propene [43]. Comparing the results related to modified and
reference catalysts, lower NO-N,O conversion was found for the K-PtPd catalyst than
for the reference one. An unexpected fact was the lower temperature at which the
maximum conversion was reached, reported to the electron donator role of the K
additive. In the case of Na-PtPd, the maximum conversion was found at higher
temperature than over the reference and K-PtPd catalysts. As stated before, alkali
doping increases the strength of NO chemisorption relative to C3Hg, which induced a
promotion phenomenon of NO reduction. This enhancement follows a volcano type
behaviour related to alkali loading. The higher amount of Na compared to K added to
the catalyst probably overtook the optimum alkali amount, decreasing the promotion

effect related to alkali presence. As shown in Table I1I-7, the maximum N,O quantity
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produced was similar to that obtained in the case of K-PtPd catalyst, lower than over
the PtPd catalyst. In addition, NO to N,O conversion obtained over the Ca-PtPd
catalyst was almost negligible. Finally, the P-PtPd catalyst also disfavour SCR-C3;Hg
reaction, according to the significantly lower NO-N,O conversion and N,O formation

compared to that of the reference and Na, K and Ca-PtPd catalysts.

d. Impurities combination influence in catalytic results

The catalytic performances obtained when combination of impurities were
presented in the catalysts are present in Annexed I (Figures AI-7 and AI-8). The
reaction rates were also calculated in order to discuss and compare with the
performance of reference catalyst (Table I1I-8).

Table I1I-8. Catalytic activity results in presence of Na, K, Ca and P combinations

for catalytic diesel oxidation reaction.

Catalyst 11‘ (6[0) er3H6 1l'N() 2NOz 2N20
PtPd 0.912 1.305  3.191 145 39
NaK-PtPd 0.430  0.145 - 95 11
NaCa - PtPd 0.603  0.073 - 107 13
KCa - PtPd 0.592 0.135 - 117 12

PNa - PtPd 0.802 0478 0.776 121 23
PCa-PtPd 0.036  0.142  0.332 140 21
PK-PtPd 0.238 - 121 23

PNaKCa-PtPd 0.216 0.071 - 107 21
"Reaction rate ((mol gt ngM'l)- 105) during the heating at 150, 200 and 230°C for CO, C3Hg and NO,
respectively for the first catalytic cycle.

*Maximum concentration (ppm) of NO, and N,O for each catalyst during the heating ramp.

CO reaction rate decreases as follow when Na, K and Ca combinations are
introduced: PtPd > NaCa-PtPd > KCa-PtPd > NaK-PtPd. As previously established,
the electronic field produced by alkali impurities is the major factor affecting the
catalytic performances of modified catalysts [61], being the NaK-containing catalyst
the combination most electropositive. This catalyst presents the highest electron
donor character, which should increase the CO adsorption. However, an excess of
alkali impurity added can also have a negative role in the CO adsorption [62]. Thus,
the lower reaction rate could be ascribed to two contrary effects: (i) surface saturation
due to the excessive promotion of CO adsorption, or (ii) avoid of CO adsorption due
to the excess of alkali metal over the optimum. The higher amount of impurity

present on the catalyst made the second option more suitable. This conclusion will be
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corroborated by the in-situ DRIFTS study (Chapter IV). In addition, in the case of
catalysts combining with Ca impurities, the higher electronegativity of this alkaline
earth compound results in a decrease of the CO reaction rate.

The C3;Hg light-off curves shifted to higher temperature values due to the higher
amount of impurities presented in the catalysts (Figure AI-8 and Table III-8). These
results showed that the higher Cs;Hg reaction rate could be related to the low
electronegativity of alkaline metals (Na, K and Ca), which enhances the oxygen
adsorption, according to the results observed in presence of only one impurity. On the
contrary, if the amount of impurity exceeds a certain limit, this promotion can be
reverse [62] due to the catalyst surface saturation by O, adsorption.

Regarding the NO reaction rate, the combination of alkaline impurities
produced the same effect on than when they were presented alone. The reaction rate
decreased due to the low electronegativity of these impurities, which will transfer
electrons to PtPd, favoring NO dissociation and increasing metal-NO bond strength.

Otherwise, CO and C;Hs reaction rates decreased when alkali impurities are
combined with phosphorus. The formation of phosphates can avoid the CO and C;Hs
self-poisoning, however an excess of them reduces the SSA as verified by Nj
adsorption/desorption.

Finally, a catalyst containing all the impurities was synthetized (PNaKCa-
PtPd), which shows the combined influence of alkaline impurities and phosphorus
(Figure AI-9). The higher content of impurities increased the electronic effect due to
the alkali impurities, increasing the temperature at which CO conversion was
attained. Propylene conversion also shifted to higher temperature values, but lower
difference in temperature between CO and C;Hg curves was observed. Indeed, the
enhancement of O, adsorption was also increased due to the higher amount of
impurities, thus C3;Hg oxidation was also enhanced. Finally, the lower NO adsorption
due to the blockage of catalytic active sites by phosphates decreased the catalytic

activity.
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I11. Conclusions

The impact of alkali and alkaline earth metals (Na, K and Ca) or phosphorus
species (P), on PtPd/CeZrO,/La-Al,O; diesel oxidation catalysts physico-chemical,
redox and catalytic properties was evaluated. The catalytic test results for modified
catalysts concerning CO, C3;Hg and NO oxidation reactions have shown that the
presence of inorganic elements originating from biodiesel have a significant impact
on the performance of a DOC catalyst. Thus, the inhomogeneous electric field
produced around Na, K and Ca species increase the oxygen interaction, according to
H,-TPR analysis. This fact results in a negative effect on the CO catalytic oxidation
due to the electron donor character of CO, which promotes its adsorption saturating
the catalyst surface. However, the reaction between propene and oxygen is enhanced
in presence of these inorganic elements due to this higher oxygen interaction,
improving the C;Hg, oxidation activity. In presence of P species, both CO and Cs;Hg
oxidation were improved. These results could be related to the presence of
phosphates species that inhibited the catalyst surface saturation, avoiding CO and
CsHg self-poisoning. In addition, the lower noble metals reducibility as well as to
their higher oxidized state promotes their co-oxidation. Na, K and Ca-PtPd catalysts
also presented lower NO catalytic activity than reference catalyst. These results could
be attributed to the electro-donor character of these additives, which increase the
metal-NO bond strength, according to the higher NO desorption temperature.
Phosphates formation inhibited NO adsorption, decreasing the catalytic activity.
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Chapter IV

CHAPTER 1V: In-situ DRIFT study of impurities

influence on surface adsorption properties of DOC

In the previous chapter the effects of Na, K, Ca and P impurities on a
reference DOC catalyst, PtPd/CeZrO,/La-Al,0;, were evaluated. It has been shown
that, depending of the impurity, these effects were different for each reaction studied.

Regarding the state of the art, several studies have shown that the NO is
mainly oxidised on metal sites and subsequent storage on adjacent sites in the form of
nitrates occurred [1-3]. Typically alkali or alkaline earth metals, such as barium, are
used as storage component on NOy Storage-reduction (NSR) catalysts. Furthermore,
Westerberg et al. [4] proposed that Al,O3 could play an important role as storage site
at temperatures below 300 °C. In the present chapter, alkalis were added to the
reference catalyst in order to simulate the storage of alkaline species present in
biofuels, after long period time of biodiesel combustion. Thus, the modification of
adsorption sites on the catalyst surface due to these impurities and its influence on the
CO, HC and NO reaction pathways remains uncertain.

Therefore, in this chapter some results related to the Diffuse Reflectance
Infrared  Fourier = Transform  Spectroscopy  (DRIFTS) data for NO
adsorption/desorption on the surface of PtPd reference and Na, K, Ca, P-modified
catalysts will be reported in order to give some light to these important questions. In-
situ DRIFTS under different sequences of NOyx, CO and CsHs gas mixtures was
mainly used in this chapter to gain important insights into the reaction intermediates
involved in oxidation reactions and to better understand the relationship between
impurities and catalytic activity at the surface of DOC catalysts.

The principal bands observed and the corresponding assignments are

summarized in Table IV-1.
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Table IV-1. Bands position and the corresponding assignments of surface species in

DRIFT spectra.
Surf: . Peak Infrared Ref
uriace species position (cm™) vibration CREEENEE
NS 1314-1266 Vas(NO3)
Bridging nitrites ? OI 1230-1276 v(NOY) [5]
M M s 2
Monodentate nitrites 0O-N-O-M 1421(7)2: i 322 \\/;((I[\\I:g))
N 1375-1314 vs(NO>) [6]
Bidentate nitrites 0 0
M/ 1203-1176 Vas(NO»)
0 1600-1650 vs(NO,)
I
Cl. . N
Bridging nitrates O/ \O 1200-300 va(NO»)
| | as
MM [4,6-11]
0 1590-1550 vs(NO»)
Bidentate nitrates O/ I\lI\O 1200-1300 va(NO2)
\M / as 2
O\ 1510-1508 Vas(NOz)
Monodentate nitrates O/N— 0—M 1275-1250 v(NO») 2]
Linear or bent NO on Pt (NO) 1680-1780 v(N-O) [5,7,12,13]
P-OH (HO)Y 3670
Free OH (HOY 3684 V(O-H) [14]
1373 vs(COO)
Formates (HCOO) 1410-1390 O(CH)
1585 Vas(COO") [15-21]
Adsorbed (HCY 2965, 2938 Vas(CH)
hydrocarbon fragments 2910, 2908 vs(CH)
_ ] 1460-1440 vi(COO)
Acetates (CH;3-(C=0)-0) 15551545 va(COO)
0 1645 Vas(COO) [21-23]
Il
C
AN
Carbonates ?/ 0 1350-1345 vy(COO)
M M
Carbonyls on -
partially oxidized Pt (>C=0) 2113,2120 v(CO) [15,16,21,24]
Cyanide (N+C) o W(C+N) [15,25,26]
PN 2205 —(—
Isocyanates (N=C=0) v(N=C=0) [21,27-29]
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I. NO adsorption and thermal desorption

spectroscopy (TDS)
a. NO adsorption on PtPd and Na, K, Ca and P-modified

catalysts

In order to identify the surface species formed on reference and modified
catalysts, DRIFTS measurements were firstly conducted during NO adsorption at 35
°C. For comparison, the NO adsorption on the support alone (La-Al,O; and
CeZrO,/La-Al,03) was firstly evaluated and compared to reference catalyst
containing Pd/Pt active phases. Figure IV-1 shows the adsorption bands detected after

exposition of support and PdPt reference catalyst to NO/He at 35 °C until surface

saturation.
A 4
0.25 1550 cm™! 1297 cm™!
Vus (NO,) 1393 ecm™! Vys (NO,)
M Bridging nitrates 1509 ! v (I("):O) ,
[ Bridging nitrites v, (NO,) 1137(5N(;(r)n')‘
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Figure IV-1. DRIFT spectra in the region 2000-1100 cm™ of support and PtPd-

reference catalyst after 120 min exposure to NO at 35 °C.

Firstly, current bands assigned to nitrites and nitrates were detected after NO
adsorption on La-doped Al,Os. The bands assigned to bridging bidentate nitrates were
observed in the 1650-1600 and 1300-1200 cm™ region (peaks at 1618, vy(NO>), and
1218 cm™, v4(NO,)) [30]. Bands corresponding to monodentate nitrites adsorbed on

AlLO; were also detected at 1428 cm™, v(N=0), and 1206 cm™, v(N-O). Finally, the

90




Chapter IV

peak at 1197 cm™ could be associated to NO™ ions adsorbed on lanthanum phase
according to the literature, in which the bands assigned to NO adsorbed on a
La,03/Al,05 sample or bulk La;03, as NO are detected at 1195 em’ [31].

The infrared spectra of La-doped Al,Os3 support promoted with CeZrO, is also
presented in Figure IV-1. The bands previously assigned to bridging nitrates on Al,O3
(1618 cm™, v(NO,) and 1218 cm™, v,(NO,)) were also observed on CeZrO/ALOs
support, with a more pronounced intensity. This higher intensity could be related to
the multi-contribution to the NOy-adsorption due to the overlapping of these bands
with that of the bidentate nitrates on ceria phase (at 1588 cm™, v{(NO,) and 1297 cm’
I Vas(NO2); 1550 em™, vas(NO2), and 1257 cm™, vs(NO,)) [2]. Moreover, additional
bands assigned to the nitrito monodentate species manifest stretches at 1470-1375 cm’
! (band at 1393 cm™, v(N=0)) and at 1206-1065 cm™ (band at 1206 cm™, v(N-O)).
Otherwise, bands corresponding to bridging nitrites groups are observed at 1312 cm’™
(vas(NO,)) and at 1276 cm™ (v(NO»)) [6].

An increase of nitrites/nitrates bands intensity was observed in CeZrO,/La-
ALO; spectrum. This increase could indicate a significant enhancement of NOy
adsorption due to the oxygen vacancies formed upon the introduction of Zr*" on CeO,
structure [32] as well as the electron transfer between CeO; and the adsorbed NOy, as
had been suggested by Martinez-Arias et al. [33]. Previous studies [32,34-36] have

demonstrated that such vacancies are clearly implicated in NOy storage, e.g.:

Ce’ -0 + NO — Ce*"-NO Eq. V-1

Ce*"-NO + Ce'"-0" — Ce'"-NO, + Ce’* -0 Eq. 1V-2

Where O represents an oxygen vacancy. Eq. IV-1 represents the transfer of an
unpaired electron from the NO to the ceria surface; Eq. IV-2 shows the formation of
nitrite species by additional electrons transfer between ad-NOy species and ceria or by
improved N-containing species adsorption at the CeO, and La-Al,O; interface.

Moreover, all the bands previously assigned to surface NOx-containing species
such as nitrites and nitrates for CeZrO,/Al,O3 support were also identified after NOy
adsorption on PtPd-reference catalysts, nevertheless, these bands had more intensity.
In addition, new bands associated monodentate nitrites (1454 cm™ (v(N=0)) and 1206
cm” (v(N-0))) and monodentate nitrates on the Al,O3; phase (1509 cm™, v,(NO,),
and 1275 cm™, v4(NO,)) were found on PtPd-catalyst. Against this background, it
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seems evident the promoting effect of the precious metals. On the one hand, Pt and Pd
sites can adsorb NO, which spillover onto the support surface with subsequent
formation of nitrites/nitrates. On the other hand, the formation of highly interfacial
sites at the metal/oxide boundary could promote NO oxidation to NO,, which can

react with the ceria surface to form nitrites/nitrates via Eqgs. IV-3 and IV-4.

Ce3~+ 0+ 00, - Ce*” + 000~ Eq. IV-3
Ce*”+ 000 + 00, - Ce* + 005 + 00 Eq. 1V-4

Comparing the infrared adsorption spectra during exposure of both support
and PtPd-reference catalyst to NO/He, it is possible to conclude that the NOj
adsorption on these materials was made via the so-called “nitrate (or NO,) route”
[37], which means that both nitrites and nitrates are simultaneously formed on the

surface of studied materials.
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Figure I'V-2. PtPd DRIFT spectra collected during exposition to 4000 ppm NO/He

(40 ml min™) at 35 °C vs time until catalyst surface saturation.

The evolution of NO adsorption with time is shown in Figure IV-2. Increasing
the exposition time, it can be seen the presence of nitrates (bridging (1618 cm™,
vs(NO,) and 1218 cm™, v,(NO,)), bidentate (1550 cm™, vo(NO,) and 1257 v(NO,))
and monodentate (1508 cm™, v,(NO,) and 1275 cm™, v4(NO,)), as well as nitrites
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(bidentate (1312 cm™, vis(NO>) and 1230 v¢(NO,)) and monodentate (1454 cm™,
v(N=0) and 1206 cm™, v(N-O)). Moreover, a band at 1776 cm™ related to NO
adsorption on the metal phase [5,7,12,13] was found at low time exposition, which
can be ascribed to NO chemisorption on Pt or Pd via a donor-acceptor mechanism,
involving electron transfer from the NO-5c molecular orbit to the metal and back-
donation of metal d-electrons to the 2n* level [38]. At higher exposition times, the
intensity of this band decreases until it disappears, while the nitrates bands intensities
increase. Ji et al. [32] proposed a Pt-assisted NOy adsorption, which involves the
adsorption of NOy on Pt at low temperatures, followed by spillover of either NO or
NO; onto the support surface. Thus, we can postulate that the NOy was effectively
adsorbed at 35 °C and subsequently oxidized to form at first nitrite ad-species and
progressively transformed into nitrates ad-species (presumably adsorbed at a support
site in proximity of a Pt site or directly on Pt surface sites). Note that between 15 and
120 min the same species were found, increasing only the band intensities due to the
saturation of the catalyst surface.

Figure IV-3 shows corresponding IR spectra between 2000-800 cm™ under
identical conditions for PtPd-reference and Na-PtPd and K-PtPd modified catalysts to
NO/He exposure at 35 °C.
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Figure IV-3. DRIFT spectra in the region 2000-800 cm™ of PtPd-reference, Na-PtPd

and K-PtPd catalysts after NO surface saturation at 35 °C.

All the features assigned to nitrites and nitrates formed on PtPd-reference
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catalyst were also observed in presence of alkali impurities. However, the bands
assigned previously to bridging nitrates (1618 cm™, v¢(NO,) and 1218 cm™, v,((NO))
and monodentate (1454 cm™, v(N=0) and 1206 cm™, v(N-O)) and bridging nitrites
(1312 cm™, v,(NO,) and 1276, vy(NO,)), were more pronounced for Na- and K-PtPd
modified catalysts. This higher adsorption of adsorbates such as NOy and oxygen,
could be attributed to a promotion effect of alkali added species, as has been
demonstrated in literature [5,21,33,39—41]. M. Konsolakis et al. [40,42] had reported
that alkali species can increase the strength of NO adsorption and weaken the N-O
bond in adsorbed molecule, favoring the surface coverage and the NO dissociation.
This phenomena was ascribed to the effect of the inhomogeneous electrostatic field
related to alkali cations [5,40], which enhances the chemisorption of electron

acceptors (electronegative adsorbates such as NO) and its dissociation.

NO(g) — NO(ads) (enhanced by alkali addition) Eq. IV-5
NO(ads) — N(ads) +O (ads) (enhanced by alkali addition) Eq. IV-6

This conclusion can be also discussed in terms of the rigorous model
developed by Lang et al. [39]. Thus, the electron transfer between an electropositive
adsorbate (such as an alkali cation) and the antibonding n* orbital of an electron-
acceptor adsorbate (NO) is favoured, weakening the N-O bond and promoting the
formation of metal-N bond [41], so its adsorption and dissociation (see Chapter I,
section III-c in introduction part).

Figure IV-4 displays the absorption bands detected on Ca-PtPd catalyst.
Similar IR bands to that of the PtPd-reference catalyst were observed in presence of
Ca impurities, however a higher intensity of the bands assigned to bridging nitrates
(1618 cm™, v4(NO,) and 1218 cm™, v4(NO,)) and monodentate nitrites (1454, 1386
v(N=0) and 1206, 1050 cm™ v(N-O)) was found. These more pronounced intensities
could be attributed to the higher basicity of Ca species, which has been directly
related to the NOy adsorption [1]. Particularly, Takahashi et al. [43] showed that
stronger basicity of the NOy storage sites leads to higher amounts of adsorbed NOx.
Thus, more stable nitrates could be formed related to the stronger basicity of the NOy
storage species, such as alkaline earth compounds (Ba, Ca, etc.). Therefore, high
amount of nitrites ad-species will be formed in presence of Ca impurities due to its

higher basicity, which will be simultaneously oxidized to nitrate on Pt sites.
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Figure IV-4. DRIFT spectra in the region 2000-800 cm™ of PtPd-reference and Ca-

PtPd catalyst after NO surface saturation at 35 °C.

Finally, the effect of phosphorus species on surface reaction over PtPd catalyst
was evaluated (Figure IV-5). The NOy adsorption on P-PtPd catalyst was almost
suppressed, which demonstrated the clear poisoning effect of phosphates species. In
the region 1800-1200 c¢m™', only the band assigned to bridging nitrates (1618 cm',
vo(NO) and 1218 cm’, v,(NOy)) was clearly observed. This decrease in NO,
adsorption could be attributed to high electronegativity of P species, which gives rise
to a positive electrostatic potential outside the catalyst surface [39], resulting in a
repulsive effect towards the NOx molecules. Moreover, two bands corresponded to
OH (3684 cm™) and P-OH bonds (3670 cm™) were observed (Figure IV-5). The
perturbation of the —OH band can be ascribed to weak NO-interaction with the P-PtPd
catalyst surface, probably through a hydrogen bond with the surface OH’s [44].
Otherwise, as discussed in Chapter III, the high phosphorus concentration added to
the reference catalyst resulted in a uniform layer throughout the catalyst [45]. This
could explain the presence of these new bands, based on the interaction between the
phosphorus and superficial OH on alumina support. Previous studies have shown
direct evidence of phosphate-OH exchange by infrared spectroscopic characterization
of the mineral surface [46]. Phosphate is specifically adsorbed on inorganic materials
by a ligand-exchange mechanism with a reactive surface hydroxyl ion. Hingston et al.

[47] proposed that the formation of the ligand is associated to the anion exchange

95



Chapter IV

between phosphates and surface hydroxyls on the catalyst surface. These authors
showed that protons released from dissociation of protonated anions such as
phosphates could react with surface hydroxyls to form water molecules, which can be

readily replaced by the phosphates anions.
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Figure IV-5. DRIFT spectra in the region 4000-1200 cm™ of PtPd-reference and P-

PtPd catalyst after NO surface saturation at 35 °C.

b. NO thermal desorption spectroscopy (NO-TDS)

After NO adsorption until saturation at 35 °C, DRIFT spectra of adsorbed
species present on the surface of PtPd reference and modified catalysts were recorded
at different temperatures in the interval of 35-500 °C under He flow. According to
NO-TPD experiments (see Chapter III), three sites of NO adsorption are mainly
presented on PtPd-reference and modified catalysts at 50-150 °C, 150-350 °C and
350-600 °C temperature regions. We assumed that the active sites depend on the
different degrees of cerium oxidation states as well as the proximity to impurities
present in the alumina phase (verified by EDX/TEM, see Chapter III).

Figure IV-6 shows DRIFT spectra recorded during NO-TPD under He flow,
after adsorption of NO/He at 35 °C on PtPd reference catalyst.
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Figure IV-6. DRIFT spectra in the region 1800-1100 cm™ of PtPd-reference catalyst

during NO desorption at temperatures in the interval of 35-500°C. Operating
conditions: 40 ml min™ He; NO stored at 35 °C until saturation and subsequently NO-

TPD.

The principal bands assigned to surface NO-containing species such as nitrites
and nitrates were identified. However, at 100 °C the weak band at 1454 cm’
disappeared, which could be correlated to the first desorption peak of NO observed
during NO-TPD (50-150 °C region). Thus, the amount of NO desorbed measured in

the gas phase probably comes from the partial decomposition of nitrites, as follows:
300, - 005 + 0% + 200 Eq. V-7

As a consequence, only NO was observed in the gas phase (TPD) and an
attenuation of nitrites with the simultaneous formation of nitrates bands is occurred.
Increasing temperature until 200 °C involves the disappearance of the band assigned
to monodentate (1312 cm™) and bridging nitrites (1393 cm™), which could be
associated to the transformation of nitrites into nitrates. Also, this temperature
corresponded to the maximal temperature found on the second desorption peak during
temperature programmed desorption experiments. No significant changes were

achieved at elevated temperatures (300°C), and no NO was detected in the gas phase.
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It seems that nitrites are transformed to nitrates as temperature increased, according to

reaction:
00, + 0% - 003 + 2e™ Eq. IV-8

Finally, the entire nitrate assigned bands started to disappear at 300°C and any
band was detected at 500 °C. At high temperatures, nitrates decomposition to NO,
was produced, but it was no detected in the gas phase, which can be explained by the
thermodynamic equilibrium. Thus, NO, formed is immediately reduced, in the

presence of ceria-zirconia, to NO:

Similarly to reference catalyst, the temperature dependence of the DRIFT
spectra for Na-, K- and Ca-PtPd catalyst was recorded increasing temperature under
He flow (Figures AIl-2, AII-3 and AII-4 in Annexe II). Contrary to PtPd reference
catalyst, in presence of Na, K and Ca impurities current bands still present until 300
°C. Below this temperature, nitrites to nitrates transformation was evidenced by
simultaneous decrease and increase of nitrite and nitrates bands intensities,
respectively. However, the intensity of nitrates bands at 300 °C was decreased and
only nitrites bands still present at 400 °C. No adsorbed species were detected at 500
°C. These tendencies are in agreement with the higher desorption temperatures found
by NO-TPD associated to the electronic effect of alkali impurities and high basicity of
Ca (see section I-f, Chapter III).

Finally, P-PtPd spectrum (Figure AII-5) only presented a broad peak at 1622
cm’ associated to bridging nitrates that disappeared at temperatures higher than 100
°C, corresponding to the desorption temperature found by NO-TPD. However, at high
temperatures the —OH band (3684 cm™) increased its intensity (negative peak) at the
same time than the P-OH band (3670 cm™). As established above, adsorbed NO can
weakly interact with the OH groups on the surface. Thus, NO desorption could leave
—OH available that will interact with phosphorus species, increasing the P-OH band

intensity.
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II.Steady state in-situ DRIFTS experiments under

simulated automotive exhaust conditions

The effect of impurities on catalytic activity in flow reactor was extensively
evaluated in Chapter III. Nevertheless, the impurities influence on catalytic activity
could be better understandable in terms of impurities effects on the adsorption of
reactant species. For this purpose, in the present section, the nature and relative
populations of adsorbed species formed on the surface of PtPd-reference and modified
catalysts were investigated by in-situ DRIFTS measurements under simulated
automotive exhaust conditions. Thus, catalysts were exposed firstly to a mixture of
NO + CO + C3Hg + O3 and, subsequently to a simplified mixtures (NO + O; NO + O,
+ CO; NO + O, + C3Hpg) in order to better ascribe the effect of each reactant on the
catalyst surface. This study will be helpful to elucidate the adsorption reactants
competition and to better understand the effect of impurities (Na, K, Ca and P),
coming from the use of biodiesel or lubricants, in the formation of intermediates

species on available catalyst sites.

a. Total exhaust gases reaction mixture (NO + CO + C;H4 +

0,

Figure IV-7 depicts the IR spectra of adsorbed species on the surface of PtPd,
Na-PtPd and K-PtPd catalysts exposure of NO + CO + CsHg+ O, mixture at 150 °C
and 250 °C.

In order to facilitate the identification of the bands, symbols have been
assigned to each species, as shown in Table IV-2.

Table IV-2. Symbol and wavenumber corresponding to identified species.

Symbol Surface species Peak position (cm™)
HC fragments 2965 (v, (CH)), 2908 (v, (CH))
9 Pt-NO 1776, 1692 (v (N-0))
[ ] Bridging nitrates 1622 (v, (NO,)), 1218 (v,, (NO,))
@  Monodentate nitrates 1509 (v,, (NO,)), 1250 (v, (NO,))
O Bridging nitrites 1308 (v, (NO,)), 1276 (v,, (NO,))
O Monodentate nitrites 1465 (v (N=0)), 1195 (v (N-0O))
A Acetates 1555 (v, (COOY)), 1460 (v, (COO"))
O Formates 1585 (v, (COO%)), 1407 (& (CH)), 1373 (v, (COO"))
A Carbonates 1645, 1650 (v,, (COO"), 1350 (v, (COO"))
* Pt-CO 2120 (v (CO))
D¢ Cyanides 2155 (v (CN)
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The features attributed to nitroxy species (empty dashed circle, full and empty
squares, full and empty circles in blue) and to carbonate and/or carboxylate species
(empty diamond, empty and full triangles in red) were observed for all catalysts. In
addition, the 2300-1800 cm™ region (empty and full stars in green) was assigned to
the adsorbed species on Pt sites [7,12] and/or to the adsorbed species for which its
formation require the existence of both active metal and support material (i.e. the
species that are initially formed on metal active sites and then migrated to the support)
[21,48]. Finally, the last observed bands (diamond in yellow) are ascribed to adsorbed
HC fragments from propene or from alkyl groups associated with carboxylate species
[15,16,27].

At 150 °C similar adsorption bands were observed on reference and Na, K-
modified catalysts, however the intensity of bridging nitrates assigned bands at 1622
cm” were more pronounced on alkali containing catalysts. Moreover, the presence of
Na or K impurities resulted in an additional band at 1776 cm™, which is attributed to
N-O stretch of linear or bent molecular NO species adsorbed on Pt sites [5]. As
already discussed, the effect of electrostatic field of alkali impurities promoted NO
dissociation (Egs. IV-5 and IV-6). In addition, more intense bands at 1585, 1407 and
1373 em™ assigned to formates on ALO3 [15-17,19] (v{(COO"), 3(CH) and v,((COO"),
respectively) and at 1555 and 1460 cm™, corresponding to acetates on Al,O3 [15—
17,20] (v4s(COO") and v(COO") stretches, respectively) were found on K-PtPd
catalyst. The appearance of these carboxylate species on K-PtPd catalyst at low
temperature, which are considered the reaction intermediates in propene oxidation
[16,17], seems to indicate that the propene activation via adsorbed oxygen is
promoted by alkali impurities. This result is in agreement with the activity results,
which showed higher C3;Hg reaction rate on PtPd-modified catalysts than on PtPd-
reference catalyst (section IlI-c, Chapter III). In the case of K-modified catalyst,
another additional band at 2120 cm” was also found comparing to the reference
catalyst, which could be ascribed to relatively unreactive CO species adsorbed on
partially positively charged Pt sites (Pt°") [24]. The appearance of this band indicates
that under the prevailing conditions the Pt component is mainly in its oxidized form,
as previously shown by XPS measurements (section I-d, Chapter III). Otherwise, the
absence of terminal and bridged CO species, which are the active species for the CO

oxidation, on the catalysts surface could indicate that at 150 °C the reaction between
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CO and oxygen was already started [24]. This is in good agreement with the catalytic
activity results obtained in flow reactor, in which the total oxidation of CO complete
was reached at temperatures ranging from 150 °C to 200 °C.

At 250 °C (Figure IV-7, right), a significant attenuation of nitrate bands at
1622 cm™ was observed, reflecting the reactivity of the nitro/nitrite species. A weak
band at 1650 cm™ associated with carbonates species (vos(COO); 1350 cm™, vy(COO™
") appeared when the temperature was increased, due to the CO, adsorption produced
during CO and Cs;Hg co-oxidations. The weak band at 2120 cm’! assigned to
unreactive CO species progressively appeared for the three catalysts, which indicates
the consumption of CO active intermediates. So, only the species that are non-
involved in CO oxidation reaction still presented. At elevated temperature, the band
assigned to monodentate nitrites at 1509 cm™, v.(NO,), was increased on alkali-
modified catalysts. An additional band at 1465 cm™ appeared in PtPd-reference
spectrum, which can be attributed to the formation of linear nitrites [21,25] resulting
from the reduction of nitrates ad-species by CsHg or the oxidation of C;Hs,
respectively. The nitrate bands were attenuated at the same time that band at 1465 cm’
' appeared, which evidence the formation of these new species. Thus, we can
associate this band to linear nitrites and suppose that it is overlapping to the band
assigned to acetates (1460 cm™', [49]). Otherwise, the increase of carboxylate bands
intensity with temperature is consistent with the higher intensity of C-H
corresponding bands in the region of 2900 - 3000 cm™ (at 2965, v,(CH), and 2908
cm™, v(CH)). So, carboxylate bands principally remained at this temperature,
indicating that propene replaced almost all nitrate species [27,49], i.e. that the
reactions involving C3Hg became more significant at 250 °C.

Similar tendencies in nature and relative populations of adsorbed species
formed on Ca-PtPd and P-PtPd modified catalysts were found under the identical
exhaust conditions, Figure IV-8 and IV-9. However, only in the case of Ca-PtPd
modified catalyst, the band assigned to cyanide species (bridged species
intermediates) on AI’" sites (2155 cm™) [50] was observed, which means that the
oxidation of isocyanide species was faster on reference and Na, K and P-modified
catalysts surface. Otherwise, the addition of Ca increased the basicity of the support,
inducing the adsorption of CO, coming from the oxidation of CO and C;Hg

oxidations. This is evidenced by the presence of carbonates (1645 cm™, v.(COO") and
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1350 cm™, v{(COO")) on Ca-PtPd spectra. The weak intensities found on P-PtPd

catalyst was associated to the blocking of adsorption sites by phosphates formation.
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These DRIFTS studies evidenced the formation of species involving both NO,
CsHg and CO such as nitroxy and carboxylate species. However, it was difficult to
discriminate the influence of impurities in NO, CO and CsHg adsorption competition
and to realize the involved reaction intermediates. Therefore, additional DRIFTS
measurements using a sequential approach, with different reactive mixtures such as
NO + O,, NO + CO + O, and NO + CsHg + O, were conducted in order to better

correlate the catalytic results and the adsorption of reactant species as a function of

studied impurity.
b. Simplified gas mixture (NO + O, NO + CO + O, and NO +
CsHgs + 0))
The reference and modified catalysts were firstly exposed to NO + O, gas

mixture. The IR adsorption spectra, the principal bands observed and the

corresponding assignment are summarized in Figures IV-10, 11 and 12 and in Table
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Figure I'V-10. DRIFT spectra of PtPd-reference and Na- and K-PtPd catalysts at
150°C (left) and 250°C (right) after 60 min under simulated exhaust conditions. FT-IR
chamber feed: 500 ppm NO, 10% O,, He as balance; 40 ml min™".

Bands appearing in the 1650-1200 cm™ region may be assigned to
nitrite/nitrate species on the support (see NO adsorption, [4,6,7,9—11]). At 150 °C,
several bands at 1618, 1550 and 1508 cm™ assigned to nitrates adsorbed species
(bridging, bidentate and monodentate) and a band at 1393 cm™ corresponding to

monodentate nitrite, were detected. It is worth noting the appearance of a band at
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1800 cm™ in the case of the reference catalyst, which could be associated with the
interaction between NO and Pt sites. Increasing the temperature until 250 °C, new
bands at 1588 and 1308 cm’ assigned to bidentate nitrates and bridging nitrite,
respectively were appeared [4,6,7,9—11]. The band at 1800 cm™ on the reference
catalyst disappeared, while a band at 1776 cm™ was only observed in the case of Na-
PtPd catalyst, which is assigned to N-O stretch of NO species adsorbed on Pt oxidized
sites [5]. Moreover, the bands at 1618 and 1550 cm’', assigned to bridging and
bidentate nitrates adsorbed on the support, still presented at 250 °C[5,6,9].

Thus, the amount of nitrates adsorbed species increases in presence of oxygen
(NO and O in the gas mixture), which could be attributed to NO, formation via NO
oxidation on Pt active sites at temperatures above 150 °C, as has been demonstrated in
the literature [4]. This means that the NO oxidation is a key step for the storage of
nitrate species, which is in good agreement with the obtained results. NO adsorbed
species at 150 °C were detected on metal sites (band at 1800 cm™), however after
increasing temperature, these species are oxidized to nitrates and then migrate and
adsorb on the support. Moreover, the presence of surface nitrites seems to play an
important role as an initial step in the adsorption and subsequent storage processes.
The increasing concentration of nitrates species with increasing time exposure (Figure
AlI-6) could result from an oxidation of nitrites by the gas phase. Thus, the sorption
process started with nitrites adsorption via dissociative adsorption of NO, which were
subsequently oxidized by gas phase or adjacent adsorbed oxygen. Finally, after
extended exposure, nitrates were the main adsorbed species.

In presence of alkali impurities, the bands presented higher intensity (Figure
IV-10) related to the enhanced NO dissociation due to the electronic effects produced
by Na and K impurities. Although at 150 °C alkali-modified catalysts did not present
any adsorption on metal active sites, at 250 °C the interaction between Pt and NO was
evidenced for the Na-PtPd catalyst. At low temperature, the promoted dissociation
could be eventually poisoning the catalyst surface by oxygen adsorption. Increasing
the temperature, the dipole-dipole coupling between NO chemisorbed molecules
would decrease with decreasing coverage. In addition, the electron donating effect of
alkali impurities would decrease the N-O bond order, thus shifting the Pt-NO

wavenumber towards lower values.
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Figure IV-11, presents the results obtained after exposition of Ca-PtPd catalyst

to NO + O,, in comparison with reference catalyst spectrum.
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Figure IV-11. DRIFT spectra of PtPd-reference and Ca-PtPd catalysts at 150°C (left)
and 250°C (right) after 60 min under simulated exhaust conditions. FT-IR chamber
feed: 500 ppm NO, 10% O,, He as balance; 40 ml min".

After exposure at 150 °C (Figure IV-11, left), Ca-PtPd presented associated
with bridging nitrates (1618, 1218 cm™) and bidentate nitrates (1550, 1260 cm™).
When increasing the temperature until 250 °C, bands corresponding to bidentate
nitrates (1550 cm™") and monodentate nitrites (1465 and 1386 cm™) appeared also on
the Ca-PtPd spectrum. Previous characterization results (see XPS, section I-d, Chapter
II) proved that Ca impurities were in form of carbonates. Thus, at 150 °C, almost no
adsorption was produced as the surface was saturated with carbonates. Increasing the
temperature, carbonates could be oxidized by adsorbed oxygen and/or lattice oxygen
coming from the oxidized support, allowing the adsorption of nitrates species, which
will be stored on the basic sites proportionated by the Ca impurities.

Finally, in the case of P-PtPd catalyst (Figure AII-7), nitrite/nitrate species
were observed at both temperatures, but no significant changes were noticed. That
could be ascribed to the phosphates formed on the catalyst surface, which blocked the
adsorption sites.

Once nitrates/nitrites were identified, the competition between NO and CO
species was also evaluated. Figure IV-12 shows spectra of PtPd, Na-PtPd and K-PtPd
catalysts after treatment in NO + CO + O, flow at 150 °C (left) and 250 °C (right).

107




Chapter IV

150 °C 4 250 °C
0.15 = 0.15 A
1 Acetates E g
r_l_l £ - Acetates &
£ Bridging =
~ f_A_\ S=5 — =
Formates g - = ,:,) nitrites » Bridging
1585 em™y 12 £ EE Im- . § _ = = nitrites
— —_— = - o o~
I 2 F o R
Bridging \ = SR 1276 cm!
nitrates , P
1622 cm”
. on Bridging N
= nitrates PLNO

1776 cm !}
!

K-PtPd !

1245 cm! l77(>_cm"=

i wNa-Pth 5
NI NEE - G SN RS G o N
] \J

Absorbance (a.u.)

-

\ m_—'_y_/h/ \x/
|ptbd o AP
—— — ]
2100 1950 1800 1650 1500 1350 1200 2100 1950 1800 1650 1500 1350 1200
-1 -1
Wavenumber (cm ) Wavenumber (cm™)

Figure IV-12. DRIFT spectra of PtPd-reference and Na- and K-PtPd catalysts at
150°C (left) and 250°C (right) after 60 min under simulated exhaust conditions. FT-IR
chamber feed: 300 ppm CO, 500 ppm NO, 10% O,, He as balance; 40 ml min™".

When CO was present in the mixture, bands corresponding to acetates (1555
and 1460 cm™) and formates (1585, 1407 and 1373 cm™) appeared at 150 °C. Nitrites
(1312 and 1276 cm™) and nitrates (1622 and 1245 cm™) bands also depicted in the
obtained spectra. In addition, the interaction between NO and the metallic phase was
evidenced at 1776 cm™ in the case of Na-PtPd catalyst. At 250 °C, nitrates species
were totally replaced on PtPd catalyst surface, while some nitrates/nitrites species
were still present on Na and K-PtPd catalyst along with formates and acetates.

The higher intensity of bands observed in presence of Na and K impurities can
be related to the enhanced adsorption due to their electronic effect. Lang et al. [39]
established that the electron transfer between an adsorbing molecule and a metal atom
is a consequence of a competition between an electron donation from the occupied
molecular orbitals and the electron acceptor function of the initially unoccupied,
antibonding molecular orbitals. Thus, the inhomogeneous electric field associated
with alkali ions (such as Na and K), decreases the energy of the antibonding ©* orbital
of electron-accepting co-adsorbates (CO, NO) below the metal Fermi level [51].
Thereby, the charge transfer from metal to adsorbate acts to weaken the C-O and N-O

bond, enhancing its adsorption and consequent dissociation.

00 (ads) - 0(ads) + 0(ads) Eq. IV-10
CO(ads) - C(ads) + 0O(ads) Eq. IV-11
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The promoted adsorption/dissociation is in agreement with the increase of

relative populations of NO and CO adsorbed intermediates in presence of alkali ions,

being superior in the case of K-containing catalyst, which means that the influence of

alkali cations is depending of different factors:

1.

ii.

On the one hand, the higher amount of Na (6.99 mol %) than K (1.28 mol
%) incorporated to the catalyst could partially cover the adsorption sites
[52]. Otherwise, it has to take account the amount of alkali that is in direct
contact with the metal. Besides the higher Na loading, it could be
accumulated on the support and do not play an important role on the
promotional phenomena [53].

On the other hand, the impurity effect is strongly influenced by the atomic
weight of alkali metal ions. The heavier alkalis (K) are somewhat more
effective than the lighter alkalis (Na) (Figure IV-13). Lang et al. [39]
observed that the electrostatic potential depth increases with the atomic
number of alkalis. It means that even in the case of similar amount of
charge transferred from alkalis ions to the metal, the large valence shell of
the heavier ions would increase the transferred charge. Therefore, the
greater electric field produced by the heavier K cations, would favour the
co-adsorption/dissociation of NO and CO molecules, according to the
higher intensity peaks of NO and CO intermediates species on K-

containing catalyst.

Figure I'V-13. Electron configuration of sodium and potassium.
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Similarly, Figure 1V-14 shows spectra of PtPd and Ca-PtPd catalysts after
treatment in NO + CO + O, flow at 150 °C (left) and 250 °C (right).

10 0 150 °C - L 10 0 250 °C .
. 8 £ . b 7 2
Acetates g @ Bidentate :.’5 LF: 5
e W niges 5 B g
= = = 1545 cm! - =l Jlie
S S5 § | TiqBrideing
- a2 8 BE ign P § 1™ nitrites
B o Ji 2% iniE Acetates % 55 = 1276 cm’!
= wla! 101G oL 2 5 c 2 276 ¢
< Formates % E ; BnL:tdr‘%ig 1339 em g E v
~ 1585 cm’! - _ NI
§ g . . Bi(_itcn:alc
ridgi © Formates nitrates
,.g Blillﬂa‘:‘r:‘f E 1585 cm'! 1260 cm’!
?s 1622 cm’!, .
. i Bridging Carbonates
s %‘ : nitrates 1645 cm™T!
< o em 11245 cm! i
1 [}
Ca-PtPd | \ i Ca-PtPd ‘
i i !
i i !
i i
PtPd M \/w\ ptpd N NWM
1 H ]
1 | ‘
T T T T T T T T T — T T T T T T T T T T T T T T
2100 1950 1800 1650 1500 1350 1200 2100 1950 1800 1650 1500 1350 1200
-1 -1
Wavenumber (cm’) Wavenumber (cm™)

Figure IV-14. DRIFT spectra of PtPd-reference and Ca-PtPd catalysts at 150°C (left)
and 250°C (right) after 60 min under simulated exhaust conditions. FT-IR chamber
feed: 300 ppm CO, 500 ppm NO, 10% O,, He as balance; 40 ml min.

In presence of calcium impurities, bridging nitrites (1312 and 1276 cm™) and
bridging nitrates (1622 and 1245 cm™) bands were observed at 150 °C. Moreover,
acetates (1555 and 1460 cm™) and formates (1585, 1407, 1373 cm™) were also
depicted on Ca-PtPd spectrum at 150 °C. Increasing the temperature until 250 °C,
acetates bands intensity increased, whereas nitrate band at 1622 cm™ disappeared. In
addition, new bands related with carbonates at 1645 and 1350 cm™ appeared at both
temperatures.

As previously discussed, Ca impurities increased the basicity of the catalyst.
Hattori et al. [54] studied alkaline-earth metals basicity by CO,-TPD and concluded
that CaO possessed the higher number of basic sites per unit weight that can retain
carbon dioxide under their adsorption conditions. This is in agreement with the
appearance of carbonates bands, which are related with CO, adsorption coming from
CO oxidation. Moreover, the high basicity of calcium impurities provides the catalyst
of larger NO adsorption, according to the NO-TPD previous results (section I-f,
Chapter III), in which Ca-PtPd catalyst showed the highest amount of desorbed NO.
However, it seems that the new basic adsorption sites would be further from the metal
particles, as evidenced by the presence of nitrites that were not oxidized to nitrates at

high temperature.
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Figure IV-15 presents a comparison between PtPd and P-PtPd spectra
obtained after exposition to NO + CO + O, flow at 150 °C (left) and 250 °C (right).
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Figure IV-15. DRIFT spectra of PtPd-reference and P-PtPd catalysts at 150°C (left)
and 250°C (right) after 60 min under simulated exhaust conditions. FT-IR chamber

feed: 300 ppm CO, 500 ppm NO, 10% O,, He as balance; 40 ml min™.

At 150 °C nitrates (1635 cm™) and a broad peak corresponding to formates
(1585 cm™") were evidenced on the P-PtPd catalyst. Increasing the temperature until
250 °C, almost no adsorbed species were detected on the modified-catalyst surface.
These effects can be ascribed to two factors: (i) the high amount of impurity that
produced the formation of phosphates that would block the adsorption sites (see
section I, Chapter III); and (ii) the positive electrostatic potential around phosphorus
impurities due to its high electronegativity, which produces repulsive interaction with
NO and CO co-adsorbates. The inhibition of CO adsorption is in agreement with the
higher CO reaction rate obtained, as it would inhibit the CO self-poisoning effect on
the catalyst surface.

Experiments feeding Cs;Hg instead of CO are also performed. Figure 1V-16
presents spectra of PtPd, Na-PtPd and K-PtPd catalysts after treatment in NO + C;Hg
+ O, flow at 150 °C (left) and 250 °C (right).
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Figure IV-16. DRIFT spectra of PtPd-reference and Na- and K-PtPd catalysts at
150°C (left) and 250°C (right) after 60 min under simulated exhaust conditions. FT-IR
chamber feed: 300 ppm C3Hg, 500 ppm NO, 10% O, He as balance; 40 ml min™".

At 150 °C nitrites (1312 and 1276 cm™), nitrates (1692, 1622 and 1245 cm™),
acetates (1555 and 1460 cm™) and formates (1585, 1407 and 1373 cm™) bands were
observed. The lower nitrate formation observed in the spectra can be ascribed to the
relatively high concentration of CsHg (300 ppm), based on stoichiometry, compared to
NOx (500 ppm) in the feed [49]. In addition, bands corresponding to HC fragments
due to C3Hg adsorption were presented for PtPd catalyst in the 3000 - 2900 cm™
region. The enhanced NO adsorption on Na and K-PtPd surface catalysts was
evidenced by the higher intensity of 1622 cm™ band and the appearance of a new peak
at 1776 cm™', which correspond to the adsorption of NO on the metal phase. At higher
temperature (250 °C), two mainly peaks were observed for reference catalyst
spectrum: one at 1585 cm™ corresponding to formate species with contribution of
nitrate species (1692 cm™), and a second one at 1460 cm’™, attributed to acetate
species, overlapped with formate species at 1405 and 1373 cm™. Moreover, nitrite
species could contribute to the band at 1460 cm™, especially in the case of alkali-
modified catalysts, in which more intense broad peaks were detected. The appearance
of the band at 1460 cm™ at the same time that nitrate band (1697 cm™) intensity
diminished, can be associated to the reduction of nitrate to nitrite (1465 cm™) by C3Hs
when temperature increased. Isocyanates (2170 and 2205 cm™) and cyanide species
(2141 cm™) were also observed on the reference and K-PtPd catalyst spectra.
Although similar behaviour was observed for the alkali-modified and reference

catalysts, some nitrate species still adsorbed on the former. This effect was less
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marked for Na than K-PtPd, which could be ascribed to the larger shell of K ions,
increasing its electronic effect and enhancing NO adsorption. Therefore, the
strengthening of the metal-NO bond in presence of alkali impurities increases the
coverage of surface catalysts by NO molecules. Otherwise, the repulsion effect
between electropositive impurities and propene (electron-donor) decreases the
competitive adsorption of the reactants. In addition, the adsorbed oxygen on the
surface would be also enhanced due to the alkali-promoted NO dissociation. Thus, the
higher amount of oxygen available on the catalyst surface could explain the higher
propylene reaction rate values obtained for K-PtPd and Na-PtPd catalysts (section II-
¢, Chapter III).

00 (ads) - 0(ads) + 0(ads) Eq. IV-6
O(ads) + HC (ads) — C0,(g) + H,0(g) Eq. IV-8

Besides, isocyanates species are known to be intermediate species in the NOx
reduction by propylene [17,50]. The contribution of nitrite bands at 1465 cm™ (not
marked) to acetate bands at 1460 cm'proved the reduction of nitrates by propylene
[49]. Thus, the presence of surface isocyanates is in agreement with the NO-N,O
conversion results found in previous catalytic results (see section 11, Chapter III).

Figure IV-17 depicts the obtained PtPd and Ca-PtPd catalysts spectra after
treatment in NO + CsHg + O, flow at 150 °C (left) and 250 °C (right). Ca-PtPd
catalyst presented higher amount of nitrates (1700, 1692, 1622 and 1245 cm™) and
nitrites (1312 and 1276 cm™), as well as higher adsorption of acetates/formates
species than reference catalyst. When temperature increased until 250 °C, only
carbonates at 1645 cm™ were presented, with acetates (1585 cm™) and nitrates
(1622cm™) band contribution. The significant increase of carbonaceous intensity
bands can be attributed to the high basicity of calcium, which provides the catalyst
larger adsorption sites, promoting CO, adsorption. The band at 1622 cm™ (not
marked) could be attributed to stored nitrates further away from the active metal sites,

which will act like spectators and are not involved in the reaction pathway [55].
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Figure IV-17. DRIFT spectra of PtPd-reference and Ca-PtPd catalysts at 150°C (left)

and 250°C (right) after 60 min under simulated exhaust conditions. FT-IR chamber
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feed: 300 ppm C3He, 500 ppm NO, 10% O,, He as balance; 40 ml min.

Finally, Figure IV-18 shows the spectra of PtPd and P-PtPd catalysts after
treatment in NO + CsHg + O, flow at 150 °C (left) and 250 °C (right).
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Figure I'V-18. DRIFT spectra of PtPd-reference and P-PtPd catalysts at 150°C (left)

and 250°C (right) after 60 min under simulated exhaust conditions. FT-IR chamber

feed: 300 ppm C3Hg, 500 ppm NO, 10% O,, He as balance; 40 ml min™.

Similarly, in presence of phosphorus impurities, the adsorption is disfavoured.

Only nitrates species bands were significantly presented at both temperatures.
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III. Reaction between adsorbed surface species and the

gas phase

The adsorbed species formed on catalyst surface of reference and modified-
catalysts as a function of gas reaction mixture was evaluated in previous sections. It
has been evidenced the adsorption competition between the different reactants and
mainly explained the C3Hgs and CO oxidation activities obtained in a flux gas reactor.
In addition, it has been shown that the impurities could modify the adsorption
pathways of the different species.

Previous studies [49] have demonstrated that NO adsorbed species
(nitrites/nitrates) can act as oxidants, which could significantly modify the C;Hg and
CO oxidation activities. Therefore, in order to elucidate the role of surface nitroxy
species in CsHg and CO oxidation reactions, reference and modified-catalysts were

exposed to different sequences of NOy and C3Hg/CO.

Figure IV-19 shows spectra obtained with the reference catalyst after treatment
in NO/He flow at 250 °C for 120 min, followed by switching to C3H, flow at the same

temperature.
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Figure IV-19. DRIFT spectra of PtPd-reference at 250°C under NO/He/Cs;Hs after
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First, it is evidenced that catalyst surface exposed to NO gas feed results in the
formation of significant amounts of bidentate nitrates species (1550 cm™, v,(NO,)
and 1260 cm™, v{(NO,)), which still present after CsHq exposure. Switching to CsHeg,
several bands assigned to formates and acetates were appeared at 1585 (v,5(COQO)),
1396 (3(CH)), 1373 cm™ (v(COO")) and at 1545 (v4s(COO")) and 1445 cm™ (v(COO™
)), respectively. A band at 1545 cm™ associated to acetate species that overlapped
with previously detected bidentate nitrate bands could be also identified as well as a
broad peak found at 1645 cm™, which was associated with carbonates (v,(COO")).
The intensity of the new bands increased with CsHg expose time until saturation,
whereas the intensity of bands associated to NOy surface species still unchanged,
demonstrating that nitrate adsorbed species were stable at 250 °C. The presence of
nitrate adsorbed species after C;Hg exposition could indicate that they are not
involved in propylene oxidation reaction. Moreover, the formation of these
intermediates species without oxygen in the mixture feed could indicate that the
catalyst provide the oxygen needed to NO and propylene oxidations. Note that an
oxidation step during the catalyst pre-treatment was carried out, so based on previous
characterizations (see section I, Chapter III), it can be assumed that the catalyst is in
its oxidized state and the bands corresponding to adsorption on the metal sites were
not detected. Moreover, as previously reported (NO adsorption over the bare support
CeZrO,/La-Al,03), the adsorption mainly occurs on the ceria phase, which is known
as a reducible oxide [11], and can acts as an oxygen source. Thus, adsorbed species

could be produced via NO/C3;Hg oxidation over surface or lattice ceria oxygen.

For comparison propose, the catalyst was also exposed to a mixture of NO +

O, instead of NO, followed again by C3;Hg exposure (Figure IV- 20).
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Figure IV-20. DRIFT spectra of PtPd-reference at 250°C under NO + O, /He/C;3Hg
after 120 min. FT-IR chamber feed: 500 ppm NO, 10% O,, He as balance; He purge;
300 ppm Cs;Hg, He as balance; total flow 40 ml min’!.

As it can be seen in Figure IV-20, higher amount of nitrates was formed on the
catalyst surface when oxygen was present in the feed gas mixture. This is in
agreement with results showed previously, which indicated that the formation of NO,
in the gas phase enhances the NOy adsorption. After exposition to CsHg, bands at
1550 cm™ (vas COOY) and 1445 cm™ (vy COO") corresponding to acetate species
appeared. Contrary to previous study, the intensity of nitrate bands at 1565 cm™
decreases after CsHg adsorption, which evidenced the reaction between propene and
nitroxy species adsorbed on the catalyst surface.

The presence of oxygen in the mixture enhanced the NO, formation, which
would be adsorbed in form of nitrates. These adsorbed nitrate species present a strong
oxidant character, and can oxidize the Cs;Hg, according to the lower intensity of
nitrates bands. Thus, C;Hg could be oxidized by the oxygen contained on the support
as well as by adsorbed nitrates. These results demonstrated that the pre-adsorbed NOx
species had an important influence in adsorption/oxidation reaction pathways, which
could be modified in presence of alkali impurities. In order to verify this hypothesis,

the modified-catalysts were also studied.
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As an example, Na-PtPd results will be discussed below (Figures 1V-21 and
22), knowing that similar tendencies and conclusions were obtained for K and Ca-

modified catalysts (Figures AII-8 and AII-9).
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Figure IV-21. DRIFT spectra of Na-PtPd at 250°C under NO/He/C3Hs after 120 min.
FT-IR chamber feed: 500 ppm NO, He as balance; He purge; 300 ppm C;Hg, He as

balance; total flow 40 ml min™'.

Firstly, after NO exposure, Na- modified catalyst presented higher amount of
nitrites/nitrates than the reference catalyst due to the enhanced NO dissociation as
have already been discussed in the previous sections. Switching to Cs;Hg, nitrates

bands still present, which reflects the high stability of adsorbed nitrates.
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Figure 1V-22. DRIFT spectra of Na-PtPd at 250°C under NO + O, /He/CsHg after

120 min. FT-IR chamber feed: 500 ppm NO, 10% O,, He balance; He purge; 300
ppm C3Hs, He balance; total flow 40 ml min™.

Nevertheless, the presence of NO + O, in gas feed at 250 °C (Figure 1V-22),
results in a significant increase in the amount of nitrates/nitrites adsorbed species. The
alkali promotion effect was evidenced by the presence of Pt-NO interaction band at
1776 cm™'. Switching to C3He, the nitrate bands at 1610 cm™ was absent, while nitrite
bands at 1465 cm™ presented higher intensity, which is related to the nitrates
reduction by CsHse. This feature evidenced that alkali impurities enhanced the reaction
between C3;Hg and nitroxy adsorbed species. Previous studies [54] confirmed that the
adsorption strength of the atomic oxygen on the catalyst surface is enhanced by Na
addition. The authors consider that O is a much stronger electron acceptor than NO,
so O adsorption may be favoured compared to NO adsorption. Considering that O
adsorption is stronger than NO adsorbed species strength, it seems presumable that
reaction between propylene and nitroxy species would be easier than between
propylene and oxygen strongly adsorbed. Thus, the oxidation of C3;Hg¢ by nitrates
could produce the reduction of NO to N,O, which would explain the previous
catalytic results (section II-c, Chapter III). Otherwise, band at 1776 cm™ still present

after exposition to CsHg, which proves the increase of metal-NO bond strength

produced by addition of Na.
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In the case of P-PtPd catalyst (Figure IV-23), only nitrites species were found
after exposure to NO and some nitrates if exposition to NO + O,. After flowing CsHs,
nitrates disappeared, but nitrites still present in both cases, which could be explained
for the inhibition of adsorption on the catalyst surface produced by phosphate
coverage of the support. Thus, the reaction takes place between the gas phase and the
metal active sites, but the species do not stay adsorbed. No changes on the OH and P-

OH bands corresponding to alumina support were detected during the experiments.
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Figure 1V-23. DRIFT spectra of P-PtPd at 250°C under NO (left) and NO + O,
(right)/He/C3Hg after 120 min. FT-IR chamber feed: 500 ppm NO, (10% O), He as
balance; He purge; 300 ppm C3Hg, He as balance; total flow 40 ml min™.

As these experiments have shown, more significant changes were evidenced
after NO + O, exposition than with only NO. Thus, only experiments switching to
from NO + O, to CO at 250 °C were developed. However, when CO is employed
instead of CsHg, no significant changes were detected. As an example, Figure 1V-24
shows the results obtained with PtPd reference and Na-PtPd catalysts. In Annexe II
(Figures AII-10 to 12) results obtained for K-, Ca- and P-PtPd are showed.
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Figure IV-24. DRIFT spectra of PtPd (left) and Na-PtPd (right) at 250°C under
NO+O,/He/CO after 120 min. FT-IR chamber feed: 500 ppm NO, (10% O,), He as
balance; He purge; 300 ppm CO, He as balance; total flow 40 ml min™.

As in previous experiments, nitrites/nitrates species were formed under NO +
O, flow, appearing bands attributed to acetates species when switch to CO. Similarly
to CsHg, the decrease of nitrates bands intensities evidenced the reactivity between
CO and nitrosyl species. In addition, a small peak at 2113 cm™ was detected. It can be
associated to carbonyls (>C=0) adsorbed on partially oxidized Pt. It is worth noting
that in presence of impurities, the band attributed to Pt-NO interaction still presented
even after CO exposure, which proves the stability and high strength of Pt-NO
interaction. Thus, less adsorption sites were available for CO adsorption, even if its

dissociation is also enhanced in presence of alkalis.
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IV. Conclusions

A detailed in-situ DRIFTS study was carried out in order to elucidate the
competition for the adsorption sites between the main reactants presented in the
exhaust gas. In addition, the influence of Na, K, Ca and P impurities on the reactant
adsorption and the reaction pathways between the adsorbed species and the gas phase
were also evaluated.

Firstly, NO adsorption on the reference catalyst evidenced the formation of
nitrites/nitrates notably on the ceria-zirconia oxide phase. The role of noble metals
was to enhance the NO oxidation to NO, that would be adsorbed as nitrites/nitrates. In
agreement, when NO and O, were co-fed in the gas mixture, the oxygen promoted the
formation of NO; as well as the oxidation of nitrites, whose adsorption in form of
nitrates was favored.

The electrostatic field associated with Na and K impurities, promoted the
charge transfer between metal and electro-donor adsorbates (NO, CO, O,). Thus, two
phenomena were detected: (i) adsorption on metal particles partially oxidized; and (ii)
stabilization of antibonding n orbital of NO and CO molecules, enhancing its
adsorption and subsequent dissociation.

In addition, the strengthening of oxygen adsorption produced in presence of
alkali impurities, increased the reaction with the adjacent gas and/or adsorbed species,
in agreement with the higher CsHg¢ and CO reaction rates found previously.
Nevertheless, only K-modified catalyst presented promotion effect related to NO
reaction rate, due to its lower amount and higher atomic number that increased the
electrostatic potential.

The higher basicity of the catalyst in presence of Ca impurities promoted also
the NO storage. Thus, due to the strengthening of NO adsorption, the reaction rate
was diminished.

Finally, it was demonstrated that the saturation of catalyst surface by
phosphates formation inhibited the NO adsorption. Moreover, the high
electronegativity of P avoided the CO adsorption, which has electron-donor
behaviour, having a positive influence in term of C;Hg and CO catalytic oxidation

because of the inhibition of the self-poisoning phenomenon.
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Chapter V

CHAPTER V: Effect of hydrothermal aging on Na,
K, Ca and P-modified diesel oxidation catalysts
(DOCs)

The influence of Na, K, Ca and P impurities coming from biodiesel and
automotive lubricants on DOCs activity has been detailed in previous chapters.
Additionally, to the effects produced by impurities, related to the configuration used
in heavy-duty after-treatment systems, in which DOC is placed next to DPF, the
former often experience very high temperatures up to 750 °C (i.e. during active DPF
regeneration [1]). At this high temperature, precious-metal catalyst can sinter into
larger particles, losing their original high activity [2,3]. It is known that the sintering
rate depends on the temperature, but the ageing atmosphere is also important. Oxidant
medium are more critical to the sintering process; in particular, water vapour
accelerates the crystallization and structural change in oxide supports [4].

In this chapter, PtPd reference and Na-, K-, Ca-, P-modified catalysts were
hydrothermally aged (HT-PtPd, HT-Na-PtPd, HT-K-PtPd, HT-Ca-PtPd, HT-P-PtPd)
under 3 1 h™" air flow and 10% H,O at 850 °C during 16 h. The effect on the structure
and activity of the HT-aged catalysts was investigated. Finally, the catalysts surface

properties were evaluated under simulated automotive exhaust by in-situ DRIFTS.
I. Characterization results

a. Chemical composition (ICP) and N, adsorption/desorption

The chemical composition and physico-chemical properties of hydrothermally
aged catalyst are listed in Table V-1.
Table V-1. Chemical composition and physical properties of HT-aged catalysts.

Element contents (wt%)

Sper (m” g™)

Srmmlts Pt Pd Impurity
Stabilized HT Stabilized HT Stabilized HT Stabilized HT
aged aged aged aged
PtPd 0.85 0.69 0.49 0.49 - - 60 38
K-PtPd 0.56 0.57 0.48 0.48 0.50 0.39 57 39
Na-PtPd 0.83 0.70 0.50 0.50 1.60 0.20 50 31
Ca-PtPd 0.69 0.67 0.49 0.49 1.60 1.41 50 63
P-PtPd 0.64 0.54 0.46 0.43 5.60 5.45 33 22
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ICP results showed a decrease in platinum amount after hydrothermal aged
treatment, associated with the leaching of Pt. In addition, the impurities contain
decreased also after the aging, especially in the case of alkaline impurities (Na, K).
Although modified catalysts were also stabilized in presence of water, the leaching
effect was more evident after HT-aging as verified by the lower content on impurities,
especially in the case of HT-Na-PtPd catalyst. This could be explained by the
variation of the rate of leaching with the time. As higher temperature and longer
exposition time under hydrothermal conditions were used during the aging, it
increased the alkali leaching. In order to verify this assumption, the pH of the output
during the HT-aging process was measured, evidencing that it became more basic
increasing the aging time [5].

The specific surface area (SSA) of HT-aged samples was determined by N,
adsorption/desorption (Table V-1). The obtained values after hydrothermal aging
were lower than the SSA found for stabilized catalysts. The isotherms of the HT-aged
samples (Figure AIIl-1) were ascribed to type IV isotherms with H3-type of
hysteresis [6], according to the BDDT classification. Although the HT-catalysts still
being associated with mesoporous materials, the BJH pore size distribution curves
showed that mesopores distribution was mainly centred at 30 nm. The increase of
pore size comparing with mesopores presented in stabilized catalysts (Chapter III) is
in agreement with the lower SSA values found.

The changes in surface area can be ascribed to sintering process of the catalyst.
The catalyst sintering generally takes place at high temperatures and the reaction
atmosphere also influences it. In particular, water vapour accelerates the
crystallization and structural change in oxide supports. It has been shown [7] that
hydrothermal treatment on alumina supports decreases the surface area and shifts the
pore distribution to larger pore size. The decrease of SSA is related to the closure of
the pores occasioned by the elimination of the water on the support. The condensation
of hydroxyl groups on alumina surface produced the formation of Al-O-Al bonds,
which bring more hydroxyls into adjacency and in such way results in the closing of
the pores [4].

Alkali metals affect the thermal properties of the support and can accelerate the

sintering process by interaction with acid sites of the alumina [8]. Although the
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weaker amount of alkalis due to leaching, it slightly increases the sintering process,
and thus the loss of SSA.

Otherwise, the amount of Ca barely decreased after hydrothermal aging for the
HT-Ca-PtPd catalyst. Accordingly, the higher SSA value found could be related to the
presence of calcium oxides, which formed thermally stable spinel phases with
alumina, retarding sintering [8].

Moreover, in presence of phosphorus impurities, the SSA also decreased

probably due to the pore blocking produced by the formation of phosphates [9].
b. X-ray diffraction (XRD)

Figure V-1 presents a comparison between the XRD patterns of PtPd and HT-
PtPd catalysts, obtained using 26 positions between 20 and 80°.

I | * Al,O,
| + CeO,
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+ I | °PtPd
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I | I *
* %° I
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< 1 A
e
> | I HT-PtPd
~N—
o p—(
b2 |
= I
o |
- |
= I
e |
|
: |
I PtPd
|
I 1
T T T [T SE— m—— T T T T T
20 30 40 50 60 70 80
20 ()

Figure V-1. X-ray diffraction patterns of PtPd and HT-PtPd catalysts.

It can be seen that after hydrothermal aging peaks at 28.8 and 33.1°
corresponding to CeO, with cubic structure, and peak at 56.5° attributed to ceria-
zirconia mixed oxide, still present. Peaks related to Al,O; phase at 37° and 67° did not
change. However, some differences can be observed in the 38-50° region. In order to

observe these differences a zoom of this spectra region is showed on the Figure V-2.
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Figure V-2. Zoom of X-ray diffraction patterns of PtPd and HT-PtPd catalysts
between 38 and 50°.

Firstly, peak at 39.5° attributed to alumina became a shoulder of a more intense
peak at 40° in the case of HT-PtPd catalyst. Otherwise, the broad peak centred at 45.8°
related to y-alumina, was divided in two peaks at 45.5° and 46.5° after the
hydrothermal aging. The shoulder at 39.5 and peak at 45.5° were related with the
alumina phase. Otherwise, peaks at 40 and 46.5° can be attributed to platinum and/or

palladium. The presence of these peaks evidenced the sintering of noble metals after

hydrothermal aging.
The XRD patterns of hydrothermally aged modified catalysts are present in
Figure V-3.
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+ CeO,
" CeZrO,
° PtPd
* CePO,
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Figure V-3. X-ray diffraction patterns of HT-aged Na-, K-, Ca- and P-PtPd catalysts.
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In presence of Na, K and Ca impurities, XRD patterns are similar to the one of
HT-PtPd catalyst. Nevertheless, HT-P-PtPd presented some differences when
compared with the only P-PtPd catalyst. Peaks corresponding to CePO4 (27.1°, 31.2°
and 41.9°) and to ZrP,O4 (21.5°) were found. The peak at 56.5° attributed to ceria-
zirconia mixed oxide was not present, probably due to the lower amount of Ce and Zr

available, as they were forming phosphates.
c. Transmission electron microscopy (TEM)

Figure V-4 presents TEM analysis results corresponding to: a) HT-PtPd, b) HT-
Na-, and c¢) HT-P-PtPd catalysts. The aim of this analysis was to verify the influence

of hydrothermal aging on catalysts structural characteristics.
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' Figure V-4. TEM images of the synthesized: A) HT-PtPd, B) HT-Na-PtPd, and C)
HT-P-PtPd.

Based on TEM results, no significant changes were observed in the alumina-
based washcoat after the aging, even in the presence of impurities. This fact reveals
the thermal stabilization effect produced by doping with lanthanum [10,11]. Ceria-
zirconia phase remained in form of mixed oxide, well distributed along all the

support.
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Adversely to PtPd reference catalyst, HT-PtPd (Figure V-4 A-1) TEM results
evidenced an increasing of metallic particles size. After aging at 850 °C, Pt-Pd
particles were visible, which proved the sintering of noble metal particles already
discussed in XRD analysis. Although, it can be seen that the metallic particles still
well dispersed on the catalyst with a homogeneous particle size around 50 nm (Figure
V-4 A-2). The results of EDX analysis indicated that in all the aged bimetallic
catalysts the noble metal particles contained both platinum and palladium. The results
of aged-PtPd by H,-TPR (section I-e, Chapter III) verified that after a second
hydrothermal treatment at 650 °C platinum-palladium metals were present as
bimetallic particles. Thus, under harsher hydrothermal conditions it seems evident
that the metal particles were forming bimetallic particles, which confirm the XRD
previous results.

Nano-diffraction experiment was made to the particles observed on HT-PtPd
catalyst. However, the crystallographic structures of Pt (0.392 nm), Pd (0.389 nm) and
the PtPd (0.390 nm) were almost similar, thus it could not be possible to differentiate
if the bimetallic particles were forming an alloy.

Similar results were found in the case of HT-Na-PtPd (Figure V-4 B-2). The
noble metal particles presented higher size and were found forming bimetallic
particles. The ceria-zirconia phase stayed covering the alumina surface as a dispersed
phase (Figure V-4 B-1). The alkaline impurities were analysed by EDX, and found
well dispersed in the alumina support.

In difference to P-PtPd, HT-P-PtPd phosphorus was not present forming a layer.
It was detected dispersed forming phosphates as previously demonstrated by XRD
(Figure V-4 C-1). The bimetallic platinum-palladium particles showed higher particle

size, similarly than results obtained with the other hydrothermally aged catalysts.
d. X-ray photoelectron spectroscopy (XPS)

HT-PtPd, HT-Na-PtPd and HT-P-PtPd were analysed by XPS. In this case, only
the effect of Na and P impurities were studied after HT-aging, as alkali impurities
presented similar effects, while the behaviour of P was different, probably related to
the higher amount of this impurity added to the catalyst.

Firstly, the peak corresponding to XPS profiles of the Al 2p (Figure V-5) are

centred at the same range (74.6+0.2 eV) for all catalysts, similar than the one found in
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fresh catalyst spectra. This BE corresponded to y-Al,O3;, which evidenced that no
alumina-phase transition was produced after hydrothermal aging. The chemical state

of platinum cannot be determined, as the most intensive Pt 4f peak interferes with Al

2p peak.
—u— HT-PtPd 74.6+0.2 eV
—A— HT-Na-PtPd ‘ Al2p
—x— HT-P-PtPd "-

Intensity (a.u.)

Binding Energy (eV)
Figure V-5. Al 2p XPS spectra of HT-PtPd, HT-Na-PtPd and HT-P-PtPd catalysts.

Figure V-6 shows the Ce 3d obtained spectra, where all the samples presented

the peaks characteristics of CeO, according to the convention established by

Burroughs [12,13].
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Figure V-6. Ce 3d spectra of HT-PtPd, HT-Na-PtPd and HT-P-PtPd catalysts.
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Cerium was found as Ce®” and Ce*" oxidation states, presenting HT-PtPd and
HT-Na-PtPd similar results. Nevertheless, the HT-PtPd catalyst showed slightly
higher percentage of the oxidized state (Table V-2). It is worth noting that in the
spectrum of HT-P-PtPd only was visible the reduced state (Ce’"). It was evidenced by
XPS analysis of P-PtPd catalyst that phosphorus impurities could stabilize the ceria in
its reduced state [14]. This fact confirms that after hydrothermal treatment, the

reduced Ce’* was bounded forming the CePO, compound.

Table V-2. Binding energies (BEs) and percentage of the chemical states of cerium

(Ce®" and Ce™) on the surface obtained from XPS analyses.

Catalyst
Stabilized @~ HT-aged Stabilized HT-aged Stabilized HT-aged
BE Ce 3ds,; (eV) 884.4 884.2 884.5 884.2 885.0 884.5
Ce*" (%) 58.5% 88.0% 52.9% 84.2% 45.7% 0.0%
Ce™ (%) 41.5% 12.0% 47.1% 15.8% 54.3% 100%

The impurities were found at 1072+0.2 eV in the case of Na 1s, similarly than
Na-PtPd fresh catalyst, thus no changes in the chemical state were produced after
hydrothermal aging. In the case of phosphorus, a broad peak depicted at 135.2+0.3 eV
corresponding to phosphates, in agreement with the results found by XRD and

previous hypothesis of stabilization of ceria in its reduced state.

e. H,temperature programmed reduction (H,-TPR)

In order to analyse the influence of hydrothermal aging on the reducibility of
the catalysts, H, temperature programmed reduction experiments were carried out
from room temperature to 650 °C. The TPR profiles of HT-PtPd, HT-Na-PtPd and
HT-P-PtPd samples are shown in Figure V-7. Similar results were found for HT-K-
PtPd and HT-Ca-PtPd (Annex III).
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Figure V-7. TPR-H; profiles of (A) HT-PtPd, (B) HT-Na-PtPd and (C) HT-P-PtPd
catalysts.

Similarly than stabilized catalysts H,-TPR results, the reduction profiles of HT-
aged catalysts present a small broad peak was found between 350 -450 °C. This peak
could be attributed to the reduction of superficial CeO, that is not interacting with
metal. However, it seems that the peak presents slightly higher intensity after HT-
aging. In agreement with the lost of SSA due to the sintering of the support, lower
amount of ceria would be in contact with the metal. In addition, as discussed in
Chapter III, the hydrothermal aging could produce a deterioration of the surface
oxygen mobility capacity increasing the reduction temperature [15]. Thus higher
amount of ceria than in the case of stabilized samples would be reduced at higher
temperatures. Finally, a broad peak at temperatures higher than 450 °C was associated
with the reduction of bulk ceria promoted by zirconium [16,17].

It is worth noting that after HT-aging treatment the peaks corresponding to the
reduction of palladium and platinum disappeared. Previous H,-TPR results obtained
for aged-catalyst (section I-e, Chapter III), presented only one reduction peak. Under
the light of characterization results of HT-aged catalysts (XRD, TEM), it has been
proved the sintering of Pt-Pd particles. Thus, the loss of reducibility can be ascribed
to the formation of bigger Pt-Pd bimetallic particles after exposition to harsh
hydrothermal aging conditions.

Tao et al. [18] studied the structure of Pt-Pd bimetallic catalysts, and proposed
that the structure of these particles consists on a platinum core and a palladium shell.
They did not observed structural changes upon exposition of Pt-Pd catalyst to

oxidizing and reducing conditions, with palladium remaining at the bimetallic particle
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surface. Thus, the lost of reducibility after HT-aging could be ascribed to the
inhibition of metal reduction by palladium on the catalyst surface. Previous studies
results [19,20] found also lower H, consumption for aged bimetallic catalyst. In
agreement with the discussed results, they considered that the metal sintering would
limit the re-oxidation of the catalysts, thus decreasing the subsequent reduction. The
presence of cerium near to the noble metal particles on the catalyst surface may
facilitate the charge transfer between them, resulting in higher oxidation state in the
noble metal particles. However, the sintering of the catalyst decreased the metal-

support interaction, inhibiting the effect of cerium on the noble metal phase.

I1. Activity test results

The catalytic results obtained for CO, C3Hs and NO using HT-aged catalysts are
going to be discussed. A comparison with stabilized catalysts data was done in order
to evaluate the influence of the HT-aging process in presence of impurities.

Figure V-8 presents a comparison between the CO and CsHg conversion curves

of stabilized and hydrothermally aged catalysts.
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Figure V-8. Comparison of CO and C3;Hg conversion curves of stabilized (left) and

HT-aged (right) catalysts in function of the temperature during the heating ramp.
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Operating conditions: 50 mg, 250 ml min”', GHSV = 135 000 h™'; 300 ppm CO, 300
ppm C3Hg, 500 ppm NO, 10% O,, 5% CO», 3.5% H,0 and He as balance.

As it can be shown in Figure V-8, all catalysts maintained a high activity after
hydrothermal aging. The lower SSA induced by aging did not greatly affect catalyst
activity. Thus, the sintering process was produced by occlusion of small internal pores
of the support, where only small amounts of ceria or noble metals would be deposited.
Although the HT-aged catalysts still attained CO and C;Hg complete conversions as
the stabilized catalysts, the former reached 100% conversion at higher temperatures.
In agreement with Adamowska et al. [21], this result could be ascribed to the sintering
of PtPd particles, which would hinder optimal catalytic activity.

In the same way, Figure V-9 presents the NO-NO; conversion curves obtained

for the stabilized and HT-aged catalysts.

35

[ W Pd | —M- HT-PPd

—_ —/\—Na-PtPd —/\— HT-Na-PtPd
2 0 -@-k-Ped " —@— HT-K-PtPd
: L —¢— P-PtPd I —¢— HT-P-PtPd
S »Br W Ca-PtPd L~ HT-Ca-PtPd
Z I b ./.’;‘l‘v\ I
Q 20t " Tmy L
= -2::0“% ot B
= r v e \%'A\E\ r
bt 0 ¢ K

15 / /A \. 8 B
ON | v /A \.‘.{3\ as
Z. [ / AN ‘\f\‘}a\ 2
i 10 / \&{#sﬂ L
o e % A
Z [ ) wN I !

T V/A/ i e '

lf - ;
o0 X % ,-f
0 T T T T T T T T T T T T T T T
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure V-9. Comparison of NO-NO, conversion curves of stabilized (left) and HT-
aged (right) catalysts in function of the temperature during the heating ramp.
Operating conditions: 50 mg, 250 ml min', GHSV = 135 000 h™'; 300 ppm CO, 300
ppm C3Hg, 500 ppm NO, 10% O,, 5% CO», 3.5% H,0 and He as balance.

The NO-NO; conversion curves shifted towards higher temperatures in general.
This could be related to the leaching of the metal after HT-aging treatment. In
addition, the increment of Ts, values of CO and C3Hg would delay NO conversion due
to the competitive adsorption between the reactants.

The NO-NO; conversion curves of HT-aged catalysts in presence of impurities
exhibited similar shape. Thus, impurities presented lower influence for HT-aged than

for stabilized catalysts. This might be ascribed to the leaching of impurities
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occasioned by the HT-aging. It is worth noting that the maximum conversion values
are higher after HT-aging for all the samples except HT-P-PtPd catalyst. This is in
agreement with the literature, as the size increase of PtPd particles due to the sintering
may favors NO oxidation [22].

In the case of HT-P-PtPd, the maximum conversion is lower after the HT-aging.
As the characterization results have shown, higher amount of phosphates were formed
after the HT-aging, as well as a significant lower SSA was produced, which could
decrease the catalytic activity. Nevertheless, note that HT-P-PtPd catalyst presented a
slightly conversion increment in the 100 — 200 °C range, that decreased before the
start of mainly conversion curve due to the reduction of NO, to NO by C;Hg (Chapter
III, section II-b-ii). The NO-NO, conversion found at low temperatures for HT-P-
PtPd, could be attributed to the presence of Ce’" species, as verified by XPS, which
promotes NO decomposition [23].

Finally, less pronounced NO-N,O conversion was also found at low
temperatures comparing with stabilized catalyst (Figure V-10). In agreement with the

displacement of Cs;Hg curves, NO to N,O reduction was produced at higher

temperature.
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Figure V-10. Comparison of NO-N,O conversion curves of stabilized (left) and HT-
aged (right) catalysts in function of the temperature during the heating ramp.
Operating conditions: 50 mg, 250 ml min”', GHSV = 135 000 h™'; 300 ppm CO, 300
ppm CsHg, 500 ppm NO, 10% O, 5% CO», 3.5% H,O and He as balance.

The reaction rates calculated at conversions lower than 10% are shown in Table
V-3 in order to compare the influence of impurities on catalytic activity after

hydrothermal aging.
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Table V-3. Catalytic activity results in presence of Na, K, Ca and P impurities after
HT-aging treatment for catalytic diesel oxidation reaction.

'rco (150°C) 'rcane (180°C) 'rno (230°C)

Catalyst

Stabilized HT-Aged Stabilized HT-Aged Stabilized HT-Aged
PtPd 0.912 0.081 - 0.075 3.191 1.893
Na-PtPd 0.421 0.084 0.045 0.033 0.736 -
K - PtPd 0.504 0.199 3.963 0.034 4.351 0.552
Ca - PtPd 0.384 0.018 4.003 0.024 1.036 0.201
P - PtPd 0.994 0.256 0.446 0.144 3.643 -

'Reaction rate ((mol s gpgy™')-10°) during the heating at 150, 180 and 230°C for CO, C3Hg and NO,
respectively for the first catalytic cycle.

HT-aged catalysts present in general lower CO reaction rate than stabilized
ones. However, when comparing the HT-aged catalysts between them, higher reaction
rate values for CO at 150 °C were found in presence of Na, K and P impurities (Table
V-3).

As previously discussed, it is well known that CO strongly adsorbs on the
catalyst surface [24], producing “self-inhibition” and decreasing the catalytic activity.
The use of ceria as a complementary phase on the support promotes the oxidation of
the CO, avoiding the saturation of the catalyst surface. However, the hydrothermal
aging decreased the redox capacities of the catalysts, thus inhibiting the cyclic change
between the oxidation states of metals, as verified by H,-TPR [25]. This would
decrease the capacity of ceria to change its oxidation state, diminishing the oxygen
activation on the catalyst and subsequently the reaction rate of CO (Table V-3). Until
the temperature was not enough to CO could desorb, the oxygen would not be
available to start the reaction.

The low electronegativity of alkali impurities produces an inhomogeneous
electric field that promotes the adsorption of CO. Nevertheless, the electronic effect
produced by sodium and potassium would be attenuated due to the catalyst sintering,
which decreased the metal-support interaction producing lower metal-CO charge
transfer [26]. Subsequently the saturation of the catalyst surface by CO adsorption
was avoided, increasing the reaction rate for HT-Na-PtPd and HT-K-PtPd in
comparison with HT-PtPd catalyst. Due to the higher amount of impurities, electronic
effect still produced for HT-Ca-PtPd, favoring CO adsorption. Finally, the phosphates
formation verified by TEM, XRD and XPS analyses inhibited CO catalyst saturation

for HT-P-PtPd catalyst, increasing the reaction rate.
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In general, the CsHg reaction rate calculated at 180 °C, presented lower values
for HT-aged catalysts than the stabilized ones due to their lower redox capacity. In the
case of HT-PtPd the obtained Cs;Hg reaction rate was higher than for PtPd catalyst.
This higher value could probably due to the promotion of NO reduction to N,O via
Cs;He-SCR. Previous studies [27] have shown that the higher size of bimetallic
particles enhances NO reduction to N,O. Thus, the sintering of Pt-Pd bimetallic
particles after HT-aging would increase the C3;Hg reaction rate. Comparing with HT-
PtPd, the presence of Na, K and Ca impurities decreased the reaction rate, while
higher value was found for HT-P-PtPd catalyst. As discussed above, due to the
catalyst sintering the promotion effect of the alkaline impurities was decreased. The
induced strengthening of electron-accepting adsorbates such as O, produced by the
electron donor behaviour of these impurities would be inhibited. Consequently the O,
adsorption will be disfavored, decreasing the C;Hg conversion [28]. On the other
hand, similarly than for CO and before HT-aging, the formation of phosphates avoid
the propylene adsorption, inhibiting its self-poisoning.

The reaction rate of NO at 230 °C was also lower after HT-aging than the one
obtained with the stabilized catalysts. This might be due to the leaching of Pt, as well
as to the decrease of the amount of active sites related to the noble metal sintering.
Otherwise, the sintering of the catalyst decreased the electron transfer from alkalis to
noble metals. Thus, the interaction with NO decreased and subsequently, the
promoted NO adsorption by alkali impurities [28,29] was suppressed. In the case of
HT-P-PtPd, the blockage of catalytic active sites by the higher amount of phosphates

and the formation of phosphates oxides decreased the reaction rate.
III. In-situ DRIFTS study

Once the influence of HT-aging on the catalytic activity was verified, direct
spectroscopy evidenced by in-situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) were pursued by exposition to NO + CO + CsHg+ O, at 150
°C and 250 °C.

Figure V-11 shows IR spectra of adsorbed species on the surface of HT-PtPd,
HT-Na-PtPd and HT-K-PtPd catalysts under NO + CO + C3;H¢+ O, gas mixture at
150 °C (left) and 250 °C (right).
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Figure V-11. DRIFT spectra in the region 3200-1100 cm™ of HT-PtPd, HT-Na-PtPd
and HT-K-PtPd aged catalysts at 150 °C (left) and 250 °C (right) under simulated
exhaust conditions. FT-IR chamber feed: 500 ppm NO, 300 ppm CO, 300 ppm C;Hs,
10% O,, He as balance. Total flow: 40 ml min™'. Each spectrum has been taken 60

min after the desired temperature reached.

At 150 °C (Figure V-11, left), HT-PtPd, HT-Na-PtPd and HT-K-PtPd catalysts
showed similar bands. The mainly peaks corresponded to acetates species (1555 cm™,
vas(COO") and 1460 cm™, v{(COO")), monodentate nitrates (1508 cm™, v(N=0); 1260
cm”, v(N-0)) and bridging nitrites (1312 cm™, vo(NO,); 1276 cm™, v, (NO)).
Formates at 1585 cm™ (vy(COO); 1407 cm™, 8(CH) and 1307 cm™', v,(COO)) and
bridging nitrates at 1618 cm™ (v{(NO,), 1218 cm™ v,s(NO,)) were also present in all
catalysts. In addition, a band at 1690 cm™ corresponding to linear or bent NO on Pt
(v(N-0)) depicted in HT-PtPd and HT-Na-PtPd spectra. Slightly peak at 2965 cm™
were found in the region of HC fragments, as a consequence of propene adsorption. It
is worth noting that in the case of HT-K-PtPd, the bands corresponding to formate
species presented higher intensities probably due to the higher basicity of the
potassium, which would enhance the activity of CO oxidation (Table V-3) [30].

Moreover, a small peak attributed to isocyanates at 2164 cm™, v(NCO), was
detected for HT-Na-PtPd catalyst. The formation of isocyanate is preceded by the
dissociation of NO followed by the interaction of N(ads) with CO(ads) (or CO(g)) on
active metal centres. Accordingly to characterization results (H,-TPR), platinum was

present in reduced state. In addition, sodium impurities electronically enhanced the
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dissociation of NO on the metal sites. Thus, it seems that isocyanates formation would
be promoted due to electron enrichment of Pt sites after HT-aging.

When the temperature was increased until 250 °C the spectra evolved (Figure
V-11, right). Nitroxy species almost disappeared, remaining only slightly peaks
associated with nitrites at 1312 cm™ (v4(NO,)) and 1276 cm™ (v4(NO)). Moreover, a
broad peak at 1645 cm™ attributed to carbonates (va(COO); 1350 cm™, v{(COO)),
appeared for the three catalysts, related with the adsorption of CO, produced during
CO and C;Hs oxidations. Carbonates bands presented higher intensity in presence of
Na and K due to the increase of the catalyst basicity related with these impurities.
Acetates at 1555 cm™ (vas(COO")) and 1455 cm™ (vy(COO)), as well as formates at
1585 (vos(CO0), 1393 cm™ (8(CH)) and 1373 cm™ (v{(COO)), dominated the
obtained spectra. Slightly higher intensity of HC fragments (2965 and 2908 cm™)
corresponding bands, were also found.

In agreement with the similar bands observed for all HT-aged catalysts, it seems
that alkali effects were attenuated after HT-aging. This could be ascribed to two facts:
(1) the loss of impurity amount associated with alkali leaching during HT-aging, and
(i1) the loss of effective contact between alkalis and metal phase [28]. Due to the
metal sintering, lower contact with alkalis would be produced, decreasing their
electronic influence on the catalytic activity.

IR spectra of adsorbed species on the surface of HT-PtPd and HT-Ca-PtPd

catalysts under the same conditions are shown in Figure V-12.
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Figure V-12. DRIFT spectra in the region 3200-1100 cm™ of HT-PtPd and HT-Ca-
PtPd aged catalysts at 150 °C (left) and 250 °C (right) under simulated exhaust
conditions. FT-IR chamber feed: 500 ppm NO, 300 ppm CO, 300 ppm Cs;Hg, 10% O,
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He as balance. Total flow: 40 ml min™'. Each spectrum has been taken 60 min after

the desired temperature reached.

Comparing HT-PtPd and HT-Ca-PtPd at 150 °C (Figure V-12, left), some
differences were evidenced. An intense peak at 1460 cm™ corresponding to linear
acetates (v{(COO); 1555 cm™ (vas (COO")) was depicted for HT-Ca-PtPd. In addition,
some carbonates were also detected at 1345 cm™ (v{(COO); 1645 cm™, v4(COO)).
As well as in the case of HT-PtPd, linear or bent NO on Pt species were presented at
slightly higher wavenumber in presence of Ca impurities (1706 cm™, v(N-O)).
Although in both spectra acetates and carbonates bands intensity increased at 250 °C
(Figure V-12, right), higher peaks intensities were observed on HT-Ca-PtPd spectra.

As discussed in Chapter IV, Ca impurities possess strong basic sites. Minemura
et al. [30] shown that alkali metals with strong basicity could increase the activity of
the CO oxidation. In addition, Ca-based catalysts can be easily poisoned by H,O and
CO; [31]. Thus, the higher intensity bands of HT-Ca-PtPd could be ascribed to the
high basicity of Ca impurities.

Finally, HT-aged phosphorus-modified catalyst was compared with HT-PtPd

catalyst spectra in Figure V-13.
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Figure V-13. DRIFT spectra in the region 3200-1100 cm™ of HT-PtPd and HT-P-
PtPd aged catalysts at 150 °C (left) and 250 °C (right) under simulated exhaust
conditions. FT-IR chamber feed: 500 ppm NO, 300 ppm CO, 300 ppm Cs;Hg, 10% O,
He as balance. Total flow: 40 ml min™'. Each spectrum has been taken 60 min after

the desired temperature reached.
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In the same way than the corresponded stabilized sample, HT-P-PtPd presented
weak adsorption bands. At 150 °C (Figure V-13, left), band attributed to bridging
nitrates at 1635 cm™ (v{(NO,); 1218 cm™, v,(NO,)) was detected. Slightly broad
peaks corresponding to formates (1585 cm™, v,(COO); 1393 cm™, 8(CH); 1373 cm’,
vy(COO")) and acetates (1545 cm™, v.(COO); 1460 cm™, v{(COO)), were also
observed. However, their intensities were negligible comparing with the intensities of
the peaks found on the HT-PtPd spectra.

At higher temperature (250 °C, Figure V-13, right), bands corresponding to
formates (1585 cm™, v4(COO"), 1407 em™, 8(CH) and 1373 cm™, vy(COO)) and
carbonates (1645 cm™, vo(COO); 1345 ecm™ (vo(COO)) species appeared, but with
much lower intensity than HT-PtPd catalyst.

The weaker adsorption in presence of phosphorus could be attributed to the
formation of phosphates, which would block the adsorption sites, as verified by the
lower SSA values found. Moreover, the adsorption of NO instead of CO and/or CsHg
could be attributed to the presence of Ce’" species, as verified by XPS, which
promote NO decomposition [23].

The CO and C;3Hg reaction rates presented higher values for HT-P-PtPd than
HT-PtPd. Relating with the low adsorption evidenced by in-situ DRIFTS, it was
verified that formation of phosphates avoid the adsorption of CO and Cs;Hg, and
consequently, the saturation of the active sites. In the case of NO, the reaction rate
obtained was lower than HT-PtPd catalyst. Regarding the obtained spectra, no peak
related to the interaction NO-Pt was observed after HT-aging. Thus, the higher
phosphates formation verified by TEM and XRD could block the active sites,

hindering NO conversion.
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IV. Conclusions

In this chapter, the hydrothermal aging influence was investigated on the
physico-chemical, redox and catalytic activity of PtPd reference catalyst and modified
with Na, K, Ca and P species.

The physico-chemical characterization results showed the sintering of the
catalyst as well as the higher size of Pt-Pd bimetallic particles, which leads lower
number of catalytic active sites. In addition, H,-TPR results evidenced that the redox
capacities of the catalyst also decreased.

Although CO and C;Hg complete conversions continued attained after HT-
aging, higher Tsy values were found related to the leaching of the metal. In addition,
the leaching of alkali impurities, as well as the catalyst sintering, weakened the
promoted adsorption of electron-accepting adsorbates, such as CO, NO and O,. These
results are in agreement with the lower intensity bands presented in obtained DRIFTS
spectra, which evidenced the attenuation of alkali electronic promotion.
Notwithstanding it had a positive effect on the CO oxidation by preventing the “self-
inhibition” effect, it decreased the reaction rates of C3Hg and NO.

The sintering of the catalyst decreased the number of active sites on the
catalytic surface, lowering NO reaction rate values. Nevertheless, the higher metallic
state of PtPd particles evidenced by H,-TPR enhanced NO to NO, conversion.
Moreover, the bigger size of these particles also promoted NO conversion, as it is a
well-known structure sensitive reaction [32].

The lower reaction rate obtained for CO and Cs;Hg in the case of HT-Ca-PtPd
would be related to electronic effects, as no loss of impurities was detected. In
addition, the high basicity of the Ca impurities increased the stability of adsorbed
nitrates, decreasing the catalytic activity.

On the other hand, phosphorus species were forming phosphates on the catalyst
surface according to XRD and TEM analyses. As verified by in-situ DRIFTS
experiments, it inhibited the catalyst surface saturation, increasing CO and Cs;Hg
reaction rates. However, NO oxidation was disfavored due to the presence of

phosphates blocking the catalytic sites.
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CHAPTER VI: General conclusions

This chapter summarizes the main conclusions derived from the research of the
influence of Na, K and Ca impurities related to the use of biodiesel, as well as P
impurities coming from the automotive lubricants in the performance of Diesel
Oxidation Catalysts (DOCs).

The continuously tightened European emission standards lead the introduction
of an after-treatment system in order to reach the desired emission levels. The after-
treatment system of current diesel exhaust consists on Diesel Oxidation Catalysts
(DOCs) along with diesel particulate filters (DPF) and selective catalytic reduction
catalysts (SCR). In addition, Euro VI established that the durability of the after
treatment system has to be at least seven years or 700 000 km, requiring the use of
more active and durable catalysts. Particularly, Diesel Oxidation Catalysts (DOCs)
could efficiently eliminate the CO, unburned hydrocarbons and oxidize NO to NO,,
which plays a crucial role in the promotion of soot oxidation and the low-temperature
activity for SCR. The DOC catalysts are mainly composed of noble metals (platinum,
palladium) supported on high surface area compounds, as alumina. It is worth noting
the addition of an oxygen storage phase, which would provide a better resistance to
redox aging.

Moreover, the use of renewable energy sources has been gaining some attention
during the last years. Biofuels, particularly biodiesel, has depicted as a promising
alternative fuel to conventional diesel, as it presents similar calorific power and better
carbon balance, which implies lower net emissions of CO,. However, the use of
biodiesel could influence in the activity and durability of the after-treatment system
due to the presence of alkaline metals (Na, K, Ca) coming from its liquid-phase
synthesis, as well as impurities coming from motor lubricants (P). As literature review
has shown, these impurities can have an influence on the activity of Pt-Pd based
catalysts. On the one hand, the presence of alkalis may influence the adsorption and
strength of the bonds formed between the adsorbed species and the substrate. In
addition, due to their highly basic properties they could provide a major contribution
to the overall NOy adsorption capacity of the catalyst. On the other hand, the

accumulation of phosphorus species may modify the composition of the support by
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reacting with it. Moreover, it could disturb the adsorption of reactants on the catalyst
surface.

A reference DOC composed by PtPd/CeZrO,/La-Al,0O; was synthesized by
successive impregnations. In order to evaluate the catalytic behaviour of DOC at the
end of its lifetime, Na, K, Ca and P impurities were added by impregnation in a
percentage based on 35 L/km consumption during 700 000 km. The impact of alkali
and alkaline earth metals (Na, K and Ca), phosphorus species (P) and its
combinations, on the reference catalyst PtPd/CeZrO,/La-Al,Os diesel oxidation
catalyst was evidenced by several characterization techniques like ICP, N,
adsorption/desorption, XRD, TEM, XPS, H,-TPR and NO-TPD. Finally, to evaluate
the influence of these impurities on the catalytic performance of the catalyst, catalytic
tests were carried out as described in Chapter II. To gain further insight into the detail
of the modifications of the added impurities on the catalyst surface, in-situ DRIFTS
experiments were also done.

The catalytic activity results showed that Na, K, Ca and P impurities have an
influence on the CO, C3Hg and NO reaction rates. The electron-donor behaviour of
alkali impurities enhanced the metal-electron acceptor adsorbates charge transfer in
the case of CO, NO and O,. Thus, in presence of Na and K impurities lower values of
CO reaction rates were found, due to the “self-inhibition” effect, which would
saturate the catalyst surface. Moreover, the high basicity of Ca made more difficult
desorption of CO, produced by CO oxidation, decreasing the catalytic activity.

As the adsorption of oxygen was promoted, the redox capacities of the
modified-catalysts decreased, as verified by H,-TPR. However, it had a positive effect
on propylene oxidation. Thus, it has been demonstrated that Na, K and Ca impurities
increased C;Hg reaction rates due to its higher interaction with adsorbed oxygen
(Chapter III).

The NO-TPD results evidenced that the addition of Na, K and Ca impurities
modified the NO adsorption strength. The observed effects were due to the electronic
properties of these impurities, which are related at the same time with the basicity: the
higher basicity, the higher NO adsorption strength. Notwithstanding, it has been
shown that the molar percentage of impurity contained on the catalyst played an
important role. Thus, while Na and Ca impurities diminished the NO reaction rate, the

lower amount of K increased the catalytic activity. Accordingly, it seems that it exists
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a certain value at which the impurities would act as promoters instead of poisons as
initially expected.

Higher amount of phosphorus impurities was incorporated to the catalyst.
Characterization results evidenced the formation of phosphates, which could block the
catalytic active sites. In addition, phosphorus species stabilized ceria phase on its
reduced state, Ce’”, which acted as an electron-donor under oxidizing atmospheres.
Thus, it could inhibit the “self-poisoning” phenomenon of the catalyst surface
produced by the excessive adsorption of CO and C;Hg, increasing the reaction rates in
presence of phosphorus. Nevertheless, the formation of phosphates blocked the
adsorption sites in agreement with the significant decrease of NO adsorption showed
by NO-TPD.

The results obtained by in-situ DRIFTS experiments were used to gain
important insights into these catalytic results. The study of the catalyst surface has
shown the formation of nitrites/nitrates as intermediates for NO oxidation, as well as
formates/acetates for CsHg and CO involved reactions. In some cases isocyanates and
cyanides species were also observed, related with NO to N,O reduction via SCR-
C;He.

The higher intensity of nitrites/nitrates corresponding bands evidenced the
metal-NO interaction related with the electronic promotion of Na and K impurities. In
addition to the lower molar percentage, the atomic weight of K also influenced its
effect on the NO adsorption. The large valence shell of the K cations would increase
the transferred charge. Thus, the greater electronic effect of K would favor NO
adsorption, in agreement with the higher NO reaction rate. As well, the basicity of the
catalyst increased after Ca incorporation, leading high nitrites/nitrates adsorption that
were stable with the temperatures, in agreement with the lower reaction rate found
previously.

In addition, the negative electrostatic potential around alkali impurities
decreased the bonding energy of electron-accepting adsorbates like CO and O,,
promoting CO and C;3;He co-oxidations as already discussed. Otherwise, the
strengthening of oxygen adsorption promoted the reaction with the adjacent adsorbed

species, such as nitrates, which are also strong oxidants.
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The blocking of adsorption sites due to phosphates formation have been
evidenced by the few adsorption peaks observed on obtained P-PtPd catalyst DRIFT
spectra.

In order to verify the durability of the DOC under harsh conditions, all the
catalysts were hydrothermally aged at 850 °C during 16 h. The physico-chemical
characterization results evidenced the leaching and the sintering of noble metal
particles, increasing the size of Pt-Pd bimetallic particles. In addition, the redox
abilities of the catalyst were also diminished after the HT-aging.

In general, lower reaction rates were found after HT-aging when compared with
the stabilized catalysts. The leaching of Na and K impurities as well as the catalyst
sintering, attenuated the promoted adsorption of electron acceptor adsorbates, as
verified by the lower intensity bands observed on DRIFT spectra. Nevertheless, as
previously discussed, the amount of impurities played an important role on their
effect. Thus, although it could promote CO oxidation by preventing the “self-
inhibition effect”, the Cs;Hg and NO reaction rates decreased.

The amount of Ca impurities found did not vary significantly after HT-aging,
thus their effects continued in addition to the catalyst sintering, decreasing the
catalytic activity.

It is worth noting that the metallic state and bigger size of Pt-Pd bimetallic
particles enhanced NO oxidation. However, the sintering of the catalyst decreased the
number of catalytic active sites, decreasing the NO reaction rates.

Finally, the adsorption sites were blocked again due to the presence phosphates.
It would inhibit the catalyst surface saturation, which has a positive effect on CO and
CsHg reaction rates. Nevertheless, the redox capacities were diminished as verified by
XPS and H,-TPR analyses, decreasing catalytic activity in the case of NO oxidation.

Even if several conclusions were found during this study, further investigations
would be advice:

* The study at similar percentage of impurities is advisable, in order to
better compare the impact of each impurity.

* The kind of impurities employed could be extended, adding for example
Zn impurities and combination with the already alkali and alkaline earth

impurities here studied.
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The use of biodiesel is known to increase the oxygenated hydrocarbon
emissions. Thus, it could be interesting to complete the research of Na,
K, Ca and P impurities influence on a DOC catalyst adding oxygenated

HC emissions to the reactant mixture.
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ANNEX I

The graphs Al-1 to Al-4 presented in this Annex correspond to supplementary

results of the catalyst characterization by N, adsorption/desorption (Section Ia).
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The results exposed in Figure AI-5 were related to the already discussed
influence of the reaction between C3Hg and NO,, which apparently decreases the NO

conversion (section II-b-i1).
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Figure AI-5. Propylene and NO,-NO conversion in function of the temperature
during the heating ramp of the first catalytic cycle. Mixture conditions: 300 ppm
CsHg, 500 ppm NO3, 10% O, and He as balance. Catalyst mass: 50 mg, 250 ml min'l,
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In addition, in Figure AI-6 was shown the influence of water adsorption on the

catalytic active sites, which increases the competition between the reactants (Section

[1-b-ii).
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Finally, Figures AI-7 and 8 displayed the CO, Cs;Hgs, NO-NO, and NO-N,O

conversion values in function of the temperature

(Section II-d).
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reference with combination of alkali impurities during the heating ramp of the first

catalytic cycle. Operating conditions: 50 mg, 250 ml min™', GHSV = 135 000 h™'; 300
ppm CO, 300 ppm C3Hg, 500 ppm NO, 10% O, 5% CO», 3.5% H,0 and He as

balance.
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Figure AI-8. CO, C3Hs, NO-NO; and NO-N,O conversion after modification of

reference with combination of phosphorus-alkali impurities during the heating ramp

of the first catalytic cycle. Operating conditions: 50 mg, 250 ml min', GHSV = 135
000 h™'; 300 ppm CO, 300 ppm C3Hs, 500 ppm NO, 10% O,, 5% CO,, 3.5% H,0 and

He as balance.
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Figure AI-9. CO, C3Hg, NO-NO, and NO-N,O conversion obtained during the

heating ramp of the first catalytic cycle for the reference and PNaKCa-PtPd catalysts.
Operating conditions: 50 mg, 250 ml min™', GHSV = 135 000 h™'; 300 ppm CO, 300
ppm CsHg, 500 ppm NO, 10% O, 5% CO,, 3.5% H»O and He as balance.
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ANNEX II

Table AII-1. Bands position and the corresponding assignments of surface
species in DRIFT spectra.

Annex 11

Peak

Infrared

Surface species s R (o) vibration Reference
NS 1314-1266 Vas(NO»)
Bridging nitrites (|3 (I) 1230-1276 v(NOY) [5]
M M S 2
. 1470-1375 v(N=0)
Monodentate nitrites 0O-N-O-M 1206-1065 v(N-O)
AN 1375-1314 Vvs(NO,) [6]
Bidentate nitrites 0 0
M/ 1203-1176 Vas(NO»)
0 1600-1650 vs(NO»)
I
Cl . . N
Bridging nitrates O/ \O 1200-300 Va(NO»)
I I
nom [4,6-11]
0 1590-1550 vs(NO»)
Bidentate nitrates O/ \O 1200-1300 va(NO2)
\m”
O\ 1510'1508 Vas(NOZ)
. N O
Monodentate nitrates o 0—M 1275-1250 v(NO») [2]
Linear or bent NO on Pt (NO) 1680-1780 v(N-O) [5,7,12,13]
P-OH (HO) 3670
Free OH (HOY 3684 V(O-H) [14]
1373 vs(COO)
Formates (HCOO) 1410-1390 O6(CH)
1585 Vas(COO") [15-21]
Adsorbed (HCY 2965, 2938 Vas(CH)
hydrocarbon fragments 2910, 2908 vs(CH)
) 1460-1440 vs(COO"
Acetates (CH;3-(C=0)-0) 15551545 Vas(( o O'))
0 1645 Vas(COO) [21-23]
Il
C
7N\
Carbonates ¢ 0 1350-1345 v((COO")
M M
Carbonyls on _
partially oxidized Pt (>C=0) 2113,2120 v(CO) [15,16,21,24]
Cyanide (N+C) %iﬁ v(C+N) [15,25,26]
Isocyanates (N=C=0) éfgg VN=C=0)  [21,27-29]
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In order to verify the interaction of Na, K, Ca and P impurities with OH
groups on Al,Oj; surface, an ex-situ study under 40 ml min™' of He at 35 °C was made
to PtPd reference and modified catalysts. Previous studies [28,29] identified five types
of OH species depending mainly from number of AI’" ions associated with OH
groups, as well as the coordination between them. In Table AII-2 are resumed the

corresponding assignments to principal bands observed on the 3900-3500 cm™ region.

Table AII-2. Bands position and the corresponding assignments of OH groups on

alumina surface on the 3900-3500 cm™ region.

Surface species Peak position (cm™)  Infrared vibration
Type Ib (Aly))OH E 3800-3785 v(OH)
Type Ia (Al;y)OH M 3780-3760 v(OH)
Type IIb (Alyy);OH }II 3745-3740 v(OH)
Type I1a (ALiyAly;) OH MO\ 3735-3720 v(OH)
H
Type III (Aly;);OH b 3710-3680 v(OH)
M7\

As it can be seen in Figure AIl-1, the bands at 3775, 3735 and 3670 cm’ are
associated with species type la, Ila and III. After addition of Na, K and Ca slightly
modifications of OH bands were observed, probably due to the changes on the
basicity of the catalysts. It is worth noting the spectra of P-PtPd catalyst, which
showed an intense peak at 3670 cm™, associated with the P-OH interaction. This is in

agreement with the already justified phosphates formation on catalyst surface.

[/ ——

Ca-PtPd

K-PtPd

L
7 Na-PtPd

—— PtPd

Absorbance (a.u.)

.

e

-

—_—
3900 3850 3800 3750 3700 3650 3600 3550 3500
-1

Wavenumber (cm )

Figure AII-1. DRIFT spectra in the region 3900-3500 cm™ of PtPd reference
and Na-, K-, Ca- and P-modified catalysts under 40 ml min”' of He at 35 °C.
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Figures All-2, 3, 4 and 5 corresponds to the evolution of the NO adsorbed
species on Na-, K-, Ca- and P-PtPd increasing the temperature (Chapter IV, section I-
b). As discussed in Chapter IV, when the temperature reached higher values the
nitrites to nitrates transformation was detected. In addition, at higher temperature
values, nitrates decomposed to NO,, which desorbed in form of NO due to the
displaced thermodynamic equilibrium. The higher temperatures at which the variation
of the intensity bands was produced (Figures AlII-2, 3 and 4) corresponds with the
desorption peaks found by NO-TPD in Chapter III, that was ascribed to the electronic
effects produced by alkali impurities. At 500 °C, any of the catalysts presented
adsorbed species, in agreement with the total desorption showed by NO-TPD.

¢0.15 Na-PtPd

B Bridging nitrates
1 ~m-|

@ Monodentate n%tr?tes 1\4/1%11;8) 1254 el
O Monodentate nitrites v, (NO,) 1218 cm!

A Bidentate nitrates () Vas (NO,) 1050 Cmp
4 1386 cm'! v (N-0)
ST

as 2
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wig /f/f/ww
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VA o e
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e
e
e
e
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T T
1800 1700 1100 1000

T T T T T
1600 1500 1400 1300 1200

Wavenumber (cm'l)
Figure AII-2. DRIFT spectra in the region 1800-1100 cm™ of Na-PtPd
catalyst during NO desorption at temperatures in the interval of 35-500°C. Operating
conditions: 40 ml min"' He; NO stored at 35 °C until saturation and subsequently NO-

TPD.
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Figure AII-3. DRIFT spectra in the region 1800-1100 cm™ of K-PtPd catalyst
during NO desorption at temperatures in the interval of 35-500°C. Operating

conditions: 40 ml min™ He; NO stored at 35 °C until saturation and subsequently NO-

400c__

_

500°C

TPD.
foas Ca-PtPd
[l Bridging nitrates 1?7(;\%1"
[ Bridging nitrites 1454 cm’! 1312Nc81" Vs (NO,) 1218 cm!
O Monodentate nitrites v (N=0) Vs (NO,) V;»ﬂ‘foz)
A Bidentate nitrates
Y 1550 cm’! 1257 el 11206 cm!
= Vs (NOy) VKNOE) v (N-O)
«
~ \J//
8 1618 cm’!
= v, (NO,) \/\\
Lt
S . —~
o |33c
: /s G
> |100°C //\\“\//M N
Swe /7
300°C // M/‘/\/J\W/ff
LT
T T T

T T T T T T T T T
1800 1700 1600 1500 1400 1300 1200 1100

Wavenumber (cm'l)
Figure AII-4. DRIFT spectra in the region 1800-1100 cm™ of Ca-PtPd

catalyst during NO desorption at temperatures in the interval of 35-500°C. Operating
conditions: 40 ml min"' He; NO stored at 35 °C until saturation and subsequently NO-

TPD.
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Figure AII-5. DRIFT spectra in the region 1800-1100 cm™ of P-PtPd catalyst
during NO desorption at temperatures in the interval of 35-500°C. Operating
conditions: 40 ml min™ He; NO stored at 35 °C until saturation and subsequently NO-

TPD.

Figures AII-6 and 7 corresponds to supplementary data of Chapter IV, section
II-b. Figure AII-6 evidenced the adsorption of NO+O, by the higher intensity of

nitrates species increasing the time.
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Figure AII-6. DRIFT spectra in the region 1800-1100 cm™ of PtPd catalyst

during NO+O,/He adsorption at 35 °C. Operating conditions: 40 ml min™ He; 500
ppm NO, 10% O,, He as balance.
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Otherwise, in Figure AII-7 was evidenced the inhibition of NO adsorption in the

case of P-PtPd catalyst due to the phosphates presence blocking the adsorption sites.
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Figure AII-7. DRIFT spectra of PtPd-reference and P-PtPd catalysts at 150°C (left)
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and 250°C (right) after 60 min under simulated exhaust conditions. FT-IR chamber
feed: 500 ppm NO, 10% O,, He as balance; 40 ml min™.

Figures AII-8 and 9 present the results obtained switching from NO or NO + O,

to CsHg in function of the time for K- and Ca-PtPd catalysts (section III, Chapter IV).

Similarly than in the case of reference and Na-PtPd catalysts, the reaction between

nitroxy species and CsHg is evidenced by the decrease of nitritres/nitrates bands
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Figure AII-8. DRIFT spectra of K-PtPd at 250°C under NO (left) or NO + O, (right)
/He/CsHg after 120 min. FT-IR chamber feed: 500 ppm NO, (10% O,), He as balance;
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He purge; 300 ppm C;Hg, He as balance; total flow 40 ml min’!.

164

1200




Annex 1

Wavenumber (cm'l)

Wavenumber (cm'l)

Acetates A
0.10 Acetates 0.15 1555 cm'! b=
1555 cm! =
Nitrites 2 ol
Nitrates 1B32em =2 £
Formates 1588 cmr! Nitrates 57 5‘
—~ 1585 em i Acetates 1386 cm”! % § ,Z
s Acetates 5 g {460 cm? e %
< Carbonates 1450 cn| [ E H Nitrates / I
~ 1645 cm! 5 = “Z 1618 cm'! aQ
g SR E ¥y \\/f
= ™ N |
e . gy P
S [CHe 120 min / \¢\ N A M| CH 30 min \\J\f/m
2 |C,H,, 30 min i - 5 L
< /—/—/_/,/ f//_\r\_f\ A/’\\/\L C;Hg, 15 min \/
Hy, 15 mi N
Call, 15 min 7 L TH \'\Igcjﬂﬁ, 1 min T S
[ETRTa = e e \J
= i~ He e
H,e——’/_/_/_f//_/’ﬂf\-’\/'\—\ “f\‘v\: \j
NO, 120min ™MNO+0,, 120 min
L
—— —
2000 1900 1800 1700 1600 1500 1400 1300 2000 1900 1800 1700 1600 1500 1400 1300 1200

Figure AII-9. DRIFT spectra of Ca-PtPd at 250°C under NO (left) and NO + O,
(right)/He/C3Hg after 120 min. FT-IR chamber feed: 500 ppm NO, (10% O), He as
balance; He purge; 300 ppm C;Hs, He as balance; total flow 40 ml min™.

Finally, in Figures AII-9 to 12 are present the results obtained for K-, Ca- and
P-PtPd catalysts after NO + O, exposition until saturation and subsequent exposition
to CO. As explained in section III in Chapter IV when alkali impurities, such as K
(Figure AII-11), were added to the catalyst, higher amount of nitrites/nitrates were
formed due to the enhanced dissociation of NO, saturating the catalyst surface. The
band attributed to Pt-NO interaction still presented after CO exposure, which proves
the stability and high strength of Pt-NO interaction. Thus, less adsorption sites were
available for CO adsorption, even if its dissociation is also improved in presence of

alkalis.
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Figure AII-10. DRIFT spectra of K-PtPd at 250°C under NO + O, /He/CO after 120
min. FT-IR chamber feed: 500 ppm NO, 10% O,, He as balance; He purge; 300 ppm

CO, He as balance; total flow 40 ml min’',
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In the case of Ca-PtPd, the higher basicity of the catalyst was demonstrated by

the presence of carbonates species (Figure AIl-11).
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Figure AII-11. DRIFT spectra of Ca-PtPd at 250°C under NO + O, /He/CO after 120
min. FT-IR chamber feed: 500 ppm NO, 10% O, He as balance; He purge; 300 ppm
CO, He as balance; total flow 40 ml min™".

Similarly than when exposed to CsHg instead of CO, the presence of phosphates
avoided the adsorption on P-PtPd catalyst (Figure AIl-12).
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Figure AII-12. DRIFT spectra of P-PtPd at 250°C under NO + O, /He/CO after 120
min. FT-IR chamber feed: 500 ppm NO, 10% O, He as balance; He purge; 300 ppm

CO, He as balance; total flow 40 ml min’,
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ANNEX III

In Figure AIlI-1 is presented the H,-TPR results of HT-K-PtPd and HT-Ca-PtPd
catalysts. In both cases similar results than to the others HT-aged catalysts were

found, only a broad beak around 400 °C corresponding to the reduction of superficial

CeO, is visible.
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Figure AIII-2. H,-TPR profiles of (A) HT-K-PtPd and (B) HT-Ca-PtPd catalysts.
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ANNEX 1V

Complementary information of the reference catalyst is present in this Annex.

Firstly, in order to evaluate the influence of the support on the catalytic activity,
experiments with Al,Os, La-Al,O3; and CeZrO,/La-Al,O3 were evaluated. As it can be
seen in Figure AIV-1, the y-Al,O; calcined did not present any activity. However,
when it was doped by lanthanum, CO, C3;Hg and NO oxidation took place. The
catalytic activity presented by La,0;-Al,O; catalyst is related to its acid-base
properties. Previous studies [1,2] have proved that the basic properties of lanthanum
makes it catalytically active.

Once the cerium-zirconium was impregnated, the temperature at which 50%
conversion of CO and Cs;Hg were attained decreased (Figure AIV-1). The catalytic
activity of ceria-zirconia oxides has been already related with its high oxygen storage
capacity (OSC). Adamowska et al. [3] proposed that oxygen vacancies in ceria-
zirconia lattice leads to the so-called “coordinatively unsaturated sites” (“cus’), which
allows reactive adsorption on cerium cation active sites. Furthermore, the ceria phase
promotes NO adsorption and oxidation to nitrates, as verified by DRIFTS study
(section I-a, Chapter IV). Thus, the oxidation of NO detected in absence of platinum-
palladium can be related to the reaction on the oxygen vacancies formed upon the

introduction of zirconium ions on the ceria structure [4,5].
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Figure AIV-1. CO, C3Hg, NO-NO; and NO-N,O conversion obtained for the
different support phases during the heating ramp of the first catalytic cycle. Operating
conditions: 50 mg, 250 ml min', GHSV = 135 000 h™', 300 ppm CO, 300 ppm C;Hs,

500 ppm NO, 10% O3, 5% CO3, 3.5% H>O and He as balance.

Otherwise, the activity test procedure was carried out three times to evaluate the
reproducibility of the results and the modification of the reference catalyst in
operating conditions (Figure AIV-2). CO and CsHs conversion cycles were
reproducible when three cycles were tested, and did not present hysteresis in these
cases, reaching total conversion on both cases at the same temperature.

On the contrary, when NO total conversion was evaluated it can be observed the
presence of a light hysteresis on the conversion curves. PtPd catalyst was more active
at low temperature during cooling although the top conversion was similar in both
phases. One potential explanation of this behaviour is a reversible oxidation of the
active phase. It is thus proposed that at high temperatures platinum is oxidized by
NO; or O, to form an oxide that is less catalytically active than the metallic platinum
particle. At lower temperatures the particle would be reduced back to its original state,

most likely by NO [6]. It is known that, at low temperature, platinum oxide can form
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due to the high oxygen concentration and the formation of NO, [7,8] and that

platinum and palladium oxides are less active for NO oxidation than metallic phase.
Beside these results, very close superposition of the NO oxidation activity was

found during cooling and heating steps respectively, and that therefore the observed

hysteresis was entirely reversible.
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Figure AIV-2. CO, C3Hg and NO conversion obtained for the reference catalyst
during the three catalytic reaction cycles. Operating conditions: 50 mg, 250 ml min™,
GHSV = 135 000 h™", 300 ppm CO, 300 ppm C3He, 500 ppm NO, 10% O, 5% CO»,

3.5% H,0 and He as balance.
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Finally, to complete the study of the stability of the reference catalyst, X-Ray
Diffraction and N, adsorption/desorption were made to the sampler after reaction
conditions. As it can be seen in Figure AIV-3, no significant changes were found in
the crystallinity of the catalyst. As well as before the reaction, the peaks
corresponding to support are again visible. In addition, it starts to depict the peak
corresponding to Pt-Pd at 46.5° probably due to the sintering of the metal after

exposition to higher temperature.
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Figure AIV-3. X-ray diffraction patterns of PtPd reference catalyst before (A) and
1

3

GHSV =135 000 h'l, 300 ppm CO, 300 ppm CsHg, 500 ppm NO, 10% O, 5% CO,,
3.5% H,O and He as balance.

after (B) three catalytic reaction cycles. Operating conditions: 50 mg, 250 ml min

Moreover, significant decrease of the SSA was found, passing from 60 m” g”' to
40 m* g after reaction. Again, this could be ascribed to the exposition to high

temperatures, producing the sintering of the catalyst.
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