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IR spectroscopy based kinetic modeling of NH3-SCR on Fe-
zeolites: Application for diesel engines aftertreatment system
simulation

Abstract

Selective Catalytic Reduction of nitrogen oxides through urea or ammonia is a well
established technique for the efficient abatement of NOx, from mobile diesel engines exhaust
stream. Among catalytic formulations proposed, Fe-exchanged zeolites are considered as
promising SCR catalysts, due to their enhanced deNOx performance over a broad range of
engine operating temperatures, as well as significant resistance to hydrothermal ageing. In the
present work, detailed experimental investigation of the NH3-SCR reactions network over Fe
zeolites was performed in order to develop a phenomenological macro-kinetic model oriented
to diesel engines aftertreatment system simulation. Dedicated experiments, including IR
spectroscopy measurements were initially performed over lab-synthesized H- and Fe-BEA
catalysts in order to unravel mechanistic aspects related to the formation and interactions of
ammonia and nitrogen oxides adspecies (namely nitrate and nitrites) on acidic and redox
catalytic sites. Focusing on low-temperature SCR, formation and decomposition of NH4sNO3
was of particular concern. Based on experimental results a multi-site kinetic model was
developed, which was able to account for surface acidity variation, interactions of gaseous
NHs and NOx species with iron sites, as well as low temperature physisorption phenomena.
Special care was taken for kinetic parameters calibration, where structural properties of the
studied samples and namely the Si/Al and Fe/Al rations were taken into consideration. The
model was successfully validated through simulation of experiments performed over the lab-
synthesized as well as commercial Fe-zeolite samples, applying a broad range of operating
conditions, which showed the interest of the followed approach.

Key words: SCR catalysts, NOy, Fe exchanged zeolites, H BEA, Fe BEA, IR spectroscopy, kinetic
modeling, multi site approach, NH; TPD, NO, TPD, NH4NOs, acidity
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Modélisation de la SCR au NHz sur zeolithes au fer, basée sur
spectroscopie IR: Application pour la simulation des systémes de
post-traitement des moteurs Diesel

Résumé

La réduction catalytique sélective des oxydes d'azote au moyen de I'urée ou de I'ammoniac est
une technique bien connue, pour une conversion efficace des NOy, qui existent dans le gaz
d'échappement des moteurs Diesel mobiles. Parmi les formulations catalytiques proposés, les
zéolithes échangées au fer sont considérés comme des catalyseurs SCR prometteuse, grace a
leur performance deNOy élevée, sur une large gamme des températures de fonctionnement du
moteur, ainsi qu'une résistance importante au vieillissement hydrothermique. Dans le cadre de
cette these, une étude expérimentale détaillée des voies réactionnelles de la SCR sur les
zéolithes au fer a été réalisée de facon a développer un modele phénoménologique et macro-
cinétique, appliqué pour la simulation des systemes de post-traitement des moteurs Diesel.
Des expériences dédiées qui comprenaient des mesures de spectroscopie IR ont initialement
été réalisées sur les catalyseurs H- et Fe-BEA, synthétisés en laboratoire pour élucider les
aspects mécanistiques liées a la formation et aux interactions de I'ammoniac et d'oxydes
d'azote (notamment des espéces nitrates et nitrites) sur des sites catalytiques acides et redox.
En se focalisant sur la SCR a basse température, la formation et la décomposition de NH4NO3
ont été particulierement préoccupantes. Basé sur des résultats expérimentaux un modele
cinétique multi-site a été développé. Le modeéle a été capable de prendre en compte la
variation de l'acidité de surface, les interactions des especes gazeux du NHs et des NOx avec
des sites métalliques, ainsi que des phénomenes de physisorption a basse température. Un
soin particulier a été pris pour la calibration des paramétres cinétiques, ou les propriétés
structurelles des échantillons étudiés et notamment les rations Si/Al et Fe/Al ont été prises en
considération. Le modeéle a été validé avec succes par la simulation des expériences réalisées
sur les échantillons synthese en laboratoire, ainsi que des échantillons de zéolithe au fer
commerciales, en appliquant une large variété de conditions de fonctionnement. Donc I'intérét
de l'approche suivie a été souligné.

Mots clés: catalyseurs SCR, NOy, zéolithes échangées au Fe, H BEA, Fe BEA, spectroscopie IR,
modélisation cinétique, approche multi site, NHs TPD, NO, TPD, NH4NOs, acidité
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Nomenclature list

A pre-exponential factor of NH3 adsorption [m?/s-Kgzeolite]

Ay pre-exponential factor of NH3 adsorption [mol/s-kgzeolite]

Agpen’ reactor open surface area [m?]

Bi,,: Biot number for mass transfer phenomena [-]

CADI/CAE: computer aided design/engineering

CAO: Conception Assistée par Ordinateur

Cqi inv Cgi out: inlet and outlet concentration flow rate of species [mol/(m?®-s)]

CgirCsi- concentration of the i species in the gas and the solid phase respectively [mol/m?]
CNH3 : concentration of ammonia in the gas phase [mol/m?]

Cp,: monolith' s thermal capacity [W/(kg-K)]

CPSI: channels density expressed in channels per square inch [cpsi]

D,,: axial diffusion coefficient [m?/s]

Den.: channel internal diameter [m]

D, : effective diffusion coefficient, computed through the Bosanquet equation
D;: diffusivity of gaseous species i [m?/s]

Dinj.: external diameter of NHj injector attached on the single wafer reactor [m]
d,: channel's hydraulic diameter [m]

Dmono.: monolith internal diameter [m]

DOC: Diesel Oxidation Catalyst

Doel. diameter of the self supported wafer [m]

DPF: Diesel Particulate Filter

Dreac.: fixed bed reactor inlet diameter [m]

DSC: Differential Scanning Calorimetry

e: characteristic length of the washcoat [m]

Eaes: activation energy of NHs adsorption [J/mol]

Eges - activation energy of NHs desorption [J/mol]
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EfAL: exra-framework aluminium

EGR: Exhaust Gas Recirculation

E,: activation energy of NH3 desorption for surface coverage equal to zero [J/mol]

FAI framework aluminium

h,: convection's coefficient for the heat transfer (due to convection) between the gas
and the solid phase [W/(m?-K)]

k(Ts) reaction rate constant [1/s]

kads(Ts) rate constant for NHz adsorption [m®/(s-Kgzeolite) ]

kdes(ﬁj ,Ts) rate constant for NHz desorption [mol/(s-Kgzeoiite)]

K. mass transfer coefficient for the external diffusion, of i-species [m/s]

Le.: single wafer reactor clearance [m]

Lmono.: monolith length [m]

LNT: Lean NOy Trap

L reac reactor length [m]

my: flow rate of carrier gas [m®/s]

M;: molar weight of i species [kg/mol]

MS: Mass Spectrometry

Mzeolite: mass of zeolite [kg]

N ,cidic - NH; storage capacity over acidic sites of bare ZSM5 [mol/Kgzeoite]

Nacidic_exch, : NH; storage capacity over acidic sites of Fe-ZSM5 [mol/kgzcoiite]

N;: storage capacity over j surface site (j=S1, S2, S3, S4, S5) [mol/Kgzeolite]

N retatic NHj; storage capacity over iron-metallic sites of Fe-ZSM5 [mol/Kgzeolite]

NMR: Nuclear Magnetic Resonance

Nig: - NH; total storage capacity over bare ZSM5 [mol/Kgzeolite]

N, ea- NH; storage capacity over weak sites of bare ZSM5 [mol/Kgzeotite]

Pen.: channel perimeter [m]

Pin, Pout: gas absolute pressure at the inlet and outlet of the single wafer reactor [Pa]
partition functions

R: global gas constant [8.314 J/(mol'K)]
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gas mixture's constant [kg/(mol -K)]
reaction rate of [J/mol]
reaction rate of the NH3 adsorption and desorption respectively [mol/(s-Kkgzeolite) ]

entropy [J]

surface area to volume ratio [1/m]
Selective Catalytic Reduction
shape factor [-]

geometrical catalytic surface based on the open section ratio of the catalyst [m?]

Sherwood number [-]
open surface area [m?]
Stepwise Temperature Programmed Desorption

temperatures of the gas and the solid phase respectively [K]

Thermogravimetric Analysis
Temperature Programmed Desorption
Transient Response Method

gas velocity [m/s]

monolith volume [m?]

reactor volume [m?]

volume of the solid phase [m®]
volume of the washcoat [m?®]

Wall flow filter combined with a SCR layer in a single aftertreatment device
monolith wall thickness [m]

X-ray Diffraction

o constant for the description of the dependence of the activation energy of
desorption from the surface coverage [-]

Ah: specific enthalpy of i"-species formation [W/kg]

€ reactor void fraction [-]

Mexch - percentage of the ion exchange degree [-]

Stavros A. Skarlis — PhD thesis XV

© 2014 Tous droits réservés.

doc.univ-lille1.fr



Theése de Stavros A. Skarlis, Lille 1, 2013

n;: effectiveness factor for mass transport phenomena in the gas and the solid phase [-]
0;: surface coverage of j surface site (j = S1, S2, S3, S4, S5) [-]

Tk dynamic viscosity [(N-s)/m?]

Py - density of gas mixture [kg/mq]

o density of the solid phase [kg/m®]

¢ Thiele modulus [-]

Deim - chemical source term due to ammonia's adsorption and desorption, including mass

transfer phenomena in both gas and solid phase [mol/(m?3:s)]

Dy o global external heat transfers [W]

Vi stoichiometric coefficient of NH3 adsorption and desorption over each site [-]
w; - chemical source term due to the chemical reactions for the species i [mol/s]
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Extended Summary

Transportation is one of the most important sources of worldwide nitrogen oxide (NO,) emissions.
NO and NO; existing in mobile diesel engines exhaust stream are related to severe environmental and
public health impacts and hence they are subjected to increasingly stringent restrictions. To meet
forthcoming diesel engines NOx emissions legislation, sophisticated engine calibration and/or
advanced aftertreatment systems are required. Regarding the latter, the Selective Catalytic Reduction
of nitrogen oxides through urea or ammonia is a well established technique, enabling an efficient
abatement of NO,, produced by mobile diesel sources. So far, different catalytic formulations have
been proposed for SCR catalytic systems, including noble metal and vanadium/tungsten based
catalysts. Recently, transition metal exchanged zeolites have been introduced in the automotive sector,
since they exhibit increased deNOy performance over a broad range of engine operating temperatures,
as well as significant resistance to hydrothermal ageing.

Modeling and simulation could be a very useful tool, towards the development of highly efficient
exhaust aftertreatment systems. Computer aided engineering (CAE) can enable automotive OEMSs and
suppliers to optimize the design and properties of individual catalytic devices as well as the exhaust
aftertreatment systems layout. In this context, kinetic concept modeling may provide particular
opportunities, since it could facilitate to unravel complicated reaction pathways, determine optimized
catalytic properties and study poisoning and ageing issues. As far as the modeling of chemical
reactions is concerned, several approaches are reported in the recent literature, involving different
levels of complexity. Kinetic models may range from molecular dynamics to global kinetic models,
based on the mean field approximation, hence providing different levels of understanding and
simulation precision.

In the frame of the present work, experimental studies were performed in order to develop a
phenomenological macro-kinetic model of NH3-SCR over Fe-zeolite based catalysts, oriented to diesel
engines aftertreatment system simulation. A correlation between Fe-zeolite structural properties and a
phenomenological macro-kinetic model constitutes the actual thesis innovation. At a first stage,
dedicated experimental analysis was performed over lab-synthesized H- and Fe-exchanged zeolites in
order to unravel mechanistic aspects related to the NH3-SCR reactions network. Employing in-situ IR
spectroscopy, interactions of NH; and NOy with different surface sites were characterized and
respective reaction pathways were identified. Based on this analysis, a multi-site kinetic model was
subsequently developed, which could account for NHs-SCR reactions occurrence over acidic and
redox sites. The kinetic model was finally calibrated and validated by simulating experiments
performed over lab-synthesized H- and Fe-BEA samples as well as commercial Fe-zeolites.

The methodology followed is based on a two parallel axes analysis, which includes detailed kinetic
modeling and experimental studies. Regarding the former, a OD SCR catalytic converter model was
developed and a multi-site kinetic model was implemented. The latter was developed on the basis of
NHs adsorption and desorption experiments over H- and Fe-ZSM5 catalysts reported in the recent
literature. Thus, a "skeleton" of a detailed kinetic model was determined, which could be further
capitalized in order to include reactions of the NHs-SCR network. In parallel, a Fe-exchanged BEA
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zeolite was synthesized in the laboratory under well controlled conditions and characterized,
employing various optical techniques. Hence, a reference catalytic sample was obtained, which enable
to perform well targeted experiments for depicting mechanistic aspects related to NHs-SCR over Fe-
zeolites.

Once having prepared the reference kinetic model and the Fe-BEA catalytic sample, the actual
reaction pathways related to the SCR of NOy through NHs; were experimentally investigated and
modeled. The first step of the NH3-SCR process is the storage of ammonia. Therefore, NH3z adsorption
and TPD experiments were coupled with IR spectroscopic measurements in order to identify ammonia
interactions with Lewis and Brensted acidic sites, as well as iron, redox sites. Utilizing obtained
experimental results the reference multi-site kinetic model was further capitalized by drawing
correlations between model and Fe-zeolite surface sites. The updated kinetic model was then
calibrated employing data reported in the literature, as well as structural properties obtained through
catalyst characterization (namely Si/Al and Fe/Al ratios). Finally, using a single set of kinetic
parameters the proposed multi-site kinetic model was validated by simulating NHs adsorption and
TPD experiments performed over the H- and the Fe-BEA lab-synthesized samples, applying a broad
range of operating conditions.

Another group of reactions related to the SCR process is the storage of NOx and NO oxidation,
which are related to formation of nitrite and nitrate adspecies. Therefore, adsorption and desorption of
NO and NO; in the presence and absence of oxygen were experimentally studied over the same
samples. Employing IR spectroscopy, NO. adsorption and disproportionation (towards
nitrates/nitrites), as well as NO storage and oxidation, over acidic and redox surface sites were
depicted. Based on obtained results a respective multi-site kinetic model was developed accounting for
NOx storage and nitrates/nitrites formation and decomposition on different catalytic positions. In
analogy with the kinetic model of NHs storage, the proposed kinetic model was calibrated utilizing
data reported in literature and structural properties of the studied samples. Finally, it was validated
through simulation of NO; adsorption and TPD as well as NO/O, STPD experiments performed on the
studied samples and on lab-synthesized and commercial Fe-BEA catalysts reported in the recent
bibliography.

Finally, reactivity between NH; and NOy, under lean conditions was experimentally investigated.
Performing NOx-NH; TRM and TPD runs, coupled with IR spectroscopy, interactions between
ammonia and nitrogen oxides adspecies on different surface sites were identified. Focusing on low
temperature SCR conditions, formation and decomposition of ammonium nitrate was of particular
concern, since this intermediate species control catalyst activity at this temperature regime. In order to
further investigate the effect of acidic and redox sites of H- and Fe-BEA on NH4NOs; decomposition,
additional experiments were performed (TGA, DSC, thermo-XRD), using powder NH4NO3. Obtained
results were compared with respective observations made during TRM-TPD experiments, enable to
elucidate the mechanisms related to the thermal decomposition of ammonium nitrate.

Compiling information obtained from the latter section, a deep understanding of interactions
between NHs; and NOy, with respect to Fe-zeolite structural properties was gained. Therefore, using
the respective experimental results detailed multi-site kinetic models of NH3; and NOx storage and NO
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oxidation could be coupled, leading to a complete phenomenological macro-kinetic model of NHs-
SCR over Fe-zeolite catalysts, oriented to diesel engines aftertreatment system simulation.
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Résumeé étendu

Le secteur des transports est l'une des plus importantes sources mondiales d'émissions d'oxydes
d'azote (NOy). Les NO et NO; existants a I'échappement des moteurs Diesel mobiles sont la cause
d'impacts environnementaux et de santé publique graves et sont donc sujets a des régulations de plus
en plus séveres. Pour atteindre la future norme sur les émissions de NOy des moteurs Diesel, une
calibration moteur raffinée et/ou des systémes de post-traitement avancés sont requis. Concernant ce
dernier point, la réduction catalytique sélective des oxydes d'azote au moyen de l'urée ou de
I'ammoniac est une technique bien connue, permettant une conversion efficace des NOx, produits par
les sources mobiles Diesel. Jusqu'a maintenant, différentes formulations catalytiques ont été proposées
pour les systemes catalytiques SCR, incluant des catalyseurs basés sur des métaux nobles et du
vanadium/tungsténe. Récemment, les zéolithes échangées aux métaux de transition ont été introduites
dans le secteur automobile, puisqu'ils montrent une performance accrue du traitement des NOy sur une
large gamme de température de fonctionnement du moteur ainsi qu'une résistance significative au
vieillissement hydrothermique.

La modélisation et la simulation peuvent étre un moyen tres utile, vers le développement de
systemes de post-traitement hautement efficaces. Le "Computer-Aided Engineering” (CAE) peut
permettre aux OEMSs et aux fournisseurs d'optimiser la conception et les propriétés des catalyseurs
ainsi que celles de la ligne d'échappement compléte. Dans ce contexte, le concept de la modélisation
cinétique peut fournir des opportunités particulieres, car il peut faciliter l'analyse des voies
réactionnelles complexes, la détermination des propriétés optimales catalytiques et I'étude des
problémes liés a I'empoisonnement et au vieillissement. En ce qui concerne la modélisation des
réactions chimiques, plusieurs approches existent dans la littérature récente, impliquant différents
niveaux de complexité. Les modeles cinétiques s'échelonnent de la dynamique moléculaire aux
modeéles cinétiques globaux, basés sur I'approximation de champ moyen, fournissant donc différents
niveaux de compréhension et de précision.

Dans le cadre de ce travail, des études expérimentales ont été réalisées de fagon a développer un
modéle phénoménologique macro-cinétique des catalyseurs SCR a l'urée basés sur les zéolithes au fer,
appliqués a la simulation des systémes de post-traitement des moteurs Diesel. La corrélation entre les
propriétés structurelles des zéolithes au fer et le modéle phénoménologique macro-cinétique constitue
I'innovation apportée par la thése. Dans un premier temps, une analyse expérimentale détaillée a été
réalisée sur des zéolithes échangées au fer et des zéolithes protonées, synthétisées en laboratoire, afin
d'étudier les aspects mécanistiques liés aux réactions SCR. En utilisant la spectroscopie IR, en
conditions in-situ, les interactions entre les espéces NH3 et NOx et les différents sites de surface ont été
caractérisées et les voies réactionnelles respectives ont été identifiées. Sur la base de cette analyse, un
modele cinétique multi-site a été ensuite développé, prenant en compte la réalisation des réactions
SCR sur des sites acides et redox. Le modéle cinétique a finalement été calibré et validé en simulant
les expériences réalisées sur les échantillons H- et Fe-BEA synthétisés au laboratoire ainsi que sur des
zéolithes échangées au fer commerciales.
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La méthodologie suivie est basée sur deux axes paralleles d'analyse, qui incluent une modélisation
cinétique détaillée et des études expérimentales. Concernant la modélisation, un modele de catalyseur
SCR 0D a été développé et un modéle cinétique multi-site a été implémenté. Ce dernier a été concu
sur la base des essais d'adsorption et de désorption du NHs sur des catalyseurs H- et Fe-ZSM5
présentés dans la littérature. De cette fagon, un squelette de modele cinétique détaillé a été déterming,
et pourra par la suite étre capitalisé pour inclure les réactions du processus SCR. En parallele, une
zéolithe de type BEA échangée au fer a été synthétisée au laboratoire en conditions controlées et
caractérisée en employant plusieurs techniques optiques. Un échantillon catalytique de référence a
donc été obtenu, ce qui permet de réaliser des essais ciblés afin de comprendre les aspects
mécanistiques liés & la SCR sur les zéolithes au fer.

Une fois que le modéle cinétique de référence et I'échantillon catalytique Fe-BEA, les voies
réactionnelles liées a la SCR des NOy par NH3 ont été expérimentalement étudiées et modélisées. La
premiére étape du processus NHs-SCR est le stockage d'ammoniac. Les expériences d'adsorption et de
TPD du NHs ont été combinés avec les mesures spectroscopiques IR de fagon a identifier les
interactions entre I'ammoniac et les sites acides de type Lewis et Bronsted, ainsi qu'avec des sites fer,
redox. En utilisant les résultats expérimentaux obtenus, le modéle cinétique multi-site de référence a
ensuite été capitalisé en faisant le lien entre le modéle et les sites de surface Fe-zéolithe. Le modéle
cinétique mis a jour a ensuite été calibré en utilisant des données de la littérature, ainsi que des
propriétés structurelles obtenues par la caractérisation du catalyseur (notamment les rapports Si/Al et
Fe/Al). Finalement, en utilisant un ensemble de paramétres cinétique unique, le modele multi-site
proposé a été validé en simulant les essais d'adsorption et de TPD réalisés sur des échantillons H- et
Fe-BEA synthétisés au laboratoire. Une large gamme de conditions de fonctionnement a été appliquée.

Un autre groupe de réactions associées au processus SCR est le stockage des NOy et I'oxydation du
NO qui sont reliées a la formation des espéces de surface nitrite et nitrate. L'adsorption et la désorption
de NO et de NO; en présence et en I'absence d'oxygéne a ensuite été étudié expérimentalement sur les
mémes échantillons. Les mesures par spectroscopie IR ont été réalisées afin d'étudier I'adsorption et la
disproportionation (vers les nitrates et nitrites), ainsi que le stockage et I'oxydation du NO sur des sites
de surface acides et redox. Basé sur les résultats obtenus, un modele cinétique multi-site dédié a été
développé en prenant en compte le stockage des NOy et la formation et décomposition des
nitrates/nitrites sur différentes positions catalytiques. Par analogie avec le modéle cinétique du
stockage du NHs, le modele cinétique proposé a été calibré avec des données de la littérature et avec
les propriétés structurelles des échantillons utilisés. Finalement, il a été validé par la simulation des
expériences d'adsorption et TPD du NO: ainsi celle des expériences STPD NO/O; réalisées sur les
échantillons étudiés et sur les catalyseurs synthétisés au laboratoire et les catalyseurs commerciaux Fe-
BEA décrits dans la littérature récente.

Finalement, la réactivité entre NHz et NOyx en conditions pauvres a été expérimentalement étudiée.
En réalisant des essais NOx-NH; TRM et TPD, couplés avec la spectroscopie IR, les interactions entre
les espéces de surface ammoniac et oxydes d'azote sur différents sites de surface ont pu étre
identifiées. En se focalisant sur les conditions SCR basse température, la formation et la
décomposition du nitrate d'ammoniac a été mis en avant puisque cette espéce intermédiaire contréle
l'activité du catalyseur dans cet intervalle de température. De fagon a étudier par la suite I'effet des
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sites acides et redox des catalyseurs H- et Fe-BEA sur la décomposition du NH4NOs, des essais
supplémentaires ont été réalisés (ATG, DSC, thermo-DRX) en utilisant une poudre de NH4sNOs. Les
résultats obtenus ont été comparés avec les observations faites pendant les expériences TRM-TPD, et
ont permis d'élucider les mécanismes relatifs a la décomposition thermique du nitrate d'ammonium.

En compilant les informations obtenues dans la section précédente, une profonde compréhension des
interactions entre NH3; et NOx du point de vue des propriétés structurelles des zéolithes au fer a été
acquise. En utilisant les résultats expérimentaux, les modéles cinétiques multi-sites détaillés portant
sur le stockage du NHs, sur le stockage des NOy et sur I'oxydation du NO peuvent ainsi étre couplés.
Ceci résultant en un modéle macro-cinétique phénoménologique complet de la SCR a I'ammoniac sur
catalyseurs zéolithe au fer, appliqué a la simulation des systémes de post-traitement des moteurs
Diesel.

Stavros A. Skarlis — PhD thesis 11

© 2014 Tous droits réservés. doc.univ-lille1.fr



Theése de Stavros A. Skarlis, Lille 1, 2013

Stavros A. Skarlis — PhD thesis 12

© 2014 Tous droits réservés. doc.univ-lille1.fr



Theése de Stavros A. Skarlis, Lille 1, 2013

Chapter 1

General Introduction and Bibliography Review
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1 General Introduction and Bibliography Review

Abstract

An extensive overview of the Selective Catalytic Reduction of nitrogen oxides (NOx) through
urea/ammonia (Urea/NH3-SCR), over Fe-exchanged zeolites is presented in this chapter. The review,
which is oriented to diesel engine vehicles, aftertreatment applications, covers a great variety of topics,
ranging from the state of the art of Urea-SCR automotive catalysts to detailed chemical aspects of the
selective catalytic reduction process over Fe-zeolites. Considering the forthcoming stringent
legislation related to NOx emissions from diesel engines, a comprehensive review of modern deNOy
technologies is given, namely focusing on the concept of Urea-SCR over Fe-exchanged zeolites. The
chemistry of the SCR of NO as well as the respective kinetic concept modeling are of major concern.

Regarding the understanding of the SCR network over iron based zeolites, global and semi-detailed
kinetic schemes available in literature are presented. Moreover, results from experiments are discussed
in order to get more insight into mechanistic aspects related to the SCR chemistry. Thus, an attempt is
made to bridge the gap between micro- and macro-scale phenomena of the NHs3-SCR process.
Particular attention is paid for low temperature operating conditions, where formation of ammonium
nitrate (NH4NO3) is considered, inhibiting temporarily catalyst deNOy activity.

As far as the kinetic modeling of the NH3-SCR is concerned, semi-detailed and global models are
mainly under consideration due to the well balanced trade off between complexity and accuracy, with
respect to model calibration and computational time. Reported approaches are analyzed and compared
so as to identify the level of complexity and accuracy of different models, depicting reactions of the
SCR process.

Based on the abovementioned results the objectives of this work are discussed and the contribution
of the respective results to existing bibliography is highlighted. Finally, the methodology followed is
analyzed.

Résumé

Un panorama exhaustif de la réduction catalytique sélective des oxydes d'azote (NOy) par
I'urée/ammoniac (Urea/NH3-SCR), sur les zéolithes échangées au fer est présenté dans ce chapitre.
Cette révision, qui est orientée vers les applications de post-traitement véhicules a moteur Diesel,
couvre une grande variété de sujets, allant de I'état de I'art des catalyseurs SCR a I'urée automobiles et
les aspects chimiques détaillés de la réduction catalytique sélective sur zéolites au Fe. Compte tenu de
réglementations futures strictes concernant les émissions de NOyx des moteurs Diesel, un examen
complet des technologies modernes de post-traitement des NOy est donnée, & savoir en se concentrant
sur le concept de I'urée-SCR sur les zéolithes échangées au fer. La chimie du SCR des NOy ainsi que
la modélisation des concepts respectifs cinétiques sont une préoccupation majeure.
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En ce qui concerne la compréhension des voies réactionnelles SCR sur les zéolithes échangées au
fer, les schémas cinétiques globaux et semi-détaillés rapportés dans la littérature sont présentés. En
outre, les résultats expérimentaux sont présentés dans le but d'obtenir un meilleur apergu des aspects
mécanistiques concernant la chimie SCR. Ainsi, une tentative est faite pour combler le fossé entre les
phénomenes micro-et macro-échelle du processus de la SCR. Une attention particuliere est accordée
aux conditions de fonctionnement a basse température, ou la formation du nitrate d'ammonium
(NH4NO:s) est considérée, en inhibant temporairement I'activité du catalyseur.

En ce qui concerne la modélisation cinétique de la SCR par le NHs, les modéles semi-détaillés et
globaux sont principalement a I'étude en raison d'un compromis bien équilibré entre la complexité et la
précision, a I'égard de la calibration du modeéle et du temps de calcul. Les approches rapportées sont
analysées et comparées afin d'identifier le niveau de la complexité et de la précision des différents
modeles, représentant les réactions du procédé SCR.

D'apres les résultats mentionnés ci-dessus les objectifs de la thése doctorale présentée sont discutés
et la contribution des résultats respectifs a la bibliographie existante est mise en avant. Enfin, la
méthodologie suivie est analysée.
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1.1 NOy emissions and standards for diesel vehicles

Nitrogen oxides (NOy) are one of the major atmospheric pollutants existing in the exhaust gas of
internal combustion diesel engines. Formed in the engine cylinder due to reactions between N; and O
at high temperature, they include nitrogen monoxide, (or nitric oxide) NO and nitrogen dioxide, NO>
[1]. NO is a colorless, odorless and tasteless gas, which can be slowly oxidized to nitrogen dioxide in
the atmosphere, whereas NO- is a poisonous reddish-brown gas with a penetrating odor [2]. Besides
NO and NO-, nitrous oxide (N2O) can be also formed in diesel engines aftertreatment system, as it is
going to be discussed later. Typical NOx concentrations in diesel exhaust stream range from 50 to 100
ppm at idle and 600 to 2000 ppm at full load, with NO being in abundance (approximately 70% -
90%), under typical engine operating conditions [2].

The control of NOx emissions is of great importance because of their harmful environmental [3,4]
and health [5,6] effects. Regarding public health issues, NOx and especially NO- can easily react with
ammonia, moisture and other compounds to form small particles that can penetrate deeply into lungs
sensitive parts, causing adverse respiratory and aggravated cardiologic diseases. Exposure to NOy is
proved to cause airway inflammation and respiratory symptoms such as asthma, emphysema and
bronchitis. As far as environmental effects are concerned, NO and NO; are noxious, contributing
directly to the formation of acid rain. Furthermore, the photochemical reaction of NOyx with volatile
organic compounds (VOC) in the atmosphere leads to the formation of ground-level ozone (smog) and
particulates. These phenomena result in impaired air quality, acidification of streams and coastal
and/or forest ecosystems, as well as accelerated decay of materials, cultural artifacts paints etc.
Besides NO and NO;, N0 has both environmental and health impacts, exhibiting narcotic activity on
humans [7], whereas it is also considered to be a potent greenhouse gas contributing to global
warming [8].

The contribution of cars and heavy duty vehicles to severe air pollution, due to gaseous emissions
and particulate matters, is already known and well documented. Since around 48% of NOy emissions
in European countries are produced by transportation (Figure 1.1) [9], NOyx deriving from diesel
engines are subjected to significant restrictions. Forthcoming Euro 6 regulations (by 9/2014) [10]
impose a limit of 0.08 g/km NOx and 0.17 g/km of combined NOy and hydrocarbon (HC) emissions,
which corresponds to a 55% and a 26% reduction respectively compared to the Euro 5 standards,
currently being in force (Table 1.1). Similar trends appear in the USA [11], where ULEV Il or SULEV
Il Californian standards and low-bin Federal Tier 2 standards restrict NOy emissions up to 0.02 g/mile.
Even though NO and NO; emissions are regulated, N>.O emissions are not [12]. The main source of
nitrous oxide emissions is the agricultural sector, whereas the respective contribution of transportation
remains limited [13].
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Figure 1.1 Sector share of nitrogen oxides emissions: data collected during 2010 (EEA member countries) [9].

Table 1.1 Evolution of European Union emission standards for passenger cars (data extracted from reference

[14]).
Emission Gasoline Engines Diesel Engines
standards' o cT NO,  HCHNOx  CO NOx  HC+NO,  PM
Euro 1(1993) 2.72 - - 0.97 2.72 - 0.97 0.14
Euro2(1996) 220 - - 05 1.00 - 0.90 0.10
Euro 3(2000) 2.30 0.20 0.15 - 0.64 0.50 0.56 0.05
Euro 4 (2005) 1.00 0.10 0.08 - 050 0.25 0.30 0.025
Euro5(2009) 1.00 0.10 0.06 - 0.50 0.18 0.25 0.005
Euro 6 (2014) 1.00 0.10 0.06 - 0.50 0.08 0.17 0.005

L Emissions in (g/km).

1.2 Diesel engine de-NOy technologies — Overview

The abatement of NOx (deNOy) from diesel exhaust gas can be accomplished nowadays thanks to
the dramatic technological development in the fields of engine design and management as well as
exhaust aftertreatment systems. A detailed review of modern methodologies applied for the limitation
of nitrogen oxide emissions is presented elsewhere [15,16].

Concerning in-cylinder NOy formation restriction, proper engine design and calibration aim mainly
to control the combustion temperature and the air-to-fuel ratio so as to limit NOx formation in engine
combustion chamber. Towards this direction, various techniques can be implimented, notably the
Exhaust Gas Recirculation (EGR), which includes the introduction of exhaust gas directly inside the
chamber lowering the combustion temperature [17]. Other techniques include the throttling of the air
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flow in the inlet manifold, resulting in a richer air-fuel mixture [18] or the increase of the air humidity
upstream the cylinder, leading to a significant decrease in combustion temperature [19].

Regarding the application of aftertreatment devices, two technologies are mainly applied: (i) NOx
absorbers or Lean NOyx Traps (LNT) [20,21] and (ii) the Urea or NHs Selective Catalytic Reduction
(Urea- or NH3-SCR) catalysts [22,23]. The LNT was initially introduced in the automotive sector by
Toyota [24,25]. According to this technology, NOx chemisorbs on the catalytic surface during engine
lean operation [26]. By running the engine periodically in rich mode, unburned hydrocarbons are
emitted in the exhaust manifold, reducing selectively stored NOx. Even though LNT conversion
efficiency of nitrogen oxides exceeds 90% within a temperature range of 200 — 400 °C, it is
significantly limited at higher ones [27]. Moreover, the fuel penalty, linked with its performance [28],
as well as thermal ageing [29] and sulphur poisoning [30] issues are not to be neglected.

The alternative to this method is the Urea or NHs—SCR catalyst, which enables the reduction of NOy
through ammonia. The Urea-SCR concept was initially applied for NOx abatement from stationary
engines and particularly from coal fired boilers in Japanese power plants (late 1970s) [31]. SCR
introduction, for the reduction of NOy from the exhaust stream of mobile sources was launched with
marine engines, when the first SCR systems were installed in 1989 and 1990 on two Korean carriers
[32]. Only after 2000, SCR was applied to passenger cars and heavy duty vehicles, starting with
Mercedes-Benz, the first manufacturer, which utilized an urea SCR catalyst on a passenger car named
E320 BIueTEC, in October 2006 [33]. According to this technology a standardized 32.5% aqueous
urea solution ((NH2).CO + H,0), which is well known with the commercial name AdBlue, is directly
injected inside the exhaust stream, upstream the converter, reducing selectively and continuously NOx
on the catalytic surface [34]. New materials ensure high SCR performance over a wide range of
operating conditions. Nevertheless, system complexity as well as the storage and management of urea
and/or NH; are important limitations to be tackled.

1.3 The Urea-SCR catalyst

A typical configuration of a Urea-SCR system is described elsewhere [35]. As shown in Figure 1.2
A, the urea solution, which is stored in a special on board tank, is injected directly in the exhaust pipe,
upstream the SCR catalyst. Once mixing with the exhaust gas through a static mixing device, urea
undergoes hydrolysis and thermal decomposition leading to the formation of ammonia (optionally
within a hydrolysis catalyst). Then, ammonia can selectively reduce NOy leading to the formation of
nitrogen and water. Since the SCR process is incomplete, part of ammonia is not consumed within the
catalyst and escapes to environment. The latter, which is called “ammonia slip” is often tackled
through the use of an additional oxidation catalyst placed downstream the SCR catalyst (ammonia slip
catalyst), converting NHs to molar nitrogen as well as N2O or NO.

The complexity of the Urea-SCR system, in particular the urea management and the SCR system
control calls for on board electronic management. Concerning the urea management, two main issues
are to be emphasized, including, the onboard urea storage and/or supply as well as the urea injection.
Regarding the former, Adblue freezes at temperatures lower than -11 °C, which can completely block
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urea supply during low ambient temperature winter conditions. Heating of urea supply lines as well as
by-pass ducts for emptying the dosing system when the engine is turned off can minimize the risk of
urea injection problems guarantying the SCR system safety [36]. As far as urea injection issues are
concerned, undesirable urea byproducts deposits are of major concern. Solid urea deposits originate
from the incomplete decomposition of urea at low temperatures (<152 °C), resulting in the formation
of solid biuret and cyanuric acid [37]. These compounds can accumulate on several surfaces of the
Urea-SCR system (including tube walls, injector, mixer surfaces and even the inlet cross-section of the
actual SCR catalyst) and lead to an increase of exhaust aftertreatment system backpressure and
materials erosion [37]. Optimized positioning of the urea injector in order to enhance SCR catalyst
dosing and ensure the urea-SCR system durability has been reported in numerous studies [38,39].

As far as the management of the Urea-SCR system is concerned, a closed - loop architecture is
generally preferred where a pre-programmed map of engine NOy emissions is used to control the urea
injection rate [40]. Thus, not only a NOy conversion efficiency up to 98% can be accomplished but the
converter can be protected from ageing or poisoning as well. Finally, due to stringent forthcoming
legislation for both NOx and particulate matters (PM) emissions, the combined use of diesel particulate
filters (DPF) and Urea—SCR catalysts is required. The arrangement of these two devices in the same
exhaust line, which represents a great challenge, is discussed elsewhere [41] (Figure 1.2 B). Recently,
a new technology has been introduced, suggesting the utilization of a single SCR/DPF device, which
is composed of a wall-flow filter coated with a SCR catalytic layer in a single substrate [42,43].
Finally, a combined LNT — Urea-SCR catalyst is also possible, according to which NH; produced
within the LNT is then employed by the Urea-SCR catalyst for additional NOy conversion [44,45].
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Figure 1.2 A) Urea-SCR system configuration [35], B) Model based comparison of deNOy systems [46].

NH3-SCR has been tested over various catalytic formulations. Precious metals, vanadium and
transition metal exchanged zeolites are mainly reported for mobile applications and can be classified
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on the basis of their maximum activity [9] (Figure 1.3 A). Baik et al. have reported that Pt-based
catalysts (Pt/Al.Os) exhibit high performance within a temperature range of 150 — 230 °C, whereas
further temperature increase leads to a deterioration of NO conversion due to the catalytic oxidation of
ammonia to NO and/or N; [47]. In order to achieve high deNOy efficiency at elevated temperatures,
vanadium-based catalysts were introduced [48]. These catalysts constitute homogeneous mixtures of
titanium dioxide (TiOz), tungsten trioxide (WOs) (or molybdenum trioxide - MOz3) and divanadium
pentoxide (V20s), formulated in honeycomb shapes. SCR activity of such catalysts becomes limited
however above 450 °C because of deactivation, which is related to a phase transformation of TiO;
anatase into TiO; rutile with simultaneous vanadia species release in the atmosphere [49]. Vanadium
pentoxide is considered to be toxic and thus, respective emissions may have raise public health issues.

NOx conversion [%]

- V,04/TiO, based catalyst

40 +
—-&— Fe-exchanged zeolite

=@~ Cu-exchanged zeolite

20 + T T T T T T 1
150 200 250 300 350 400 450 500
Temperature [°C]

Figure 1.3 Operating temperatures of different types of urea SCR catalysts for vehicle applications. Data
extracted from reference [50].

Modern aftertreatment system configurations may include a diesel particulate filter, placed in most
cases, upstream the SCR catalyst. Hence, a Urea-SCR converter can experience temperatures more
than 700 °C during DPF’s regeneration [51]. Zeolite based catalysts were proposed as an alternative to
vanadium-based ones, since they exhibit enhanced performance over a broad range of temperatures, as
well as significant resistance to hydrothermal ageing. Cu- Fe- and Mn zeolite based catalysts have
already been tested, showing very satisfactory performance [52,53,54]. Regarding Fe-zeolites they are
considered to exhibit high NOy conversion at a temperature range of 150 — 550 °C, being also resistant
to elevated hydrothermal temperatures [55,56]. At low temperatures their activity is based on their
high NOy selectivity, whereas at high ones it is limited due to durability. At temperatures higher than
600 °C and in the presence of water (steam), ion exchanged zeolites are deactivated due to de-
alumination, according to which AI** ions in the silica framework migrates out of the zeolite’s
structure leading to the irreversible catalyst deactivation [57]. Finally, as far as sulphur poisoning is
concerned, temporary deactivation has been reported over Fe-zeolites due to exposure to SO, and/or
SOs3 and the catalyst can be regenerated by heating it up to 650 °C in excess of oxygen [22]. Finally, it
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has to be pointed out that Fe based zeolites sulphur tolerance is also affected by the catalyst ageing
status [22].

1.4 Zeolites as SCR catalysts
1.4.1 General overview

Zeolites are crystalline, microporous alumina-silicate minerals with well defined crystalline structure
and pore sizes [58]. The term “zeolite” originates from a combination of the Greek words “Cém” (zeo)
and “AiBo¢” (lithos), literally meaning “a boiling stone”, because of zeolites tendency to release water
when being heated [59]. They can be either natural or synthetic and are used in many industrial
applications, including petroleum refining, sewage treatment, odor control, soil conditioning and water
softening for household water treatment units [60]. Among these applications the use of zeolites for
Fuel Catalytic Cracking (FCC) of heavy petroleum distillation (1962) is to be emphasized, since it led
to an outstanding gasoline yield enhancement in the order of magnitude of several billion US dollars
per year, reducing simultaneously refining costs by at least 10 US dollars per year [61].

The ideal zeolite structure (Figure 1.4) includes [62]:

» a three dimensional framework formed by TO, tetrahedra (T = Si,Al), where each oxygen
atom is bonded to two neighboring T elements

» channels and cavities of molecular size, where charged compensating cations as well as other
molecules are located.

The existence of the negative charged [AlO4]- must be compensated by a cation, in order to maintain
the overall electroneutrality of the zeolite and thus, structure stability. Such cations may be alkali,
alkaline earth or R4N* cations (R=H, alkyl, aryl) [62]. The generic chemical formula is shown below:

XM XMy Ty, T,)0, (Y, + Y,)

where T stands for the Si and Al elements in tetrahedral coordination, Mi corresponds to cations with
charge n; for framework negative charge compensation. Finally, the sum Zx;n; must be equal to x.

As far as synthetic zeolites are concerned, depending on the zeolite type, the synthesis method and
the post-synthesis treatment the zeolitic framework may exhibit defective sites, which correspond to
non bridging oxygen and vacant sites [62] and which can be charged or neutral [63]. Typically the size
of a synthetic crystal is in the order of magnitude of 1 up to several um, whereas, channels diameter
ranges between 0.3 and 1.3 nm [62]. Moreover, zeolites channels network results in high internal
surface areas of maximum 800 m?g and pore volumes of 0.35 cm®/g [62]. Based on the structure
topology different structure types of zeolites are identified. A complete review can be found in the
atlas of zeolite framework type [64]. According to it, different zeolites are classified based on their
framework density, which is expressed as the number of TO, tetrahedra contained in a volume of 1000

As,
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I1) Arrangement of TO4 tetrahedra (T = Si,Al) in a zeolite framework

I11) Channels network of a ZSM5 (left) and BEA (right) zeolites (figures obtained from [64])

Figure 1.4 Schematic representation of a zeolite ideal structure.

1.4.2. Zeolite properties

The most important zeolite property, being associated with catalytic applications is acidity.
According to classical acido-basicity theories of Brgnsted-Lowry (1923) and Lewis (1923) two
different definitions of an acid exist [65]. Based on the former, an acid-base reaction includes a proton
transfer from the acid to the base, thus, the acid behaves as a proton donor, leading to the protonation
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of the interacting base. On the other hand, in Lewis theory, an acid is represented as an electron pair
acceptor, aiming to complete its own valence ring, adopting a stable electron configuration.

Based on these definitions, both Brgnsted and Lewis type acidic sites have been identified in the
framework of several zeolites. Simon-Masseron et al. [63] have suggested the existence of three
different types of acidic sites, based on the Al location in the zeolitic structure: a) framework Al
atoms, that form Si, Al hydroxyl bridged groups (Si-OH-Al) and hence Brgnsted type acidic sites, b)
partially coordinated Al atoms that correspond to Lewis acidic sites and finally c) extra-framework Al
sites that can be either polymeric or monomeric, charged or neutral.

Overall zeolitic acidity is modulated by two parameters including acidic sites density and strength.
Regarding the former, acidic sites concentration is proportional to zeolite Si/Al ratio. Interestingly,
NH;3 temperature programmed desorption (NHs-TPD) studies over H-ZSM5 zeolites of different Si/Al
ratios, reported by Costa et al. [66] showed that H* cations density and thus, Bragnsted sites decrease
linearly by increasing the Si/Al ratio. On the other hand acidity strength and particularly that of
Bransted sites is related to structural properties of the Si-OH*-Al sites, as well as the chemical
composition of the zeolitic cavities [59]. OH* acidity strength increases when the O-H* bond is
elongated and the Si-O and/or Al-O bond lengths decrease. Finally, regarding the composition of the
zeolitic cavity, an increased number of neighboring Al tetrahedra leads to a degradation of the local
electronegativity of the framework and thus to low acidity strength. An overview of the acidity
strength of different zeolites is reported elsewhere [67] and results are summarized in Figure 1.5.

usy
H-ZSM5
H-Ferrierite

H-BEA

Silicate

i

80 120 160 200
Acidity strength at 150 °C [kJ/mol]

o
N
o

Figure 1.5 Acidity of various zeolites. Data extracted from [67].

Besides acidity, zeolites selectivity for certain reactions is highly affected by porosity. Generally
speaking, heterogeneous catalysis involves reactants bulk diffusion in gas phase, followed by pore
diffusion before accessing an active site. Subsequently, the surface reaction occurs and products
diffuse through the porous media, back to the gaseous mixture. In this context, zeolites porosity
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introduces diffusion limitations of reactants and products and/or locally influences the space
availability around an active site.

Zeolites pore diameter and length significantly control reactions by decelerating reactants transfer to
active sites and determining the catalytic process residence time in case of high active sites density
[59]. Moreover the porous structure influences the molecules diffusion inside the porous network
through the cage effect and the molecular traffic control [59]. The former is related to a selective
diffusion inhibition of certain molecular chains in the structure of certain zeolites (for example erionite
zeolite inhibits the diffusion of n-paraffin molecules in the range of C; to Co) [68]. The traffic control
mainly concerns zeolites that include cages of different dimensions (such as ZSM5) and it imposes a
restricted diffusion of small molecules through small channels, whereas broader channels are used for
larger molecules transfer.

Zeolites pore diffusivity is determined by the crystalographic pore dimensions and thus by the actual
type of zeolite. Nevertheless, modification of zeolitic porosity is also feasible, either by changing
conditions during synthesis and/or through post-synthesis techniques. Regarding the former,
controlling factors such as synthesis temperature, duration and mixture alkalinity can enable the
preparation of targeted crystal shapes [69]. On the other hand post-treatment methods include
deposition of organic or inorganic materials, which results in changes in pore openings, as well as
introduction of bulky compounds inside zeolitic cavities so as to restrict the available space in the
vicinity of an active site [70].

1.4.3. Iron based zeolites for the SCR of NOx

The charge compensating cations discussed in section 1.4.1 can be further exchanged by transition
metals such as Fe, Cu, Mn etc.. Metal exchanged, zeolite based catalysts exhibit reduction and
oxidation properties (redox), which explains why these formulations are considered suitable for
selective catalytic reduction applications. A typical ion exchange is performed by physically
contacting the bare zeolite with a metal precursor at ambient or elevated temperature if an accelerated
exchange is desired [62]. In recent literature various ion exchange techniques have been reported.
Indicatively some of the most conventional ones are briefly described below [71,72,73,74]:

Wet ion exchange: Wet ion exchange is considered as one of the most conventional preparation
methods. According to it an iron precursor and the zeolite powder are diluted in a solution, and stirred
for a specific period of time. Synthesis of Fe-ZSM5 in a Fe(NOs)s aqueous solution and a Fe(acac)s
(acetyl acetonate) toluene solution are reported elsewhere [74]. Then, the mixture is filtered and the
catalyst is dried and calcined at high temperature.

Solid state, ion exchange: According to this preparation method, a solid iron salt (e.g. FeSQ.) is
mechanically mixed with the zeolite powder and subsequently heated in an oven.

Sublimation: Based on this method an iron salt (e.g. Fe(Cl)s) is evaporated and reacts with an H-form
zeolite. In more details, a H-type zeolite and the iron precursor are heated slowly under Ar up to the
sublimation temperature. Then, the solids are maintained at the sublimation temperature for a certain
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period before being cooled to room temperature. Finally, the catalyst is washed with water, dried and
calcined.

The preparation method is very critical for catalyst properties, determining the sample SCR activity
(Figure 1.6). It is widely reported that introduction of iron into the zeolite leads to the formation of
different iron species, including isolated iron atoms, oligomeric species as well as Fe;Os clusters
[75,76]. Brandenberger et al. experimentally proved that all the abovementioned iron species in Fe-
ZSM-5, are active for SCR of NO and that the respective conversion rates are temperature dependent
[75]. In particular, nonomeric species are SCR active up to 300 °C, whereas the contribution of
oligomeric Fe species and Fe,Os particles is evidenced at higher temperatures. Moreover, it has to be
considered that the type of Fe species also controls SCR reactions selectivity. For example, NH3
undesirable oxidation occurs mainly over Fe binuclear species as it is going to be discussed in more
details in the next section.
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Figure 1.6 SCR of NO by NH3 over Fe-ZSM5 catalysts, prepared by different methods: —8— 0.83 wt.% Fe-
ZSM5/FeCls sublimation, —&— 0.49 wt.% Fe-ZSM5/FeCls; sublimation, —®— 0.96 wt.% Fe-ZSM5/Fe(acac)s
wet ion exchange, 0.21 wt.% Fe-ZSM5/Fe(acac)s wet ion exchange, —*+— 0.35 wt.% Fe-ZSM5/Fe(NOs3)3
wet ion exchange. Data extracted from reference [74].

Regarding commercial Urea/NH3-SCR Fe zeolite based catalysts various types of zeolites have been
proposed, namely MFI, BEA, ferrierite, faujasite and chabazite as well as mixtures of them [22,55,77].
Finally, it is worth mentioning the application of bimetallic zeolite SCR catalysts composed of Cu and
Fe in order to accomplish high deNOy performance at both low and high temperature regimes
respectively [78].
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1.5 SCR Chemistry over Fe-exchanged zeolites
1.5.1 SCR reactions scheme

The description of the NH3-SCR chemistry can be carried out at many levels of complexity ranging
from fundamental to very global approaches. In order to bridge the gap between macro- and micro-
scale phenomena a "top-down" analysis is attempted according to which global reaction schemes are
further analyzed by unraveling detailed mechanistic aspects.

The initial step of the Urea-SCR global reaction scheme (Table 1.2) includes the decomposition of
the aqueous 32.5 %w urea solution to gaseous NHs and isocyanic acid (HNCO), which occurs at ca.
132 °C (reactions 1.1 and 1.2) [79,80,81]. NHs is then stored on the catalytic surface, before reacting
with NOx. Since NO is in excess in the diesel exhaust stream, the Standard SCR reaction (reaction 1.3)
predominantly occurs. When equimolar amounts of NO and NO- are contained in the exhaust gas, the
reaction 1.4 takes place. This reaction is characterized by a much higher reaction rate than the
Standard-SCR and hence it is named as Fast-SCR. Moreover, in case NO2/NOx ratio is higher than
50%, NHjs reacts mainly with NO; according to the NO2-SCR (reaction 1.5). Finally, a very slow NO
reduction by NHs in the absence of O, can also occur (reaction 1.6). The effect of NO/NO- ratio on the
SCR activity of a commercial iron exchanged zeolite is illustrated in Figure 1.7. At this stage it has to
be emphasized that the NO/NO, ratio can be controlled by a diesel oxidation catalyst being
systematically close coupled with the internal combustion engine, upstream the SCR catalytic

converter.
Table 1.2 NH3-SCR global reaction scheme over Fe-exchanged zeolites.
SCR reactions
(NH,),CO () = (NH,),CO ¢, + mH,0 reac. 1.1
(NH,),CO (4 NH, ., + HNCO reac. 1.2
4NH,+4NO+0O, = 4N,+6H,0 reac. 1.3
4NH,+2NO+2NO, = 4N,+6H,0 reac. 1.4
8NH, +6NO, = 7N,+12H,0 reac. 1.5
4NH,+6NO = 5N,+6H,0 reac. 1.6
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Figure 1.7 Effect of NO/NO; ratio on NOy conversion over a commercial Fe-exchanged zeolite at a) 185 °C, b)
235 °C, ¢) 285 °C, d) 335 °C and 385 °C. Data extracted from [82].

Further analyzing experimental data as well as results from theoretical studies reported in literature a
detailed description of the SCR process over Fe-exchanged zeolites was attempted, focusing on the
interaction of gaseous species (particularly NHs; and NOy) with surface sites, namely acidic and
metallic, redox ones.

Starting from the storage of NH; on Fe-zeolites (the detailed analysis of the urea decomposition is
out of the scope of this review), gaseous ammonia is reported to be physisorbed or weakly adsorbed,
as well as chemisorbed over acidic and metallic sites. Three types of metallic sites were observed by
Chmielarz et al. associated with (i) Fe®* cations, mainly in tetrahedral coordination, (ii) FeOx species
and (iii) Fe,Os; bulky clusters [83]. Moreover, these authors have proven, by means of Fourier
Transform Infrared Spectroscopy measurements (FTIR spectroscopy), that Fe addition leads to the
formation of Lewis type acid sites, with acidic strength depending on the type of iron oxide.
Concerning the NH3 adsorption over acid sites, ammonia is assumed to be stored on Lewis sites,
which are substantiated through the identification of coordinated NHs in the 3H form on the catalytic
surface [84]. Ammonia can also be chemisorbed on Brgnsted acid sites forming ammonium ions
(NH4*) located in AlO, tetrahedra, in a 3H structure at high temperatures (300-400 °C) and a 2H
structure at lower temperatures [85]. Castoldi et al. [86] have identified the abovementioned ammonia
adspecies on a Fe-ZSM5 (1 wt.% Fe, SiO./Al,O3 = 23.3) catalyst, employing IR spectroscopic
measurements (Figure 1.8). In conclusion, the storage of NH; over Fe-zeolites can be described
through reactions 1.7 to 1.10.

NH3+HO—Si—Z\=‘ NH3—HO—Si—Z reac. 1.7

NH, +H"-0OZ+= NH, -0Z reac. 1.8

NH, + Al' —Z=[NH, Al -Z reac. 1.9

NH, +Fe" —Z+=[NH, - Fe]"" -Z reac. 1.10
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Figure 1.8 FTIR spectra recorded upon admission of NHz (5 mbar) at 250 °C over a Fe-ZSM5 catalyst (curve a)
and subsequent evacuation at b) 250 °C, c) 300 °C, d) 350 °C, €) 400 °C, f) 450 °C and g) 500 °C. IR spectra are
reported in [86].

NO and NO; adsorption and desorption are much more complicated compared to ammonia storage
described above. Focusing on nitrogen monoxide, detailed IR spectroscopy measurements [87]
showed that NO can interact with Brgnsted acidic sites forming nitrosium ions (NO*) and water
(reaction 1.11). Adsorption of nitrogen monoxide has also been observed on Fe?* isolated species
(rection 1.12), which results in the formation of mononitrosyl or dinitrosyl complexes ([Fe-NO]?* and
[Fe(NO),]?* respectively) [88,89]. Interestingly, iron monomeric ions in the oxidized state (Fe®*) are
not favorable for adsorption of nitrogen monoxide, which results in negligible NO storage [82].

NO+2'HO-Z=NO"'-Z+H,0-Z reac. 1.11
NO+Fe* —Z=[NO-Fe]*" -Z reac. 1.12

Grossale et al. have elucidated the storage of nitrogen dioxide by performing dedicated experimental
studies over a commercial Fe-zeolite catalyst [90,91,92]. These authors showed that under excess of
oxygen NO: is initially stored on the catalytic surface and dimerized to form N2O4 (reaction 1.13).
Subsequently the NO, dimer disproportionates towards nitrite (NO>") and nitrate (NOs’) ions with a
simultaneous release of gaseous nitrogen monoxide (reactions 1.18 to 1.20). Nitrites can further react
with NO; yielding additional amounts of nitrate adspecies. Under typical engine operating conditions
water exist also in the feed. H,O can also interact with N.O. yielding nitrous (HNO,) and nitric
(HNO:3) acid, as well as gaseous NO (reactions 1.15 to 1.17). The overall NO; adsorption mechanism
under presence of water and oxygen is illustrated through reactions 1.14 to 1.21. Interestingly, the
ratio between the consumed amount of NO, and the generated amount of NO is 3/1, thus the
stoichiometry of reactions 1.17 and 1.20 is followed.

2NO, = N,0, reac. 1.13
N,O,= NO; + NO* reac. 1.14
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N,O, + H,0 = HNO, + HNO, reac. 1.15
NO, + HNO, = HNO, + NO, reac. 1.16
3NO, +H,0 = 2HNO, + NO,, reac. 1.17
N,O,= NO; + NO reac. 1.18
2NO, +0* == NO; + NO, reac. 1.19
3NO, + %oz = 2NO, + NO,, reac. 1.20

Surface sites of Fe-exchanged zeolites contributing to NO- adsorption and disproportionation have
been reported in several experimental and DFT studies. Results suggest the existence of physisorbed
N2O4 adspecies, possibly formed on terminal, non acidic silanols (reaction 1.21), as well as NO;
disproportionation on Brgnsted or Lewis acidic sites (reactions 1.22 and 1.23 respectively) [93] and
iron sites. The latter could be either Fe™ monomeric [94] and/or binuclear Fe species [95] (reactions
1.24 and 1.25 respectively).

2NO, +HO-Si—Z=N,0,-HO-Si-Z reac. 1.21
3NO, +[HOT —Z = 2[NO, —H]" = Z+NO, reac. 1.22
3NO, +[AIO] —Z = 2[NO,-Al]' ~Z+NO, reac. 1.23
3NO, +[FeOF" —Z = 2[NO, —Fe["" —Z+NO,, reac. 1.24
3NO, +[Fe-O-Fe]** —Z=2[Fe—NO, —Fe["" —=Z+NO, reac. 1.25

[NO—Fe]** -Z

[NO,—Fe* -Z
1635

[NO,-Al -Z
1624
[NO—-Fe]* -Z 11582
[vo-rer 2]

0.2

o1

Ll p—— -
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Figure 1.9 IR spectra of NOx adspecies formed on a Fe-BEA catalyst upon NO (on the left) and NO, adsorption
(on the right). IR spectra are reported in [96].
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Ahrens et al. [96] have performed dedicated experimental studies of NO and NO; adsorption over a
Fe-BEA catalyst (0.76 wt.% Fe, Si/Al = 40) followed by IR spectroscopy. IR spectra corresponding to
the NO, adspescies, discussed in this section are presented Figure 1.9.

As Brandenberger et al. highlight in a recent review [97], the uniqueness of the SCR process over
zeolites lies in the fact that NO first has to be oxidized to NO;, before reacting with ammonia.
Tronconi et al. proposed a redox cycle of iron ions, which is summarized through reactions 1.27 to
1.29 [98]. This oxidation process is supposed to be the rate-determining step of the SCR mechanism,
hence fast SCR reaction is considered as the actual and general SCR reaction over zeolites. The
capability of iron to oxidize NO to NO: is experimentally confirmed for Fe-ZSM5 catalysts [99].
However, Schwidder et al. raise serious doubt that NO oxidation is the rate determining step of the
SCR, suggesting that even though NOy adspecies exist as intermediates, the participation of free NO>
in the standard SCR reaction should be ruled out [100].

NO+Fe*" OH= Fe’* + HONO reac.1. 26
HONO+ Fe**OH = Fe**ONO+H,0 reac. 1.27
Fe**ONO=Fe’" + NO, reac. 1.28

2Fe? +1/20, + H,0 = 2Fe*OH reac. 1.29

Nitrites, nitrates and ammonia adspecies finally interact with each other yielding intermediate
surface species including ammonium nitrite (NHsNO;) and ammonium nitrate (NHsNOs) (reactions
1.30 and 1.31 respectively). NH4sNO; is unstable even at low temperatures and can be quickly
decomposed to nitrogen and water, which are the desirable products of the SCR process. As far as
ammonium nitrate is concerned, it is established that at temperatures lower than 170 — 180 °C
crystalline ammonium nitrate is formed on the catalytic surface whereas at higher temperatures
NHsNO3 is decomposed yielding nitric acid and ammonia [90,99,108]. HNOs can further react with
gaseous NO forming NO- and nitrous acid. Finally, the latter can react with ammonia to form N and
HZO.

NH, + HONO= NH,NO,= N, + 2H,0 reac. 1.30
NH, + HNO, = NH,NO, reac. 1.31

The abovementioned SCR reactions occur over acidic and metallic sites previously reported for
formation of NHs and NO, adspecies. As already discussed in section 1.4.3, monomeric and binuclear
Fe species mainly contribute to the SCR of NOy at temperatures up to 300 °C, whereas oligomeric iron
species and even Fe;Os; particles at higher ones. The ideal, generic SCR scheme described in this
section is summarized in Figure 1.10. However, effects which inhibit the SCR process, as well as non-
selective reactions are also evident, deteriorating the SCR converter deNOy performance. Such aspects
will be discussed in more details in the next section.
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Figure 1.10 Generic SCR-reactions network over Fe-exchanged zeolites.

1.5.2 Inhibition of the NH3-SCR

Besides the reactions presented in sections 1.5.1, undesired phenomena occur in parallel with the
SCR process, limiting catalyst deNOy efficiency. Among them, the NH3 oxidation provokes undesired
overconsumption of the reducing agent, at temperatures higher than 420 °C [101,102]. Akah et. al.
[103,104] have studied in details ammonia selective catalytic oxidation (SCO) over H- and Fe-
exchanged ZSM5 concluding that SCO occurs through a two step mechanism including i) oxidation of
NHs to NO and ii) selective catalytic reduction of NO by additional ammonia yielding N, and H,O
(reactions 1.32 and 1.33 respectively). The second step is supposed to be the rate determining step of
the oxidation process. The same authors suggested that the abovementioned mechanism occurs mainly
over Fe binuclear species. However ammonia decomposition towards nitrogen monoxide with a minor
yield of nitrogen was also proposed over Fe,Os particles. Finally, NH3 oxidation to NO was observed
over the bare H-ZSM5 zeolite. The latter was also confirmed by DFT calculations reported elsewhere
[105]. Recently, Nedyalkova et al. [106] experimentally proved, parasitic ammonia oxidation in the
presence of NO, at temperatures as low as 250 °C. This reaction leads to the formation of NO that can
be subsequently reduced by NH; towards N-.

4NH,;+50, — 4NO+5H,0 reac. 1.32
4NO+4NH,;+30, — 4N,+6H,0 reac. 1.33
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Low temperature temporary catalyst deactivation due to formation of NH4NOs is another
undesirable phenomenon. As explained earlier, when nitrates and ammonia adspecies interact at
temperatures below 100 °C, ammonium nitrate is formed and deposits on the catalytic surface,
blocking the active sites for the SCR reactions. At higher temperatures however, the SCR catalyst is
regenerated, since NHisNO; undergoes thermal decomposition yielding several gaseous products,
including N2, H.0, N2O and HNO3 [97,107,108]. Pure NH4NO:s is a solid with a melting point of 170
°C, undergoing four different solid phase transitions when heated [109,110,111]:

» Phase V tetragonal: T < -16 °C

» Phase IV orthorhombic: -16 < T <32 °C
» Phase Il orthorhombic: 32 < T <84 °C
» Phase Il tetragonal: 84< T <125 °C

» Phase | cubic: 125< T <170 °C

According to a recent review of Chaturvedi and Dave [111], six global reaction pathways could
somehow explain the complexity of the ammonium nitrate thermal decomposition (Table 1.3). The
process is initiated by the already mentioned NHiNOs; decomposition towards HNOs; and NHs,
followed by further decomposition of nitric acid to nitrites, nitrates and water. Interaction of NH; and
nitrites/nitrates at temperatures around 260 °C leads to Nz, NO and H.O, whereas at higher
temperatures the decomposition becomes significantly exothermic and NH4NO; is suggested to
explode yielding N2, NOy and N20O.

Table 1.3 Possible reaction pathways of NH4sNO3 thermal decomposition.

Reactions Temperature AH (cal/g)
(°C)
NH,NO,, — NH,, + HNO, 170 -521
NH,NO, —1/2N, + NO+2H,0 260 + 86
NH,NO, — N,0+2H,0 320 +108
8NH,NO, — 5N, +4NO+2NO, +16H,0 560 +201
NH,NO, —>3/4N, +1/2NO, +2H,0 860 +316
NH,NO, — N, +2H,0+1/20, 950 + 354

Even though the thermal decomposition of NH4sNOs is reported in several studies little information
is available with respect to catalytic decomposition over acidic and metallic sites of iron zeolites.
Regarding acidity, Li et al. [112] and Savara et al. [113] have experimentally investigated the thermal
decomposition of NH4NO3, physically mixed with Ba/Na-Y and H-Y zeolites respectively. Production
of NOx (NO, NO2) N2O and N, was observed in both cases. Moreover, Savara et al. have proposed a
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decomposition mechanism over acidic sites including catalytic reduction of NH4NOs through NO at
temperatures as low as 70 °C, yielding HNO; and NHs, decomposition of the former towards nitrites
and nitrates and interaction between NOx and NHs adspecies to form unstable ammonium nitrite,
which finally yields N> and H,O. As far as the effect of iron species included in Fe-exchanged zeolites
is concerned, to the author’s knowledge no results are available in literature. Studies of ammonium
nitrate decomposition in the presence of pyrite (FeS,) have been reported by Gunawan et al. [114],
suggesting that the presence of iron accelerated NH4sNO3 decomposition, which becomes evident at
around 58 °C. However, the nature of iron in the zeolitic structure is completely different and thus, any
direct conclusions can not be drawn.

Another SCR inhibiting mechanism, related to low temperature catalyst deactivation due to
formation of NH4NOs is the ammonia blocking effect. Dedicated transient studies, over a commercial
Fe-BETA sample reported by Grossale et al. [108] showed that at temperatures as low as 50 °C and in
the presence of NHjs the reduction of nitrates via NO (backward reaction 1.17) is inhibited and the
respective light-off temperature is shifted to 140 — 160 °C. According to the same authors the blocking
of nitrates reduction is caused due to interactions of NH; and HNOj3, which favor the formation of
solid ammonium nitrate (reaction 1.33). Devadas et al. suggested that the ammonia inhibiting effect is
related to reduction of Fe** to Fe?*, which is not SCR active [115]. At this stage it has to be pointed out
that the deterioration of SCR activity is not associated with competitive adsorption between NH; and
NOx on active catalytic sites, but to the fact that ammonia selectively reacts with nitrate adspecies to
form NHsNO; at low temperature regime. The ammonia blocking effect attenuates with increasing
temperature and it totally dissappears at 400 °C [116].

Finally, competitive adsorption between NHs and gaseous compounds included in diesel engines
exhaust stream constitutes a very important concern, since they deteriorate surface ammonia
availability. Water, unburned hydrocarbons, carbon monoxide (CO) and sulphur oxides (SOx) have
been reported to co-adsorb with ammonia on surface sites of iron zeolites. DFT computations of H,O
adsorption showed modification of surface acidity when H,O dissociates on tricoordinated Al (Lewis
acidic sites) forming new Brgnsted acidic sites, characterized by significant acidity strength [117].
Hydrocarbons are supposed to inhibit SCR performance through i) formation of carbonaceous deposits
that block zeolitic pores, ii) competitive adsorption with NH3 and iii) hinderance of the NO oxidation
(which is the rate determining step of the SCR process) [118,119]. CO can also be adsorbed on
zeolites [120] but it is not reported to inhibit the selective catalytic reduction of NOy. Interestingly,
poisoning of the SCR catalyst can be also carried out through precious metals and namely Pt deposits,
which may migrate from a DOC placed upstream the SCR converter at high temperature conditions
[121].

1.5.3 Hydrothermal ageing issues

Durability of Fe exchanged zeolites at increased hydrothermal temperatures constitutes a great
challenge for their application in automotive aftertreatment systems. Exposure of iron zeolite based
catalysts to temperatures higher than 500 °C and water vapor causes irreversible modifications of
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catalysts propoerties, leading to permanent deactivation. According to experimental studies on fresh
and aged H- and Fe-BEA samples, reported by Shwan et al. [122], hydrothermal treatment resulted in
significant decrease of catalysts ammonia storage capacity, whereas NO oxidation rate was enhanced
up to a certain ageing degree. In another study, Toops et al. [123] have evaluated the SCR activity of a
fresh and an aged Fe-zeolite, washcoated on a monolith. Respective results show that catalysts activity
was significantly deteriorated both in the front and the rear part of the monolith (Figure 1.11).

Generally speaking, hydrothermal ageing may have two major effects on the catalyst: i) collapse of
the zeolite structure due to dealumination and ii) aggregation of isolated iron species to inactive Fe;0Os
particles [97]. Catalyst dealumination results in a significant loss of Brgnsted type acidic sites and
decrease of catalyst active surface area [97]. Therefore, NH3 storage capacity is decreased, whereas
reaction rates are hindered due to the limited active surface area. As far as the aggregation of iron
species is concerned, the loss of metallic SCR active sites negatively affects the catalyst yield and
simultaneously enhances undesirable side reactions (eg. NHs; oxidation on Fe;Os - see also section
1.5.3). Toops et al. [123] have verified the abovementioned phenomena through X-ray diffraction
(XRD) and nuclear magnetic resonance (NMR) measurements on the fresh and aged Fe-zeolites
shown in Figure 1.11. Formation of Fe,Os particles was identified over the aged samples, whereas,
migration of Al atoms to extra-framework positions of the zeolite were also evidenced, due to
dealumination.
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Figure 1.11 NOy conversion over aged Fe—zeolite SCR catalysts at the A) front and B) rear sections of the
monolith. (5% CO;, 5% H0, 14% O, 350 ppm NO, 350 ppm NHs, N balance, GHSV = 30,000 h'): =8 fresh
catalyast, aged catalyst at —#= 650 °C, =& 750 °C and —#— 850 °C. Data extracted from reference [123].
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1.6 Kinetic modeling of a Urea-SCR catalyst

The complete modeling of an Urea-SCR catalyst involves the modeling of (i) urea management, (ii)
the catalytic reactor, with respect to flow, heat and mass transfer phenomena and (iii) chemical
reactions. The herein review mainly focuses on the modeling of chemical reactions. Thus, other
modeling aspects will be presented only briefly.

Modeling of the urea management is reported in several sources, including urea injection [79],
evaporation [124] and decomposition [125]. The modeling of heat and flow phenomena within a
monolith reactor is reported in [126,127]. The overall mass balance is expressed according to the
continuity equation, assuming quasi steady flow (eq. 1.1). Typically, gas and solid phase heat balances
are applied. For the gas phase balance (eq. 1.2) laminar flow is considered, whereas for the solid phase
one (eq. 1.3) heat transfer through convection, conduction and radiation, as well as heat release due to
chemical reactions are taken into account (eq. 1.4). A more detailed approach taking into account 3D
flow phenomena inside the channel can be found elsewhere [128]. Finally, regarding the transfer of
chemical species, diffusion phenomena in gas and solid phase should be included. Mixed diffusion
models, well reported in literature, take into account both internal and external diffusion (diffusion in
gas and solid phase respectively) combining the conventional molecular diffusivity either with
intralayer diffusion equations [126,129] or a Thiele modulus expression [130].

Ao-w) 1 arpv)_y eq. 1.1
oz r o

ot 4 eq. 1.2

Cpy Py Ug I, 'a_zg:hg E(TS -T,)

2

pocpTeop, 9Ty  O0fp ) g €13

ot 0z " ror or
S= Hconv. + Hcond. + Hrad. + Hreac. eq.14

As far as the modeling of chemical reactions is concerned, an overview of available approaches,
involving different levels of complexity, are reported elsewhere [131]. The kinetic modeling of the
SCR reactions over Fe-exchanged zeolites is performed through different methodologies, ranging from
molecular dynamics [132] to global kinetic models [133]. Tischer et al. have attempted a mixed
approach combining detailed atomic scale with reactor scale modeling [134], whereas a neural
network based approach is applied elsewhere [135].

Focusing on the kinetic modeling of the NH3 adsorption and desorption over bare and Fe-exchanged
zeolites numerous studies have already been published. Regarding kinetic models accounting for
interactions of NHs with different surface sites, several approaches have been proposed in literature.
Focusing on commercial Fe-zeolites, Sjovall et al. [136] and Colombo et al. [137] have developed
similar dual-site kinetic models, including one site for NHs; weak, low temperature physisorption (or
weak adsorption) and a second one for strong chemisorption. Chatterjee et al. proposed another
approach, assuming that NHs is chemisorbed on an acidic site and further spills over a redox one
[138]. As far as Fe-BEA catalysts are concerned, Klukowski et al. have modeled NH3 adsorption (over
a 0.25 wt.% Fe-BEA, Si/Al = 12.5) involving one Brgnsted acidic site and one additional site, on
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which ammonia can be molecularly sorbed [139]. Moreover, Shwan et al. have recently proposed a
more phenomenological model (for a 1 wt.% Fe-BEA, Si/Al = 38) accounting for NH3 storage over
one site for weak adsorption, one Brgnsted acidic site and one monomeric Fe site, divided into two
storage capacities [140]. These authors have also assumed spillover from the Brgnsted site to one of
the monomeric iron ones. Finally, a multi-site kinetic model developed by Sjovall et al. for NH;
storage over Cu-ZSM5 catalysts is noteworthy [141]. Four surface sites were proposed including: A
non acidic site, a Brgnsted acidic site as well as two metallic sites that can adsorb up to four ammonia
molecules. In all cases the NH; desorption activation energy is considered to be inhomogeneous
throughout the catalytic surface and it varies as a function of local coverage. Therefore, a linear
Elovich or Temkin expression is utilized [142]:

Edes = EO '(1—0{'91-) eq. 1.5

where "a" corresponds to a surface coverage dependency factor. As it is going to be discussed in
details in the following chapters, the "a" factor reflects the dispersion of acidic and redox surface sites
of Fe exhanged zeolites.

Regarding the kinetic modeling of NOx storage and nitrites/nitrate formation and decomposition
over Fe-zeolites, mainly global, single site kinetic models exist in recent bibliography. Perdana et al.
[143] modeled NOy adsorption over a Na-ZSM5 film assuming an active site, which corresponds to
cationic sodium species. These authors proposed a four step mechanism including NO:
disproportionation to HNO3; and NO in the presence of water vapor, coordination of nitrous acid and
nitrites on the cationic site and HNO3; decomposition towards NO,, H-O and O, at high temperature
regime. Another single site kinetic model was recently presented by Metkar et al. [144], where the
active site corresponded to iron sites. Moreover, a detailed reactions mechanism was adopted
including nitrogen dioxide adsorption and disproportionation, accounting for NO: interactions with
both oxygen and water. Modeling of O, and H,O adsorption and desorption was also taken into
consideration. Interestingly, Olsson et al. [145] have proposed a multi-site kinetic model for nitrates
formation over Cu exchanged ZSM5 catalysts, suggesting NO, adsorption on non acidic, Brgnsted
type acidic and copper sites, and nitrogen dioxide disproportionation, exclusively occurring over the
metallic sites. This implies that even though the model accounts for NO; formation over a single
metallic site, an additional contribution of the bare zeolite to the formation of nitrates is also taken into
consideration. NO, can be temporarily stored on Brgnsted sites and further desorbed at elevated
temperatures being thus available to readsorb on copper sites, where the disproportionation process
can occur.

Similar global kinetic models have been reported for the oxidation of nitrogen monoxide. In the
already mentioned work of Metkar et al. [144] direct gaseous NO oxidation is suggested over an
oxidized iron site. Bacher et al. [146] suggested a more phenomenological approach, according to
which NO oxidation is described through a Langmuir-Hinshelwood type reaction rate expression,
where the inhibition of H,O and NO, were taken into consideration. At this stage it has to be pointed
out that in none of the abovementioned cases NO is assumed to be adsorbed on the catalytic surface of
iron zeolites. Shwan et al. [140] described the adsorption of NO over a dual-site kinetic model,
including on Brgnsted type acidic site and one monomeric iron site. These authors have proposed NO
oxidation over Brgnsted acidic sites as well as Fe,Os iron particles. However surprisingly, the actual
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kinetic model supposed gas phase interactions between NO and O,. The same approach has been
applied elsewhere [136].

Finally, as far as NH3s-SCR kinetic models are concerned, single and dual site approaches are mainly
reported. Metkar et al. [147] have recently published a global, single site kinetic model where gaseous
NHs is stored on an acidic Brgnsted site, before being available for SCR reactions. The standard, fast
and NO,-SCR reactions were depicted by a mechanism, which involved formation and decomposition
of NH4sNOs. Among the decomposition products, N.O was included, which could further react with
adsorbed NH; or self-decompose yielding N2 and O.. Chatterjee et al. [138] presented a dual site
kinetic model accounting for an acidic and a redox site. An overall mechanism of ten reactions was
considered, including ammonia adsorption, desorption over acidic sites, NHs and NO oxidation, a
Standard and a Fast SCR reactions, as well as interactions between NO; and adsorbed NHs to form
nitrous oxide, ammonium nitrate, nitrogen and water. Moreover, a NH3 spill-over between acidic and
redox sites was considered in order to account for the ammonia blocking effect (section 1.5). A
“hybrid” dual-site approach was introduced by Sjévall et al. according to which an iron, SCR active
site and a non acidic site for physisorption (inactive for SCR reactions) were taken into account. NH3
adsorption, Standard, Fast and NO, SCR reactions were assumed over the active site. On the other
hand, interactions of NO, with ammonia stored on the non acidic site were considered, in order to
model formation and decomposition of NHsNOs as in the case of the model of Metkar et al. [147].

As discussed in all presented modeling approaches, NHsNO3; formation and decomposition is taken
into account by assuming a single global reaction step. However, according to experimental results
discussed in section 1.5, build-up of crystalline ammonium nitrate at low temperature operating
conditions may involve interactions between NOy and NHs coordinated to different surface sites. A
recent kinetic model of Colombo et al. [148] seems to be in chemical consistency with respect to the
abovementioned observations. As in the case of Chaterjee et al. [138], these authors assumed an acidic
and a redox site. Ammonia was modeled to adsorb on both sites, whereas a Standard SCR reaction
was considered. The NH; blocking effect was also taken into account. Reaction of NO with adsorbed
NHs was suggested to yield solid NH4NOs, as well as gaseous N2 and N2O. Finally, the latter species
was considered to be reduced by NO and NHs.

1.7 Scope and methodology

The presented review of recent literature provides a quite broad overview of the state of the art over
iron zeolite based Urea/NHs-SCR catalysts. Focusing on the chemistry of the SCR of NOx several
mechanistic aspects were analyzed, including NHs and NOy adsorption and desorption, NO oxidation,
nitrite/nitrate adspecies formation through NO. disproportionation, as well as selective catalytic
reduction of NOx adspecies through the formation and decomposition of ammonium nitrite and
ammonium nitrate. Hence, a generic SCR reaction scheme was developed (Figure 1.10). Moreover,
the contribution of acidic and iron sites to the occurrence of the abovementioned reactions was
discussed, based on IR spectroscopy measurements reported in literature. Finally, side reactions
inhibiting SCR activity were briefly mentioned, namely the NH3 oxidation, the build-up of crystalline
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NH4NO3, the NHs blocking effect and the competitive adsorption between ammonia and compounds
included in diesel engine exhaust stream. Evaluating reported SCR studies, it seems that the SCR
chemistry over iron exchanged zeolites is quite well understood. Experimental works of
Brandenberger et al. [75,97], Grossale et al. [82,90,91,108], Colombo et al. [52,137,148], Sjovall et al.
[136,141] and Hadjiivanov et al. [87] are noteworthy. Nevertheless, analysis of mechanistic aspects
related to ammonium nitrate formation and decomposition over Fe-zeolites, with respect to acidic and
redox sites contribution was found to be somehow limited.

As far as kinetic modeling of SCR reactions is concerned, a great variety of global kinetic models,
with respect to individual reaction pathways as well as the global SCR scheme, was presented and
compared. Overall, existing approaches suggested adsorption and desorption of NH3 and NOy, as well
as NO: disproportionation and SCR reactions mainly over metallic sites. The contribution of the
zeolite support was marginally modeled and in most cases NHsz and/or NOx were considered to
chemisorb on acidic sites without occurrence of NO; disproportionation, NO oxidation and
nitrates/nitrites reduction. This simplification seems to be somehow in contradiction with experimental
results discussed in section 1.5, according to which the SCR of NOy could occur also over zeolitic
acidic sites. Moreover, the nature of the proposed acidic and metallic model sites was explained in a
quite generalized way and no consistent correlation was made between Brgnsted and Lewis acidic
sites and/or iron sites, characterized by different nuclearities.

Based on the abovementioned evaluation, the aim of the present doctoral thesis is to initially
perform a detailed analysis of the SCR chemistry over iron-exchanged zeolites, in order to:

1. Elucidate the occurrence of the proposed generic SCR reactions scheme (Figure 1.8) over
acidic and metallic sites

2. Qualitatively and quantitatively investigate the role of Fe-zeolite structural properties (eg. Al
and Fe content) on the abovementioned reactions pathways

3. Understand the SCR catalyst behaviour, particularly under low temperature operating
conditions, where formation of crystalline NHsNO3; may take place.

The final scope is to use the abovementioned analysis in order to develop a phenomenological,
macro-kinetic model oriented to diesel engines aftertreatment system simulation. The thesis innovation
constitutes not only the integration of mechanistic aspects related to individual reaction pathways of
the NH3-SCR process but the model development and calibration on the basis of structural properties
of iron exchanged zeolites, namely catalyst Al and Fe contents, which are associated with acidic and
metallic sites population and dispersion, as well as Fe-zeolites topologic characteristics, associated
with synergistic effects.

For the purposes of the herein doctoral thesis only the main reaction steps of the SCR scheme are
considered, without accounting for side reactions or inhibiting effects discussed in section 1.5.2.
Regrouping the reactions network, illustrated in Figure 1.10, three main reaction pathways were
analyzed, including:

1. The adsorption and desorption of NH3

2. The storage of NO and NO, resulting in the formation of nitrite and nitrate adspecies
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3. The formation and decomposition of NHsNO3

The abovementioned reactions were judged to be particularly critical since NH3 dosing, as well as its
inhibiting effect govern catalyst deNOy activity, especially in transient operating conditions [149]. As
discussed in section 1.5, NHs storage over Fe-zeolites is quite well documented in literature.
Nevertheless, the effect of the experimental protocol on NH; storage and release was not
systematically investigated and results are reported mainly over Fe-ZSM5 catalysts.

Moreover, as far as modelling of NH3 adsorption and desorption are concerned, even though many
kinetic models exist, surface Brgnsted and Lewis type acidity have never been interpreted through a
modelling approach. Furthermore, even in the case of the multi-site model of Shwan et al. [140], the
model was developed based on data reported in literature, whereas the respective simulation results
were not evaluated through catalyst surface characterization. Finally, kinetics robustness has only been
verified over a limited number of experimental conditions.

Similarly, NOx storage is of great concern, since disproportionation of NO; leads to the formation of
nitrites and nitrates, through which the fast-SCR reaction mechanism occurs. Forzatti et al. observed a
deNOy efficiency comparable with that of the fast-SCR reaction when injecting, directly upstream a
Fe-zeolite catalyst, an aqueous solution of nitrates instead of NH; [150]. Moreover, as already
discussed, the NO oxidation, which occurrs when nitrogen monoxide is adsorbed in the presence of
oxygen, is currently recognised as the rate determining step of the SCR process. Experimental works
analyzed in section 1.5 elucidated mechanistic aspects related to nitrito and nitrato groups formation
on acidic and metallic sites of Fe-zeolites. Nevertheless, to the author’s knowledge, there are no
kinetic models that exist in literature accounting for NO. adsorption/desorption and disproportionation
over different surface sites of iron exchanged zeolites. Furthermore, the already reported kinetic
approaches account only for generic types of nitrites and nitrates without specifying any coordination
(bidentate, bridging), which is directly related to the adspecies thermal stability [87].

Finally, as far as NH4NOs is concerned, it is supposed to be a key intermediate compound that
controls catalyst activity at low temperature regime (T < 180 °C). Particularly focusing on ammonium
nitrate decomposition, the evolution of this reaction over acidic and metallic sites must be
investigated. Moreover, NH4sNOs catalytic decomposition, as well as phase transitions in presence of
bare and Fe-exchanged zeolites should be clarified.

To achieve the abovementioned aims, an innovative methodology was applied, including
experimental studies and macro-kinetic modelling accounting for Fe zeolites structural properties.
Regarding the former, dedicated experimental studies were performed in order to unravel mechanistic
aspects related to the abovementioned targeted reaction pathways. Thus, further evaluation of
experimental studies reported in literature was enabled. Initially, a Fe-BETA zeolite was synthesized
in the laboratory and subsequently characterized so as to perform a qualitative and quantitative
screening of structural properties of the studied material. Then, the catalytic sample was tested for the
abovementioned reactions, performing temperature programmed desorption (TPD) and temperature
programmed reaction (TPR) experiments. Attempting to identify the nature of NHs; and NOy
adspecies, IR spectroscopy measurements were applied, enabling a detailed characterization of surface
species, bonded to different sites of the Fe-BETA catalyst.
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As far as the kinetic modelling is concerned, OD or multi-OD macro-kinetic modelling was
considered. Experimental data, kinetics as well as results of theoretical studies (eg. DFT computations)
reported in literature were compared to experimental results obtained over the lab-made Fe-BEA
catalyst in order to develop a phenomenological macro-kinetic model. Special care was taken for
kinetic parameters calibration in order to ensure model robustness as well as consistency with
experimental data reporting in bibliography. Finally, structural properties of the Fe-BEA catalyst were
considered in order to determine acidic and metallic sites nature and dispersion. Finally, the developed
kinetic model was validated over experiments performed over the lab-made bare and iron exchanged
BEA samples, as well as over other H- and Fe-zeolites reported in literature.

The desired outcome of the present doctoral thesis is to gain significant knowledge on the SCR of
NOx over iron zeolites, that could be then applied for the understanding as well as the modelling and
simulation of commercial SCR catalytic converters, which are composed of mixtures of transition
metal exchanged zeolites. Therefore, experiments performed over commercial Fe-exchanged zeolites
were simulated.

1.8 PhD thesis organisation

The overall work performed in the framework of this PhD thesis is grouped in six chapters. In
chapter 2, a complete model of a Urea-SCR catalytic converter is presented. The evaluation of the
proposed model is subsequently described in chapter 3. Comparison between computed and
experimental data allowed to point out advantages and limitations of the selected approach, whereas it
enabled to schedule the type of experiments required in order to further capitalize the proposed Kinetic
model approach. Respective experimental details are presented in chapter 4. The following three
chapters refer to the experimental investigation of the SCR reactions scheme and the development of
the respective kinetic model. Chapter 5 focuses on NH3 adsorption and desorption, whereas chapter 6
is dedicated to NOy storage, nitrites/nitrates formation, as well as to NO oxidation. Finally, in chapter
7, interactions between nitrogen oxides and ammonia are discussed, with the formation and
decomposition of NH4sNOs3 to be of particular concern. The most important conclusions of this work
are summarized in chapter 7. Finally, an Appendices section is also included, where additional
experimental details, kinetic parameters, as well as supporting experiments are presented.
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Chapter 2

Urea-SCR Catalytic Converter Modeling
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2 Urea-SCR Catalytic Converter Modeling

Abstract

A 0D model of a urea-SCR catalytic converter was developed and integrated into the IFP-Exhaust
library of the simulation environment of LMS.Imagine.Lab AMESim. Models of monolith, fixed bed
and single wafer reactors were developed, enabling increased simulation flexibility. For each reactor
model, heat and mass transfer, as well as occurrence of chemical reactions were considered in order to
precisely reproduce the behavior of the SCR catalyst. Energy and species balances were elaborated so
as to account for heat flow and mass transport limitations in both gas and solid phases. Moreover,
focusing on the kinetic modeling, a multi-site approach was employed, developed on the basis of the
modeling of NHj3 storage and release over Fe-ZSM5 zeolites. The kinetic model, including five surface
sites, was formulated through reaction rate expressions based on the mean-field approximation.

Résumé

Un modéle 0D d'un catalyseur SCR a I’urée a été développé et intégré dans la librairie IFP-Exhaust
du logiciel de simulation LMS.Imagine.Lab AMESim. Des modéles de réacteurs de type monolithe, lit
fixe et "single wafer" ont été développés, permettant une flexibilité de simulation accrue. Pour chaque
modele de réacteur, les transferts thermiques et de masse, ainsi que les réactions chimiques ayant lieu
sont considérés de facon a reproduire précisément le comportement du catalyseur SCR. Les bilans
d'énergie et d'especes sont élaborés afin de prendre en compte le transfert de chaleur et le transport de
masse a la fois dans la phase gazeuse et solide. De plus, en se focalisant sur la modélisation cinétique,
une approche multi-site a été utilisée, développée sur la base de la modélisation du stockage et de la
libération du NH; sur les zéolithes Fe-ZSM5. Le modéle cinétique, qui inclue cing sites de surface, a
été formulé a partir des expressions des taux de réaction basées sur I'approximation du champ moyen.
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2.1 Modeling approach

The urea-SCR catalytic converter operation is characterized by significant complexity because of the
simultaneous occurrence of several physicochemical phenomena. Generally, the latter could be
categorized based on their type (thermal, flow and chemical phenomena) and their scale (converter,
channel, washcoat), in order to precisely depict the converter behavior and elaborate the respective
mathematical and computational models [126]. Moreover, interactions between phenomena may take
place (eg. occurrence of chemical reactions is related to heat release, which affects both exhaust gas
and converter wall temperatures), requiring the simultaneous resolution of the corresponding
mathematical models, irrespectively the phenomena scale and/or type.

As explained in the previous chapter, modeling of SCR converters can be performed at different
levels of complexity. The main objective however of this doctoral thesis is to develop a
phenomenological macro-kinetic model for Fe-zeolite based Urea-SCR catalysts, oriented to diesel
engines aftertreatment system simulation. Such models should be characterized by short computational
times, and low physicochemical complexity, enabling fast and relatively precise simulations.
Therefore, in the presented work 0D modeling was proposed, so as to achieve a reasonable
compromise between simulation precision and CPU time.

The urea-SCR catalytic converter modeling was performed using the commercial simulation
platform LMS.Imagine.Lab AMESiIim and particularly the IFP-Exhaust library [151]. The AMESIm
modeling environment is based on the bond graph theory, which accounts for energy flows exchange
between ports of actual and conceptual components of a multi-physical engineering system [152]. The
IFP-Exhaust library is equipped with three components/models in order to enable modeling of a
complete SCR system (Figure 2.1), including:

a) an urea injector model, which computes mass and enthalpy flow rates, as well as mass
fractions of exhaust gases, accounting for injection of the urea aqueous solution (AdBlue),

b) an exhaust pipe model, which computes urea and HNCO decomposition towards NHj3 in the
exhaust line, upstream the SCR catalyst and

¢) a SCR catalyst model, which aims to compute NOx selective catalytic reduction by NHs.

Urea Injection

SCR
(©)

Exhaust Gas __ — (1) 2)

0D approach multi 0D approach

Figure 2.1 Modeling of an Urea-SCR catalytic converter, according to the IFP-Exhaust approach [153].
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In the framework of the present doctoral thesis, a model of a SCR catalytic converter was developed
and integrated into the SCR catalyst AMESIim component. Since analysis of urea injection and
thermolysis are out of the scope of this study, pure NH; is considered to be directly injected in the
SCR catalytic reactor, whereas the urea injector and exhaust pipe AMESim components were not
taken into account. Initially, reactor modeling was performed in order to precisely reproduce the SCR
converter behavior. Mass and heat transfer, as well as flow phenomena were considered and details
about the respective species, energy and momentum balances are discussed in the following
paragraph. Moreover, as far as kinetic modeling is concerned, a skeleton of a macro-kinetic model for
Fe-zeolites is presented, built on the basis of a multi-site approach, in order to depict SCR reactions on
different surface sites.

2.2 Reactor models

Models of (i) monolith, (ii) fixed bed and (iii) single wafer reactors were developed and integrated
into the SCR catalyst component of the IFP-Exhaust library. The motivation for this task was to
increase simulation flexibility, so as to enable reproduction of experiments performed on different
experimental configurations, applying various operating conditions. The modeling of the reactors
geometries is briefly presented in Table 2.1. Regarding the monolith reactor model, the 0D single
channel model approach was followed, as usually applied for flow through monoliths [154].
According to this approach, all monolith channels are considered to exhibit the same behaviour, which
is true when heat losses are neglected and the flow upstream the converter is homogeneous [126]. The
fixed bed model was developed according to the methodology proposed by Leistner et al. [155], taking
into consideration bed's length and catalyst mean particles diameter. Finally, a single wafer reactor
was modeled by adopting a simplified geometry, according to which the wafer is regarded as a closed
cylinder through which the working medium flows as shown in Table 2.1.

Continuous reactors, which are the case for the monolith, fixed bed and single wafer ones, can be
categorized on the basis of the type of the flow in: (i) plug flow reactors (PFR) and (ii) continuous
stirred-tank reactors (CSTR). Concerning the former, the PFR model is valid when the fluid velocity
profile is flat and axial mixing is negligible, whereas for the CSTR model, ideal perfect mixing is
assumed [156]. Regarding OD modeling of catalytic reactors reported in the literature, the CSTR
approach is often followed. Sjovall et al. have modeled a Cu-ZSM5 catalyst washcoated on cordierite
monoliths, using a series of 10 continuous stirred reactors [141]. Similarly to monoliths, fixed bed
reactors can be also described as a single, or a series of CSTRs, since the bed length is usually very
thin (often <1 mm) [155]. Finally, the discussed approach may be also appropriate for single wafer
reactors modeling. Reported calculated gas velocity profiles over circular and square wafer reactors
proved that flowing conditions are quite homogeneous up to a certain distance above the catalytic
sample [157], which seems to somehow support the principle hypothesis of perfect mixing conditions.
Therefore, in line with the abovementioned indicative examples, the three reactors discussed in the
present work were considered as a single or a series of continuous stirred tanks, accounting for
homogeneous temperature, pressure and species concentrations throughout the control volume.
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Table 2.1 Geometrical model of a monolith, fixed bed and single wafer reactor, developed into the IFP-Exhaust
library.

Type of Reactor Geometrical Model Geometrical Characteristics
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Pressure drop through the reactor was computed from Darcy's law (eq. 2.1):

P My - Lieae (N/m2) eq. 2.1
—Fouww =T
° pg : 'A\)pen

in

where L. corresponds to the length of the reactor being flown by the exhaust gas (Lreac. is equal to
Dyei. in the case of the single wafer reactor).
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As far as the mass balance is concerned, disregarding gas phase reactions, the 1D plug-flow gas
species equations can be written as presented in the review of automotive catalyst modeling by Depcik

et al. [158].

oc, . oc, . oc, .22
- +u-¢=kmi-s-(csi—c i)+g D, —> .

ot oz ’ Y oz oz

Neglecting mass transport limitations could induce errors in the computation of adsorbed species
[159]. Thus, the diffusion of species was taken into account in the gas phase and the washcoat. A film
model was used to compute the mass transfer between the gas and the solid phase (external diffusion),
whereas the diffusion within the washcoat (internal diffusion) was expressed using an effectiveness
factor, based on a generalized Thiele modulus approach [160]. The mass balance equation of gas
species in each tank can be simplified as shown in eq. 2.3:

de,. . , eq. 2.3
dil =(Cqi in —Cqi_ou) T Prim

where @, is deduced from eq. 2.4 [161,162]:

eq. 2.4
Y,

wash
K, is the mass transfer coefficient computed based on the Sherwood number and the i"-species
diffusivity (eg. 2.5).
_ Sh- D, eq. 2.5

™ dh

The effectiveness factor for monolith reactors under isothermal conditions was computed using the
Thiele Modulus and the Biot number (eq. 2.6) [163].

= tanh@)
| ¢-{1+¢'ﬁ?h(¢)} eq. 2.6

m

This effectiveness factor represents a ratio between the observed effective rate and the intrinsic
reaction rate in the absence of mass transfer phenomena. [164] For a first order reaction, the Thiele
modulus is determined as [162,163]:
k eq. 2.7
go. [0 q
D

e

where D. stands for the effective diffusion coefficient computed through the Bosanquet equation,
taking into account the effect of tortuosity and porosity on the species diffusion coefficient [165].
Finally, the Biot number (eg. 2.8) is another non-dimensional number expressing the ratio between the
convective and the diffusive mass transfer (external versus internal mass transfer resistance)
[159,162]:
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Bi K, -e eq. 2.8

Finally, a heat transfer submodel was developed on the basis of gaseous and solid energy balances.
A single solid phase of homogeneous properties, corresponding to the zeolite catalyst, as well as axi-
symmetric gas flow were considered. Heat transfer phenomena occurring within the SCR reactor are
summarized in the generic scheme illustrated in Figure 2.2.

I Qexe.
gas phase m, > XU

storage Q . —_—
conw.

| w Qreac.
\ =

1: (?eﬂ.

Figure 2.2 Heat transfer phenomena in a SCR catalytic converter.

solid phase

mg D XU,

_in. zmihi

T
|

out

Bulk temperature was deduced from a gaseous energy balance, based upon the 1% law of
thermodynamics. The total rate of heat exchanged in gas phase (Q,, ) is equal to the convective heat

transfer between the gas and the surface (Q ), as well as the heat flows, due to species storage

conv.

(Qsto,agg and species inflow and outflow.

deiXt

v : : : eq. 2.9
t = Neonv. + Qstorage+ Qinflow - Qoutflow

dT, dm
— 2+ — 2. [CAT +R,-

) =m.-C —
Qo =M, -C, dt  dt

Heat flow rates related to species storage and in/outflows through the reactor are computed according
toeq. 2.10 and 2.11:

Qstorage: Zml 'hi eq. 2.10

- ~ dx, eq. 2.11
Qinflow - Qoutflow = _mg ‘ E -U; g
i

Replacing equations 2.10 and 2.11 in eq. 2.9, the energy balance illustrated in eq. 2.12 is deduced:

dT : _ dm
mg.CV._g:MJrzmi_hi_mg. %.ui_Pg.dep(t__ g.J.CVdT eq212
dt dt i T dt dt dt
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Similarly to the gas phase, the solid phase temperature is computed by considering convective heat
transfer between the gas and solid phases (Q,,., ), heat exchange between the solid phase the ambient

conv.

(®,, ) and heat release due to chemical reactions (Q,,,. ):

pS .CpS .VS ’ dd-l;s = Q.(:On\/. + ®6Xt. +Qreac eq 213

Convective heat exchange is computed through a heat transfer coefficient and the reactor geometrical
surface area available for the flow (eq. 2.14), whereas the heat flow related to chemical reactions is
deduced form the specific heat of the i reaction and the respective chemical source term @, (eq.

2.15).
Qconv. = hs ' Sgeom ’ (T g_Ts) eq. 2.14
Qreac. = Z[_ Ahl ) Ivli ’ a)l] eg. 2.15

Integration of equations 2.14 and 2.15 in eq. 2.13 results in eq. 2.16, which constitutes the final 0D
solid phase energy balance.

dT, )
. tS =h, ’Sgeom -(l'g—Ts)+CDW_ext +Z[_Ahi ‘M, 'a)i] eq.2.16

pS 'CpS .VS

The momentum, mass and energy balances, presented in this section are resolved through a variable
time step slover, integrated into the AMESim software.

2.3 Kinetic model

Kinetic modeling of the selective catalytic reduction of NOyx through ammonia on iron exchanged
zeolites is discussed in this section. The construction of a macro-kinetic model was initiated by
studying NHs adsorption and desorption mechanisms over Fe-zeolites, since ammonia storage and
release are probably one of the most important processes for the dynamic behavior of the SCR catalyst
[116]. As already discussed in chapter 1, the deNOy performance of the SCR catalyst is strongly
dependent on the NH; availability as well as its inhibiting effect.

Analyzing data reported in the literature, ammonia was found to adsorb on several surface sites of
Fe-zeolites (see paragraph 1.5.1). The existing kinetic model for NHs adsorption and desorption,
already integrated into the IFP-exhaust library was a global single-site model. A very similar model
was also reported in a study of Olsson et al. (eq. 2.17 to 2.21) [166].

RNHLads = kads(Ts) : CNH3 ’ (1_ 9) eq. 2.17
E.u eq. 2.18

kads(Ts) = Aads €Xp [_ R—ijl_sl

I:\)NHa_des = kdes(Tsie) -0 eq. 2.19
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E(9) eq. 2.20
k. = .exp| — —x~Zdes
des Ades Xp( RTSJ
E(0) g =Ep-(1—2-0) eq. 2.21

This approach can not depict surface heterogeneity, associated with different surface sites.
Therefore, an alternative modeling approach was required. A multi-site model was previously
described by Sjovall et al. [141]. According to this approach, storage of NHs; on a Cu-ZSM5 (Si/Al =
13.5, 2.03 wt.% Cu) was modeled through four surface sites: two metallic sites, an acidic site and a
site for physisorption. The reaction rate expressions applied for each surface site were the same as
those established for the single-site approach (eq. 2.17 to eq. 2.21).

Both modeling approaches were initially integrated into the SCR catalyst model of IFP-Exhaust
library and further compared by simulating an NHs adsorption and TPD experiment on a Cu-ZSM5
(Si/Al = 13.5, 2.03 wt.% Cu) reported elsewhere [141]. For both models, all the assumptions and
kinetic parameters (for model calibration) reported by the respective authors were taken into account
[141,166]. Simulation results, presented in Figure 2.3 A) show that both approaches allow to correctly
reproduce the experimental TPD curve. The single-site model produced a broad desorption peak
centered at around 325°C, whereas the output from the multi-site model corresponded to a TPD signal
composed of at least two distinct peaks, centered at 278 and 455 °C respectively. Each peak was
assigned to NH; desorbed from different surface sites [141], hence the multi-site approach is somehow
more phenomenological and precise towards the modeling of the NH3 storage over Cu-zeolites.

The consistency of these models was subsequently evaluated over Fe-zeolite catalysts. An additional
NHs-TPD experiment performed over a Fe-ZSM5 (Si/Al = 13.5, 2 wt.% Fe), reported elsewhere [167]
was simulated. The fitting of the experimental TPD signal, presented in Figure 2.3 C) confirms that
both approaches are appropriate for the modeling of NH3 storage over Fe-zeolites, with the multi-site
model being more accurate, producing different desorption peaks corresponding to different
temperatures. Overall, according to the abovementioned preliminary modeling and simulation studies,
the multi-site kinetic model seems to be somehow a more phenomenological kinetic modeling
approach, enabling to depict interactions of ammonia with different surface sites. Moreover, as clearly
shown in Figure 2.3 B) and D) simulation results obtained through the multi-site kinetic model were
relatively satisfactory, since the fitting of experimental curves was quite precise. As described in
details in chapter 1.7 one of the principal objectives of this doctoral thesis is to understand and model
mechanistic aspects related to the NHs-SCR over Fe-zeolites, accounting for reactions occurring on
different surface sites as well as the effect of catalyst structural properties. Therefore, the multi-site
kinetic approach was judged to be appropriate for kinetic modeling of SCR reactions over Fe-zeolites.
In the following paragraphs the development of this kinetic-modeling approach is presented, whereas
the respective model validation and evaluation is discussed in chapter 3.
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Figure 2.3. Comparison between the computed TPD signal obtained by the single-site and the multi-site model over

A) and B) Cu-ZSMS5 reported in reference [141] and C) and D) Fe-ZSM5 reported in reference [167].

2.3.1 Set-up of the multi-site kinetic model development

The multi-site kinetic model for the ammonia storage over Fe-zeolites was built by analyzing data of
NH; adsorption and adsorption experiments over bare and Fe-exchanged ZSM5 samples, reported in
the literature. Various NH3-TPD tests as well as experiments involving optical techniques (eg. UV-vis
and FTIR) were analyzed in order to determine the nature of surface sites, which contribute to the
storage of NH3 over Fe-ZSM5. Ammonia TPD provides information for surface sites identification but
the TPD's concentration signals should be analyzed carefully because they do not directly reflect the
desorption kinetics. The occurrence of parallel re-adsorption as well as mass transfer processes can
cause a significant shift of the maximum temperature of TPD peaks [168]. Moreover, even though
NHs-TPD is one of the most widely used methods to characterize the Bransted sites density [169], it is
also a controversial technique due to several limitations [170]. The variation of particle sizes, in case
of TPD tests using fixed-bed reactors, NHs readsorption as well as experimental conditions can
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significantly affect the TPD concentration signal, leading to misleading results. Thus, in this study,
results of TPD tests are used in order to identify a sufficient number of surface sites contributing to
NH; storage, for modeling purposes.

2.3.1.1 NHs storage over bare H-ZSM5

NH; storage over H-ZSM5 zeolites is already very well documented and miscellaneous results and
interpretations are reported in the recent literature. NHs-TPD combined with IR-spectroscopic
experiments, employing ZSM5 samples (Si/Al = 11.8 and 18) were carried out by Topsge et al. [171]
who identified three desorption peaks, observed within the ranges of 60—100 °C, 150—200 °C and
420-500 °C. The desorption peaks at ca 227 °C and 500 °C were attributed to NH3 desorbed from
weak and strong acidic sites respectively, which may be associated with Bragnsted type acidic ones (IR
bands at 3600 and 3725 cm™). The peak at low temperatures (ca 100 °C) corresponded to physisorbed
and/or weakly adsorbed NHs. According to Katada et al., these weak sites could be related to
hydrogen-bonded ammonia and are irrelevant to the acidic properties of the zeolite [172]. Katada et al.
reported the same observations over both MOR and ZSM5, highlighting also the role of diffusion
phenomena, which cannot be excluded within this temperature regime [173]. Other NHs-TPD
experiments over bare ZSM5 zeolites characterized by different Si/Al ratios reported by Costa et al.,
revealed two desorption peaks centered at temperatures around 177 °C and 360 °C [169]. The
desorption peak released at 360 °C was attributed to ammonia adsorbed over weak acidic sites.
According to Rodriguez-Gonzalez et al., this peak, which appears within a temperature range of 370-
440 °C is related to ammonia desorbed form Brensted acid sites [174]. Similar observations were also
reported elsewhere [103,175]. Moreover, Matsuura et al. showed that increasing the duration and
consequently the maximum temperature of the TPD experiments, a third desorption peak was
observed [176]. According to the same source, this peak appeared at around 500 °C and corresponded
to NH; bonded to very strong acidic sites probably extra-framework Al-structure.

Based on the abovementioned results, three different sites have been taken into account in the
proposed model to describe precisely the bare zeolite's surface sites involved in NH3 storage. In order
to capture the peak at low temperatures (L-T peak), a site for physisorption and/or weak adsorption,
called S1, has been added. Furthermore, in order to describe the desorption peaks at intermediate
temperatures (I-T peak) corresponding to weak acid sites and at high temperatures (H-T peak)
attributed to a mixture of Brgnsted and Lewis acid sites, two acidic sites were added, called S2 and S3
respectively.

2.3.1.2 NHjs storage over Fe-ZSM5

As far as the Fe-exchanged zeolites are concerned, results of TPD measurements over Fe-ZSM5
catalysts with different iron loadings are reported by Brandenberger et al. [167]. These authors
observed an increase in intensity of L-T and I-T peaks, whereas the H-T peak attenuated. This latter
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change in intensity occurs due to the substitution of H protons by Fe cations taking place during the
ion exchange process [177]. The increase in the amount of NHs desorbed at low and intermediate
temperatures can be attributed to NHs storage over metallic sites. This increase in the amount of
desorbed NHjs is probably related to the creation of new Lewis type acid sites [178]. Anumiziata et al.
have investigated the adsorption of pyridine over Fe-ZSM5 by means of FTIR spectroscopy [179].
The results show that pyridine interacts with Lewis metal sites such as pyridine-Fe?* and pyridine-
Fe3*. Katada et al., performed several NHz-TPD runs over ferrisilicates giving rise to desorption peaks
at 277 °C and 427 °C [172]. Therefore, one metallic site, called S4 site was added, which was related
to the enhancement of NH3z desorption at intermediate temperatures.

Finally, analyzing the TPD curves reported in the same study of Brandenberger at al., another
desorption peak was found at very high temperatures in the range of 650 °C. A small shoulder is also
discernible over bare ZSM5 reported in the same article. Enhanced strong acid sites were reported by
Mirodatos and Barthomeuf and attributed to an interaction between protonic [(Si,Al)On(OH)m] and
Lewis sites [180]. Even though neither theoretical studies nor experimental results have allowed to
interpret the nature of this peak satisfactorily, an additional site called S5, accounting for NH;
desorption at very high temperature was included. The latter possibly corresponds to an interaction
between ammonia and/or water desorbed during dehydroxylation [181,182].

2.3.1.3 The mathematical model

For each of the abovementioned surface sites, reaction rates of adsorption and desorption of NH3
were applied as presented in eq. 2.22 to eq. 2.26. The adsorption rate constant is based on an
Arrhenius expression, whereas that of desorption is described by a Temkin expression, the respective
activation energy thus being surface coverage dependent (eq. 2.26). Finally, the chemical source term
and each site surface coverage are computed through eq. 2.27 and 2.28 respectively.

I:\)NH3_ads = kads(Ts) : CNH3 ’ (1_9]) eq. 2.22
E eq. 2.23
k (T)= .e — _—ads
ads( s) Aads Xp( RTSJ
RNHLdes = kdes(Ts’g') ) ej eq. 2.24
E(6.) eq. 2.25
k = . e _—Jdes
des Ades Xp( R 'TS j
E(0)ge =Eo-(l-a-6,) eq. 2.26
. 2 eq. 2.27
a)NH3 = (Zvj Rj J “Myeolite
J=
00, eq. 2.28
Ny == lelvj R,
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2.4 Conclusions

A numerical model of a SCR catalytic converter was presented in this chapter. Aiming to develop a
methodology suitable for diesel engines aftertreatment system simulation, a 0D approach was applied.
Adopting simple geometries, models of monolith, fixed bed and single wafer type reactors were
created and integrated into the IFP-Exhaust library of the LMS.Imagine.Lab AMESim simulation
platform. Each component was considered as a single or a series of continuous stirred tank reactors,
within which energy, mass and momentum balances are resolved. Heat exchange as well as mass
species diffusion were taken into account in both gas and solid phases in order to precisely reproduce
the operation of a SCR converter.

Since modeling of SCR reactions is the main objective of the present doctoral thesis, special care
was taken for kinetic modeling. An extended kinetic model was developed upon analyzing data of
NH;s adsorption and desorption over H- and Fe-ZSM5 catalysts, reported in the recent literature. A
multi-site approach was implemented, accounting for NHs; storage over various surface sites.
According to NHz-TPD profiles over bare and Fe-exchanged ZSM5, reported in bibliography, four
surface sites were taken into consideration: i) a site for weak adsorption and/or physisorption, two
acidic sites, characterized by ii) weak and iii) increased acidity strength, as well as iv) a global iron
site. Finally, a fifth site was included, related to dehydroxylation.

At this stage it has to be highlighted that the abovementioned kinetic model constitutes a reference
"skeleton model", which could be further capitalized in order to account for the complete NH3-SCR
reactions scheme over Fe-zeolites. To investigate the feasibility of this concept, kinetic parameters
were calibrated and the model was validated by simulating NHs; adsorption and desorption
experiments on H- and Fe-ZSM5 samples, reported in the literature. Respective results are discussed
in the next chapter. Hence, advantages and drawbacks of the multi-site kinetic modeling approach
could be evaluated, whereas methodologies related to model further capitalization could be identified.
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Chapter 3

Multi-site Modeling of NH3 Storage over Fe-ZSM5
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3. Multi-site Modeling of NH3; Storage over Fe-
ZSM5

Abstract

The five site kinetic model, presented in chapter 2, is evaluated in this chapter. Kinetic parameters
were calibrated and the model was subsequently validated by simulating a broad range of NHs
adsorption and desorption experiments, performed on both H- and Fe-ZSM5 samples. For simulation
purposes, the values of the NH; storage capacity used in the studied test cases were estimated based on
structural properties of H- and Fe-exchanged ZSM5 zeolites (Si/Al and Fe/Al ratios). Comparison
between the simulated and the experimental results shows the interest as well as the limits of the
selected approach.

Résumé

Ce chapitre traite de I'évaluation du modéle cinétique, qui comprend cing sites, présenté au chapitre
2. Les paramétres cinétiques ont été calibrés et le modeéle a été ensuite validé en simulant une gamme
des expériences d'adsorption et de la désorption du NHs, sur les catalyseurs H- et Fe-ZSM5. A des fins
de simulation, les valeurs du stockage de I'ammoniac, utilisées dans les tests étudiés ont été calculées a
partir des propriétés structurelles des zéolithes ZSM5 non échangées et des zéolithes ZSM5 échangées
au fer et notamment a partir des ratios Si/Al et Fe/Al. La comparaison entre les résultats des
simulations et les résultats expérimentaux montre l'intérét ainsi que les limitations de I'approche
sélectionnée.
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3.1 Storage of ammonia over H-ZSM5

The detailed multi-site kinetic model for the NHs storage, presented in section 2.3.1, was initially
used for the simulation of NH; adsorption and TPD experiments over bare ZSM5 zeolites, reported in
literature. All the experiments discussed in this chapter were performed using monolith reactors.
Therefore, for simulation purposes the monolith reactor model was applied.

The calibration of kinetic parameters was performed in line with theoretical and experimental
studies already published (Table 3.1). The activation energy of adsorption is set to zero. According to
a recent work of Chen et al., the adsorption of NHs; on bare and/or Fe-exchanged zeolites is a non-
activated process, whereas NHjs is activated on acidic sites for the reactive systems NH3/NO and
NH3/O2 [183]. In the present study, the pre-exponential factors of the adsorption were adjusted
manually during calibration, so as to fit the experimental curves, taking into account respective values
used for the model of Sjovall et al. [141].

The determination of the kinetic parameters of desorption was more complicated. First, the pre-
exponential factor of desorption was set to 10** mol/s-kge.t, according to the transition state theory for
immobile adsorbed molecules [184]. Similar values are also reported elsewhere [141]. The activation
energy of desorption was chosen based on several publications and it is discussed below. Recently,
Metkar et al. recommended an average activation energy of desorption, around 115 kJ/mol [185].
Pinto et al. have reported a broad distribution of acid strengths by performing deconvolution of NHs-
TPD spectra over a H-ZSM5 zeolite [186]. This sample (Si/Al=15) was found to be composed of
47.7% weak adsorption sites (Eges= 50—65 kJ/mol), 43.1% strong acid sites (Eges= 75—140 kJ/mol) and
9.2% very strong acidic sites (Eses= 160—250 kJ/mol). According to another work of Sahoo et al., four
types of acid sites related to activation energies of adsorption around respectively 100 ki/mol, 110
kJ/mol, 130 kJ/mol and the 140 kJ/mol were identified [187].

Concerning the dependency of desorption energy on the surface coverage ("a" factors — equation
2.26), very few information was found in literature. Mishin et al. have performed calorimetric
measurements of heats of adsorption of NHs over different ZSM5 samples, proving the variation of the
respective activation energy as a function of surface concentration [188]. Wilken et al. obtained a
value of a close to 0.38 during a NH3-TPD test over a Cu-Beta catalyst [189]. This value was also
used for the calibration of the multi-site kinetic model of Sjovall et al. [141].

Besides the existence of different surface sites there are other parameters affecting the formation of
desorption peaks. As shown in eq. 2.19 the surface coverage, including @ and a, has a direct impact
on the desorption activation energy. Sjovall et al. [141] has proposed a coverage dependent activation
energy, for copper sites, so as to enable the simulation of broad desorption peaks at high temperature.
Moreover, the effect of mass limitations on the temperature where each peak appears, cannot be
excluded, as already discussed in chapter 2. Hence, kinetic parameters collected in Table 3.1 were
used as a reference for the model calibration, enabling us to simulate experimental data obtained in
wide operating conditions in order to verify the limits of the proposed approach.
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Table 3.1 Kinetic parameters for the simulation of NHz adsorption and TPD tests, reported by Brandenberger et

al. [167].
Type of site Aads Eads Ades Edes a
(m3/(s-Kgcat)) (kd/mol) (mol/s-kgcat.) (kd/mol) [-]

S1 (sites for physisorption 1200? (0 10t3¢ 95.09 0.390f

and/or weak adsorption)

S2 (weak acid sites) 7002 Qv 101¢ 134.5¢ 0.155¢

S3 (strong acidic sites) 950° (0 10%3¢ 195.0¢ 0.130¢

S4 (metallic sites) 5002 Qv 1013¢ 125.09 0.100¢

S5 (dehydroxylation effects) 800¢ Qv 10149 255.09 0.000¢

© 2014 Tous droits réservés.

2 based on the parameters reported by Sjévall et al. [141], P: assuming that the NH3 adsorption is a non-activated
process [183], ¢ values corresponding to adsorbed immobile molecules [184], ¢: value reported by Pinto et al
[186], & value reported by Matsuura et al. [176], ©: value reported by Wilken et al. [189], 9 values manually
calibrated during simulation, so as to fit experimental curves.

3.1.1 TPD of ammonia preadsorbed on H-ZSM5 at room temperature

The first experiment, which was used for the model's validation is a NHs TPD over H-ZSMD5, earlier
reported by Brandenberger et al [167]. A H-ZSM5 sample was exposed to 1%vol. NHs in nitrogen at
room temperature, for 1 h. Then, a TPD was performed from 30 to 800 °C applying a T-ramp of 10
°C/min in flowing He. Simulated TPD curves are presented in Figure 3.1 and the respective kinetic
parameters in Table 3.1. The existence of three desorption peaks, described in chapter 2, is confirmed.
In this case the peaks are centered at three different temperatures: 140 °C, 230 °C and 490 °C.
Initially, each desorption peak was separately simulated, before simulating the whole TPD signal.
According to the analysis presented above, each of these peaks corresponds to NH3 desorbed from
different surface sites.

The first peak, appearing at low temperatures (140 °C), named as "L-T peak"”, is attributed to
physisorbed and/or weakly adsorbed NHs. The activation energy for this peak was manually calibrated
in the order of magnitude of 100 kJ/mol so as to fit the experimental curves. The second peak,
centered at 230 °C and named "Intermediate T peak” is related to NH3; bonded to weak acidic sites. For
this peak the activation energy of desorption is estimated to ca 135 kJ/mol, in agreement with Pinto et
al. [186] who reported similar values for weak acidic sites. Moreover Rodriguez-Gonzalez et al. used
values between 129 kJ/mol and 142 kJ/mol in order to simulate a NH3 desorption peak over a H-ZSM5
zeolite (SiO./Al,03=30) appearing at ca 350 °C [174,190]. Finally, the last peak found at high
temperatures, named as "H-T peak", is attributed to strongly bonded NH3 on acidic sites. For this peak
the activation energy of desorption was set to 195 kJ/mol, in line with Matsuura et al., who assigned a
similar value to a NH; desorption peak at around 500 °C [176].
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Figure 3.1 Measured and computed NH3 outlet concentration during NH3-TPD test reported in [167].

For each peak, the "o" factor was adjusted to specific values, in order to center the separate
desorption peaks at low, intermediate and high temperature respectively, as described above. A value
of 0.35, combined with an activation energy of desorption of around 95 kJ/mol was chosen for the
simulation of the low temperature peak, which is in reasonable agreement with the study of Wilken et
al. [189], where a combination of o= 0.38 and Eqs = 120 kJ/mol was proposed. For the simulation of
the remaining peaks lower values of a were applied in order to fit the experimental curves. The chosen
values, which apparently are in the order of magnitude of 0.15, imply that the heterogeneity of the
acidic sites S2 and S3 is quite limited. Sharma et al. has performed microcalorimetric measurements
over two H-ZSM5 samples (Si/Al=34), using NHs; and pyridine, observing an almost constant
deferential enthalpy of adsorption (in the range of 150 kJ/mol) with increasing surface coverage [191].
Thus, these authors suggest a narrow distribution of acidic strength on the samples surface. More
specific information is included in a review of A. Aroux, concerning the acidity characterization of
different types of zeolites, including ZSM5, by means of microcalorimetry [192]. The analysis shows
that zeolites containing very few Lewis acidic sites show a very homogeneous Brgnsted acid strength
distribution, which apparently corresponds to a differential heat of adsorption around 150 kJ/mol.
Therefore, the parameters also suppose that the model's acidic sites S2 and S3 exhibit a quite
homogeneous acidic strength distribution. However since the model is based explicitly on data
reported in literature not enough information is provided about the ratio between Brgnsted and Lewis
sites that contributing to each desorption peak of the NHs-TPD signal and thus, it is impossible to
come to a safe conclusion. Further analysis on this topic is out of the scope of this study.

In order to compute the NHs surface coverage on each site, the NH3 storage capacity over each
surface site (N ;) needs to be evaluated (see eq. 2.28). Therefore, before starting the actual simulation

these values were evaluated through a methodology presented below. Initially, the impact of the Si/Al
ratio on the NHs total storage capacity over bare H-ZSM5 zeolites was investigated. For this purpose
results from TPD performed by Hidalgo et al. were used [193]. Analyzing data with various Si/Al
ratios, it was observed that for Si/Al of up to 28 the total NH; storage capacity is reduced
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-0.11:Si/ Al

exponentially, when increasing the Si/Al ratio (N, ~e [mol/kgcat]). For higher ratios an

almost constant behavior is found (N, =0.5 [mol/kgc.]), showing that if the Si content increases

significantly, the total storage capacity is slightly affected by the sample's composition. For the next
step, the effect of the Si/Al ratio on the storage capacity over Brgnsted acidic sites (N ) of H-

ZSM5 samples was determined based on experimental studies performed by Gonzalez et al. [174],

Sazama et al. [194] and Kapustin et al. [195]. Fitting the experimental data, a linear relation was
confirmed between Brgnsted acidity and the aluminium content (N ;. ~11- (Si/ Al) [mol/kgcat]).

acidic

cidic

Rodriguez-Gonzalez et al. have obtained similar results, adding that when the zeolite' s crystallinity
is perfect and no undesirable effects due to high aluminium concentration occur, each aluminium atom
corresponds to a Brgnsted site [174]. However, Costa et al. has proven experimentally that the
aluminium content is not the only factor affecting the Brgnsted acidity of ZSM5 zeolites [169].
Finally, applying a molar balance, the storage capacity of weak sites (N, ) for physisorption and/or

weak
weak adsorption can be calculated by subtracting the storage capacity over acidic sites from the total
storage capacity. The respective results, presented in Table 3.2, show that for the first test cases, where
apparently a H-ZSM5 sample with Si/Al ratio of 13.5 is used, the calibrated values are quite in
agreement with the evaluated ones.

Table 3.2 Comparison between the estimated and the actually used NH3 storage capacity over each surface site
of the H-ZSM5 samples discussed in 3.1.1.

(Si/Al =13.5) Nweak Nacidic Ntot

(mol/Kgcat) (mol/kgcat) (mol/kgcat)

Evaluated storage capacity 1.15 1.15 2.30
Used values in TPD shown in Figure 3.1 1.15 1.08 2.23
Used values in TPD shown in Figure 3.2 1.20 1.14 2.34

3.1.2 TPD of ammonia preadsorbed on H-ZSM5 at 150°C

The second experiment is an NHs adsorption-desorption test over H-ZSM5 reported in the already
mentioned publication of Sjdvall et al.[141]. 500 ppm of NHs were injected for 60 min. at 150 °C
followed by a period of Ar flush and a T-ramp of 10 °C/min. The results are presented in Figure 3.2.
In this case, S1 sites are able to accurately describe NHs physisorption and/or weak adsorption taking
place during the flush period. Therefore, the first L-T peak does not appear during the TPD test. The I-
T peak appears at ca 260 °C, whereas the H-T peak appears at ca 400 °C.
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Figure 3.2. Validation of the detailed kinetic model for NH3 storage through the NH; adsorption and TPD test,
reported in [141]: A) Evolution of the NH; outlet concentration during an adsorption and TPD test: symbols
correspond to experimental data and lines to simulation results B) Analysis of the TPD test.

Table 3.3. Modified kinetic parameters for the simulation of the NH3 adsorption and TPD test reported by
Sjovall et al. [141].

Type of site Aads Eads Aes Edes a
(M3/(s-kQeat)) (kJ/mol) (mol/s-kgcat) (kd/mol) [-]

S1 (sites for physisorption 1200? Qv 10%3¢ 92.7¢ 0.390¢
and/or weak adsorption)

S2 (weak acid sites) 700? (0 10t3¢ 132.0¢  0.155¢

S3 (strong acidic sites) 950? Qv 10%¢ 170.0¢  0.130¢

2 pased on the parameters reported by Sjévall et al. [141], P: assuming that the NH3 adsorption is a non-activated
process [183], & values corresponding to adsorbed immobile molecules [184], ¢ values manually calibrated
during simulation so as to fit experimental curves, ¢:value reported by Wilken et al. [189].

The kinetic parameters used for the simulation of this experiment, shown in Table 3.3 are very
similar to those reported in Table 3.1 (less than 10% deviation concerning the values of the activation
energy). Notably, the activation energy of desorption for the S3 site is fixed to 170 kJ/mol instead of
195 kJ/mol, showing that in this sample less strong acidic sites exist, which can be attributed to the
zeolite structure (see also 3.1.1). However an effect of the experimental conditions applied can not be
excluded (eg. temperature of adsorption and mass flow rate). The values of the NHs storage capacity
over each site are presented in Figure 3.2 and seem to be in quite accordance with the respective
values, calculated through the algorithm (presented in 3.1.1).
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3.2 Storage of ammonia over Fe-ZSM5

After evaluating the detailed model over bare ZSM5, its consistency over iron exchanged zeolites
was evaluated. For this reason a series of NH3; adsorption and TPD runs earlier reported in [167] were
simulated. Each test includes the exposure of Fe-ZSM5 catalysts with different Fe loadings to 1 %vol.
NHs in nitrogen at room temperature, for 1 h followed by a TPD from 30 up to 800 °C in a He flow
applying 10 °C/min. The results of the simulation are reported in Figure 3.3 A) to F) and the kinetic
parameters used for simulation purposes in Table 3.1.

Generally, the shape of the TPD curves does not change dramatically compared to the curves
presented in section 3.1. The proton exchange results in the deterioration of the storage capacity over
the (S3) strong acidic sites and consequently in a decrease of the "H-T desorption peak". On the other
hand, the intensities of "L-T and I-T peaks" increase, which can be attributed to NHs; bonded to metal
sites, as mentioned in section 2.3.1.1. The S4 metallic site can sufficiently account for the increase in
NH; storage capacity in the intermediate temperature range. Neverheless, as shown in Figure 3 C) and
E) the addition of Fe did not lead to enhnanced ammonia storage, which may be attributed to an effect
of catalysts structural properties. Sugawara et al. observed that the amount of NH3 desorbed at around
300 °C during NH3-TPD over Fe-ZSM5 samples with different iron loading is lower than the amount
of the catalysts' iron content [196]. These authors suggest that only specific metal species contribute to
the NHs storage, which notably is not encountered at low iron loads. Brandenberger et al. have
examined the surface composition of the studied samples through UV-vis spectroscopy in [197]. The
results prove the abundance of isolated metal species at Fe/Al ratios up to 0.3 and metal clusters
(dimeric and oligomeric species) as well as large metallic particles at higher ones. Thus, it can
concluded that mainly the metal clusters contribute to the NH; adsorption rather than the isolated
species, showing that the sample preparation has a crucial effect on the formation of surface sites
responsible for the NH;3 storage. The adsorption of ammonia over iron clusters has also been proven by
DFT studies [198]. Brandenberger et al. [197] have observed a large number of metallic particles at
high Fe concentrations, that could explain the deterioration of the overall NH; storage capacity shown
in Figure 3 E).
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Figure 3.3 Validation of the detailed kinetic model through experimental results over Fe-ZSM5 zeolites with various

Fe content, reported in reference [167].
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Regarding the increase in the amount of NHs desorbed at around 110 °C, it was chosen on purpose
not to be simulated through the metal site, since there is no evidence about interaction of ammonia and
metal species at this temperature regime. Ates has observed that the iron loading can almost duplicate
the zeolite's active surface area, due to the removal of impurities during the ion-exchange [199].
Therefore, the increase in the low temperature peak could be attributed to additional physisorbed or
weakly adsorbed NHs, and thus, it can be described by the (S1) site accounting for physisorption.

The activation energy related to the (S4) metal sites was fixed manually to 125 kJ/mol with an o set
to 0.1 so as to fit the experimental curves. Extracting data from the work of Wahba and Kemball
[200], an desorption activation energy of nearly 182 kJ/mol was found, with a = 0.47. However, in
other studies, the activation energy of NHs desorption over iron crystals is set to 39.2 kJ/mol and 52.7
kd/mol [201]. The "a" factor of S4 metal sites is set to 0.1 (in order to manually fit the experimental
curves) assuming that the metal sites heterogeneity is narrow. Though, such aspects are quite unknown
and should be definitely further investigated. Using the proposed set of kinetic parameters, the
desorption peak assigned to metal sites (S4) is centered in the same area as the I-T peak and the
respective computed concentration is maximized at around 200 °C. Interestingly, the contribution of
the S2 sites is also evident within the same temperature range. As discussed in 2.3.1.2, the metallic
sites are Lewis-type sites. However it has to be highlighted that they should not be associated to Lewis
sites existing in the bare zeolite. Metallic Lewis type sites are connected with bridging hydroxyl
groups between the metal cation and Si** [202], whereas the acidic Lewis sites of the non-exchanged
zeolites are tri-coordinated aluminium atoms [203].

As was also described in chapter 2 a small peak appears at very high temperatures. The model
captures this peak correctly through the (S5) site. The activation energy of this peak is manually
calibrated to 255 kJ/mol in order to fit the experimental curves. Since this site is used to capture
phenomena possibly associated with dehydroxylation effects, it is not considered as an actual surface
site interacting with gaseous NHs; during storage. Thus, a simple Langmuir expression is employed,
leading to an a equal to zero.

To calibrate the storage capacity over each site of the Fe-ZSM5 samples, the impact of the iron
loading was taken into account. Analyzing data from a NHs; TPD test provided in the already
mentioned experimental study of Brandenberger et al. [167], it was observed that the iron loading
causes a linear deterioration of the storage capacity over acidic sites with an increase of the Fe/Al ratio
(N ~1.5-(Fe/ Al) [mol/kgc.]). Regarding the created metallic sites, the respective storage

capacity (N

acidic_exch

) was determined by the difference between the storage capacity of the acidic sites

metallic
before and after the ionic exchange, taking into account the ion exchange degree. As it can be seen in
Table 3.4, the abovementioned estimation introduces quite important deviations in comparison with
the respective calibrated values (up to 58% and 97% for the storage capacity of acidic and metallic
sites respectively), showing that more parameters should be taken into account, namely catalyst
preparation, pretreatment method and/or ageing. For example, in the experimental work of Forni et al.
[204], the application of different durations of isothermal desorption resulted in the disappearance of
the desorption peak at intermediate temperatures (occurring at nearly 300 °C). Similar results are
reported in [174] after flushing a H-ZSM5 sample with water-saturated He for 12 h.
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Table 3.4. Comparison between the estimated and the actually used NH3 storage capacity over each surface site
of the Fe-ZSM5 samples discussed in 3.2.

N

N N

metallic Total capacity

weak acidic_exch

(mol/Kgcat) (mol/kgcat) (mol/kgcat) (mol/kgcat)
Fe/Al Estimated Used Estimated Used Estimated Used Estimated Used

0.57 1.15 1.15% 0.80 1.03° 0.14 0.20° 2.09 2.38
11 1.15 1.15% 0.68 0.91° 0.25 0.16° 2.08 2.22
1.7 1.15 1.15% 0.55 0.86° 0.34 0.01° 2.04 2.02
2 1.15 1.15% 0.48 0.85° 0.45 0.30° 2.08 2.30
2.6 1.15 1.15% 0.35 0.84° 0.46 0.15° 1.96 2.14
5 1.15 1.03 0.40 0.70° 0.21 0.01° 1.76 1.74

2 Refers to the bare zeolite storage capacity over non acidic weak sites, ® Sum of the storage capacities of Lewis
and Brgnsted acidic sites, ¢ Sum of the storage capacities of Lewis-metallic sites and non acidic weak metallic
sites.

Another NH; adsorption and TPD experiments reported in a recent publication of Sjévall et al. was
finally simulated [136]. A commercial sample of Fe-ZSM5 was exposed to 510 ppm NHjs, 5 %vol H,O
and 5 %vol CO; for 40 min at 159 °C and 210 °C followed by a 60 min period of 5 %vol H2O in Ar
and a TPD, applying 10 °C/min in a 5 %vol H,O and Ar flow. The results are shown in Figure 3.4 a)
to d). The adsorption is performed at 159 °C and 210 °C respectively, thus, the "L-T peak" reasonably
should not appear. Additionally, the very high temperature peak is not evidence since the TPD test is
performed up to 450 °C.

Considering the Figure 3.4 D), a deviation is observed between experimental and simulated data,
with respect to the trend of the two curves. The model, calibrated in the same way for both tests
predict a maximum around 330 °C, (Figure 3.4 B) and D)) whereas the experimental TPD signal
exhibits a maximum peak at around 370 °C. This deviation is attributed to experimental conditions
applied (eg. a slight difference in the temperature ramp), since there is no justification why the
maximum peak should shift to higher temperatures.
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Figure 3.4 Validation of the detailed kinetic model through experimental results over a commercial Fe-ZSM5

zeolite, reported in reference [136]: symbols correspond to experimental data and lines to simulation results.

In this case, the kinetic parameters had to be manually recalibrated in order to correctly capture the
desorption peaks. The respective values presented in Table 3.5, show deviations in both activation
energies of desorption (maximum deviation in activation energies of desorption lower than 13% with
respect to activation energy of desorption) and in the a factor for the S4 metallic sites. Regarding the
recalibrated activation energies of desorption, which are 145 kJ/mol and 165 kJ/mol for S2 and S3
acidic sites respectively, they imply a much more narrow distribution of the sample's acidity strength
compared to the Fe-ZSM5 samples already discussed in this study. This behavior could be assigned
either to the catalyst's composition and namely to the Si/Al ratio as well as to the existence of water in
the feed. Considering the latter, Sjovall et al. has shown experimentally that H.O is competitively
coadsorbed with NHs on all surface sites of a Cu-ZSM5, leading to a deterioration of NH3 uptake at
150 °C [141]. Considering the a factor of S4 metallic sites, which is set to 0.4 implies a quite broad
heterogeneity of these sites. Anyhow, since the sample is a commercial one, an impact of additives or
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impurities can not be excluded. Finally, considering the storage capacities of NHz (N;), they had to be
manually adjusted so as to fit the experimental curves since no data about the structural properties of
the sample were available so as to use the developed practical algorithm for the storage capacity
estimation.

Table 3.5 Modified kinetic parameters for the simulation of NH3 adsorption and TPD tests reported by Sjovall et

al. [136].
Site Aads Eaus Ades Edes a N;
(m®(s-kgcat)) (kJ/mol) (mol/s-kgcat) (kJ/mol) [-] (mol/kgcat)
S1 12007 0° 10%3¢ 92.7¢ 0.390¢ 1.00¢
S2 7002 ov 1013¢ 145.0¢ 0.155¢ 0.09¢
S3 9502 ov 1013¢ 165.0¢ 0.130¢ 0.05¢
S4 300° 0° 10%3¢ 110.0¢  0.4100¢ 0.20¢
S5 800¢ ov 1014d 255.0¢ 0.000¢ 0.07¢

2 pased on the parameters reported by Sjovall et al. [141], ®: assuming that the NHsz adsorption is a non-
activated process [183], ¢ values corresponding to adsorbed immobile molecules [184], %: values manually
calibrated during simulation so as to fit experimental curves, ©: value reported in Wilken et al. [189].

3.3 Conclusions and outlook

The five-site kinetic model, presented in chapter 2 was evaluated by simulating NH3 adsorption and
TPD experiments over H- and Fe-ZSM5 samples, applying a broad range of operating conditions.
Kinetic parameters calibration was performed based on results reported in the literature, concluding to
a range of kinetics, which could fit in different experimental conditions. Even though the simulation
results proved that the selection of these values was correct, it has to be highlighted that in all test
cases catalysts characterized by a Si/Al ratio of 13.5 were used. Thus, it is likely that the obtained
range of Kinetic parameters would possibly not be applicable for the simulation of experiments
involving samples with different Si/Al ratios. Moreover, values of NHs storage capacity over each
surface site were initially estimated by analyzing structural properties of the studied catalyst and
namely the Si/Al and Fe/Al ratios. Comparing the estimated values with the ones used for simulations,
it was found that even though the former were reliable in some cases, significant deviations were also
observed. Therefore, more parameters should be taken into account.

Simulation results proved that the five-site model, calibrated within the proposed range of kinetic
parameters was quite sufficient for the description of NH3 storage and release over H- and Fe-ZSM5.
The selection of model sites, as well as the way the respective calibration was performed, enabled to
account for surface acidity variation within different temperature windows and for interactions of NH3
with metallic sites. Nevertheless, no straightforward correlation could be made between model acidic
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sites and different types of H- and/or Fe-ZSM5 surface sites, such as Brgnsted and Lewis acidic ones.
Moreover, the nature of Fe sites contributing to ammonia adsorption could not be safely concluded.

Overall, the proposed multi-site kinetic model was a phenomonelogical approach allowing to depict
interactions between ammonia and different catalytic positions of H- and Fe-ZSM5, whereas
simulation results were satisfactorily in accordance with experimental curves. Nevertheless, significant
limitations were also encountered. The determination of the number and the nature of model surface
sites as well as the estimation of kinetic parameters necessitated an extensive analysis of a large
experimental database. Moreover, structural properties of the studied samples and namely the Si/Al
and Fe/Al ratios were essential in order to estimate the storage capacity on each of the selected sites.
In order to adopt the multi-site kinetic modeling approach for the modeling and simulation purposes of
the present work, two major issues should be taken into account. Considering the identification of
model surface sites, a detailed surface species characterization is mandatory, in order to unravel
interactions of NH3z and NOy with acidic and metallic sites of Fe exchanged zeolites. Furthermore, as
far as model parameters are concerned, a detailled catalyst characterization is nessesary so as to obtain
information about the quantity and the nature of zeolitic acidic sites, as well as the quantity and the
dispersion of Fe redox sites.

Aiming to further capitalize the proposed multi-site kinetic model in order to account for additional
reactions and considering the abovementioned conclusions, dedicated experimental studies were
performed. Initially, a Fe-BEA catalyst was synthesized and extensively characterized, allowing to get
a deep insigth into structural properties of the sample. Details about the catalyst systhesis and
respective results of the characterization are presented in chapter 4. NHs; adsorption/desorption
(chapter 5), NO; adsorption and disproportionation (chapter 6), NO storage and oxidation (chapter 6)
as well as NOx — NH3 SCR reactivity (chapter 7) were then experimentally investigated over the lab-
synthesized catalytic sample. Employing IR spectroscopy, a detailed surface species characterization
was accomplished, enabling to unravel mechanistic aspects related to the abovementioned reactions.
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Chapter 4

Experimental Methods

Stavros A. Skarlis — PhD thesis 73

© 2014 Tous droits réservés. doc.univ-lille1.fr



Theése de Stavros A. Skarlis, Lille 1, 2013

Stavros A. Skarlis — PhD thesis 74

© 2014 Tous droits réservés. doc.univ-lille1.fr



Theése de Stavros A. Skarlis, Lille 1, 2013

4. Experimental Methods

Abstract

An overview of experimental methods used throughout the entire work is presented in this chapter.
A Fe-BEA catalyst was synthesized by exchanging an H type BEA zeolite. Subsequently, the catalytic
sample was characterized by applying a broad range of optical techniques, including IR, Raman and
UV-vis spectroscopy as well as X-ray diffraction. Moreover, details about NHs and NOy storage, as
well as NH3-NOyx reactivity experiments, applying in-situ IR spectroscopic measurements are
discussed. Finally, experimental methods related to NH4sNO; thermal decomposition are presented.

Résumé

Ce chapitre porte sur un panorama des méthodes expérimentales, qui ont été utilisées dans le cadre
de la thése doctorale. Un catalyseur Fe-BEA a été synthétisé en échangent une zéolithe type BEA.
Ensuite, I'échantillon a été caractérisé au moyen d'une gamme de techniques optiques, notamment:
spectroscopie IR, spectroscopie Raman et spectroscopie UV-vis ainsi que diffraction des rayons X. De
plus, des détails concernant des expériences du stockage du NHs et des NOy ainsi que les essais de
réactivité entre NHs; et NO,, en appliquant les mesures de spectroscopie IR, en conditions in-situ sont
discutées. Finalement, les méthodes expérimentales liées a la décomposition thermique du NH4sNO3
sont présentées.
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4.1 Synthesis of a Fe-BEA catalyst

For the purposes of the experimental studies performed in the framework of this doctoral thesis the
synthesis of Fe-exchanged zeolite sample was decided. Since a deep understanding of NH3-SCR
reaction mechanisms with respect to structural properties of the catalyst was intended, a lab-
synthesized sample was judged to be more advantageous compared to a commercial one. Synthesizing
a Fe-zeolite in the laboratory allows a complete control of the synthesis conditions as well as the pre-
and post-treatment procedures, whereas unlimited characterization of sample properties can be
performed.

A 1.75 wt.% Fe-BEA (Fe/Al=0.28) sample (Table 4.1) was prepared according to a conventional
procedure described by Delahay et al. [74]. Briefly, 2 g of BEA zeolite (Si/Al=11.8) in the H form,
supplied by IFPEN were mixed with a 0.0024 mol/L aqueous solution of Fe(NOs)s (Sigma Aldrich,
LOT number: STBB1594) that was used as an iron-precursor. The solution was stirred at 80 °C under
air, for 48 h. During preparation, the pH was maintained within a range of 3.0 - 3.5 via the addition of
0.1 M of NH3 aqueous solution. After filtration and overnight drying at 80 °C, the catalyst was finally
calcined in air for 5 h, at 500 °C.

Table 4.1 Elemental analysis of the studied Fe-BEA catalyst.

Element Composition Molar amount 2
(Wt.%0) (mol/kgre-seA)
Fe 1.75 0.31
Al 2.98 111
Si 36.93 13.15

2 values computed by multiplying species mass composition with the respective species molar weight.

The experimental set-up used for the Fe-BEA synthesis is illustrated in Figure 4.1 and the respective
equipment used is listed below:

» Experimental cell: The equipment that was used during the exchange process was placed in a
special designed cell, which provided ventilation for the abatement of vapors produced during
the experiment as well as a drain system for safe removal of liquids.

» Three-neck flask: The H-BEA exchange was performed using a 1 L three-neck flask. Vessel
ports were used to adjust the following tubes:

o Tube for NH,OH solution storage: This tube was used in order to store the NH,OH
solution, which was utilized for the control of the solution pH.

o Cooling tube: A water cooled tube was used for condensing vapors released during
the synthesis.
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Figure 4.1 Experimental set-up for the Fe-BEA synthesis.

» Electrical heater: An electric apparatus (225 W) was used for heating of the Fe-precursor —
zeolite solution. The device provided constant heating to the slurry, whereas a thermocouple
was simultaneously measuring the temperature. Heat was thus manually controlled so as to
achieve the required temperature conditions. At this point it has to be mentioned that using
this technique, solution temperature could be adjusted within a range of values, with a
precision of ca £10 °C.

» Electronic stirring machine: The stirring machine provided the chemical system with the
Kinetic energy, which was necessary for the accomplishment of homogeneous concentration
within the slurry volume. The device bares a metal horizontal magnetic disc, which interacts
with another small iron magnet placed inside the solution.

4.2 Catalyst characterization

The Fe-exchanged BEA sample was then characterized by means of Raman and IR spectroscopy, X-
Ray Diffraction (XRD) and UV-vis spectroscopy. Raman spectra of bare H-BEA and 1.75 wt.% Fe-
BEA were obtained within the visible range (495 — 570 nm) at room temperature (RT). IR spectra of
both samples, were recorded at 500 °C, in vacuum using a Nicolet 460 Spectrometer. A XRD pattern
of the 1.75 wt.% Fe-BEA sample was recorded by means of a D8 Advance BRUKER spectrometer, at
RT, within 5°< 26 < 80° range, at a scanning rate of 0.015 °/min. Finally, diffuse reflectance UV-vis
spectroscopic measurements of the 1.75 wt.% Fe-BEA were performed using a PerkinElmer Lambda
650S UV-vis spectrometer.

Raman spectra of the H- and Fe-BEA samples are illustrated in Figure 4.2. Regarding the H-BEA,
Raman shifts at 438 and 474, 347 and 321 cm, they were assigned to the vibrational modes of 4-, 5-
and 6- membered rings, respectively [205,206]. Moreover a shift at 833 cm™ was attributed to T-O
asymmetric stretching mode (T=Si or Al) [205]. As far as the Raman spectrum of the Fe-BEA sample
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is concerned, similar spectral features were observed, showing that the ion exchange process did not
affect the bare BEA zeolite structure. Moreover, Gao et al. assigned a shift at 730 cm™ to binuclear
iron ions (O-Fe-O-Fe-0) [207], whereas maxima in the range of 1200 - 900 cm™ were attributed to
framework iron ions (1165, 1115 and 1005 cm-1) elsewhere [208]. However, as shown in Figure 4.2,
it seems difficult to identify any distinguishable peak in this range because of fluorescence. Overall,
similar spectral features were observed over both samples, which tends to indicate that the ion
exchange process did not affect the bare BEA zeolite structure.

828 cm™
Fe-BETA

Intensity [a.u]

200 400 600 800 1000 1200

Raman shift [cm™]

Figure 4.2 Raman spectra of the H- and Fe-BEA studied samples.

IR spectra of H- and Fe-BEA are illustrated in Figure 4.3. Bands with maxima at 3745 and 3606 cm"
1 were attributed to non acidic terminal silanols (Si-OH) and Si-OH-Al, Brgnsted type acidic sites
respectively [96,209,210]. The intensity of the latter band attenuated over the Fe-BEA sample, likely
due to the H* exchange by iron cations. Moreover, the 3782 cm™ IR band was ascribed to Al-OH
groups, exhibiting Lewis type acidity [210] and/or basic properties [96]. This tends to indicate that the
network of the parent BEA zeolite is partially destroyed, suggesting a possible existence of defective
sites [96]. Structural defects on H-BEA structure have also been reported elsewhere [211,212].
Finally, a maximum at 3665 cm* was observed, which was assigned to extra-framework Al [213].

Stavros A. Skarlis — PhD thesis 78

© 2014 Tous droits réservés. doc.univ-lille1.fr



Theése de Stavros A. Skarlis, Lille 1, 2013

3 3745 cm’
0.1A

Intensity

3665 cm’”

| 3606 cm”!

3782cm” |

H-BETA
Fe-BETA

3900 3700 3500 3300
Wavenumber [cm™]

Figure 4.3 IR spectra of the H- and Fe-BEA samples recorded at 500 °C, in vacuum.

Insight into the nature of Fe species formed on the Fe-BEA catalyst was gained through UV-vis
spectroscopic measurements, presented in Figure 4.4. UV-vis bands located between 200 — 300 nm
were assigned to isolated Fe** species, namely Fe®* in tetrahedral and higher coordination showing
bands below 250 and at ca 290 nm respectively [214]. Moreover, bands observed in the 300 — 400 nm
range and above 400 nm were attributed to oligomeric Fe clusters and Fe,Os particles respectively

[215,216].

- Fe clusters
Fe”" isolated /
species

\

Fe,0; particles

F(R)

AN
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species
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Figure 4.4 UV-vis spectrum of the Fe-BEA catalyst.

Finally, a X-Ray diffraction pattern of the Fe-BEA sample is presented in Figure 4.5. Typical
diffraction peaks at 20=7.8° and 20=22.5° characterize crystalline H-BEA zeolite [217,218].
Furthermore, low intensity peaks at 20 = 33.2° and 35.7 © can be assigned to iron oxide particles (a-
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FexOy) [219,220]. At this stage it has to be pointed out, that XRD results tend to confirm the existence
of Fe,Os particles over the Fe-BEA catalyst.
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Figure 4.5 X-ray diffraction pattern of the studied Fe-BEA catalyst: m crystalline BEA zeolite, ® a-FexOy.

4.3 In-situ IR spectroscopy measurements
4.3.1 Interest of the method

The analysis of the NH3-SCR reactions scheme over Fe-zeolites has already been extensively
reported by several researchers (see conclusions in section 1.7). Nevertheless, correlations between
reaction pathways and respective catalytic active sites were consistently established only in few
studies. Moreover, as explained in section 3.3, the development and calibration of a multi-site Kinetic
model, which could account for such phenomena necessitates dedicated experimental studies in order
to precisely determine the nature and the number of model surface sites, as well as to access structural
information of the Fe-zeolite for kinetics calibration. In this context, infrared spectroscopy is probably
one of the most suitable techniques, enabling to draw a link between chemical reaction steps and
catalytic active sites.

The principles of the IR spectroscopy can be found in several academic sources. Here, only a short
overview is given. When a molecule is exposed to infrared radiation, part of the radiation is absorbed
and converted into energy of molecular vibration. To accomplish radiation adsorption, the radiant
energy should match the energy of the specific molecular vibration. Hence, an IR spectrum represents
the percentage of energy absorption or transition as a function of the absorbed/transmitted vibration
frequency, which is equal to the frequency of the respective absorbed radiation. By identifying the
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type of vibration frequency of a surface molecule, information related to the molecule-active site
coordination can be extracted. From a quantitative point of view, the concentration of the absorbed
species is linked with the absorbance, obtained form an IR spectrum through the Beer-Lambert law:

A=¢-1-C eq. 4.1

where A is the absorbance, ¢ is the molar absorption coefficient, | is the path length (which
corresponds to the sample length traversed by IR radiation) and C is the adspecies concentration.

Regarding surface characterization studies employing IR spectroscopic measurements, a throughout
review, published by Vimont et al. [221] is note worthy. Identification of catalytic active sites can be
accomplished by performing adsorption of probe molecules, since recorded IR spectra provide
information related to interactions between this molecule and a specific surface site. For example, CO
and NO have been widely used as probe molecules for characterization of metallic and redox sites (see
references included in [221]). Moreover, performing IR spectroscopy in in-situ and/or operando
conditions, catalytic reactions and respective reaction mechanisms may be suggested, by interpreting
formation/decomposition of intermediate adspecies during reactivity experiments. Nevertheless, IR
spectra should be carefully interpreted, due to several limitations of the optical technique. The
presence of surface impurities, such as water and carbonates, existing in the ambient air can be easily
detected through IR spectroscopy, disturbing the correct spectral interpretation. Moreover, adsorption
of certain molecules such as NOx and COx leads to the formation of adspecies, which characterized by
increased thermal stability (up to temperatures as high as 750 °C). Therefore, high temperature
treatment of the catalytic sample is necessary before performing successive IR spectroscopic
measurements. However, such treatment conditions may have severe effects on the studied sample,
causing sintering and in the case of zeolites dealumination.

Taking the abovementioned advantages and disadvantages into consideration, NH; and NOy
adsorption and desorption as well as NO,-NHs reactivity were studied employing in-situ IR
spectroscopic measurements. Respective experimental details are presented in the following sections.

4.3.2 NHz and NOy adsorption and TPD experiments

NH; and NOy storage and release over H- and Fe-BEA were investigated by means of NHs;
adsorption and TPD experiments using IR spectroscopy. For NHs storage experiments, 9 mg of H-
BEA and 10.3 mg of Fe-BEA were used, whereas ca 10 mg of H-BEA and 10 mg of Fe-BEA were
weighted for NOy adsorption and TPD tests. Powder catalysts were then pressed into self-supported
wafers of 2 cm? and placed in a respective single wafer reactor. The latter was installed in an electric,
lab-made oven so as to perform NHs; and NOy temperature programmed desorption experiments. A k-
type thermocouple was connected to the reactor in order to measure catalyst temperature. Feed gas
composition was controlled by individual mass flow controllers (Brooks Instrument) and the final
mixture composition was handled via a four-way valve. Two parallel lines of He were employed, for
NHs or NOy dilution and catalyst flushing. The complete set-up was electronically managed through
software developed by the UCCS laboratory.
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Gaseous species concentration was measured via a Nicolet 380 FTIR spectrometer (resolution: 1 cm-
1 64 scans per spectrum) operating at 70 °C. Moreover, a second spectrometer (Nicolet 6700 -
resolution: 4 cm?, 64 scans recorded per spectrum) coupled with a high temperature cell was used for
in-situ FTIR spectroscopy, in order to characterize surface adspecies. The complete experimental set-
up is presented in Figure 4.6. In order to ensure experimental results reproducibility, a series of
preliminary runs was performed and respective details are discussed in Appendix A.

Control unit

h Thermocouple

W

Single wafer
reactor

FTIR spectrometer
(gas phase)

FTIR spectrometer E—
(solid phase)

Mass flow controllers

Figure 4.6 Experimental set-up used for NH3; and NO, adsorption and TPD experiments.

For NH3 adsorption and desorption experiments a common protocol was used, including samples
exposure to ca 600 ppm of NHs in He for 80 min, at various temperatures (exceptionally a NH3
adsorption experiment on H-BEA, performed at 30 °C, included 75 min of NHs injection), followed by
He purging for a certain time, in order to remove weakly adsorbed and/or physisorbed ammonia, and a
TPD up to 400 °C, under He, at a chosen heating rate. In the presented experimental set-up, the
maximum reactor temperature could roughly exceed 400 — 405 °C, due to significant oven heat losses
to ambient. Prior to each experiment, a TPD up to 400 °C was performed so as to desorb residual
amounts of adspecies. The complete set of NH3 adsorption/desorption experiments that are going to be
discussed in following chapters is collected in Table 4.2.

A similar experimental protocol was adopted for NO, adsorption and TPD. In order to increase the
maximum temperature of thermo-desorption the oven thermal insulation was enhanced, enabling to
achieve TPD temperatures as high as 495 °C. NO storage was investigated by preadsorbing 0.3 % NO
diluted in He on Fe-BEA for 100 min, at 30 °C. Then, the catalyst was flushed in He for 1 h at the
same temperature and a TPD was performed up to 485 °C, under He, applying a temperature ramp of
10 °C/min. Nitrogen monoxide adsorption was also investigated under lean conditions. A mixture of
1100 ppm NO, 2% O and He in balance were constantly injected on the Fe-BEA catalyst, while
increasing stepwisely the reactor temperature from 100 to 485 °C. Initially, temperature was kept at
100 °C for 60 min, and then increased to constant steps of 150, 250, 300, 450, 485 °C. The duration of
each step was 10 min, whereas the heating rate between T-steps was 10 °C/min. To ensure that no
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residual amounts of NO, adspecies remained on the surface of the Fe-BEA, the studied sample was
heated at 485 °C for 1 h prior to each experiment. Finally, NO, adsorption and desorption experiments
were performed on both the H- and Fe-BEA samples. A mixture of 0.45% NO;, 8% O, and He in
balance were introduced into the single wafer reactor at 30 °C for 100 min. Then, nitrogen dioxide and
water were removed from the feed and the samples were purged with He for 1 h. Finally, temperature
programmed desorption was performed up to 485 °C, at a rate of 10°C/min.

All the abovementioned experiments were performed at atmospheric pressure, with a total gas flow
rate of 10 standard cm®min.

Table 4.2 Summary of NH3 adsorption and TPD experiments.

Catalyst  NHj; adsorption temperature  He flushing duration TPD heating rate

(°C) (min) (°C/min)
H-BEA 30 60 10
H-BEA 150 60 10
Fe-BEA 30 60 10
Fe-BEA 150 60 10
Fe-BEA 350 60 10
Fe-BEA 30 5 10
Fe-BEA 30 300 10
Fe-BEA 30 60 15
Fe-BEA 30 60 20

4.3.3 NOx-NHjs reactivity experiments

Interactions between nitrogen oxides and ammonia were investigated by means of NO,-NH;
transient reactivity and TPD experiments over the Fe-BEA lab-synthesized sample. Mixtures of 0.35%
NO2/ 2% O, and 0.35% NO / 0.1% NO: / 2% O diluted in He were preadsorbed on the catalytic
surface at 100 °C. Then, NOy were removed from the feed and the sample was exposed to 0.45% NHs/
2% O, and He in balance, at the same temperature. Finally, a TPD was performed up to 485 °C, in He,
at a rate of 10 °C/min. In this experimental case, a chromatographer (Varian 490-GC micro-GC) was
also utitlized in order to detect N, produced during SCR of NOy through ammonia. The apparatus
pumped at around 7 cm®min gas, at intervals of 4 min so as to analyze gaseous composition. Hence, in
order to avoid fluctuations of the NOx and NHs gaseous concentration signals obtained from the FTIR
spectrometer, the chromatographer was purposely placed downstream the latter device.
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Finally, IR spectra of pure and mixed with H- and Fe-BEA powders crystalline ammonium nitrate
(Aldrich, LOT Number: #MKBF2391V, 99.99% purity) were recorded through a Nicolet Protégé 460
IR spectrometer. 5 mg H- and Fe-BEA and 3 mg NH4sNOs were mixed with 50 mg KBR. Reference IR
spectra of ammonium nitrate, H- and Fe-BEA, were also recorded for comparison purposes. The
motivation of this analysis was to obtain information, which could support spectral features recorded
during NOx-NHj5 reactivity experiments.

4.4 Thermal decomposition of NHsNOs — Methods

Thermal decomposition of crystalline powder ammonium nitrate was experimentally studied in
order to get insight into respective reaction pathways and crystallographic phase transitions. NHsNO3;
was obtained from Aldrich (LOT Number: #MKBF2391V, 99.99% purity). In order to investigate the
effect of acidic and redox sites of H- and Fe-exchanged BEA on ammonium nitrate decomposition, H-
and Fe-BEA powders were mechanically mixed (loose contact mixture) with powder NH4NOs. In
order to obtain a homogeneous mixing, uniform distribution of particle sizes was required. Therefore,
NHsNO3 was ground in a ceramic mortar. In order to minimize the risk of reactions during grinding
and in line with caution notices reported by Savara et al. [113], very small quantities of ammonium
nitrate, priory being mixed with zeolitic powders were ground each time.

4.4.1 TGA/DSC/MS measurements

NHsNO3z decomposition in the presence of bare and iron exchanged BEA was studied first,
performing simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC), using a SDT 2960 thermogravimeter (TA instruments). 3 mg of crystalline ammonium nitrate
were physically mixed with around 12 mg of the lab-synthesized H-BEA and Fe-BEA. An additional
sample of 3 mg ammonium nitrate mixed with 12 mg SiO, (Sand Ottawa, LOT number: #1169555)
was also prepared in order to study decomposition of pure NH4sNOs. The three samples were deposited
in an open alumina crucible and heated up from 25 to 350 °C, at a rate of 5 °C/min. All experiments
were performed under a constant He flow of 100 mL/min. Finally, gaseous species released during
NH4NOsz decomposition were monitored using a mass spectrometer (OmniStar Pfeiffer) connected
downstream the thermo-gravimeter.

4.4.2 Thermo X-ray diffraction analysis

Ammonium nitrate crystallographic phase transformations during decomposition were studied by
means of thermo X-ray diffraction. Initially, phase transitions of pure NHsNO3z were investigated,
using a X8 APEX 2 BRUKER diffractometer, equipped with a molybdenum tube. Crystalline
ammonium nitrate was ground and placed in a quartz capillary tube (0.1 mm), until filling completely
the available volume. The tube was then installed on a rotating base, whereas the APEX 2 detector
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was placed at a distance of 60 mm away from the tube. The sample was finally observed via an
electronic camera. The complete experimental set-up is illustrated in Figure 4.7. An additional in-situ
XRD experiment was performed aiming to study the reactivity between NH4sNO3 and H-BEA. For
safety reasons and in order to obtain results, comparable with the ones of TGA/DSC, 28 mg zeolite
were mixed with 6 mg ammonium nitrate, keeping this way a H-BEA/NH:NOs ratio equal to 20%.
The mixture was placed in powder Rigagu, Smart Lab X-ray diffractormeter, equipped with a Cu
filament. A similar experimental protocol was used in both cases. The samples were heated stepwisely
from room temperature (ca 20 °C°) up to 200 °C, at intervals of 10 °C and a heating rate of 5 °C/min
was applied between temperature steps.

Q 60mm APEX 2 detector

capillary tube APEX 2
\

camera

capillary tube
installation

Rotating base

Figure 4.7 Experimental set-up for performing a thermo-XRD analysis during pure NHsNO3 decomposition.
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Chapter 5

NH3z Adsorption and Desorption on H- and Fe-
BEA Catalysts
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5. NH3 Adsorption and Desorption on H- and Fe-
BEA Catalysts

Abstract

Dedicated NH3 adsorption and desorption experiments were performed over the lab-synthesized H-
and Fe-exchanged BEA zeolites, in order to elucidate mechanistic aspects related to ammonia storage
and release over these catalysts. Coupling FTIR spectroscopy, surface NHs species were characterized.
NHs gaseous concentration profiles were subsequently simulated by means of a detailed multi-site
kinetic model, being able to account for low temperature adsorption phenomena. Finally, correlations
between surface acidity and model sites were enabled by comparing IR spectroscopy and model
predicted results, leading to the development of a phenomenological semi-detailed, multi-site kinetic
modeling approach.

Résumé

Des expériences d'adsorption et de désorption du NH3 ont été réalisées sur des échantillons H- et Fe-
BEA synthétisées en laboratoire, afin d'élucider des aspects mécanistiques liés au stockage de
I'ammoniac sur ces catalyseurs. Les espéces NHs de surface ont été caractérisées en employant la
spectroscopie FTIR. Les profils de concentration gazeuse de I'ammoniac ont été ensuite simulés au
moyen d'un modéle cinétique détaillé de type "multi-site”, qui a été capable de prendre en compte des
phénoménes d'adsorption a basse température. Finalement, des corrélations entre I'acidité de surface et
des sites du modele ont été établis, par une comparaison des résultats de spectroscopie IR et de
résultats obtenus par le modéle cinétique. Par conséquent, une approche de modélisation cinétique,
phénoménologique et semi-détaillée a été elaboree.
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5.1 Introduction

NH; adsorption and desorption over H- and Fe-zeolites is a very well documented topic (see section
1.5). Regarding H-BEA zeolites, numerous experimental studies have been reported, aiming to
characterize surface acidity. Indicatively, NH; adsorption and TPD experiments, employing infrared
(IR) spectroscopy have been presented by Hegde et al. [222]. The effects of Al content and steaming
exposure on H-BEA acidity have been studied by Camiloti et al. [223], Barthel et al. [224] and Maier
et al. [225]. Nevertheless, regarding Fe-exchanged BEA catalysts, very few published results were
found. For example, in a very recent publication, Zhang et al. observed, by means of NHs-TPD on Fe-
BEA (Si/Al=12, Fe/Al=0.05) strong NHs adsorption on Brgnsted acidic sites [226]. Moreover, the
effect of the experimental protocol on NH; storage and release was not systematically investigated and
only very little information is available, focusing exclusively on H-BEA samples. Among them, Lonyi
et al. [227] and Penzien et al. [228] investigated the effect of temperature on NH; adsorption on bare
BEA.

Regarding the kinetic modeling of ammonia adsorption and desorption over Fe-zeolites, accounting
for interactions of NH; with different surface sites, several approaches have been proposed in literature
(see details in section 1.6). Nevertheless, only those developed by Klukowski et al. [139] and Shwan et
al. [140] were validated over Fe-BEA. Moreover, in all reported models, low temperature
physisorption was only described by a global single site, without taking into account the specific
nature of physically adsorbed molecules (eg. single layer adsorption, condensation etc). Furthermore,
surface Brgnsted and Lewis type acidity have never been interpreted through a modeling approach.
Even in the case of the multi-site model of Shwan et al. [140], the model was developed based on data
reported in literature, whereas the respective simulation results were not evaluated through catalyst
surface characterization. Finally, kinetics robustness (irrespectively the type of catalyst modeled) has
only been verified over a limited number of experimental conditions.

Overall, even though NHs storage and release on H-BEA was experimentally investigated by many
researchers, respective results on Fe-BEA were very few, whereas the effect of experimental
conditions was not examined in details. Thus, in this chapter, a dedicated experimental study of NH3
adsorption and TPD on both H- and Fe-exchanged BEA catalysts is presented, according to which a
broad range of operating conditions are investigated. These experiments were coupled with in-situ IR
spectroscopy measurements so as to characterize NH; adspecies, involved in ammonia storage and
release processes over these catalysts.

Moreover, since already published experimental results of NH3; storage on Fe-BEA have neither
been evaluated nor verified by kinetic modeling (except from the work of Klukowski et al. [139] and
Shwan et al [140]), gas phase NH3 concentration signals were simulated through the multi-site kinetic
model presented in chapter 3. The existing model was further extended so as to adequately describe
low temperature physisorption phenomena. Bridging the gap between model sites and actual surface
Bronsted and Lewis acidic sites, simulation results were interpreted by means of IR spectra,
unraveling mechanistic aspects of NH; interactions with different surface sites of H- and Fe-BEA.
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5.2 Ammonia adsorption and TPD experiments on H- BEA

NHs adsorption and desorption were initially studied on the H-BEA zeolite, through an ammonia
adsorption and TPD experiment. Briefly, ca 600 ppm of NH3 in He balance were preadsorbed for 75
min, at 30 °C, followed by 1h of He flushing and a TPD, performed up to 400 °C, at a heating rate of
10 °C/min.

IR spectra recorded at different times of the adsorption phase are presented in Figure 5.1, whereas
the detected ammonia adspecies and the respective occupied surface sites are summarized in Table
5.1. As it was expected, NHz adsorption led to the formation of broad IR bands [229], hence a
subtraction between the IR spectra recorded at the beginning and the end of the adsorption was also
collected in the same figure for comparison purposes. Focusing on the latter spectrum, negative
maxima were observed in the OH region, at 3782, 3747 and 3610 cm™ (a detailed analysis of these IR
bands is presented in section 4.2) with a correlative increase in intensities of the IR signals within the
ranges: 3500 — 2200 cm™ and 1800 — 1350 cm?, indicating consumption of non acidic/acidic sites and
formation of NH; adspecies respectively. Interestingly, a broad negative maximum centred at 3665
cm® (Figure 5.2 A) shows interactions of NHz with extra-framework Al species [213]. As illustrated in

Figure 5.1, ammonia interacting with Lewis acidic sites gave rise to IR bands in the range of 3500 -

3100 cm™ and 1630 cm™, related to Vy_; and Oy_y . Stretching vibration modes respectively

[86,229,230]. The nature of these sites could be either tricoordinated Al atoms [231] or Al species
attached to defective sites, related to framework and extra-framework positions [232], which can not
be ruled out as mentioned above. Moreover, formation of NH4* on Bregnsted type acidic sites was

evidenced via the observation of broad bands at 3020, 3000 and 2770 cm™ as well as in the range of
1500 - 1400 cm'?, assigned to v, _, stretching and &y bending modes respectively [86,229].

H,asym.

1
IOJ A 1467 cm 3

1500 cm’™ |

§3747 cm” :
| 1630 cm™ |

{3610 cm!

1700 cm™ | 3

Intensity

3782 cm™

3850 3350 2850 2350 1850 1350
Wavenumber [cm™]

Figure 5.1 IR spectra recorded during NH3 adsorption experiment on the H-BEA studied sample at 30 °C
(injection of 600 ppm of NHs in He, for 75 min): thin lines correspond to IR spectra recorded at a) 0 min, b) 15
min, ¢) 30 min, d) 45 min, e) 60 min, f) 75 min. The thick line corresponds to a difference spectrum between the
beginning and the end of the adsorption.
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Table 5.1 Summary of ammonia adspecies and respective occupied surface sites of the H-BEA studied zeolite.

NH; adspecies Consumed surface sites
Adspecies IR bands Surface site IR bands
physisorbed and/or - External silanols 3747 cm™

weakly adsorbed NHj3

NHz on Lewis 3500 — 3100 cm* Extra-framework 3665 cm™
acidic sites 1630 cm Al species
NH.* 3020, 3000, 2770 cm™ OH* Brgnsted 3610 cm™
1500 — 1400 cm™* acidic sites
NoH* 1700 cm'* OH* Brgnsted 3610 cm™
acidic sites*

1 NzH7* is formed over NH,* ammonium cations, which are formed upon interactions between NHz and OH+
Brensted acidic sites.

10.05 A

~----3782cm”’
3665 cm™

---3610cm™

Intensity
Intensity

0.01A

! 3747 cm’”!

3800 3750 3700 3650 3600 3550 1550 1500 1450 1400 1350
Wavenumber [cm’l] Wavenumber [cm™]

Figure 5.2 A) Difference spectra in the range of 3550 — 3900 cm recorded within the first 10 min of NH;
adsorption on H-BEA B) Deconvolution of a difference IR spectrum in the range of 1500 — 1350 cm* recorded
at the end of NHs; adsorption on H-BEA (t=75 min) — (Injection of 600 ppm of NHs; at 30 °C in He). The
reference spectrum subtracted, was recorded at the beginning of the adsorption experiment (t=0 min).

Deconvoluting the difference IR spectra in the latter range (employing a Gaussian Lorenzian
equation) three components were observed centred at 1500, 1467 and 1432 cm™ (Figure 5.2 B),
corresponding to different types of hydrogen bonded ammonium and namely monodentate, bidentate
and tridentate complexes [233]. Simultaneously, a weak IR maximum at 1700 cm™ was observed,

Stavros A. Skarlis — PhD thesis 92

© 2014 Tous droits réservés. doc.univ-lille1.fr



Theése de Stavros A. Skarlis, Lille 1, 2013

being assigned to the bending mode of N>H;" hydrogen bonded to the zeolite framework [234]. This
species is present when the catalyst is exposed to NH3; excess NHs/H*>1) [233] and is created via
bonding of an NHz molecule on an ammonium cation, since the latter may exhibit Bragnsted acidity
[235].

The latter tends to indicate that at low temperatures, NH; molecules can be weakly stored as multi-
layers on other already chemisorbed molecules. It is recognized that during physisorption over
microporous materials (such as BEA zeolites), upon pore filling three main structures can be formed,
including a) molecular monolayers, b) multilayers or ¢) condensate, occupying residual pore space not
covered by multi-layers (capillary condensation) [236]. The type of physical adsorption can be
determined by means of adsorption isotherms. NHs adsorption isotherms of the studied H- and Fe-
BEA samples were not measured so as to identify the actual isotherm type, since deeper analysis on
this topic is out of the scope of the presented work. However, NH3; volumetric adsorption isotherms
over an H-BEA sample (Si/Al=12.5), reported by Dragoi et al. [237] showed a linear pressure
dependency of the amount of adsorbed NH3 (isotherm type I) for pressures higher than 0.01 Torr. This
type of isotherm corresponds to physical monolayer or multilayer adsorption [238]. Capillary
condensation is rather related to mesoporous materials and it is characterized by type IV adsorption
isotherms including a hysteresis loop [236]. Thus, condensation can be possibly ruled out.After
completing the discussion about IR spectra recorded during NHs adsorption, it has to be pointed out
that a more precise interpretation of IR bands centred within the v, _,, stretching region (3500 — 2200

cm?) was purposely avoided. Interaction between strong and weak bands within the same energy
range can create Evans transmission windows that can be misleading for spectra post-processing
within the discuused range [239].

The thermal stability of the abovementioned NH; adspecies was evaluated through the TPD
experiment, illustrated in Figure 5.3. Overall, 1.64 mol/kg.coite. NH3 were stored and released during
the adsorption and TPD phases. Analyzing the obtained TPD gas phase signal, at least three
distinguishable desorption peaks could be observed. The low temperature desorption peak, lying at
around 125 °C, was assigned to desorption of hydrogen-bonded NHs, from non acidic surface sites
[173]. The shoulder at ca 250 °C and the broad desorption peak at 350 °C were attributed to ammonia
desorbed from weak and strong acidic sites respectively [240,241].

In order to get more insight into the nature of desorbed NH3 species at different temperatures, IR
spectra were recorded during the TPD experiment. Regarding the low temperature regime (Figure 5.4
A), after evacuation at 30 °C for 1h all IR bands attenuated, indicating a partial removal of weakly
sorbed NHs. A temperature increase up to 125 °C led to the disappearance of the IR maxima at 1700
and 1500 cm™, whereas the 1467 cm™ band became almost symmetric, shifting to 1461 cm™. The
abovementioned observations, tend to indicate that at such low temperatures, physically adsorbed
ammonia from already chemisorbed Bransted acidic sites (N2H7;* at 1700 cm™) as well as loosely
hydrogen bonded ammonium (possibly monodentate NH4* at 1500 cm™) are removed revealing NH4*
coordinated to strong Brgnsted acidic sites (IR peak at 1461 cm™). Therefore, it was confirmed that the
NHs-TPD peak at 125 °C is assigned to weakly adsorbed or physisorbed ammonia. Outgassing the H-
BEA at 175 °C, the IR band at 1630 cm™ (which had already significantly attenuated at 125 °C)
vanished completely, whereas the IR maximum at 1461 cm™ attenuated and shifted to 1448 cm™.
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Thus, a shoulder of the NHs-TPD centred at 175 °C is attributed to NHz desorbed from weak Lewis
and Brgnsted sites.

Physisorption

1200 7 : Weak acidity

©
o
o

Intermediate acidity

(2]
o
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NH; concentration [ppm]
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Figure 5.3 NH3-TPD experiment on the H-BEA studied sample: Preadsorption of 600 ppm of NHs in He, for 80
min at 30 °C, followed by 60 min He flushing at the same temperature and TPD up to 400 °C at a heating rate of
10 °C/min.
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Figure 5.4 Evolution of the NH3s-TPD on H-BEA in the temperature ranges of A) 30 — 175 °C B) 150 — 400 °C.
Difference spectra recorded at: (a) 30°C at the end of adsorption, (b) 30°C after 1h He purging, (c) 100°C, (d)
125°C, (e) 175°C, (f) 150°C, (g) 200 °C, (h) 250°C, (i) 300°C, (j) 350°C, (k) 400°C. The reference spectrum
subtracted, was recorded at the beginning of the adsorption experiment (t=0 min).

Difference IR spectra recorded at higher temperatures are illustrated in Figure 5.4. At 150 °C the IR
bands at 1457 and 1432 cm™ could be observed. On the other hand, subsequent temperature increase
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up to 250 °C led to a significant attenuation of the 1475 cm™ IR band. Finally, upon evacuation at 350
°C the peak at 1432 cm™* vanished completely and the surface was free of NHs. Therefore, it could be
concluded that the NH3s-TPD shoulder at around 250 °C and the broad peak at 330 °C correspond to
NHs desorbed from Brensted sites characterized of intermediate and strong acidity respectively. As
already discussed, NH3 chemisorption on strong Brgnsted sites leads to the formation of bidentate and
tridentade ammonium complexes, which are supposed to exhibit significant stability due to the
negatively charged surroundings in zeolitic cavities [233].

5.3 NHs adsorption and TPD on Fe-BEA

The effect of Fe on NH3 storage was investigated through NHs adsorption and TPD experiments
performed on both the H- and the Fe-BEA studied samples. 600 ppm of NH; diluted in He were
introduced in the single wafer reactor at 150 °C, for 80 min. Subsequently, the catalysts were flushed
with He for 60 min, at the same temperature and a TPD from 150 to 400 °C was performed, applying a
temperature ramp of 10°C/min. The adsorption temperature for these experiments was purposely
chosen equal to 150 °C, rather than 30 °C (as in section 5.2) in order to avoid large NH3 uptake
through physisorption.

IR spectra recorded during adsorption over both catalysts are presented in Figure 5.5. Upon NHs
admission (difference spectra - thick lines), IR bands observed at 1620 and 1460 cm™, whereas the
same negative maxima were identified in the OH region: 3781, 3745 and 3610 cm™. The intensity of
the peak centred at 1620 cm™, at the end of adsorption was higher in the case of the Fe-BEA catalyst,
compared to the H-BEA one. As it has already been commented, this peak is connected with NH3
coordinated to Lewis type acidic sites (section 5.2). Therefore, this increase in intensity was assigned
to NH3 bonded on Fe sites, that exhibit Lewis type acidity [178,179,242]. According to Connell et al.,
these sites are associated with bridging hydroxyl groups between iron and Si** cations [243]. Based on
the analysis presented in chapter 3, it was concluded that NH3 is most favourably adsorbed over
dimeric and/or oligomeric iron clusters (possibly HO-Fe-O-Fe-OH). Nevertheless, adsorption of NH3
on isolated iron cations can not be excluded. For example, Brandenberger et al have reported
experimental results of NHs adsorption on Fe-ZSM5 catalysts of low iron content, wholly composed
of Fe®" cations [167,197].

On the other hand the IR maximal intensity at 1458 cm™ attenuated over the Fe-BEA sample,
showing a decrease in the amount of ammonia stored on strong Bregnsted acidic sites. This reasonable
phenomenon was straightforwardly related to a deterioration of the number of Brgnsted acidic sites,
upon the exchange of H* protons with Fe™ cations [167]. Finally, it has to be pointed out that a very
broad peak was found at 1690 cm™, whereas the IR shoulder at 1500 cm™ was absent, indicating
limited NHs physisorption and/or weak adsorption at 150 °C. Nevertheless, the absence of the latter
band, due to the H* protons exchange by Fe cations can not be ruled out.
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Figure 5.5 IR spectra recorded during NH3 adsorption experiment on the A) H-BEA B) Fe-BEA studied sample
at 150 °C (injection of 600 ppm of NH3 in He, for 80 min): thin lines correspond to IR spectra recorded at a) 0
min, b) 10 min, ¢) 20 min, d) 40 min and e) 80 min. The thick line corresponds to difference spectrum between
the beginning and the end of the adsorption.
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Figure 5.6 NH3-TPD over the H- and Fe-BEA studied sample: Preadsorption of 600 ppm of NH3 in He, for 80
min at 150 °C, followed by 60 min He flushing at the same temperature and TPD up to 400 °C at a heating rate

of 10 °C/min.

The respective TPD signals over both samples are presented in Figure 5.6. In this case 0.56 and 0.66
mol/kgcaalyst ammonia were adsorbed and desorbed over the bare and the iron exchanged BEA
respectively. IR spectra recorded during the TPD experiments (Figure 5.7) show that upon flushing
with He at 150 °C for 1 h (blue lines), the IR peak centred at 1458 cm shifted to 1445 cm indicating
the removal of small amounts of physisorbed or weakly chemisorbed NHs. As the evacuation
temperature increased, the intensity of the band at 1620 cm™ decreased and the peak finally vanished
at 200 and 350 °C over the H-BEA and the Fe-BEA respectively. Thus, it was confirmed that the
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increase in the NHs3-TPD profile over the Fe-BEA, within 240-390 °C was assigned to NH3
coordinated on iron sites. Finally, ammonium ions (1445 cm™) were completely removed from strong
Bransted sites at 400 °C over both samples.
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Figure 5.7 Difference IR spectra in the N-region, recorded during NH3-TPD experiment on the A) H- and B) Fe-
BEA studied samples: Preadsorption of 600 ppm of NH3 in He, for 80 min at 150 °C, followed by 60 min He
flushing and TPD up to 400 °C at a heating rate of 10 °C/min. Spectra recorded at a) 150 °C upon 1 h He purge,
b) 250 °C, c) 350 °C and d) 400 °C. For each sample, the reference spectrum subtracted was recorded at the
beginning of the adsorption experiment t=0 min).

5.4 Kinetic modeling of IR spectroscopy results

The abovementioned spectroscopic observations were subsequently depicted though multi-site
kinetic modeling. In analogy with the sections 5.2 and 5.3, the kinetic modeling of NH; interactions
with the H-BEA acidity was initially concerned. Subsequently, respective phenomena related to iron
species of the Fe-BEA were rendered.

5.4.1 Multi-site kinetic model for NHs storage on H-BEA

Based on surface acidity characterization presented in section 5.2, a correlation between the multi-
site kinetic model sites (presented in section 2.3.1) and the H-BEA acidic and non acidic sites was
performed.

According to the discussion presented in section 5.2, weakly sorbed NH3 was desorbed up to 125 °C
whereas after evacuation at 175 °C ammonia weakly bonded to Lewis and Brgnsted acidic sites was
removed. Therefore, it was decided to divide the S1 model site into two different sites, named as Sla
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and S1b in order to account for sites for weak adsorption and physisorption as well as weak Lewis and
Bransted acid sites respectively. Moreover, a multi-layer physisorption mechanism was considered,
according to which up to two ammonia molecules can be physically sorbed on NHs; already
coordinated to Sla and S1b sites. This assumption seems consistent with the existence of the bending
mode of N;H;*, being identified through in-situ IR spectroscopy measurements. The proposed
approach indicates that multi-site physisorption occurs on the S1b site, which partially corresponds to
weakly acidic Brgnsted sites, whereas no physisorption was taken into account on NHz bonded to
strongly acidic Brgnsted sites. This simplification was considered for two reasons: a) to simplify
kinetics calibration, b) to take into account that the activation energy of NH,* formation may change
after coordinating one or more NHs molecules. Fripiat et al. [244] have proved via conductivity
measurements that upon NHs;--NHs* formation, a proton transfer along the *N-N axis is possible,
which indicates that the initially strongly chemisorbed ammonium cation can be weakly bonded to
zeolite structure upon being hydrogen bonded to another NH3 molecule. However, such aspects should
be further investigated and they are out of the scope of the herein study.

Regarding S2 and S3 sites, they were attributed to Bransted sites of different acidity strength. As
discussed in section 5.2, two different NH," adsspecies (bidentate and tridentate), exhibiting thermal
stability up to 250 and 350 °C were evidenced through IR bands within the 1500 — 1350 cm™ region.
Thus, S2 and S3 sites were assigned to intermediate and strong Brgnsted sites respectively. The
complete, modified multi-site kinetic model for the H-BEA zeolite is illustrated in Table 5.2.

Table 5.2 Multi-site kinetic model for NHz adsorption and desorption on H-BEA.

NH; storage on Sla sites for weak NH,,+Sla = NH;—-Sla

adsorption and physisorption

NH; storage on S1b weakly acidic sites NH,,+S1b = NH,-Sl1b
Multi-layer formation on Sla 2NH, +NH, —-Sla = NH, -NH, - NH,;-Sla
sites

Multi-layer formation on S1b 2NH, )+ NH, —S1b = NH, - NH, — NH,-S1b
weakly acidic sites

NH; storage on S2 intermediate Bronsted NH,,,+S2+ NH,-S2

acidic sites

NHs storage on S3 strong Brensted acidic NH,,+S3 = NH,;-S3

sites

Kinetic model parameters for the H-BEA zeolite were calibrated based on different sources and they
are presented in Table 5.3. Preexponential factors of NH3; adsorption were computed based on NH3
entropy change, according to equation 5.1 [184]. Translational, rotational and vibrational entropies of
the NH3z molecule in gas phase were determined by integrating partition functions q (eq. 5.2) in DMol
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(Accelrys) using GGA-PW91 functional and TNP basis set. For the purposes of this study it is
assumed that when ammonia is adsorbed on the H-BEA surface, it loses certain degrees of freedom
resulting in entire loss of its translation entropy, as well as partial loss of its rotational one, at around
34.2%, 26.3% and 30.5% for Sla, S1b and S2, S3 sites respectively. Vibrational entropy was not taken
into consideration since it was negligible compared to translation and rotation ones. These values are
somehow in good agreement with results of Sharma et al. [191] according to which NH3 adsorbed on
H-ZSM5 loses all its translation entropy as well as ca 30% of its rotational and vibrational ones.
Olsson et al. also implemented the same methodology for O,, NO and NO; adsorption on H- and Cu-
exchanged ZSM5 [145].

AS = R-In(ﬂj

es €g. 51
d|In
S:R.|n(q)+R.T.M eg. 5.2
dT
Table 5.3 Kinetic parameters for the multi-site kinetic model of NHz adsorption/desorption on H-BEA.
Type of site A NH, ads E N, ads Aj NH, des Ej nh, des 0

[M3/(s-Kg zeolite)] [kJ/mol] [mol/s-Kg zeotite] [kd/mol] [-]

Sla (sites for weak 7002 oP 1.8-102¢ 80.801 0.11¢
adsorption and

physisorption)

S1b (weak acidic sites) 12002 oP 1.0-10%3¢ 97.79¢ 0.11¢
Multi-layer formation 6.6-108¢ 0° 9.6-101¢ 40.00° 0.00°
on Sla, S1b sites

S2 (intermediate 900? oP 1.0-101¢ 119.50¢  0.11¢
Bransted acidic sites)

S3 (strong Brgnsted 900? oP 1.0-101¢ 148.80¢  0.11¢
acidic sites)

© 2014 Tous droits réservés.

2 pased on entropy loss calculations, P: assuming that the NH3 adsorption is a non-activated process [183], &
values corresponding to adsorbed immobile molecules [184], ¢: values calibrated based on thermo-gravimetric
measurements reported by Pinto et al. [186], ¢ manually calibrated through simulation of several NH3 adsorption
and TPD experiments on H-BEA studied sample (not shown in the herein work: NH3 adsorption at 30 °C on H-
BEA, followed by 1 h He flushing at the same temperature and a TPD at 15 and 20 °C/min, as well as ammonia
adsorption on H-BEA at 30 °C, followed by 5 h He flushing at the same temperature and a TPD at 10 °C/min), *:
value calibrated based on the work of Bolis et al. [245].

Activation energies of adsorption were set to zero in line with Chen et al. [183], assuming that
adsorption is a non-activated process. Pre-exponential factors of desorption rate constants were tuned
to the order of magnitude of 10%% s, according to the transition state theory for immobile molecules
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[184], considering that NH3 storage capacity values are centred around 1 mol NH3/Kgzeoiite. The reader
is referred to reference [184] for more details concerning the transition state theory and its application
for molecular adsorption and desorption processes. The activation energies of desorption of Sla, Sib,
S2, and S3 sites were chosen based on thermo-gravimetric measurements performed by Pinto et al. on
a H-BEA sample (Si/Al=25) [186]. Furthermore, respective surface coverage dependency parameters
named as o, affecting desorption activation energies were manually calibrated to low values, assuming
a quite uniform Brgnsted type acidity distribution over the catalytic surface (see also kinetics
calibration in sections 3.1.1, and 3.2). Indeed, the studied H-BEA sample is mainly composed of
Bronsted sites and only weak Lewis ones. Finally, kinetic parameters for the NH; double-layer
formation mechanism were determined via simulation of several NHs; adsorption and TPD
experiments on the studied H-BEA zeolite, which are not presented in this work.

At this stage it has to be emphasized that even though the presented multi-site kinetic model
includes different adsorption sites, it is important to keep surface coverage dependent activation
energies of NHs; desorption. Overall, the proposed multi-site kinetic approach accounts for sites
dispersion at two different levels. The fist level includes an overall catalytic sites discretization, which
enables to regroup surface sites of Fe-BEA into a) sites for physisorption and/or weak adsorption, b)
weak Brgnsted and Lewis acidic sites, as well as Brgnsted sites, characterized by c) intermediate and
d) strong acidity strength. The acidity strength of each of these groups of sites is expressed in terms of
a mean activation energy of desorption (annotated as EJ._NHs_d .- Table 5.3). At a second level, the

[

multi-site model assumes a further adsorption energy variation within each group of sites.

Regarding acidic sites of the H-BEA zeolite, NHs* in monodentate, bidentate and tridentate
coordinations was identified through IR spectroscopy. Monodentate NH4* can be formed on "isolated
Brgnsted acidic sites", which corresponds to a Si atom bridged with a single Al neighbouring atom via
an OH* hydroxyl. On the other hand, bidentate and/or tridentate ammonium can be formed on a Si-
OH*-Al site located in close vicinity with two or three Al atoms.

Generally speaking, acidity strength of a Bransted site varies depending on the topology of the Si, O,
H*, Al atoms, and the chemical composition of the zeolitic cavity [59]. The OH* acidity increases
when the O-H* bond is elongated and the Si-O and/or Al-O bond lengths decrease. Moreover, an
increased number of neighbouring Al tetrahedra leads to a degradation of the local electronegativity of
the framework and thus to low acidity strength. Considering these two factors it becomes obvious that
the exact length of the OH" group of isolated Brensted sites will determine the formation of
monodentate NH.* ions characterized by different acidity strength, the mean value of which may be
around 98 kJ/mol (activation energy of desorption over S1b sites — Table 5.3). Similarly, as far as
intermediate and strong Brgnsted sites are concerned, the location of Al atoms in close vicinity with a
Si-OH*-Al site will determine the stability of bidentate and tridentate NH.". Therefore, the acidity
strength of these sites will also vary, around a central value of 120 and 149 kJ/mol respectively
(activation energies of S2 and S3 sites — Table 5.3). Hence, a variation of acidity strength within each
group of acidic sites should be expected, which justifies why the Temkin formalism was applied to
model the NH3 activation energy of desorption over each surface site of the kinetic model.

The proposed activation energies of desorption over the Sla site and for the multi-layer
physisorption mechanism are quite different. These values, are further discussed in section 5.6.
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Moreover, values of activation energies of NH3 desorption from H-BEA, proposed in this study are
lower compared to those, used for simulating NHs-TPD experiments on H-ZSM5 catalysts (chapter 3).
However, this calibration seems to be in reasonable agreement with values of differential heat of NH3
adsorption, reported by Auroux, which show that H-BEA zeolite exhibits weaker acidity compared to
H-ZSM5 one [67].

Finally, NHs storage capacity over each surface site was estimated though the NHs-TPD experiment
shown in Figure 5.3 and the respective results are illustrated in Table 5.4. Totally, 1.64 mol/Kgzeoite
were stored on the catalytic surface at 30 °C. According to the results of the elemental analysis (Table
1), the H-BEA zeolite was composed of 1.11 mol/kgzeaite Al. This means that all acidic and non acidic
sites were completely saturated and thus around 0.53 mol/kgzeoiite. ammonia were physisorbed and/or
weakly adsorbed on silanols (SiOH) in the form of single or multi-layers. NH3 desorbed up to 175 °C
(corresponding to NHs desorbed from non acidic and weakly acidic Lewis and Brgnsted sites) was
estimated equal to 1.03 mol/Kgzeoiie, thus around 0.5 mol/kg.eoiie are related to weak Lewis and
Bronsted acid sites. Finally, 0.61 mol/kgzoiie NHs were desorbed from intermediate and strong
Bransted acidic sites within a temperature range of 175 — 400 °C. At this stage, it has to be highlighted
that the abovementioned computations provided just approximate values of storage capacity, since as
it is well know the shape of the NHs-TPD signal (and thus measured NHj; concentration during
desorption) is very sensitive to experimental conditions (see discussion in section 2.3.1).

Table 5.4 NHj5 storage capacity over the characterized sites of the studied H- BEA sample.

Type of site H-BEA (Si/Al=11.8) Model calibration values
Nj [mOI/kgzeolite] Nj [mOI/kgzeolite]
Sites for weak adsorption and 0.53? 0.474f
physisorption (Sl1a)
Weak Brgnsted and Lewis 0.5 0.5¢f
acidic sites (S1b)
Intermediate Brgnsted acidic 0.61° 0.23%f
sites (S2)
Strong Brgnsted acidic sites 0.38°%f
(S3)

2:value computed by subtracting the NH3-TPD area (Figure 5.3) within 30 — 400 °C (including NH3 desorbed
during He flushing at 30 °C), from the total amount of Al determined through elemental analysis, °: value
obtained by subtracting the storage capacity of non acidic sites from the NH3-TPD peak area (Figure 5.3) within
30 - 175 °C, c: value computed by integrating the NH3-TPD peak area (Figure 5.3) within 175 - 400 °C, ¢: values
used in combination with the multi-layer physisorption mechanism, e: manually calibrated values in order to fit
experimental curves, respecting a total amount of intermediate and strong acidic sites equal to 0.61 mol/kgzeolite,
f: manually calibrated values in order to fit the NHs-TPD experiment shown in Figure 5.3, as well as three
additional NHz adsorption and desorption experiments on H-BEA, applying various operating conditions (not
shown in the herein work).
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Based on the abovementioned discussion, the values of NH3 storage capacity used for the multi-site
kinetic model were manually calibrated (Table 5.4, third column). This calibration was performed in
order to fit the NHs-TPD experiment illustrated in Figure 5.3 as well as three additional NHa
adsorption and TPD experiments performed on H-BEA, applying various operating conditions (not
shown in the presented work: NH3 adsorption at 30 °C on H-BEA, followed by 1 h He flushing at the
same temperature and a TPD at 15 and 20 °C/min, as well as ammonia adsorption on H-BEA at 30 °C,
followed by 5 h He flushing at the same temperature and a TPD at 10 °C/min).

5.4.2 Multi-site kinetic model for NHz storage on Fe-BEA

Based on the discussion presented in section 5.3, NHz can be stored on Fe cations and or Fe
binuclear species, which exhibit Lewis type acidity. Moreover, the acidity strength of metallic sites
proved to be higher than that of zeolitic Lewis acid ones (NH3s-TPD results - Figure 5.6 and Figure
5.7). Thus, in order to account for the abovementioned phenomena and in line with the multi-site
model description presented in section 2.3.1 a global Fe site, named S4 was considered. In
contradiction with section 5.4.1 it was not chosen to consider different types of metallic sites a) since
NHs is not a probe molecule for iron sites characterization and b) in order to keep model complexity in
reasonable extents. Overall, the multi-site kinetic model for Fe-BEA is illustrated in Table 5.5.

Table 5.5 Multi-site kinetic model for NHz adsorption and desorption on Fe-BEA.

NH; storage on Sla sites for weak NH; +3Sla = NH,-Sla
adsorption and physisorption

NH storage on S1b weakly acidic sites  NHj,+S1b = NH,—S1b

Multi-layer formation on Sla sites 2NH;,+ NH; —S1a = NH; —NH, - NH,-Sla

Multi-layer formation on Sib 2NH,,+NH,; —S1b = NH,; - NH, — NH,—S1b

weakly acidic sites

NH; storage on S2 intermediate NH, +S2 NH,-32
Brgnsted acidic sites

NH; storage on S3 strong Brensted NH;,+S3 = NH,-S3
acidic sites

NH; storage on S4 iron sites NH,,,+S4= NH;-54

The respective kinetic parameters are listed in Table 5.6. The pre-exponential factor of adsorption
over the S4 site was adjusted to 550 m*/(s-kgzeolite) assuming that NH3 looses all its translational energy
and ca 39.1% of its rotational one upon adsorption on this site. Moreover, desorption activation
energy, as well as the respective surface coverage dependency factor o, were manually calibrated so as
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to fit the NHs-TPD experiment shown in Figure 5.6. It has to be highlighted that the used value of heat
of adsorption and thus the activation energy is much higher compared to that of zeolitic Lewis acidic
sites (partially S1b), whereas the o factor is reasonably adjusted to higher values compared to those
used for Brgnsted acidic sites, somehow reflecting the heterogeneity of Fe species acidity (Fe™, Fe
binuclear species) as discussed above and as also explained in section 3.2. Therefore, as explained in
section 5.4.1, surface coverage dependent activation energy for NH3z desorption over S4 sites was
applied. Finally, the remaining Kkinetic parameters are the same with those presented in Table 5.2,
assuming that the addition of Fe affects the storage capacity of H-BEA acidic sites rather than the
zeolitic acidic strength. Indeed, as shown in Figure 5.5, IR bands which correspond to NHa
chemisorbed on Lewis and Brgnsted acidic sites are centred at the same wavenumbers, for both the H-
and the Fe-BEA samples. On the other hand, the signal intenities over the H- and the Fe-BEA, are
different since a certain amount of OH" protons has been exchanged by iron cations upon the ion
exchange process. Therefore, the discussed hypothesis seems to be somehow confirmed by the
presented IR spectroscopic analysis.

Table 5.6 Kinetic parameters for the multi-site kinetic model of NH3 adsorption/desorption on Fe-BEA.

Type of site Aj_NH3_ads E J_NH;_ads Aj_NH3_des E J_NH;_des 0Lj

[M3/(s-Kg zeolite)] [kJ/mol] [mol/s-Kg zeoite] [kd/mol] [-]

Sia (sites for weak 7007 (0 1.8-10%2¢ 80.80¢ 0.11¢
adsorption and

physisorption)

S1b (weak acidic sites) 12002 (0 1.0-103¢ 97.79¢ 0.11¢
Multi-layer formation 6.6-108¢ (0 9.6-101%¢ 40.00 0.00¢
on Sla, S1b sites

S2 (intermediate 9002 Qv 1.0-10%%¢ 119.50¢ 0.11¢
Bransted acidic sites)

S3 (strong Brgnsted 900? ov 1.0-10%%¢ 148.80¢ 0.11¢
acidic sites)

S4 iron sites 5507 Qv 1.0-10%%¢ 145.00¢ 0.159

© 2014 Tous droits réservés.

2 pased on entropy loss calculations, : assuming that the NH3 adsorption is a non-activated process [183], ©:
values corresponding to adsorbed immobile molecules [184], ¢: values calibrated based on thermo-gravimetric
measurements reported by Pinto et al. [186], & manually calibrated through simulation of several NH3 adsorption
and TPD experiments on H-BEA studied sample (not shown in the herein work: NH3 adsorption at 30 °C on H-
BEA, followed by 1 h He flushing at the same temperature and a TPD at 15 and 20 °C/min, as well as ammonia
adsorption on H-BEA at 30 °C, followed by 5 h He flushing at the same temperature and a TPD at 10 °C/min), *:
value calibrated based on the work of Bolis et al. [245] 9: parameters manually calibrated in order to fit the NHs-
TPD experiment on the Fe-BEA shown in Figure 5.6.

The amount of NH3 adsorbed on Fe sites was estimated employing the IR spectra showed in Figure
4.3. The amount of the Brgnsted acidic sites remaining after the ion exchange was determined
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according to the methodology described by Brandenberger et al [167], which consists in normalizing
the intensity of the peak area centred at 3606 cm™ over the Fe-BEA to the respective one over the H-
BEA zeolite. Approximately, 74% of the H-BEA total amount of Brgnsted sites remained over the Fe
exchanged BEA, which corresponds to 0.45 mol/kgre-sea, according to results presented in 5.4.1.
Integrating the NH3-TPD areas for H- and Fe-BEA within 175 — 400 °C, shown in Figure 5.6 (without
taking into account the amount of desorbed NHs during the 1 h He flushing) similar amounts of
desorbed NHs were computed (ca 0.34 mol/kgre-sea). Therefore, the total amount of intermediate and
strong Bransted sites of the H-BEA is assumed to be roughly equal to the sum of the residual amount
of Bragnsted sites and the Fe sites occupied by NHs over the Fe-BEA catalyst. The computation results
in approximately 0.16 mol/kgre-sea iron available for NHs storage. Nevertheless, the total amount of Fe
was equal to 0.31 mol/kgeegea (Table 4.1). According to UV-vis spectroscopic measurements
performed over the Fe-BEA studied catalyst (see section 4.2), this amount corresponds to a sum of
isolated Fe species, oligomeric iron clusters, as well as Fe,O3 particles. Therefore the computed NH3
storage capacity of 0.16 mol/kgre-sea Seems to further validate the the fact that only certain iron
species are preferable for NH; adsorption. NH; storage capacity over different surface sites of the Fe-
BEA is illustrated in Table 5.7.

Table 5.7 NH3; storage capacity over each characterized site of the studied Fe-BEA sample.

Type of site Fe-BEA (Fe/Al=0.28)  Model calibration values
Nj (mol/Kg zoiite) N; (Mol/Kgzeoiite)
Sites for weak adsorption and - 0.47¢
physisorption (S1a)
Weak acidic Brensted and Lewis 0.5% 0.5%
sites (S1b)
Intermediate Brgnsted acid sites 0.45P 0.15¢
(S2)
Strong Brgnsted acid sites (S3) 0.3¢
Metallic sites (S4) 0.16° 0.16

a:value computed as shown in section 5.4.1, °: values obtained by estimating the degradation of Fe-BEA
Bransted acidity, upon the ion exchange, through normalizing the intensity of the peak area centred at 3606 cm
over the Fe-BEA to the respective one over the H-BEA zeolite (Figure 4.3), subtracting the storage capacity of
non acidic sites from the NH3-TPD peak area (Figure 5.3) within 30 - 175 °C, ©: value used in combination with
the multi-layer physisorption mechanism and validated over NH3 adsorption and desorption experiments shown
in section 5.5, % manually calibrated values in order to fit experimental curves shown in sections 5.5, respecting
a total amount of intermediate and strong acidic sites equal to 0.45 mol/kgre-gea.

5.5 Validation of the multi-site kinetic model

The proposed multi-site kinetic model was finally validated by simulating NHs adsorption and
desorption experiments over the H- and Fe-BEA studied samples. In order to evaluate model
robustness, a broad range of experimental conditions were taken into account, whereas kinetic
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parameters listed in sections 5.4.1 and 5.4.2 were applied as they stand. Finally, since the experiments
discussed in this chapter were performed in the single wafer reactor, the respective single wafer
reactor model was applied for simulation purposes.

5.5.1 Simulation of NHz adsorption and desorption experiments over the H-
BEA

The multi-site kinetic model for the H-BEA zeolite, shown in Table 5.2 was validated by simulation
of NHs adsorption and TPD experiments performed at Tags = 30 and 150 °C. The sample was exposed
to around 600 ppm NHjs in He balance, at Tags for 75 and 80 min respectively, before being flushed
with He for 1 h at the same temperature. Finally, a TPD was performed up to 400 °C, at a heating rate
of 10 °C/min. The applied kinetic parameters are presented in Table 5.3 and Table 5.4.

Comparison between experimental and simulation results is illustrated in Figure 5.8. Initially, each
desorption peak was separately simulated, before simulating the complete experiment. Sla, S1b, S2
and S3 sites appear to be responsible for NH; desorption peaks centred at around 119, 168, 245 and
350 °C respectively. In line with the interpretation of IR spectra shown in section 5.2, Sla model site
corresponds to non acidic sites for weak adsorption and physisorption, S1b one to a mixture of weak
Lewis and Bransted sites, whereas S2 and S3 sites are related to Brgnsted sites of intermediate and
strong acidity respectively. The values of storage capacity over each site used for simulation purposes
are illustrated in Table 5.4. In accordance with respective values determined through the NHs-TPD
experiment shown in Figure 5.3 and the elemental analysis, the storage capacity over S1b sites was set
to 0.5 mol/kgzeaiite, Whereas the sum of S2 and S3 sites capacities was calibrated to 0.61 mol/Kgzcoiite. In
order to fit experimental curves, individual storage capacities of S2 and S3 surface sites were manually
calibrated to 0.23 and 0.38 mol/kgeolite respectively. Finally, the storage capacity over Sla sites was
calibrated to 0.49 mol/kgeoiite including the multi-layer physisorption mechanism.

Overall simulation results are in relative good agreement compared to experimental data.
Nevertheless, concerning the NHz adsorption experiment at 30 °C (Figure 5.8 A) significant deviations
appear below 100 °C, since the Sla site cannot precisely simulate the experimental curve. This
observation was attributed either to experimental conditions, since the H-BEA was completely fresh
during this experiment, or to a weakness of applied reaction rate expressions to describe physisorption
phenomena. A multi-layer adsorption model was previously proposed by I. Kusunoki [246] according
to which a sticking coefficient is computed based on atomic beam flux and residence times of
adatoms. Recently Koltsakis et al. [129] have proposed an alternative NH; adsorption model for
zeolite washcoats, based on a Dubinin-Radushkevich isotherm. According to this approach surface
properties such as pore size distribution, adsorbate affinity and saturation pressure are taken into
consideration. Since low temperature physisorption is related to surface characteristics of zeolites such
as porosity, the abovementioned methodology seems to be somehow suitable for depicting low
temperature physisorption phenomena. Finally, as far as the multi-layer mechanism is concerned, it
could indicate that a larger number of NH; layers should have been taken into consideration. However,
as already mentioned, further analysis of this topic is out of the scope of the herein work.
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Figure 5.8 Simulation of ammonia adsorption and TPD experiments performed over the H-BEA sample.
Preadsorption of 600 ppm of NH3 in He, for 75 and 80 min at A) 30 °C and B) 150 °C respectively, followed by
60 min He flushing at the same temperature and TPD up to 400 °C at a heating rate of 10 °C/min.

5.5.2 Simulation of NHz adsorption and desorption experiments over the
Fe-BEA

Putting results of sections 5.2 and 5.3 together, it appears that experimental conditions and in
particular the adsorption temperature can affect the formation of NHs adspecies. Thus, in this section a
broad range of NH; adsorption and desorption test cases over the Fe-BEA catalyst is presented and
respective experimental results are evaluated through simulation. The multi-site kinetic model
presented in Table 5.5 was employed, whereas for all simulations the set of kinetic parameters and the
values of storage capacity presented in Table 5.6 and Table 5.7 were used, without further
modification.

5.5.2.1 Effect of adsorption temperature

The effect of adsorption temperature on NH3; storage over the Fe-BEA catalyst was investigated by
performing NHs adsorption experiments at Tads = 30, 150 and 350 °C, for 80 min, followed by 60 min
of He purging and TPD from the adsorption temperature up to 400 °C, at a heating rate of 10 °C/min.

Gas phase concentrations measured during NHs adsorption and TPD are shown in Figure 5.9. The
significant NH3 storage capacity at 30 °C (1.30 mol/kgr.-eea) Was mainly attributed to physisorption
forming single or multi-layers as discussed in sections 5.2 and 5.3. Thus, it is not surprising that even
after 80 min of adsorption the catalyst is not saturated (Figure 5.9 A). The total amount of desorbed
NHs from the Fe-BEA catalyst is lower compared to that over the H-BEA zeolite, which may be
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attributed to several reasons and namely: the decrease of the catalyst acidic sites upon the ion
exchange process, and/or a partial blocking of zeolitic cavities due to formation of Fe oxide particles.
Additionally, experimental conditions could have a contribution to this phenomenon because a) the
duration of NHs injection was not the same for both experiments (thus low temperature desorption and
readsorption was not the same) and b) the H-BEA was not calcined before testing as it had been
performed for the Fe-BEA catalyst after its synthesis. On the other hand, at 150 °C the catalytic
surface is saturated after around 20 min of adsorption, resulting in a NHs uptake of ca 0.66 mol/kgre-
sea. According to the corresponding TPD signal, at this temperature the TPD peak at around 150 °C
has disappeared and only desorption peaks at 250 and 350 °C can be distinguished. As shown in
Figure 5.10 and explained in sections 5.2 and 5.3, these TPD peaks correspond to Brgnsted sites of
intermediate and strong acidity (1500 -1400 cm), as well as to metallic sites (1630 cm™). Finally, at
350 °C, only 0.157 mol/kgre-sea ammonia were stored on the catalyst, only on strong Brgnsted sites
(1440 cm?), which is also confirmed by the very low NH3 concentration measured.

Concerning simulation of these three NH3 adsorption experiments, the multi-site kinetic model and
the proposed set of kinetic parameters enabled a quite satisfactory reproduction of the experimental
data during the adsorption, the He flushing and the TPD phase. S1a and S1b sites, in combination with
the multi-layer adsoption mechanism allow to represent the broad TPD peak at 140 °C, accounting for
physisorption and chemisorption on weakly acidic Brgnsted and Lewis sites. Moreover, S2, S3 acidic
sites as well as S4 metallic sites were crucial for depicting the TPD signal at higher temperatures. A
deviation between simulation and experimental data is observed at the end of the adsorption
experiment at 30 °C, where the model predicted a beginning of the sample saturation after around 50
min, which could be attributed to low temperature multi-layer NH3 adsorption. The presented model
assumes adsorption of two molecules of ammonia over another NH3; molecule, preadsorbed on Sla
and S1b sites. Increasing the number of layers would lead to better results, at the expense of the model
simplicity. Moreover, as already discussed in 5.5.1, reaction rate expressions used for physisorption
may not be adequate, leading to imprecise simulation.
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Figure 5.9 Effect of temperature on NH3 A) adsorption and B) desorption on the Fe-BEA studied sample.
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Figure 5.10 Difference IR spectra, recorded at the end of NH3 adsorption experiments performed at 30, 150 and
350 °C: the reference spectra subtracted was recorded at the beginning of each adsorption experiment (t=0 min).

5.5.2.2 Effect of low temperature He flushing duration

Since physisorption is the major mechanism of NH3 storage over Fe-BEA, at low temperatures, it
was decided to further investigate the effect of He flushing duration on the shape of the NHs-TPD
signal. Therefore, additional ammonia adsorption experiments were performed on the Fe-BEA
catalyst, injecting 600 ppm of NH; at 30 °C, for 80 min in He atmosphere. Then, physisorbed
ammonia was removed by purging the sample with He at 30 °C for three different durations: 5 min, 1
h and 5 h. Finally, a TPD experiment was performed up to 400 °C, applying a heating rate of 10
°C/min. NHj3 gas phase concentrations, presented in Figure 5.11, show that the increase in the duration
of He flushing resulted in the attenuation of the low temperature peak of ammonia, centered at ca 125
°C (as discussed in section 5.2). Interestingly, even after 5 h purge the low temperature desorption
peak remained. Similar effects were reported for H-ZSM5 zeolites elsewhere [204]. Simulation of the
gas phase TPD signals confirms the abovementioned observations. From a kinetic point of view, this
seems to somehow explain the fact that activation energy of desorption from Sla sites had to be
calibrated to 80.8 kJ/mol, which is quite higher compared to a value of 40 kJ/mol, usually proposed for
physisorption [245]. Overall, the multi-site kinetic model led to a quite satisfactory fitting of the
experimental curves, since prolonging the purge duration, NHs is increasingly desorbed from the Sla
sites for weak adsorption and physisorption, removing simultaneously the NH3z multi-layer from Sla
and S1b sites. On the other hand, in all test cases, NH3 strongly chemisorbed on acidic and metallic
sites remained unaffected and was thus reasonably desorbed from S1b, S2, S3 acidic and S4 metallic
sites at temperatures higher than 160 °C.
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Figure 5.11 Effect of He flushing duration on NH3 storage over the Fe-BEA studied sample.

5.5.2.3 Effect of heating rate

Finally, NH3 adspecies thermal stability was further evaluated by performing thermo-desorption at
different temperature ramps. Thus, respective NHs-TPD experiments were performed at heating rates
of 10, 15 and 20 °C/min in He. Prior to TPD, 600 ppm of NH3; and He in balance, were preadsorbed
for 80 min. at 30 °C, followed by 1 h He purge at the same temperature. Respective results are
presented in Figure 5.12. Increasing the temperature ramp, time available for NH3 desorption, at low
temperature regime was shorter. Thus, reasonably TPD peaks shifted to higher temperatures, with a
simultaneous increase in NH; gaseous concentration at the same temperature range. Integrating the
TPD profiles, identical amounts of NHz; were estimated to desorb (1.30 mol/kgre-sea), hence the
heating rate had no impact on the actual amount of desorbed NHa. Similar results have been reported
over Fe-ZSM5 [104].

The multi-site kinetic model was able to reproduce the tendency observed on the experimental data,
namely the increase of NH3 concentration at low temperatures and the shift of TPD peaks towards
higher ones. TPD experiments performed at 10 and 15 °C/min were quite accurately reproduced,
whereas significant deviations were observed for the case of 20 °C/min. These discrepancies could be
attributed either to experimental uncertainties (hamely to the response of the electric oven) or to
limitations, of the heat transfer model. Since the heating rate was quite high, it is possible that the
temperature field on the Fe-BEA pellet was not uniform, resulting in high temperature areas close to
the wafer wall and colder areas in the center. However, the proposed single wafer rector model,
considers only a homogeneous temperature, since the precise modeling of heat transfer was out of the
scope of this study.
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Figure 5.12 Effect of the TPD heating rate on NH3 desorption over the Fe-BEA studied sample.

5.6 Conclusions

This chapter was focused on an extended experimental and modeling study on NH; adsorption and
desorption over H- and Fe-BEA, in order to gain more insight into the mechanism of NHj3 storage and
release processes. Interpretation of IR spectroscopy and TPD experiments suggests that physisorption
(and/or weak adsorption) is the predominant NH; adsorption mechanism at low temperature conditions
(T<125°C) resulting in the formation of weakly-hydrogen bonded ammonia on the zeolite framework
as well as NH3; multi-layers, attached to the former ammonia adspecies. Ammonia physically sorbed
species are stable at temperatures as low as 120 °C. Nevertheless, the importance of physisorbed
ammonia lies in the fact that NHs released from non-acidic sites can be further available, by
readsorption on neighboring acidic and metallic sites, or it can escape the catalytic converter, causing
significant ammonia-slip.

Concerning acidity, Lewis and Brgnsted sites were identified. The former could be assigned to either
tricoordinated Al or defective sites, since IR spectra indicated partial deformation of the parent zeolite
structure. Ammonia complexes formed on these sites were discriminated by low stability, being
outgassed upon 175 °C. On the other hand, Brgnsted acidic sites were related to strong acidic Si-OH-
Al groups that gave rise to thermally stable monodentate, bidentate and tridentate NH4" up to 175, 250
and 350 °C respectively. Formation of Lewis type acidic sites is the case of metallic sites, possibly
isolated and binuclear ones.

The abovementioned conclusions were further used to perform kinetic modeling studies.
Satisfactory simulation results of a broad range of test cases proved that the multi-site Kinetic
modeling approach, previously validated over NHs adsorption/desorption on H- and Fe-ZSM5
(chapter 3), could also be applied to Fe-BEA. For the purposes of the herein work the existing model
had to be modified so as to account for low temperature adsorption and desorption phenomena. One
non acidic site and one global Brgnsted and Lewis weakly acidic site were considered, including a
multi-layer physisorption mechanism. Model surface sites distinction with respect to their nature and
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their quantity, as well as acidity strength variation was in quite good agreement with IR
characterization and NH3-TPD experimental results. S1a sites for weak adsorption and physisorption
as well as the NHs multi-layer formation mechanism enabled to predict low temperature physisorption
quite satisfactorily. S1b sites depicted NH3 storage on weak Brgnsted and Lewis sites, whereas S2 and
S3 sites could account for Brgnsted sites characterized by intermediate and strong acidity respectively.
Finally, S4 sites represented Fe Lewis type sites of higher acidity compared to Lewis zeolitic ones.
Furthermore, selected kinetic parameters showed to be robust over all examined test cases. However it
has to be highlighted that all simulated experiments were performed over the same catalytic sample.
Therefore, as previously discussed (chapter 3), examining catalysts of different Si/Al and/or Fe/Al
ratios, surface acidity will definitely vary, leading to a different kinetic parameters calibration. Finally,
as far as deviations between simulation and experimental results are concerned, they were mainly
attributed either to the NHs; multi-layer mechanism and/or the inadequacy of physisorption rate
expressions applied as well as to the limitations of the continuously stirred reactor model. Concerning
the former, a reasonable compromise was made between an acceptable level of modeling and
parameters calibration complexity and simulation precision. Alternative approaches discussed in
section 5.5.1 (models of Kusunoki [246] and Koltsakis et al. [129]), would require evaluation of more
parameters and a detailed identification of structural properties, namely samples porosity, studies
which go beyond the scope of the herein work. Regarding the reactor model, heat transfer within the
solid phase, as well as macro-mixing aspects should be under further consideration so as to evaluate
modeling assumptions presented in section 2.2. On the other hand, it has to be emphasized that, using
a simplified OD single reactor model for kinetic modeling studies, very short computational times were
achieved. Simulation of a NH; adsorption and TPD experiment, of a 3 h duration required a
computational time in the order of magnitude of only 15 — 18 sec., since all reactor model variables
were deduced through differential equations discretized only in the field of time.
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Chapter 6

NOx Storage and NO Oxidation on H- and Fe-BEA
Catalysts
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6. NOy Storage and NO Oxidation on H- and Fe-
BEA Catalysts

Abstract

A multi-site kinetic model for NOy adsorption and desorption as well as NO oxidation on Fe-BEA
was developed based on IR spectroscopy measurements. Initially, NO and NO, adsorption and TPD,
along with NO/O, stepwise TPD experiments were performed over H- and Fe-BEA lab-synthesized
samples. Employing in-situ IR spectroscopy, a variety of NOx adspecies was characterized, including
iron nitrosyls, nitrosium anions, nitrites as well as aluminium and iron based nitrates. Based on
recorded spectral features a multi-site kinetic model for NO, storage and NO oxidation on Fe-BEA
catalysts was developed, accounting for interactions of nitrogen oxides with different surface sites.
The model was finally validated, through simulation of various experimental conditions, depicting
satisfactorily mechanistic aspects related to NOy storage and NO oxidation on acidic and metallic sites.

Résumé

Un modele multi-site pour I'adsorption et la désorption des NOy ainsi que pour I'oxydation du NO
sur Fe-BEA a été développé a partir des mesures de spectroscopie IR. Initialement, des expériences
d'adsorption et de TPD du NO et du NO; ainsi que des expériences de STPD des NO/O, ont été
réalisées sur des échantillons de H- et de Fe-BEA, synthétisés au laboratoire. Diverses espéces de NOx
ont été caractérisées par spectroscopie IR, y compris les nitrosyles, les ions nitrosium, les nitrites ainsi
que les nitrates liés a I’aluminium et au fer. Sur la base des mesures spectrales, un modéle cinétique
multi-site pour le stockage des NOx et de Il'oxydation du NO sur les catalyseurs Fe-BEA a été
développé, prenant en compte les interactions entre les oxydes d'azote et les différents sites
surfaciques. Le modéle a été finalement validé par simulations des expériences réalisées, avec des
conditions de fonctionnement différentes, décrivant de fagon satisfaisante les aspects mécanistiques
liés au stockage des NO, et & I'oxydation du NO sur les sites acides et métalliques.
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6.1 Introduction

Besides ammonia storage and release presented in the previous chapter, nitrogen monoxide and
nitrogen dioxide adsorption and desorption constitute reactions of particular interest in order to
understand the SCR chemistry over Fe exchanged zeolites. As explained in chapter 1.5, nitrite and
nitrate adspecies, formed upon nitrogen dioxide adsorption and disproportionation, involve reaction
pathways through which the fast-SCR occurs. Furthermore, NO oxidation is supposed to be the rate
determining step of the SCR process, affecting catalyst deNOy performance.

NOy adsorption and desorption over iron exchanged BEA zeolites is experimentally investigated in
several studies. Colombo et al. [94] have performed series of NO, adsorption and subsequent TPD
experiments over commercial Fe-BEA catalysts (Si/Al = 24, Fe/Al = 1.5) of different redox states, in
order to elucidate the role of Fe?" and Fe** species in nitrogen dioxide storage and disproportionation.
In another study, Iwasaki et al. [95] have correlated the abovementioned reactions with oligomeric
iron sites, by performing FTIR measurements over Fe-zeolites, synthesized by different methods.
Moreover, Shwan et al. [140] have presented NO adsorption and TPD experiments over fresh and
aged Fe-BEA catalysts (1 wt.% Fe, Si/Al = 38), underlying the effect of hydrothermal ageing on iron
sites oxidation state. In a detailed study of Ahrens et al. [96], NO and NO; adsorption experiments
were performed over a 0.76 wt.% Fe-BEA catalyst (Si/Al = 40) and followed by IR spectroscopy
measurements, allowing to unravel mechanistic aspects related to NO- disproportionation and nitrate
adspecies formation over acidic and redox sites. Regarding nitrogen monoxide oxidation, studies of
Ahrens et al. [96] and Kefirov et al. [247] are note worthy. Employing IR spectroscopy, both teams
have experimentally investigated NO oxidation over Fe-BEA catalysts, which enabled to deduce redox
cycles over isolated and/or binuclear iron species. Even though the discussed studies provide
convincing arguments related to the role of iron active sites on NOy storage and NO oxidation, the
respective role of Fe-BEA acidity seems to remain unclear. Moreover, the thermal stability of NOy
adspecies has only been investigated through gaseous NOx-TPD profiles [94,140]. However, the
respective results have not been further validated through surface characterization.

Regarding kinetic modeling of NOy adsorption/desorption and NO oxidation over metal exchanged
zeolites, an overview of respective approaches reported in the recent literature is presented in section
1.6. Among them, only the kinetic models of Shwan et al. [140] and Olsson et al. [145] account for
interactions of NOx with acidic and metallic sites. The kinetic model proposed by Shwan [140]
included NO adsorption/desorption and oxidation over Fe-BEA catalysts. However, the latter reaction
was modeled in the gas phase and the redox cycle was not depicted. On the other hand, the Kinetic
model of Olsson et al. [145], which considered NO- storage and disproportionation as well as NO
oxidation on different sites was oriented to Cu-ZSM5 catalysts. Nevertheless, a respective multi-site
approach has never been attempted over Fe-BEA catalysts.

In the light of the abovementioned discussion, it seems obvious that NOy storage and release as well
as NO oxidation over Fe-BEA catalysts have been extensively experimentally investigated. However,
the role of the zeolitic acidity has not been completely understood, whereas NOy adspecies thermal
stability has not been characterized in details. Thus, in this chapter, dedicated NO and NO- adsorption
and TPD experiments on both H- and Fe-exchanged BEA catalysts are presented. In-situ IR
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spectroscopy was employed in order to characterize in details NOx adspecies, enabling a deep insight
into the contribution of catalyst acidity as well as redox properties.

From a kinetic modeling point of view, the kinetic model of Olsson et al. [145] is the only complete
multi-site kinetic model, which allows to depict NO> storage and NO oxidation over different sites of
Cu-ZSM5 catalysts. Nevertheless, there are no such models for Fe-zeolites (except from the kinetic
model of Shwan et al. [140], which accounts for NO storage and oxidation). Thus, a multi-site kinetic
model was developed on the basis of the IR spectroscopic measurements, performed over the lab-
synthesized H- and Fe-BEA samples. The proposed model was then validated by simulating NO;
adsorption and TPD as well as NO oxidation experiments performed over the lab-synthesized catalysts
and respective catalytic samples reported in the literature.

6.2 In-situ IR spectroscopy measurements

Dedicated in-situ IR spectroscopic measurements, performed parallel to NO, NO; and NO/O,
adsorption on Fe-BEA are presented in this section. The scope of this experimental study was to
characterize different nitrogen monoxide adspecies formed on different surface sites, namely acidic
and metallic ones, in order to elucidate their contribution on NOy adsorption, NO> disproportionation
and NO oxidation.

6.2.1 NO adsorption and desorption on Fe-BEA

Nitrogen monoxide storage and release were studied through a NO adsorption and TPD experiment,
performed over the Fe-BEA lab-synthesized catalyst. Around 3000 ppm nitrogen monoxide, diluted in
He were introduced into the single wafer reactor at 30 °C for 100 min. Then, the NO feed was
switched off and the sample was flushed with He at the same temperature for 60 min. Finally, a TPD
experiment from 30 to 493 °C, under He was performed, at a heating rate of 10 °C/min. The outlet gas
concentration profiles are illustrated in Figure 6.1. Interestingly, upon 5 min of NO admission, the
catalytic surface became saturated, resulting in an overall NO uptake of only 0.22 mol/kgre-sea. Minor
NO storage over Fe-exchanged zeolites has been previously reported by Grossale et al. [90] and
Hadjiivanov et al. [248]. Moreover, during the TPD phase only gaseous NO was observed, whereas
neither N> nor NO-, nor N>O were detected.
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Figure 6.1 NO adsorption and desorption experiments over the Fe-BEA studied catalyst: Preadsorption of 3000

ppm in He, for 100 min at 30 °C, followed by 60 min He flushing at the same temperature and TPD up to 480 °C

at a heating rate of 10 °C/min.

The nature of surface sites contributing to nitrogen monoxide storage was elucidated through
difference IR spectra recorded during the adsorption phase (Figure 6.2 and Figure 6.3). In order to
facilitate results review, the NOy adspecies as well as the respective IR bands evidenced in section
6.2.1 are summarized in Table 6.1.

Table 6.1 Summary of NOx adspecies observed during NO adsorption over the Fe-BEA lab-synthesized sample.

Adspecies IR band [cm™?] References

NO* 2133 [87,248]
N2O3 1913 [87]
(Fe-NO)?* 1874 [87]
trans-(NO)2 1767 [87]
bridging Al based NO3 1653 [87]
adsorbed H,0O 1624 [249]
bidentate Al based NO3 1594 [87]

chelating Al based NO3 1580 [87,249]

Regarding the OH region, negative IR maxima were identified at 3782, 3745, 3685, 3665 and 3610
cm?. According to previous spectroscopic measurements for NH; adsorption and desorption (see
chapter 5), the band at 3782 cm™ was assigned to consumption of terminal AI-OH groups, which
exhibit basic or Lewis acidic properties, whereas, the ones lying at 3741 and 3665 cm™ were related to
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interactions of NO with non acidic terminal silanols (Si-OH) and hydroxyl groups bonded to extra-
framework aluminium respectively. A weak negative band, centred at 3610 cm™ was attributed to
consumption of Si-OH*-Al hydroxyls, corresponding to Brgnsted acidic sites. Finally, a decrease in
intensity was observed at 3685 cm™ and was assigned to Fe**-OH [247].

Simultaneously, several IR bands were observed in the ON region (2300 — 1400 cm™), being
assigned to different NOx adspecies (Figure 6.3). Focusing on the first 10 min of the adsorption phase,
during which the Fe-BEA became saturated, IR maxima centred at 2133 and 1874 cm™ were identified
(Figure 6.3 A) and were attributed to nitrosium ion (NO*) and (Fe-NQO)?" mono-nitrosyl respectively
[87]. Hadjiivanov et al. suggested formation of NO* through interactions of NO with Brgnsted acidic
sites [248]. According to these authors, the interaction of nitrogen monoxide with cationic OH" leads
to the formation of NO* coordinated to framework oxygen (of basic properties) and adsorbed H,O.
Moreover, Kefirov et al. [247] proposed interaction of NO with Fe**-OH forming Fe?* and HNO.. The
latter, can further react with cationic OH* sites yielding NO* on lattice oxygen and H2O. Indeed, in the
presented experiment the 2133 cm™ IR band arose along with a broad band at 1624 cm, which could
be assigned to adsorbed water [249]. Moreover, negative IR bands at 3610 and 3685 cm™ were
evidneced, which correspond to zeolitic OH* and Fe®-OH respectively. Therefore, both the
abovementioned mechanisms seem to be valid in the present study.

IOOM A t=10min 3610 cm™ e
‘ ‘ 3665 cmi™ \

Intensity [-]
Intensity [a.u.]

3850 3800 3750 3700 3650 3600 3550 4000 3900 3800 3700 3600 3500
Wavenumber [cm™] Wavenumber [cm™]

Figure 6.2 Difference IR spectra in the range of 3500 — 3900 cm* recorded during NO adsorption over the Fe-
BEA studied sample at 30 °C (injection of 3000 ppm NO in He). Lines shown in figure B correspond to IR
spectra recorded at: a) 10 min, b) 20 min, c) 40 min, d) 60 min and e) 100 min.
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Figure 6.3 Difference IR spectra recorded during NO adsorption over the Fe-BEA studied sample at 30 °C
(injection of 3000 ppm NO in He). A) Lines correspond to IR spectra recorded at: a) 1 min, b) 3 min, ¢) 5 min,
d) 7 min, €) 9 min and f) 10 min. B) Lines correspond to IR spectra recorded at: a) 10 min, b) 20 min, c) 40 min,
d) 60 min and €) 100 min.

Moreover, weak IR bands at 1913 and 1767 cm™ were attributed to dinitrogen trioxide (N.Os) and
trans-(NO), dimer, which coexist in equilibrium with NO at low temperatures [87]. Finally, IR
maxima at 1653 and 1580 cm™ were assigned to bridging and chelating nitrate adspecies (NOs)
respectively [87,249]. Increasing exposure time (Figure 6.3 B), the intensity of the 1653 cm™ IR band
increased, the band lying at 1580 cm™ vanished, whereas another band arose at 1594 cm?, being
related to bidentate nitrates [87]. Based on several experimental studies, nitrates are formed on Fe-
exchanged zeolites upon NO; adsorption and successive disproportionation [90,92]. However, the
presented NO adsorption experiment was performed in the absence of oxyge. Consequently, NO
oxidation to NO; should not occur significantly. Hence, the formation of nitrates under the applied
experimental conditions may involve interaction of NO with zeolitic lattice oxygen. SedIlmair et al.
observed formation of monodentate nitrates (1580 cm™) on extra-framework Al species, upon NO
admission on NaY (Si/Al=2.59) [249]. The negative band centred at 3665 cm™ (Figure 6.2), being
assigned to extra-framework AI-OH may further support this interpretation. Therefore, one can not
completely rule out this process over the Fe-BEA catalyst, in the absene of gaseous O..

Compiling information obtained through IR spectroscopic measurements, it could be concluded that
NO was preferably adsorbed over Bransted acidic and Fe?* monomeric sites. Moreover, reduction of
Fe3*-OH was speculated, leading to the formation of HNO,, which further reacting with OH* formed
NO* and H.O. Finally, formation of nitrate adspecies was also possible through interactions of
nitrogen monoxide with lattice oxygen, possibly included in Al-OH positions. These observations are
summarized through reactions 6.1 to 6.5.

NO(g)+2H+—OZ\=‘ NO"—-Z+HO-H"-Z reac 6.1
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NO, + HO—-Fe* —Z<=HNO, —Fe*" -Z reac 6.2
HNO, +H" -0Z=NO"-Z+H,0-Z reac 6.3
NO, +Fe* —Z=[NO-Fe]* -Z reac 6.4
NO, +20-Al-Z=Z-Al-0-(NO)-O-Al-Z reac 6.5

6.2.2 NO. adsorption and desorption

NO; adsorption and desorption were initially studied over the H-BEA zeolite, in order to evaluate
the effect of zeolitic acidity on nitrogen dioxide storage and release. Then, in-situ IR spectroscopic
measurements were performed over the Fe-BEA catalyst so as to examine the respective contribution
of Fe species.

6.2.2.1 In-situ IR spectroscopy measurements on H-BEA

A mixture of 0.45% NO; and 8% O; diluted in He were preadsorbed for 100 min at 30 °C over the
H-BEA zeolite. Then, feed gases were terminated and the sample was purged with He for 1 h, at the
same temperature, so as to remove weakly adsorbed NOy species. Finally, a TPD was performed from
30 to 493°C, at a heating rate of 10°C/min. Gas phase results recorded during adsorption are shown in
Figure 6.4.
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Figure 6.4 NO; storage and NO evolution on H-BEA, during NO2/O- adsorption at 30 °C, during 100 min (feed
gas composition: 0.45% NO>, 8% O, and He in balance).

Overall 1.64 mol/kgzcoiite NO2 Were stored on the bare BEA zeolite. Upon 2.5 min of NO,/O; uptake,
zeolite active sites for adsorption started to become saturated. Immediately after this point, a weak NO
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concentration peak arose, which was associated to the well known NO disproportionation [82,95].
NO concentration was maximized at 4.5 min (ca 519 ppm) and then attenuated without becoming
zero, indicating that an equilibrium between NO, adsorption and disproportionation was reached
[250]. The ratio between the amount of NO, consumed and that of NO produced, upon the saturation
point, was estimated equal t0 3 (Nno2_consumed = 1.53 MOIl/KQzeolite, NNo_produced = 0.55 Mol/kgzeoiite), Which
corresponds to the stoichiometry of the reaction 6.6. Nevertheless, it has to be highlighted that the
abovementioned estimation is only approximate, since i) at 30 °C, NO. physisorption may also take
place, leading to an increased nitrogen dioxide uptake and ii) as it going to be discussed later,
interactions between NO and NO, may simultaneously occur, resulting in the formation of additional
adspecies (besides NOs).

3NO, + 1 0,=2N0, + NO reac. 6.6
Adsorbed species formed during NO- adsorption and disproportionation were identified employing
IR spectra, recorded during NO,/O; introduction (Figure 6.5 and Figure 6.6). In analogy with section

6.2.1 and in order to facilitate IR spectroscopic analysis results review, the NOy adspecies as well as
the corresponded IR bands discussed in section 6.2.2.1 are summarized in Table 6.2.

Table 6.2 Summary of NOy adspecies observed during NO; adsorption over the H-BEA lab-synthesized sample.

Adspecies IR band [cm™] References
N2O, N2, NO2* 2175 [87]
N20, [252]
NO* 2133 [87,248]
N2Os 1865 [95,251]
trans-(NO)2 1767 [87]
N2Ox 1743 [251,253]
NO; 1675 [255]
bridging Al based NO3 1653 [87]
bridging Al based NOs 1628 [87,96]
adsorbed H,O 1624 [249]
bidentate Al based NO3z 1592 [87]
chelating nitrite 1517 [87]

Regarding the first 10 min of the adsorption, three negative IR maxima were distinguished in the
OH-region (Figure 6.5 A), centred at 3782, 3745 (including a component at 3741 cm™) and 3665 cm™.
Surface sites corresponding to these IR bands have already been discussed in section 6.2.1. Along with
the latter bands, broad IR maxima appeared at ca 2900 and 2400 cm™, being ascribed to the bending
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and stretching modes of OH respectively [251]. According to Szanyi et al. [251] the shape and the
intensity of these bands reflect the strength of the coordination between the protonated OH groups and
the NO; adsorbed molecule. Comparing results shown in Figure 6.5 A with those obtained upon NHs
adsorption (at 30 °C), earlier discussed in chapter 5, it could be suggested that the interaction of
Bransted sites with NO, was significantly weaker. The weak IR band at 3610 cm™ seems to be in
reasonable agreement with this conclusion.

Simultaneously, several IR bands were observed in the 23100 — 1400 cm™ region, which were
assigned to different NOy adspecies (Figure 6.5 B and Figure 6.6). Focusing on the same time interval
(t =2 - 10 min - Figure 6.5 B), two minutes after the beginning of NO»/O, admission, intense IR
maxima arose at 1653 and 1592 cm™ and were assigned to bridging and bidentate nitrates (NO3")
respectively, as discussed in section 6.2.1. Weak IR bands also appeared at 2133 and 2175 cm™. The
former was attributed to nitrosium ion NO* (see section 6.2.1) whereas the nature of the latter is quite
unclear. Hadjiivanov et al. [87] reported that the 2200-2100 cm™ range is related to several adspecies
including N2O, N2, NO,*, as well as NO*. Elsewhere, it was assigned to N2O4 species [252], combined
with an IR band at 1750 cm™ [96]. Moreover, an IR band of increasing intensity was observed at 1743
cm* and was attributed to N2O. species [251,253]. N.O4 formation is suggested either through NO,
dimerization, or N2O3 oxidation [251]. The latter compound was evidenced via the IR band centred at
1865 cm?, and probably originated from an interaction between NO and NO; [95,251]. The N.O4
dimer has been previously suggested as an intermediate species of the NO; disproportionation process
[90,254] (reaction 6.7).

2NO, = N,0, = NO; + NO* reac. 6.7

Nevertheless, Szanyi et al. [251] and Lobree et al. [253] have proved by means of in-situ IR
spectroscopic measurements over Cu and Fe exchanged ZSM5 catalysts, that N.O. species
(corresponding to the 1743 cm™ IR band) may only be weakly adsorbed on the catalyst surface. The
nature of this dimer is going to be also discussed later.

Increasing exposure time (t > 2 min: Figure 6.5 B and Figure 6.6) the 2133 and 2175 cm™ IR bands,
corresponding to NO adspecies vanished, whereas that related to bridging NOs (1653 cm™*) remeained
almost unchanged. Simultaneously, IR maxima centred at 1675 and 1517 cm™ arose, and were
assigned to weakly adsorbed nitro groups (asymmetric bending mode of NO,) [255] and chelate nitrite
[87] adspecies respectively. Finally, a broad IR band was identified at 1630 cm™, gradually sifting to
1624 cm™. The interpretation of this band is not evident. According to literature a 1628 cm™ IR band
may correspond to bridging Al based NOs [87,96], whereas adsorbed water was related to a band
centred at 1624 cm™ (see section 6.2.1). Apostolescu et al have proposed a sequential mechanism of
NO* conversion to gaseous NO and NOgz", employing surface oxygen and one additional molecule of
gaseous NO; [256]. According to it, initially, nitrosium undergoes oxidation yielding nitrites (reaction
6.8), whereas the latter can be further oxidized by NO; (which apparently constitutes a strong oxidant)
forming gaseous NO and nitrates (reaction 6.9).

NO*" + 0 = NO, reac. 6.8
NO; + NO,,, = NO; + NO, reac. 6.9
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Adding reactions 6.7, 6.8 and 6.9, the reaction 6.6 was found, which is in agreement with the
stoichiometry of consumed NO- and generated NO, discussed above.
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Figure 6.5 Difference IR spectra recorded during NO adsorption over the H-BEA zeolite at: a) t =2 min, b) t =
4 min, ¢) t =6 min, d) t = 8 min, e) t = 10 min. (Injection of a mixture of 0.45% NO, and 8% O diluted in He, at

30 °C, during 100 min).
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Figure 6.6 Difference IR spectra recorded during NO; adsorption over the H-BEA zeolite at: a) 4 min, b) 10
min, ¢) 20 min, d) 40 min, €) 60 min, f) 80 min, g) 100 min. (Injection of a mixture of 0.5% NO; and 8% O,
diluted in He, at 30 °C, during 100 min).

In order to further elucidate the nature of surface sites contributing to NO, adsorption and
disproportionation, normalized intensity profiles of IR maxima observed in the OH (3900 — 2300 cm™)
and ON (2300 — 1400 cm™) region were compared (Figure 6.7). At around 2.5 min, a maximum point
at 2133 and 1653 cm™ was observed, which in excellent agreement with gas phase results (see Figure
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6.4) indicates the occurence of NO, disproportionation, which yielded NO; (1653 cm™) and NO*
(2133 cm). Profiles of the 1653 and 3782 cm™ bands were somehow symmetric, suggesting that
bridging NOs™ was formed on terminal AI-OH, which exhibits Lewis type acidity or basicity. A similar
behavior was identified for the 2133 and 3610 cm™ profiles, which tends to indicate occupation of Si-
OH*-Al Brgnsted sites by NO*, according to the mechanism discussed in section 6.2.1. Finally,
normalized intensities of IR peaks lying at 1592 and 3665 cm™, exhibited relative symmetry, thus it
could be suggested that bidentate NOs™ were formed on extra-framework aluminium.

Overall, the abovementioned results imply that NO: disproportionation occurred employing
framework and/or extra-framework Al (and thus a Lewis acidic site for nitrates formation) and basic
framework oxygen, generated upon interaction of Si-OH*-Al Brgnsted acidic sites with NO. IR studies
of NO+O; adsorption on H-MOR [257] and Na-Y [249], as well as DFT computations of N,O4
disproportionation on alkali exchanged X [93] and Y [258] zeolites somehow validate this conclusion.
However, if we accept the heterolytic chemisorption of NO;, close vicinity between Lewis and
Bransted sites is required. Indeed, Wang et al. have confirmed this conclusion for H-MOR zeolites,
highlighting the existence of attractive interaction between the aluminium coordinated NOs™ and a
neighboring H* cation [257]. Further analysis of such aspects would require additional experimental
analysis (eg. AI-NMR studies for evaluation of the amount of framework and extra-framework
aluminium, as well as DFT computations), which goes beyond the scope of the herein work.
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Figure 6.7 Normalized intensity of the peaks associated with NO, disproportionation. Normalization was
performed at maximum or minimum peak intensity for each of the presented IR bands, according to the
methodology reported elsewhere [95].

Finally, the thermal stability of the abovementioned nitrite and nitrates adspecies was evaluated by
means of the TPD experiment illustrated in Figure 6.8 B). Respective IR spectra are presented in
Figure 6.9. Overall, 1.64 mol/kgzoite NO> were desorbed, in line with the respective amount of
nitrogen dioxide stored during the adsorption phase. Focusing on low temperatures, an intense NO»
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gaseous concentration peak, along with a weak NO peak were observed at around 100 °C. As clearly
shown in Figure 6.9 A, upon the 1 h He purging at 30 °C, the IR peak at 1743 cm™ vanished
completely. Therefore, it can be suggested that the 1743 cm™ is related to weakly sorbed N,Oa. Similar
observations have been reported elsewhere [251,253]. Interestingly, a short desorption delay was
evidenced in both gas and solid phase up to 50 °C, whereas reaching 75 °C, all IR maxima in the ON
region attenuated. Among them, that at 1767 cm (trans-(NO).) disappeared , indicating desorption of
weakly bonded NO. Finally, evacuating the sample at 100 °C, bands located at 1675, and 1518 cm™,
related to nitrites were ceased. Therefore, the NO.-TPD peak at 100 °C was assigned to weakly
adsorbed and/or physisorbed NO,, as well as to NO; deriving from nitrite adspecies. Finally, small
amounts of NO desorbed at the same temperature range were attributed to removal of weakly sorbed
trans-(NO)s..

As far as the high temperature regime is concerned (Figure 6.9 B), only nitrates were observed.
Upon evacuation at 200 °C, the IR maxima at 1653 and 1592 cm™ attenuated significantly, whereas a
band centred at 1628 cm™ almost disappeared. Therefore, it could be concluded that the NO, TPD
peak at around 200 °C was related to NO, mainly deriving from decomposition of Al based NOs’, in
bridging and bidentate coordinations (1653 and 1592 cm™ respectively). Finally, further temperature
increase led to the elimination of bidentate NO3™ at around 210 °C and bridging NO3™ at 300 °C. Thus,
the NO,-TPD shoulder at around 250 °C and the broad desorpion peak observed at T > 300 °C was
assigned to gaseous NO; generated after decomposion of bidentate and bridging NOs™ respectively.
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Figure 6.8 NO; adsorption and TPD on the studied H-BEA: Preadsorption of 0.45% NO; and 8% O in He, for
100 min at 30 °C, followed by 60 min He flushing at the same temperature and TPD up to 490 °C at a heating
rate of 10 °C/min.
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Figure 6.9 Difference IR spectra recorded during NO,-TPD on H-BEA at a) 30 °C at the end of the NO,/O;
injection, b) 30 °C after 1 h He purging, c) 50 °C, d) 75 °C, e) 100 °C, f) 105 °C, g) 110 °C, h) 120 °C, i) 150 °C,
j) 200 °C, k) 250 °C, I) 300 °C.

IR difference spectra recorded at temperature higher than 300 °C (not shown in this work) were not
exploitable. Interestingly, upon this temperature NO, gaseous concentration remains almost stable,
whereas a simultaneous NO breakthrough was observed. Olsson et al. have assigned this phenomenon
to NO; dissociation on Brgnsted sites [145]. Earlier it was shown that NOs™ is formed on framework
and extra-framework Al, Lewis type acidic sites, in vicinity with a Brgnsted type one. Therefore, a
decomposition of NOs™ to NO; and a dissociation of the latter on a neighbouring H* proton could not
be excluded. Moreover, gaseous NO, and NO are in thermodynamic equilibrium within at such high
temperatures, which means that a possible gas phase reaction could be also possible. Nevertheless,
further analysis of such high temperature phenomena is out of the consideration of this work.

6.2.2.2 In-situ IR spectroscopy measurements on Fe-BEA

The effect of iron species of the Fe-BEA on NO. adsorption and desorption was studied through an
additional NO; adsorption and TPD experiment performed on the Fe-exchanged BEA at 30°C, using
the same experimental protocol applied earlier for the H-BEA zeolite (section 6.2.2.1).

Gaseous concentration profiles obtained during NO2/O. adsorption on Fe-BEA are shown in Figure
6.10. 1.44 mol/kgre-eea NO» were stored over the Fe exchanged zeolite. Interestingly, surface
saturation was observed upon ca 4.5 min of NO»/O; introduction, whereas NO started to evolve
already at around 1.8 min, indicating NO- storage and disproportionation. The amount of consumed
NO; and evolved NO, were estimated equal to 1.44 and 0.64 mol/kgr.-sea respectively, suggesting a
stoichiometry of NO; disproportionation according to reaction 6.6.
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Figure 6.10 NO; storage and NO evolution on Fe-BEA, during NO2/O, adsorption at 30 °C, during 100 min
(feed gas composition: 0.43% NO, 8% O, and He in balance).

IR spectra recorded during the NO./O; introduction are presented in Figure 6.11, whereas the
additional NOx adspecies and the respective IR bands observed over the Fe-BEA catalyst are
summarized in Table 6.3.

Table 6.3 Summary of additional NOy adspecies observed during NO. adsorption over the Fe-BEA lab-
synthesized sample.

Adspecies IR band [cm™] References
NO™* included in N2O4 1945 [259]
bridging Fe based NO3 1633 [96,260]

IR maxima corresponding to nitrosyl, nitro/nitrito and nitrato adspecies were detected. Upon 1.5 min
of NO; uptake, distinguishable IR bands at 1652 and 2133 cm?, as well as a shoulder at 2175 cm™
were identified, being attributed to NOs, NO* and N.O4s/NO* (or other species) respectively (as
characterized in section 6.2.2.1). Further increasing exposure duration, besides IR bands characterized
over the H-BEA (1865, 1743 and 1592 cm™) new IR maxima were identified on the Fe-BEA. A weak
band at 1945 cm was attributed to NO* included in N.O4 (NO*NOs") [259], whereas a peak centred at
1633 cm* was assigned to NO3 formed on Fe species [96], possibly extra-framework Fe-Al-O ones
[260]. Moreover, the 1517 cm* band related to NO;™ shifted to 1527 cm™.

Evidence of iron based nitrates corresponding to IR bands at 1633 cm?, tends to validate the fact
that iron contributes to NO; disproportionation. Based on NH3 adsorption experiments, applying in-
situ IR spectroscopy, reported in chapter 5, it was proved that iron species of the studied Fe-BEA
catalyst (mainly Fe®* and Fe binuclear complexes) exhibit Lewis type acidity. Consequently,
molecular NO; adsorption would be promoted by the presence of lowest unoccupied molecular
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orbitals. Moreover, according to IR spectroscopic measurements over the Fe-BEA in vacuum, ca 74%
of H-BEA Brgnsted acidic sites remained on the Fe-BEA catalyst, upon the iron exchange process (see
Figure 4.3 and analysis in section 5.4.2). Therefore, in analogy with the discussion in section 6.2.2.1,
NO. disproportionation on the Fe-BEA could involve formation of NOs™ on iron based, Lewis sites
and NO* on Brgnsted sites. NO, disproportionation through synergy between two metallic centres,
located in vicinity, instead of one metallic site and a Brgnsted one could not be proved in this study,
since the presence of oxygen in the feed resulted in oxidation of the Fe?* ions, where mononitrosyl
[Fe-NOJ?* can be formed. Nevertheless, as explained in section 6.2.1, NO may also weakly interact
with Fe®". Thus, NO, disproportionation on neighboring metallic centers can not be excluded.
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Figure 6.11 Difference IR spectra recorded during NO; adsorption over the Fe-BEA zeolite at: a) t = 1.5 min, b)
t=2min, ¢) t =3 min, d) t=4 min, e) t =5 min, f) t = 7 min, g) t =9 min, h) 10 min, i) 20 min, j) 40 min, k) 60
min, 1) 80 min, m) 100 min. (Injection of a mixture of 0.43% NO and 8% O diluted in He, at 30 °C, during 100
min).

As far as the nature of iron species, being involved in NO adsorption and disproportionation
processes is concerned, monomeric Fe™-O" or Fe™-OH [96,261], as well as Fe-O-Fe binuclear species
[95] have been proposed in the recent literature. Concerning the latter sites, also termed as a-sites, the
work of Dubkov et al. [262] is note worthy. These authors have proved by means of Mdssbauer
spectroscopy that an a-site constitutes a binuclear iron complex composed of two Fe centres, which
could be either oxygen bridged by one single oxygen ion O (a-oxygen) or equally separately
coordinated to one a-0xygen. According to UV-vis spectroscopic measurements over the studied Fe-
BEA sample (chapter 4, Figure 4.4), Fe3* isolated cations, iron binuclear complexes and Fe;Os;
particles were found to coexist on the catalytic surface. Therefore, a contribution of both isolated and
binuclear species can not be excluded.

The thermal stability of the iron based nitrates discussed above was evaluated through the TPD
experiment shown in Figure 6.12. Three desorption peaks were identified, centred at 100, 184 and 400
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°C, as well as gaseous NO evolution upon 220 °C. IR spectra recorded during thermodesorption
enabled interpretation of gaseous concentration signals (Figure 6.13). In line with results shown in
6.2.2.1, the NO- gaseous peak at 100 °C derived from desorption of nitrogen dioxide previously stored
as surface nitrites (1675 and 1527 cm™) and weakly sorbed N,O4 species (1743 cm™). Regarding the
second maximum at 184 °C, it was assigned to weakly coordinated bidentate nitrates (IR band at 1592
cm®). Evacuating the sample at higher temperatures the IR maxima at 1653 and 1633 cm™ attenuated
but did not vanish, indicating that the high temperature NO>-TPD peak at 400 °C was related to
decomposition of strongly coordinated bridging Al- and Fe-based NOjs. In analogy with results
presented in section 6.2.2.1, IR spectra were not exploitable upon heating the Fe-BEA at temperatures
higher than 220 °C. In Figure 6.12 it is clearly illustrated that at this temperature NO started to evolve
in the gas phase, which was attributed to NO; dissociation [263]. Interestingly, the NO evolution on
the Fe-BEA began 80 °C lower compared to the H-BEA, which tends to indicate that NO- dissociation
was catalyzed over the iron sites.
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Figure 6.12 NO, TPD on the studied Fe-BEA, performed from 30 to 493 °C at a heating rate of 10 °C/min:
Preadsorption of 0.43% NO,, 8% O, and He in balance at 30 °C, for 100 min, followed by 1 He flushing at the
same temperature.
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Figure 6.13 Difference IR spectra recorded during NO2-TPD on Fe-BEA at a) 30 °C at the end of the NO2/O;
injection, b) 30 °C after 1 h He purging, c¢) 50 °C, d) 75 °C, ) 100 °C, f) 115 °C, g) 150 °C, h) 170 °C, i) 190 °C,
j) 210 °C, k) 220 °C.

Compiling information obtained from IR spectroscopic measurements over the H- and Fe-BEA lab-
synthesized samples it could be concluded that NO, can be weakly adsorbed and/or physisorbed,
whereas it can be adsorbed on acidic sites forming nitrites. Furthermore, nitrogen dioxide can
chemisorb and disproportionate over framework and extra-framework Al as well as monomeric and
binuclear Fe sites, which are in close vicinity with cationinc OH* Brgnsted acidic sites. Purging the
catalytic samples with He, even at room temperature and/or increasing temperature above ambient,
nitrates can decompose towards NO; and the latter can be released in the gas phase. Finally, at
temperatures higher than 220°C nitrogen dioxide can dissociate to nitrogen monoxide over FAI and
iron sites. These observations are summarized through reactions 6.10 to 6.16.

NOz(g)—I-HO—Si—Z\:‘ NOZ—HO—Si—Z reac. 6.10
NO,, +T,-Z=(NO, -T,)" —=Z (T, =H" and/or Al) reac. 6.11
2N02(g) +O—A|F —Z+2H"-0Z= NQ, —-Al.-Z+ NO"—-Z+HO-H"-Z reac. 6.12

2NO,,, +O—Alg —Z+2H" -0Z= NO, - Al -Z+NO" -Z+HO-H"-Z reac. 6.13

2NO,, +O- Fe* —Z+2H"-0Z=NO,-Fe* ~Z+NO" -Z+HO-H"-Z reac. 6.14

NO,-T,-Z= N02(9)+O—T2—Z (T, =A|F,A|EF.F93+) reac. 6.15
NO,-T,-Z= NO(g) +0-T,-Z (T3 :AIF,FeB**) reac. 6.16
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6.2.3 NO oxidation on Fe-BEA

Finally, NO oxidation over the Fe-BEA catalyst was studied through a stepwise TPD experiment
(STPD). The catalyst was continuously exposed to a mixture of around 1100 ppm NO and 2% O,
diluted in He. Reactor temperature was increased in steps, from 100 to 480 °C, maintaining the
catalyst under steady state conditions at each temperature step (see experimental details in section
4.3.2). Gaseous phase results are illustrated in Figure 6.14. Nitrogen monoxide oxidation became
evident already at 100 °C and a maximum conversion of around 37% was reached at 400 °C. At higher
temperatures, the thermodynamic equilibrium shifted towards NO, and NO concentration was
stabilized again at 1100 ppm.

IR spectra recorded during the NO oxidation experiment are presented in Figure 6.15. Concerning
the initial isothermal period at 100 °C (At = 0 — 60 min), [Fe-NOJ]?* mononitrosyls (1872 cm™),
bridging Fe based and monodentate NO3 (1635 and 1580 cm™ respectively) as well as N2Os (1760 cm
1) were identified (sections 6.2.1 and 6.2.2). Surprisingly, NO*, which was previously evidenced at
2133 cm during NO adsorption (section 6.2.1), was not observed. This could indicate either that the
nitrosium ion is unstable at this temperature regime, or that significant interactions between O and
Brensted acidic sites took place, inhibiting NO adsorption on cationic OH".

Upon 20 min of NO/O, admission, surface concentration of mononitrosyls started to attenuate and
finally the species disappeared after 40 min. Simultaneously, NO, evolved in the gas phase somehow
indicating that NO oxidation initially occurred over iron sites. Evacuating the sample at higher
temperatures (Figure 6.15 B) intensities of IR maxima at 1635 and 1580 cm™ decreased, whereas upon
200 °C, recorded IR spectra were no more exploitable. Therefore, it could be concluded that at this
temperature range decomposition of NO3 adspecies formed on Al contributed to the NO, gaseous
evolution.
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Figure 6.14 A) Gaseous NOy concentrations recorded during NO oxidation experiment, B) NO oxidation yield
(Injection of a mixture of 1100 ppm NO and 2% O, diluted in He and stepwise TPD from 100 to 480 °C).
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Figure 6.15 Difference IR spectra recorded during the NO oxidation experiment. A) Spectra recorded at a) 1
min, b) 2 min, ¢) 5 min, d) 10 min, e) 20 min, f) 40 min and g) 60 min, B) Spectra recorded at a) 100 °C, b) 145
°C, ¢) 155 °C and d) 200 °C.

Delahay et al. [74] and Panov et al. [264] proposed a sequential reaction mechanism including
interaction of the Fe?* ion with O, yielding Fe**~O- and reaction of the latter with NO towards Fe®"—
ONO'. The abovementioned mechanism somehow explains the experimental results over the studied
Fe-BEA catalyst, since the first 20 min of NO/O; adsorption were essential so as the catalyst could be
oxidized or saturated with oxygen before the oxidation of NO becoming evidence. Therefore, the
following redox cycle could be assumed:

0, +2Fe* = 2Fe* -0 reac. 6.17
NO, +Fe* -0 = (Fe— ONO)* reac. 6.18
(Fe—ONO)* = Fe*" + NO, reac. 6.19

6.3 Kinetic model for NOx storage and NO oxidation on Fe-BEA
6.3.1 Multi-site kinetic model development

Compiling information obtained through IR spectroscopic measurements, presented in section 6.2 a
multi-site kinetic model for NOy adsorption/desorption and NO oxidation was developed.

Regarding nitrogen monoxide adsorption and desorption, only minor quantities were stored over the
studied Fe-BEA sample. Therefore, in order to keep the model as simple as possible, NO adsorption
and desorption were not modeled. On the other hand, exposure of the H- and Fe-BEA samples to
nitrogen dioxide led to a significant NO, uptake, followed by disproportionation yielding nitrites,
nitrates and nitrosium ions. Therefore, NO, adsorption, desorption and disproportionation were
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modeled in details. Based on the IR band centred at 1743 cm™, corresponding to weakly adsorbed
N204, one site for weak NO; adsorption and/or physisorption named Sla, was included. Moreover, in
order to depict formation of NO, (IR maxima at 1653 and 1518 cm™), a second site, annotated S1b
was considered, which was assigned to Brgnsted sites. This assumption seemed to be in consistency
with the fact that nitrites are generated through oxidation of NO*, bonded on Brgnsted sites (reaction
6.1 - section 6.2.1). The differentiation between NO; species from NO, weakly adsorbed and/or
physisorbed (even though they both exhibit low thermal stability) was judged to be essential, since the
former have a crucial role to low temperature SCR. On the other hand weakly adsorbed and/or
physisorbed NO. can only indirectly affect catalyst reduction activity through desorption and
readsorption on redox sites.

Modeling of nitrate adspecies formation through NO, disproportionation was more complicated.
According to spectroscopic measurements over the H-BEA zeolite (section 6.2.2.1), the
disproportionation process requires a Lewis and a Brgnsted acidic site in close vicinity. Moreover,
nitrates can be coordinated in bidentate and bridging configurations involving framework and extra-
framework aluminium, exhibiting different thermal stability. Therefore, two sites named S2 and S3
were taken into consideration and were attributed to extra-framework and framework aluminium
atoms, located in proximity to cationic OH*. Regarding NO; adsorption and disproportionation over
Fe-BEA (section 6.2.2.2), monomeric iron cations as well as binuclear Fe species could contribute to
NO- adsorption and disproportionation. Moreover, NO, disproportionation over a pair of two iron sites
besides that occurring through synergy between an iron and a Brensted site could not be ruled out.
Nevertheless, since only one type of iron based nitrate was evidenced through IR spectroscopy (1633
cm?) and in order to keep the multi-site kinetic model as simple as possible, a single Fe site, named S4
was considered. This site was related either to a pair of metallic sites or to a pair of a metallic site and
a Bransted type one.

Regarding reactions mechanisms, an initial NO. adsorption and a subsequent NO:
disproportionation were considered according to reactions 6.20 and 6.21:

NO, ...~ NO, . reac. 6.20

2N02_ads‘=\ Nos_ads+ N()(g) reac. 6.21

Both reactions were modeled on S2, S3 and S4 sites in order to depict formation of i) bidentate NOs
on extra-framework Al (S2 sites), ii) bridging NO3z on framework Al and iii) bridging NOs on Fe sites,
monomeric and/or binuclear ones (S4 sites). Reaction 6.21 implies that nitrates can be decomposed to
NO; when interacting with gaseous NO. Nevertheless, according to the TPD experiment presented in
the previous section, NOz was directly decomposed to NO. in the presence of He, without
involvement of gaseous nitrogen monoxide. Therefore, in line with the approach of Olsson et al. [145],
a reversible NOsz  decomposition step was taken into account, yielding surface NO, and monatomic
oygen (reaction 6.22). Adding reactions 6.21 and 6.22, reaction 6.6 is found.

NOZ_ads + Oads = NO3_ads reac. 6.22

Since surface oxygen is required in reaction 6.22, O, adsopriton and desorption were modeled on
S2, S3, and S4 sites. Moreover, in order to account for the formation of monatomic oxygen species, O>
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dissociation over these sites was additionally considered. This modeling approach has been also
reported elsewhere [141,145]. O, adsorption/desorption over Sla and Slb sites was purposely not
considered, because oxygen does not react with NO, on them (even though it could competitively co-
adsorb) and the detailed kinetic modeling of O- is out of the scope of the herein study. The multi-site
kinetic model for O, adsorption/desorption and dissociation/recombination is illustrated in Table 6.4,
whereas that for NO; adsorption/desorption and disproportionation/recombination in Table 6.5.

Table 6.4 Multi-site kinetic model for O, storage on Fe-BEA.

O adsorption on S2 sites* 0,+S2=0,-82
O adsorption on S3 sites? 0,+S3+=0,-S3
O, dissociation on S2 sites* 0,-S2+S2+=20-S2
O, dissociation on S3 sites? 0,-S3+S3+=20-S3
O, adsorption on S4 iron based sites® 0,+4+=0,-%4
O, dissociation on S4 iron based sites® 0,-4+H4—=20-A

1: 32 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bidentate NO3™ can be
formed, 2. S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bridging
NO; can be formed, 2: S4 sites represent a pair of an isolated or binuclear iron site in the Fe®* state and a Si-
OH*-Al Brgnsted and/or a second metallic one.

Table 6.5 Kinetic model for NO; storage and disproportionation on Fe-BEA.

NO, weak adsorption on Sia sites NO, +Sla = NO, —Sla

NO; formation on S1b Brgnsted sites NO, +S1b = NO, —-Sl1b

NO; adsorption on S2 sites* NO, +S2 = NO, —S2

NO; adsorption on S3 sites? NO, +S3 = NO, -S3

NO; adsorption on S4 sites® NO, +$4 = NO, -4

NO, disproportionation on S2 sites* 2NO, —S2 == NO, —S2 + NO;, +S2

NO,-S2+0-S2 = NO,-S2 +S2
NO, disproportionation on S3 sites? 2NO, —S3 = NO, -S3 + NO, +S3

NO, —S3+0—S3 = NO, —S3+S3
NO; disproportionation on S4 sites® 2NO, -4 = NO,; -4 + NO, +4

NO,-$4+0-SA= NO,-HA+HA

1. S2 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bidentate NO3™ can be
formed, 2: S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bridging
NOs can be formed, 3: S4 sites represent a pair of an isolated or binuclear iron site in the Fe3* state and a Si-
OH*-Al Brgnsted and/or a second metallic one.
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Finally, regarding NO/O, adsorption on Fe-BEA, based on IR spectroscopic measurements, Al
based acidic and Fe**-O sites were evidenced to be active for nitrogen monoxide oxidation. Regarding
acidic sites, bridging nitrates (1635 cm™) were identified, which according to the proposed multi-site
kinetic model, are formed on the S3 site. On the other hand, nitrogen monoxide reaction with oxygen
occurred over oxidized isolated or binuclear iron species, which correspond to the S4 site. Therefore,
NO oxidation was considered over the S3 and S4 sites (Table 6.6). At temperatures higher than 400
°C, the thermodynamic equilibrium shifted towards NO, and consumption of NO was hindered
(Figure 6.14 A). Moreover, during the presented NO»-TPD experiments over the H- and the Fe-BEA
and at temperatures higher than 310 and 220 °C respectively NO evolution was evidenced, due to NO;
decomposition. Thus, a reversible reaction step was taken into account, corresponding to NO;
dissociation.

Table 6.6 Multi-site kinetic model for NO oxidation.

NO oxidation on S3 sites* NO, +0O0—-S3+ NO, -S3

NO oxidation on S4 sites? NO, +O0—-$4 = NO, -4

1. S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, 2: S4 sites represent a pair of
an isolated or binuclear iron site in the Fe®* state and a Si-OH*-Al Bransted and/or a second metallic one.

Respective reaction rate expressions were formulated based on the power rate law and are
summarized in Table 6.7. Regarding O, and NO; adsorption rate constants, typical Arrhenius
equations were employed. The respective rate constant for NO, desorption was expressed on the basis
of a Temkin type equation, in analogy with the desorption rate expressions applied for NHs3 (see
chapters 2 and 5). Finally, the remaining reaction rates were formulated according to the respective
expressions applied in the kinetic model of Olsson et al. [145].
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Table 6.7 Reaction rate expressions used for reactions of the multi-site kinetic model.

Reaction Reaction rate expression

E.
Rj_Oz_ads = Aj_Oz_ads 'exp(_ JF\;L-I:EKBJ 'COZ ’ (1_‘9i,j)

0,+Sj=0,-5

E, des
Rj_Oz_des = Aj_Oz_des ’ exp(_ %J : 1goz,j

Ri o, diss = A o, giss " EXP

]

0,-Sj+Sj = 20-Sj (

E' iss

S

Rj_Oz_rec = A-_Oz_rec ’ exp[_

]

Ej_Oz_rec (1 a] 0, _rec l90,]) ‘192
R-T,

0.j

E; ads
. . Rj_NOZ_ads j NO,_ads eXp( 112 dj NO, '(1_‘9i,j)
NO, +§ = NO, -§
E. o - , des "9 2,-)
Rj_NOZ_des j NO, _des exp( 1N R. .i.NO : ~or] J"gNozj
E.
R' is ) is exp( 1N dISPJ ‘92
INO, —§j = i_NO, _disp ~ , NO, _disp NO;, j
NO,-Sj+ NO, +§j
3 J @ J R. — eXp EJ NO, _rec (1 a] NO, _rec ‘9NO3,j) .
j_NO, _rec _NO, _rec R. Ts

19No3,j 'CNo '(1_19i,j)

E.
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NOZ_SJ.._'_O._Sj‘:\ R; NO. dec:A_ NO, _dec " EXP _Ej_NO3_dec'(1_aj_NO3_dec"9NO3,j) .
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NO,, +0O-Sj = (
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NO, —-§j i_No_ox = A_No_ox " EXP _J_—_j'(CNO “Hho, i)

R-T,

Stavros A. Skarlis — PhD thesis 137

© 2014 Tous droits réservés. doc.univ-lille1.fr



Theése de Stavros A. Skarlis, Lille 1, 2013

6.3.2 Simulation of NO> adsorption and desorption experiments

6.3.2.1 Simulation of experiments over the lab-synthesized H- and Fe-BEA
samples

The proposed multi-site kinetic model was initially used for simulation of the NO; adsorption and
TPD experiments over the studied H- and Fe-BEA samples, presented in sections 6.2.2.1 and 6.2.2.2
respectively. These experiments were performed using the single wafer laboratory reactor, hence the
respective single wafer reactor model was applied for simulation purposes. Special care was taken for
determining model kinetic parameters. A detailed description of kinetics calibration is presented in
Appendix B (see Table B.1to Table B.7).

Regarding NO,/O; storage and release over H-BEA, simulation results are illustrated in Figure 6.16.
Overall, the proposed multi-site kinetic model reproduced the tendency of the experimental curves
during both the adsorption and TPD phases.
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Figure 6.16 Simulation of NO,/O, adsorption and TPD experiments over the H-BEA studied sample.
Preadsorption of 0.45% NO-, 8% O, and He in balance at 30 °C for 100 min, followed by 60 min He flushing
and TPD up to 493 °C under He at heating rate of 10 °C/min.

Considering the first 100 min, NO, adsorption and disproportionation, as well as NO evolution,
according to reactions 6.20 to 6.22 were simulated, resulting in a relatively acceptable fitting of the
experimental curves (Figure 6.16 A). Nevertheless, computed nitrogen monoxide maximum
concentration originating from NO; disproportionation was underestimated. Furthermore, the NO;
simulated concentration signal was stabilized to the injected concentration of 0.45% nitrogen dioxide
at around 17 min upon surface saturation, whereas the respective experimental one after 80 min. These
discripancies could be attributed to several reasons. First of all, the proposed kinetic model accounted
only for a two step mechanism including NO; adsorption and a subsequent disproportionation,
whereas interactions between NO and NO; (eg. formation of N,Osz and subsequent oxidation of the
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latter towards N.O4) were not taken into consideration for simplicity purposes. Moreover, reviewing
the sources according to which kinetic parameters were obtained (see Appendix B) it seems that the
set of kinetic parameters proposed in this work were mainly validated for NO. adsorption experiments
performed at higher temperatures. Finally, limitations of the single wafer reactor model can not be
ruled out, since the latter was modeled as a 0D continuous stirred reactor (see also chapter 2 / section
2.2). As far as the TPD phase is concerned, three distinguishable desorption peaks, centred at around
100, 220 and 370 °C were correctly simulated, whereas at temperatures higher than 310 °C, NO
evolution due to NO; dissociation (backward step of reaction 6.18) was satisfactorily depicted. Before
simulating the TPD experiment, the contribution of each model site was simulated separately (Figure
6.17). In accordance with the IR spectroscopy measurements presented in section 6.2.2.1, weakly
adsorbed NO, on Sla sites and nitrites on S1b Brgnsted acidic sites were responsible for the low
temperature NO.-TPD peak centred at around 100 °C. As shown in Table B.3 (Appendix B),
activation energies of NO, desorption from Sla and S1b sites were calibrated to 77 and 82 kJ/mol
respectively, which in line with IR spectral features presented in section 6.2.2, indicates that weakly
adsorbed NO; as well as nitrites exhibit low thermal stability. On the other hand NO. originating from
NOs; decomposition over S2 and S3 sites reproduced the respective thermodesorption peaks lying at
220 and 380 °C. As explained earlier, these peaks correspond to bidentate (1592 cm™ IR band) and
bridging (1653 cm™ IR band) nitrates coordinated to extra-framework and framework Al respectively.
Activation energies for NOs; decomposition and subsequent NO- desorption on S2 sites were calibrated
to quite lower values compared to those corresponding to the S3 site (see Table B.3 and Table B.5 in
Appendix B). The proposed calibration seems to reflect the different thermal stability of the bidentate
and bridging nitrates, in relatively good agreement with the spectroscopic analysis presented in section
6.2.2.
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Figure 6.17 Contribution of each model site during the NO,-TPD experiment over the lab-synthesized H-BEA
zeolite: Preadsorption of 0.45% NO2, 8% O and He in balance at 30 °C for 100 min, followed by 1 h He purge
at the same temeperature and a TPD up to 493 °C, under He at heating rate of 10 °C/min.
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Comparison between simulation and experimental results of NO,/O; storage and release over the Fe-
BEA sample are presented in Figure 6.18. Similarly, the multi-site kinetic model and the proposed
kinetics calibration gave rise to relatively satisfactory simulations, which depicted the tendency of the
experimental curves. In the case of the iron exchanged catalyst, NO evolution upon surface saturation
with NO2/O, was somehow correctly simulated, due to the additional contribution of the metallic S4
site. Furthermore, focusing on the TPD experiment, the multi-site kinetic model succeeded in
simulating gaseous NO- evolution originating from the decomposition of nitrites as well as Al and Fe
based nitrates, in line with experimental results obtained from IR spectroscopic measurements,
presented in section 6.2.2.2. Examining kinetic parameters presented in Table B.1 to Table B.6
(Appendix B) it seems that the reactions kinetics on the S4 metallic sites exhibit similarities compared
to the ones corresponding to the S3 site, where bridging Al based NO; can be formed. This is
somehow in accordance with the IR spectra presented in Figure 6.13, which show that both Al and Fe
based bridging NOs adspecies are characterised by significant thermal stability.

Finally, NO- dissociation was predicted at temperatures higher than 200 °C. However, a significant
deviation between computed and experimental NO gaseous profiles was observed within the range of
100 — 310 °C, where the multi-site kinetic model overestimated the nitrogen monoxide concentration
signal. It is speculated that the fact that the NO adsorption/desorption over metallic sites (Fe?*) was not
modeled may be responsible for this discrepancy. Nevertheless, as mentioned in section 6.2.1, overall
NO uptake over the studied Fe-BEA was limited and thus in order to keep model complexity at
reasonable extends, the NO storage was not modeled.
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Figure 6.18 Simulation of NO,/O, adsorption and TPD experiments over the Fe-BEA studied sample.
Preadsorption of 0.43% NO,, 8% O, and He in balance at 30 °C for 100 min, followed by 60 min He flushing
and TPD up to 493 °C at heating rate of 10 °C/min.

So far, the proposed kinetic model for NO, storage and NO oxidation was evaluated with respect to
NOx gaseous profiles simulation. Taking a further step, model capability to reproduce the evolution of
surface species was also tested. Therefore, an additional NO, adsorption and TPD experiment was
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performed over the Fe-BEA lab-synthesiszed catalyst. Focusing on Al and Fe based NOs adspecies
concentrations and in order to avoid low temperature weak adsorption and/or physisorption, 0.35%
NO., 8% O, and He in balance were preadsorbed at 150 °C for 100 min. Then, oxygen and nitrogen
dioxide were removed from the feed and the catalyst was flushed with He for 1 h at the same
temperature. Finally, a TPD was performed up to 480 °C under He, at a heating rate of 10 °C/min.
Comparison between experimental and simulation gas phase results is shown in Figure 6.19. Overall,
the proposed kinetic model and the respective set of kinetic parameters allowed to obtain a relatively
correct fitting of the NO and NO; gaseous experimental profiles. During NO,/O; adsorption, a
nitrogen dioxide uptake of 2.05 mol/kgre-sea followed by a generation of 0.76 mol/Kgre-sea nitrogen
monoxide were estimated, which verified the stoichiometry of reaction 6.6. In this case, the proposed
kinetic model simulated correctly the NO evolution, which somehow tends to prove that the proposed
kinetics are valid for experiments performed at temperatures higher than ambient. Regarding the TPD
phase, since this thermodesorption was launched at 150 °C and according to the analysis presented in
Figure 6.17, Sla and S1b sites did not contribute to the NO- released. Overall, the model succeded in
capturing the tendency of the experimental curves, whereas significant discripancies were evidenced.
The latter, could be attributed to either experiment reproducibilty issues and/or limitations of the 0D
single wafer reactor model.
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Figure 6.19 NO; adsorption and TPD on the lab-synthesized Fe-BEA: Preadsorption of 0.35% NO; and 8% O,
in He, for 100 min at 30 °C, followed by 60 min He flushing at the same temperature and TPD up to 482 °C at a
heating rate of 10 °C/min.

Respective simulated profiles of adspecies formed over the S2, S3 and S4 sites are illustrated in
Figure 6.20 A to C (simulated curves are computed by eq. 2.28, upon calculating respective reaction
rates). Focusing on the adsorption phase, all sites had become initially saturated with nitrogen dioxide,
before nitrates formation took place, due to NO; disproportionation. The latter, is in excellent
agreement with the spectroscopic analysis presented in section 6.2.2, showing the interest of the
followed methodology. On the other hand, when NO, and O, were removed from the feed and the
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catalyst was purged with He, nitrates removal was simulated over the S2 site, whereas NO3
concentration was slightly increased over S3 and S4 sites. Finally, regarding the TPD experiment, NO3
formed on S2 and S3 and S4 sites started to decompose at around 185 and 250 °C respectively and
gaseous NO was simulated (as shown in Figure 6.19), which is also in agreement with the analysis
reported in section 2.2.2. Interestingly, at 230 °C atomic oxygen was produced over S3 and S4 sites,
due to NO; dissociation (reactions presented in Table 6.6).

In situ IR spectroscopy was also employed during this NO, adsorption and TPD experiment (IR
spectra are not shown). Therefore, for comparison purposes, IR bands, centred at 1653, 1633 and 1591
cm, corresponded to NOs bonded to FAI, EfAl and Fe, were normalized (as explained in section
6.2.2.1). The respective profiles are illustrated in Figure 6.20 D. Concerning the NO; adsorption phase
(t = 0 — 100 min), bridging NO3 on FAI were almost immediately generated upon nitrogen dioxide
introduction (t = 1.8 min), whereas nitrates on EfAl and iron were formed at a significantly slower
rate. Subsequently, during the isothermal He flushing period, fraction of the preadsorped NOs; was
removed from the discussed catalytic positions. Finally, decomposition of NO3 adspecies during the
TPD phase was initiated at around 170 and 190 °C over FAI and EfAl and Fe respectively. As
explained in section 6.2.2.2, IR spectra recorded at temperatures higher than 220 °C were not
exploitable and hence it was difficult to conclude at which temperature surface nitrates were
completely removed.

Comparing simulated and experiemental NOs adspecies concentration profiles, it seems that the
proposed kinetic model accounted for nitrogen dioxide adsorption and disproportionation, as well as
nitrates decomposition and NO, desorption and dissociation, which resulted in a relatively correct
simulation of gaseous NOx profiles. Nevertheless, even though surface phenomena were depicted, the
dynamics of adspecies evolution could not be sufficiently reproduced, whereas the nitrates removal
during the He flushing phase was only simulated over the S2 sites. Two main reasons were speculated
regarding these discrepancies: i) the kinetic parameters calibration and ii) the fact that the proposed
reactions mechanism was quite simple and thus a more detailed scheme was required, which could
include more reactions and more intermediate species. Nevertheless, such aspects should be further
investigated through micro-kinetics analysis and thus go beyond the scope of the present work.
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Figure 6.20 Simulated profiles of adspecies formed over the A) S2, B) S3 and C) S4 sites during a NO-
adsorption and TPD experiment performed at 150 °C over the lab-synthesized Fe-BEA catalyst. D) Normalized
intensities of IR peaks associated with Al and Fe based NO; adspecies (normalization was performed at
maximum or minimum peak intensity for each of the presented IR bands).

6.3.2.2 Simulation of experiments over a commercial Fe-BEA catalyst

In order to further evaluate the multi-site kinetic modelling approach consistency, additional NO,
storage/release experiments, reported by Colombo et al. [94] were simulated. Two NO- adsorption and
TPD experiments were performed over a commercial, oxidized Fe-BEA catalyst (Si/Al = 24, Fe/Al =
1.5) in the absence and the presence of oxygen. A fixed bed reactor was used in both test cases and a
detailed description of the respective reactor model is given in section 2.2.

During the first test case, 1000 ppm NOg, diluted in He were preadsorbed at 200 °C, for 500 min,
followed by a TPD up to 500 °C, at a heating rate of 10 °C/min. The same protocol was applied for the
second experiment. However, in this case, the Fe-BEA catalyst was exposed to a mixture of 2000 ppm
NOz, 2% O,, and He in balance. Experimental and simulation NOy gas phase signals are illustrated in
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Figure 6.21 A, B and C, D respectively. For simulation purposes, the multi-site kinetic model had to
be recalibrated in order to correctly depict experimental curves. A single set of kinetic parameters,
shown in Table B.8 to Table B.14 of Appendix B, was used for simulating both experiments. The need
to recalibrate kinetics was somehow reasonable for two reasons. First of all, the Si/Al of the
commercial sample was higher compared to the lab-synthesized Fe-BEA and thus a lower amount of
Al was included. As discussed in section 6.2.2, the distribution of framework and extra-framework
aluminium is crucial for NO; disproportionation, since Al constitutes the active sites where nitrates are
formed. Moreover, the synthesis method (including catalyst post-treatment: eg. calcincation) is not
mentioned and thus a conclusion related to the nature of iron species, as well as the state of the zeolite
can not be safely drawn.

Concerning the adsorption phase (Figure 6.21 A and C) nitrogen dioxide adsorption and
disproportionation were observed during both experiments, leading to NO evolution. According to
experimental analysis reported by Colombo et al. [94], the ratio between consumed NO; and evolved
NO was around 0.38 - 0.45, which seems to validate experimental results obtained over the lab-
synthesized Fe-BEA catalyst (section 6.2.2.2). Computational results were in relatively good
agreement with experimental ones, since the recalibrated multi-site kinetic model depicted
satisfactorily NO; adsorption and surface saturation as well as NO production. Interestingly, the model
succeeded in simulating nitrogen monoxide production quite precisely, which tends to further validate
the fact that proposed kinetic parameters might be suitable mainly for NO, adsorption experiments
performed at this temperature range (200 °C). Furthermore, it has to be pointed out that competitive
adsorption between NO, and O, was correctly taken into account. Indeed, in the NO2/He adsorption
case, a maximum NO concentration of 409 ppm was simulated, whereas for the NO»/O,/He adsorption
experiment a NO maximum of ca 315 ppm was computed.

As far as the TPD phase is concerned (Figure 6.21 B and D), a distinguishable NOy desorption peak
centred at 310 °C, as well as a shoulder lying within the temperature range of 350 — 450 °C were
observed. Treating the catalyst in oxidizing and reducing atmosphere, Colombo et al. [94] observed
changes in the former desorption peak, whereas the high temperature shoulder remained unchanged.
This somehow suggests that the 310 and 400 °C NOx-TPD peaks are related to decomposition of
nitrates previously being formed on metallic and zeolitic acidic sites respectively. According to IR
spectroscopic measurements obtained over the Fe-BEA lab-synthesized sample (section 6.2.2.2) it
could be speculated that the latter could be assigned to decomposition of bridging NO3 coordinated on
framework aluminium. Considering this analysis, S4 and S3 model sites simulated NO,-TPD peaks at
310 and 400 °C respectively, highlighting the contribution of Fe and the zeolitic support of the
commercial Fe-BEA catalyst for NO, adsorption/desorption and disproportionation reactions.
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Figure 6.21 Simulation of NO, adsorption and TPD experiment over a commercial Fe-BEA catalyst, reported by
Colombo et al. [94]. Preadsorption of 1000 ppm NO- diluted in He and 1000 ppm NO, 2% O, and He in balance
at 200 °C for 500 s (Figures A and C), followed by a TPD performed from 200 to 500 °C, at 10 °C/min under He
(Figures B and D).

Interestingly, for the experimental case where NO2/O./He were preadsorbed, the TPD peak at 310
°C attenuated from 200 to 173 ppm, which was not predicted by the kinetic model. Two reasons could
be speculated for this discrepancy: a) experiment reproducibility issues, since the difference between
the maximum NOx concentration is less than 30 ppm and/or b) the simulation of compensating
reactions. Regarding the latter, the model succeeded in simulating competitive adsorption between
NO; and O, which could lead to a lower nitrogen dioxide uptake. The latter, may subsequently result
in formation of a lower NO; quantity (reactions 6.20 and 6.21). Nevertheless, when oxygen coexist in
the feed, reaction 6.22 is also activated, which could increase the amount of stored nitrate adspecies.
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Figure 6.22 Sensitivity of NOx outlet concentration with respect to pre-exponentials of reactions over the S4
metallic sites. Violet bars correspond to NO maximum outlet concentration during NO: disproportionation,
whereas green ones to NO. oultet concentration at 310 °C.

In order to further understand the predominant reaction pathways for nitrates formation, a kinetic
parameters sensitivity analysis with respect to the S4 site was performed for the abovementioned
NO,/O; adsorption and TPD experiment over the commercial Fe-BEA. As clearly shown in Figure
6.22 oxygen adsorption and dissociation as well as nitrogen dioxide disproportionation are the most
important pathways, which control NO production upon surface saturation with NO2/O;. As
previously explained, nitrogen monoxide evolution following NO; adsorption and disproportionation
is hindered when O is in the feed, due to NO./O, competitive adsorption. On the other hand, NOx
release at 310 °C, related to decomposition of Fe based NOs is reasonably governed by nitrogen
dioxide adsorption and subsequent disproportionation (reactions 6.20 and 6.21). As it was suggested,
when the Fe-BEA is exposed to a NO2/O, mixture the reaction 6.22 is also activated, leading to the
formation of additional amounts of nitrates. Therefore, the abovementioned assumption for
compensating reaction pathways seems to be validated.

6.3.3 Simulation of NO oxidation experiments

The proposed multi-site kinetic model was subsequently used for simulating NO oxidation
experiments. The NO/O, STPD experiment performed over the lab-synthesized Fe-BEA catalyst
(section 6.2.3) was simulated first, applying the single wafer reactor model. Kinetic parameters used
were the same with those applied for simulating the NO»/O, TPD experiment over the same catalytic
sample (Appendix B / Table B.1 to Table B.7), without any modification. Computed results, shown in
Figure 6.23 seem to follow the tendency of the experimental curves, especially within the 250 — 400
°C range. Interestingly, the multi-site kinetic model did not succeed to depict NO oxidation at
temperatures lower than 200 °C. Olsson et al. [145] similarly observed low temperature nitrogen
monoxide oxidation over a Cu-ZSM5 (SiOx/Al,O3 = 27, 2.03 wt.% Cu). These authors suggested NO
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oxidation over non acidic sites and subsequently modeled the abovementioned phenomenon, which
allowed to obtain satisfactory simulation results. Nevertheless, according to IR spectroscopic
measurements over the lab-synthesized Fe-BEA catalyst, presented in section 6.2.3, only metallic and
acidic sites were evidenced to contribute to NO oxidation. Moreover, the reaction was initially active
over Fe sites at temperatures as low as 100 °C. Thus, it was supposed that there is more than one type
of iron sites contributing to NO oxidation. Results of UV-vis spectroscopy, shown in chapter 4 tend to
support this assumption, since isolated as well as binuclear iron species are included in the lab-
synthesized Fe-BEA catalyst. However, in order to keep model complexity in reasonable extents it
was decided to account for a single global Fe model site. Finally, it has to be highlighted that for
temperatures higher than 400 °C, NO concentration increased, converging to 1100 ppm, in accordance
with the NO2/NO thermodynamic equilibrium discussed in section 6.2.3. An overestimation of
nitrogen monoxide computed concentration signal could be assigned to the fact that NO
adsorption/desorption modeling was neglected in the proposed multi-site kinetic model.
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Figure 6.23 Simulation of a NO/O, STPD experiment over the Fe-BEA studied sample. Continuous injection of
2 0.11% NO and 2% O, mixture diluted in He.

Two additional NO/O, STPD experiments performed over a H- and a Fe-BEA samples, reported by
Shwan et al. [140] were simulated in order to validate the consistency of the multi-site Kinetic
modeling approach for NO oxidation. A H-BEA zeolite (Si/Al = 38) and a 1wt.% Fe-BEA catalyst,
loaded on a monolith reactor were exposed to a mixture of 400 ppm NO, 8% O; and 5% H,0, with Ar
in balance, whereas temperature was stepwisely increased from 150 to 500 °C. Comparison between
simulation and experimental results is illustrated in Figure 6.24. For the simulation presented in Figure
6.24, the monolith reactor model was applied, whereas kinetic parameters previously applied for the
lab-synthesized H- and Fe-BEA samples (Table B.1 to Table B.6) were used. Only the oxygen
desorption activation energy over S4 metallic sites had to be calibrated to 40 instead of 48 kJ/mol in
order to correctly fit experimental curves. The H-BEA reported by Shwan et al. [140] has similar Al
content, compared to the respective lab-synthesized BEA zeolite studied in the herein study, whereas
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wet ion exchange was the method used for synthesizing the Fe-BEA catalyst in both cases. These
observations may explain why in this case similar kinetics could be applied.

Overall, simulation results are in relative agreement with experimental ones, indicating that the
proposed set of kinetic parameters could constitute a quite reliable data base for the kinetic modeling
of NOx adsorption and NO oxidation over H- and Fe-BEA with similar structural properties. Results
clearly prove the contribution of acidic and metallic sites to NO oxidation, in line with IR
spectroscopic measurement presented in 6.2.3. Again, the NO gaseous concentration signal was
overestimated for temperatures higher than 400 °C, for the reasons explained above.
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Figure 6.24 Simulation of a NO/O, STPD experiment over a A) H- and a B) Fe-BEA sample, reported by
Shwan et al. [140]. Continuous injection of a mixture of a 400 ppm NO, 8% O; and 5% H>O mixture diluted in
Ar.

6.4 Conclusions

A throughout IR spectroscopy study over H- and Fe-BEA lab-synthesized samples was performed in
order to develop a multi-site kinetic model for NOy storage and NO oxidation over iron exchanged
BEA catalysts. Analysis of NO adsorption/desorption experiments proved that only minor amounts of
nitrogen monoxide were admitted on monomeric Fe?, cationic OH* and extra-framework Al-OH sites.
On the other hand, nitrites, nitrates, as well as gaseous NO evolution were observed upon NO,/O;
adsorption, being related to nitrogen dioxide disproportionation. The latter reaction yielded nitrosium
ions as well as nitrates on cationic OH* and Al and Fe respectively, which implied synergy of these
sites located in neighbouring positions. Nitrites, as well as weakly adsorbed and/or physisorbed NO-
were the predominant surface species at temperatures up to 100 °C, whereas NO3z were found to be
stable at higher ones. Three different types of nitrate adspecies were identified, including bidentate and
bridging NO3 coordinated on extra-framework and framework Al respectively, as well as bridging
nitrates formed on oxidized monomeric and/or binuclear iron sites. Bidentate nitrates were thermally
stable at temperatures as high as 250 °C, whereas at higher ones, bridging Al and Fe based NO3z were
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only evidenced. Finally, as far as NO oxidation is concerned, zeolitic aluminium and Fe®*-O were
found to be the respective active sites. Nitrogen monoxide conversion was initiated over oxidized iron
positions already at 100 °C, whereas upon 150 °C contribution of acidic sites was also observed.

Compiling information obtained through IR spectroscopic measurements, a multi-site kinetic model
for NOy storage and NO oxidation was developed. Five surface sites were considered, including a site
for weak adsorption and/or physisorption, as well as a Brgnsted site for nitrites formation. Moreover,
in order to precisely depict formation of Al and Fe based nitrate adpsecies, at bidentate and bridging
cordinations three additional sites were considered, being assigned to pairs of EFAI/OH*, FAI/OH*
and isolated and/or binuclear Fe**/OH* respectively. NO, adsorption, desorption and
disproportionation, O, storage and dissociation, as well as NO oxidation and NO, dissociation were
modeled over the abovementioned sites, whereas NO adsorption/desorption were neglected. The
model was then calibrated using Kinetics deriving from a broad range of experimental and theoretical
studies and finally validated through simulation of experimental results obtained over the lab-
synthesized H- and Fe-BEA samples, as well as over bare and iron exchanged BEA catalysts, reported
in the recent literature. Overall, computed results could reproduce the tendency of experimental
curves, since formation of nitrite/nitrate adpsecies upon NO- storage and disproportionation, NO
conversion due to oxidation and competitive NO2/O; adsorption were predicted in a satisfactorily way.
Discrepancies observed, were mainly attributed to the limited OD reactor modeling and/or to the fact
that NO storage and release were not taken into account. Moreover, even though gas phase results
could be relatively correctly reproduced, dynamics of adspecies evolution could not be depicted by the
presented model, which could imply that a more detailed kinetic model and an alternative calibration
of kinetics should be adopted. Overall, the proposed multi-site kinetic modeling approach unraveled
the contribution of acidic and metallic sites to the abovementioned reactions, over both lab-made and
commercial Fe-BEA catalysts, highlighting the interest of the methodology used.
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Chapter 7

NOx—NH3 SCR Reactivity on Fe-BEA: Insight into
NH4NO3 Formation and Decomposition
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7. NOx—NH3; SCR Reactivity on Fe-BEA: Insight
Into H4NO3 Formation and Decomposition

Abstract

Ammonium nitrate formation and decomposition over iron exchanged BEA zeolites, at low
temperature SCR conditions are discussed in the present chapter. NO/NO,-NHjs transient reactivity
experiments were performed over a Fe-BEA lab-synthesized sample. Employing in-situ IR
spectroscopic measurements, interactions between NH; and NOs, on acidic and metallic surface sites
were evidenced. Subsequently, decomposition of ammonium nitrate formed during NOx-NH3; SCR,
was investigated through TPD runs, so as to elucidate respective reaction pathways. In order to study
NH4NO; crystalline phase transitions during heating, thermal decomposition of crystalline, powder
ammonium nitrate mixed with bare and iron exchanged BEA was examined by means of various
experimental methods, including TGA, DSC and thermo-XRD. Overall comparison of experimental
results enabled a deep insight into mechanistic aspects related to ammonium nitrate formation and
decomposition with respect to Fe-BEA structural properties.

Résumé

Ce chapitre traite de la formation et de la décomposition du nitrate d'ammonium, sur les zéolithes
BEA échangées au fer, sous conditions SCR a basse température. Des expériences de réactivité du
systeme NO/NO,-NHjs, en régime transitoire ont été réalisées sur un échantillon Fe-BEA, synthétisé au
laboratoire. Les interactions entre NHs; et NOs sur les sites acides et sur les sites métalliques ont été
investiguées, en utilisant des mesures de spectroscopie IR. Ensuite, la décomposition du nitrate
d'ammonium, formé au cours de la SCR, a été caractérisée au moyen de TPD, afin de mettre en
évidence les voies réactionnelles correspondantes. En vue d'étudier la nucléation du NHsNO; pendant
le chauffage, la décomposition thermique du nitrate dammonium cristalline sous forme de poudre a
été examinée en employant plusieurs méthodes expérimentales: analyse thermogravimétrique,
calorimétrie différentielle a balayage et diffraction de rayons X in situ. La comparaison globale de
résultats a permis une compréhension approfondie des aspects mécanistiques liés a la formation et la
décomposition du nitrate d'ammonium, en relation avec des propriétés structurelles des catalyseurs Fe-
BEA.
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7.1 Introduction

Dedicated IR spectroscopy studies presented in the two previous chapters allowed to unravel
mechanistic aspects related to interactions between NH; and NOy and active sites of H- and Fe-BEA
lab-synthesized samples. In chapter 5, ammonia adsorption/desorption was mainly evidenced over non
acidic sites and/or sites for weak adsorption, at low temperatures, as well as on Brgnsted acidic sites at
higher ones. Additionally, in chapter 6, NO adsorption and disproportionation, as well as NO storage
and oxidation were identified on framework and extra-framework Al, as well as on Fe sites. In order to
further capitalize knowledge gained from these studies, the present chapter focuses on NO/NO>—NHj3
SCR reactivity on different catalytic sites of the lab-synthesized Fe-BEA catalyst. Low temperature
SCR conditions are of particular concern. At this regime interactions between ammonia and nitrates
may lead to the formation and accumulation of ammonium nitrate. There is a consensus in the
literature that ammonium nitrate is a crucial intermediate of the SCR process over Fe-zeolites, since
solid NH4sNO; built up can block active sites at temperatures as low as 170 °C, resulting in a
temporary deactivation of the SCR catalyst (see also section 1.5.2). Hence, from a practical point of
view, the ability of the SCR catalyst to efficiently convert NOx at low temperature operating
conditions (eg. during cold start) may be under question. On the other hand, at temperatures higher
than 170 °C, ammonium nitrate decomposes, yielding undesired NOy, as well as N,O, which is
considered as a greenhouse gas.

Grossale et al. have extensively investigated the reactivity between NH; and NOyx over commercial
Fe-zeolite samples [90,91,92,108]. Based on their observations, respective reaction pathways were
deduced, which involved formation of nitrate adspecies upon NO- adsorption and disproportionation
and a subsequent built up of ammonium nitrate through interactions of NOs; with surface NH.".
Reactivity between surface ammonia and nitrite adspecies was also suggested, leading to the relatively
unstable ammonium nitrite, which can be easily decomposed to N, and H.0. As far as Fe-exchanged
BEA zeolites are concerned, the abovementioned observations have been experimentally validated
over a commercial Fe-BEA catalyst by Grossale et al. [108]. Nevertheless, in all these studies the
concluded reactions scheme was built on the basis of qualitative and quantitative analysis of
experimental results in the gas phase, whereas surface characterization was not employed for cross-
examination purposes. As a consequence of the latter, the nature of Fe-BEA zeolite surface sites,
involved in the abovementioned phenomena remains under debate.

As far as ammonium nitrate decomposition is concerned, TPD experiments reported by Grossale et
al. [92,108] are to be highlighted. Their results proved that at temperatures up to 170 °C NH4NOs is
decomposed, leading to a release of several gaseous species, namely N», N.O and NO,. According to
an extended review of the corresponding literature (see section 1.5.2), thermal decomposition of pure
crystalline ammonium nitrate is a quite complicated process, involving initial crystallographic phase
transitions of the salt, before decomposition takes place. Nevertheless, despite the numerous reported
studies covering this issue, very little information is available with respect to the effect of acidic and
metallic sites on NH4NOj3 crystallographic transformations and/or decomposition. Among them,
Savara et al. [113] have investigated the catalytic reduction of ammonium nitrate by NO over different
solid acids: Na-Y (Si/Al = 2.5), H-Y (Si/Al = 3.76 + 0.45) and Ba-Na-Y (Si/Al = 2.62). In another
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study, Li et al. [112] have performed thermal decomposition of a mixture of NHsNOs; and Ba-Na-Y
(Si/Al = 2.62).

According to the abovementioned discussion, it seems that reaction pathways related to the
reactivity between NH3z and NOx over Fe-zeolites are quite well documented. Particularly focusing on
low temperatures, formation of NHsNO; was suggested, which controls the SCR catalyst activity at
this regime. Nevertheless, a correlation between these reactions and the respective acidic and metallic
sites of the iron zeolite based catalyst is still not clearly reported. Moreover, concerning ammonium
nitrate decomposition, even though the thermal behavior of pure crystalline NH4sNOs3 is extensively
reported, very little information, associated with the respective effect of acidic and metallic sites exist
in the recent literature. Therefore, in this chapter, a throughout study of NOx-NH3; SCR reactivity at
low temperature regime is presented. Dedicated in-situ IR spectroscopic measurements, were initially
performed over the Fe-BEA lab-synthesized sample, in order to depict interactions between NH3; and
NOs, on acidic and metallic surface sites. Subsequently, thermal decomposition of NHsNOs; was
investigated in the presence and the absence of the bare and Fe-exchanged BEA zeolites, employing a
great variety of experimental methods.

7.2 Reactor experiments

Ammonium nitrate formation and decomposition were investigated by means of NOx-NHjs transient
reactivity and TPD experiments over a Fe-BEA lab-synthesized sample. Details about the respective
experimental set-up are presented in chapter 4. Mixtures of NO2/O, and NO/NO-/O, were preadsorbed
on the catalytic surface at 100 °C, before exposing the sample to NHs. In-situ IR spectroscopy was
also utilized in order to examine interactions between nitrates and ammonia adspecies, formed on
acidic and metallic sites.

7.2.1 NO2-NHs transient reactivity and TPD experiments

Initially, a low temperature NO»-NH; TRM experiment followed by temperature programmed
desorption was performed. The Fe-BEA catalyst was exposed to a mixture of around 3500 ppm NO;
and 2% O, diluted in He, at 100 °C, for 100 min. Then, the feed gas composition changed and 3500
ppm NHs, 2% O, and He in balance were introduced into the IR cell, for 1 h at the same temperature.
Finally, a TPD experiment was performed from 100 to 480 °C, under helium, at a heating rate of 10
°C/min. Gas phase results of the TRM run are illustrated in Figure 7.1. During NO2/O, exposure (t =0
— 100 min), around 1.78 mol/kgre-sea Nitrogen dioxide were adsorbed on the Fe-BEA sample. At 2.5
min, the catalyst became saturated and gaseous NO evolution was observed. The amount of generated
nitrogen monoxide was estimated to 0.61 mol/kgre-sea, Which corresponded to around one third of the
respective amount of consumed NO,. Therefore, in analogy with experimental results of NO,/O;
adsorption over H- and Fe-BEA, presented in chapter 6, it was concluded that NO- disproportionation
took place during nitrogen dioxide admission, according to the stoichiometry of reaction 7.1. At this
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stage, it has to be pointed out that in NO,/O, experiments performed at 30 °C over the same Fe-BEA
sample (chapter 6) around 1.44 mol/kgre-sea NO2 were consumed and 0.64 mol/kgre-sea gaseous NO
were released, which tends to indicate that NO, disproportionation becomes significantly active at
temperatures higher than ambient.
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Figure 7.1 NO2/O,-NHj transient reactivity and temperature programmed desorption experiments: Preadsorption
of a mixture of 3500 ppm NO- and 2% O- diluted in He for 100 min at 100 °C, followed by introduction of 3500
ppm NHs, 2% O, and He in balance for 1 h at the same temperature.
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Figure 7.2 Difference IR spectra recorded during A) NO2/O, (blue, red, green and black lines correspond to
spectra recorded at 2.5, 10, 20 and 100 min respectively) and B) NH3/O; adsorption at a) 110, b)112, ¢) 113, d)
114, e) 116, f) 119 and 170 min. The reference spectrum subtracted, was recorded at the beginning of the TRM
experiment (t=0).
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Formation of NOy surface species was evidenced through difference IR spectra recorded during the
same period (Figure 7.2 A). According to detailed IR spectroscopic analysis of NOy adsorption on Fe-
BEA, presented in chapter 6, IR maxima centred at 2175 and 2133 cm™ were attributed to NO* bonded
on lattice oxygen (upon interaction of NO with cationic OH"), whereas IR bands lying at 1653, 1633
and 1587 cm? were assigned to nitrates coordinated to framework Al, Fe** monomeric and/or
binuclear iron species and extra-framework aluminium respectively. Moreover, mono-nitrosyl (Fe-
NO)?* and trans-(NO), adspecies were evidenced through the 1874 and 1767 cm™ bands respectively.
As discussed in chapter 6, the latter coexist in equilibrium with NO at low temperatures. Interestingly,
neither nitrites nor N>O. were observed in the recorded IR spectra. As showed earlier (chapter 6)
nitrites and weakly adsorbed NO; (corresponding to N.O,) are thermally stable at temperatures as low
as 100 °C, which somehow explains why these species were not evidenced during the presented
transient reactivity experiment.

Focusing on the subsequent NHjs injection phase (t = 110 — 170 min), a 1.89 mol/kgr.-sea overall
ammonia uptake was estimated. In parallel, 0.71 mol/kge.-sea NO2 were released in the gas phase,
which may suggest the occurrence of competitive adsorption on the same sites and/or surface reaction
between a fraction of NOy adspecies and ammonia. According to the stoichiometry of reaction 7.1,
around 1.12 mol/kgee-sea NO3; were formed on the catalyst upon nitrogen dioxide admission.
Therefore, the NO, removal during NH;3 introduction was assigned to partial decomposition of formed
nitrates (reaction 7.2), whereas ca 0.41 mol/kgzeoite: NO3 remained stored on the catalytic surface.

NO; = NO, +O reac. 7.2

Interestingly, the amount of adsorbed NH3; during this experiment was quite higher compared to
respective NHj3 storage capacities estimated during ammonia adsorption at 30 and 150 °C over the
same Fe-BEA sample (1.3 and 0.66 mol/kgre-sea NH3 respectively - chapter 5). Same observations
have been reported by Grossale et al. during a similar NO2-NHs; TRM run over a commercial Fe-BEA
catalyst [108]. Therefore, it appears that in the presence of preadsorbed nitrates consumption of
gaseous NHsoccurred due to additional reaction mechanisms, besides ammonia adsorption.

The latter was validated through careful examination of difference IR spectra recorded during the
NH3/O; exposure period (Figure 7.2 B). Directly after ammonia introduction, intensities of the 1653
and 1633 cm™ bands attenuated and after 4 min of exposure, both IR maxima vanished. Then, a broad
band appeared at 1457 cm*, which according to analysis presented in chapter 5 was assigned to NH4*
bonded to Brgnsted acidic sites in bidentate and tridentate coordinations. Therefore, it could be
concluded that ammonia initially reacted with NO3 adspecies, before being stored on cationic OH™.
Moreover, the amount of trans-(NO). adspecies increased (1765 cm™ band), prolonging the NH;
introduction, which could indicate the existence of gaseous NO, possibly in equilibrium with desorbed
NO,. Finally, bidentate nitrates, coordinated to extra-framework aluminium (1581 cm™ band) were
completely removed during the feed gas composition switch, which took place within 100 — 110 min
(spectra not shown).

Regarding nitrates-ammonia reactivity, formation of ammonium nitrate is suggested. Ex-situ IR
spectra of powder NH4NOz mixed with bare and Fe-BEA, recorded in ambient conditions are shown
in Appendix C / Figure C.1. IR bands centred at 3140 and 1400 cm™ were related to crystalline
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ammonium nitrate. Nevertheless, in the recorded IR spectra, illustrated in Figure 7.2 B, it was quite
difficult to distinguish the 1400 cm™* component, since the 1457 cm™ band, related to NH4*, was quite
broad, perturbing spectral features located in the same wavenumber range. Furthermore, considering
the 3140 cm™ band (Appendix C, Figure C.1 B), a broad band was identified within 2900 — 3100 cm?,
which however could not be interpreted due to Evans windows, as discussed in chapter 5.

Grossale et al. [90] and Ciardelli et al. [265] have suggested NHsNOs formation through interactions
between HNOs and NHs, according to reactions 7.3 and 7.4.

3NO, +H,0=2HNO, + NO reac. 7.3
HNO, + NH,=NH,NQO, reac. 7.4

Ammonium nitrate formation through reaction 7.4 is also suggested for the studied experimental
case. Nevertheless, since the presented TRM run was performed in the absence of water, nitrous acid
formation could not be deduced through recorded IR spectra. As explained in chapter 6, NO>
disproportionation towards NO3; and NO* occurs over Al and Fe sites, located in close vicinity with
Bronsted acidic ones. Thus, it is speculated that NH4* could be formed on the latter sites (reaction 7.5),
followed by a subsequent proton transfer from the ammonium ions to nitrates, through the catalytic
surface, yielding HNO; (reaction 7.6).

NH, +H"—0OZ= NH, -0Z reac. 7.5
NO, —Al-Z+NH, —-OZ+= HNO, -Al-Z+H,NNO, —OZ reac. 7.6

HNO; formation through NH3-NO; interactions has been earlier proved through density functional
theory computations [266]. Briefly, the proposed mechanism includes initial ammonia adsorption on
Bransted sites, yielding NH4", followed by N>O, coadsorption. Then, a proton transfer occurs between
the ammonium anion and the NO, dimmer, leading to the formation of nitramide (NH.NO:) and
HNOs.

Compiling gas and solid phase experimental results, a global generic reaction scheme could be
proposed for ammonium nitrate formation over Fe-BEA, during low temperature NO,-NH3; SCR
conditions (Figure 7.3). Admission of NO,/O, was followed by nitrogen dioxide disproportionation,
yielding Al and Fe®** based nitrates. Subsequent introduction of NH3 led to the formation of NH4* on
OH™ Brgnsted acidic sites. A proton transfer from a fraction of ammonium ions towards NO3 could
then lead to HNO; formation. The latter, finally reacted with ammonia forming solid ammonium
nitrate, which deposited on the catalytic surface. The nature of surface sites being occupied by
NH4NO; is quite difficult to be determined based on the abovementioned experimental analysis.
According to the experimental protocol followed in this work, NO3 adspecies were pre-adsorbed on
framework Al and Fe** positions, before being converted to nitrous acid and ammonium nitrate via
interactions with NHs. Thus, it is suggested that NH4sNOj3 deposited on aluminium and iron sites. This
conclusion could also be substantiated due to the fact that surface NHs was merely evidenced on
Bransted acidic sites but not on Al and/or Fe Lewis type ones. Nevertheless, migration of NH4NO; on
cationic OH" positions can not be ruled out, particularly since proton transfer between NH4™ and NOs
was speculated. Investigation of such aspects would require additional studies (eg. DFT computations
and/or NH3-NOx TRM runs), which however goes beyond the scope of the presented work.
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Figure 7.3 Generic scheme of NH4sNOj3 formation on Fe-BEA under low temperature NO,-NH3 SCR.
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Figure 7.4 TPD experiment following NO2-NHj3 reactivity experiment over Fe-BEA.

Focusing on the TPD experiment (Figure 7.4) several gaseous species were released when heating
up the catalyst. Nitrogen dioxide, nitrous oxide and nitrogen desorbed upon 170 °C, whereas the
corresponding concentration signals were maximized at 237, 245 and 282 °C respectively.
Furthermore, NHs-TPD peaks centred at around 175 and 370 °C were identified and were assigned to
ammonia stored on Brgnsted sites, characterized by different acidity strength (see IR spectra analysis
in chapter 5). Similar results have been reported elsewhere [108]. Crystalline ammonium nitrate
melting point lies at 170 °C [111]. Thus, it was concluded that evolution of N2, NO, and N,O upon
this temperature was related to NHsNOs decomposition. Possible reaction pathways of ammonium
nitrate decomposition are discussed below.

It is well documented that around 170 °C, NH4sNOs; decomposition is initiated by a proton transfer,
yielding ammonia and nitric acid (reaction 7.7) [111,267]. On the basis of IR spectroscopic analysis of
NHs adsorption over the studied Fe-BEA catalyst presented in chapter 5, gaseous ammonia can be still
readsorbed on cationic OH", as well as Fe sites within this temperature range (reactions 7.8 and 7.9).

NH,NO,, = NH,, + HNO, reac. 7.7
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NH,,, +H" —O0Z= NH, -0Z reac. 7.8

NH,, +Fe® —0Z=[NH, — Fe** reac. 7.9

3@

On the other hand, HNOs; may further dissociate towards gaseous NO2, H-O and O (reaction 7.10)
[111]. Similarly to NHs, nitrogen dioxide can be rebound to Al and Fe positions and may further
disproportionate towards nitrates (reaction 7.11).

HNO;, = Noz(g) + % Hzo(g) + %Oz(g) reac. 7.10

2NO, )+ 2S5, = 2NO, ~S,, = NO, S, +NO +Syo, * reac. 7.11

2(9)

NH; and NOy adspecies can finally interact, forming additional intermediate surface species. Savara
et al. [113] have proposed formation of ammonium nitrite (NH4sNO;) (reaction 7.12), which is a
thermally unstable compound, able to decompose at around 100 °C, yielding N, and H.O. Moreover,
Grossale et al. have suggested decomposition of ammonium nitrate towards nitrimide, which can
further decompose, releasing N,O and water (reaction 7.13) [108]. Finally, according to the scheme
illustrated in Figure 7.3, interactions between NOs; and NH4* may lead to the formation of HNO3
species, which could further interact with ammonia bonded to iron and/or OH* sites, forming
additional NHxNOy precursors.

NH; —OZ+NO, - S,, = NH,NO,, = N, +2H,0 reac. 7.12

NH, + NO, = NH,NO, , + H,O= N,O0+H,0O reac. 7.13

2(s)

The proposed reactions network for ammonium nitrate decomposition on different surface sites is
summarized in Figure 7.5. Based on experimental results interpretation, it could be suggested that Fe-
BEA Brgnsted acidity plays a crucial role during ammonium nitrate decomposition, providing storage
capacity for ammonia readsorption. Thus, the reducing agent remains further available for interactions
with NO; and NOs, bonded on Al and Fe Lewis type positions. Savara et al. have also highlighted the
promoting effect of cationic OH* on NH4NOs; catalytic reduction by NO, over solid acids including
Na-Y (Si/Al = 2.5), H-Y (Si/Al = 3.76 £ 0.45) and Ba-Na-Y (Si/Al = 2.62) [113]. At this stage, it has
to be pointed out that the attempted analysis aims to a simplified interpretation of experimental results
in order to elucidate the effect of Fe-BEA surface sites on NHsNO; decomposition. The actual
decomposition mechanism may include additional reaction steps and/or a greater number of
intermediate species, investigation of which however goes beyond the scope of the presented work.

! Snoz stands for an Al or a Fe®* atom located in close vicinity with a cationic OH*, according to the analysis
presented in chapter 6.
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Figure 7.5 Possible reaction pathways of NH4NOs; decomposition on Fe-BEA.

Quantifying the amounts of desorbed NO2, N,O and N within the 170 -350 °C range, a total amount
of ca 0.4 mol/kgee-sea gaseous species was estimated (0.23 mol/kgee-sea N2, 0.07 mol/kgee-sea N2O and
0.1 mol/kgee-sea NO2). Hence, assuming that these products come from a complete decomposition of
NH4NOs, it could be suggested that the same quantity of ammonium nitrate was accumulated on the
catalytic surface during the NO/NHs; TRM experiment. This value seems to be in good agreement
with the respective amount of 0.41 mol/kgre-sea Nitrates, which were consumed upon NHs; admission.
Nevertheless, it has to be pointed out that the presented calculations constitute just an approximate
quantification of gas and solid phase species, in order to somehow validate the proposed reaction
pathways of NHsNO3 formation and decomposition.

The total amount of desorbed ammonia was estimated equal to 0.95 mol/kgeegea. Since a 0.4
mol/kgre-sea NH4NO3 built up was supposed to take place during the TRM experiment, an equimolar
amount of ammonia was required, according to the stoichiometry of reaction 7.4. This implies that
around 0.55 mol/kgre-sea NH3 were consumed due to another mechanism related neither to adsorption
nor to NH4sNO3 formation.

Taking into account that the TRM experiment was performed in the presence of oxygen, NHs;
oxidation was speculated. To verify this hypothesis, a NH3s/O, STPD experiment was performed over
the Fe-BEA sample. Experimental conditions and respective results are presented in Appendix D. As
shown in Figure D.2 and Figure D.3, ammonia oxidation became evident at around 250 °C, yielding
N2, and NO, mainly within the temperature range of 350 — 500 °C. Negligible quantities of N,O (13
ppm maximum concentration) were also evidenced at around 350 °C. Nitrogen monoxide and nitrogen
were evolved during the TPD experiment presented in Figure 7.4. Integrating the respective N>
gaseous concentrations signal, within 350 — 500 °C, an amount of 0.25 mol/kgre.sea Was estimated.
According to Akah et al. [103], the selective catalytic oxidation of ammonia towards N. and H,O
follows the stoichiometry of reaction 7.14, supposing consumption of 2 moles NHs for generating 1
mol nitrogen.

2NH3+%02;‘ N, +3H,0 reac. 7.14

Considering the abovementioned analysis, it appears that, 0.5 mol/kgresea NH3 were consumed
during ammonia catalytic oxidation. Hence, the hypothesis of NHs; consumption due to selective
catalytic oxidation, at temperatures higher than 300 °C seems to be somehow supported.
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7.2.2 NO2/NO-NHs transient reactivity and TPD experiments

To study the effect of nitrogen oxides inlet composition on low temperature NOx-NHs3 reactivity,
additional TRM — TPD experiments were performed. A mixture of 3500 ppm NO, 1000 ppm NO2, 2%
O and helium in balance were preadsorbed on the Fe-BEA sample at 100 °C, for 100 min. Then, NOx
were removed from the feed and the catalyst was exposed to 4500 ppm NH3 and 2% O, diluted in He,
at the same temperature. Finally, a TPD experiment was performed from 100 to 480 °C at a heating
rate of 10 °C/min. Results of the TRM run are illustrated in Figure 7.6.

Gaseous NO and NO. were observed immediately after NOy introduction. A small NO peak was
identified at around 4.5 min (3644 ppm maximum concentration), whereas an initial rapid NO; release
was observed at around 2.5 min, before the respective concentration signal starting increasing until
stabilization. According to the analysis presented in the previous section, upon nitrogen dioxide
adsorption and surface saturation disproportionation takes place leading to nitrate adspecies and
gaseous NO. Nevertheless, in this test case NO; evolution was also evidenced during the same phase,
which tends to indicate parallel occurrence of additional reactions.
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Figure 7.6 NO/NO2-NH; TRM and B) TPD experiments over the studied Fe-BEA catalyst: Preadsorption of a
mixture of 3500 ppm NO, 1000 ppm NO; and 2% O diluted in He for 100 min at 100 °C, followed by
introduction of 4500 ppm NHjs, 2% O, and He in balance for 1 h at the same temperature.

To get deeper insight into the abovementioned observations, IR spectroscopy was employed during
the NO/NO-/O- storage experiment. NO adsorption on Brgnsted acidic (NO* at 2133 cm™) and Fe?*
metallic sites ((Fe-NO)?* at 1873 cm™) as well as NOs formation on FAI, EFAI and iron sites (1653,
1581 and 1633 cm™ bands respectively) were evidenced during the first 10 min (Figure 7.7 A - for IR
spectra interpretation see chapter 6). (Fe-NO)?* nitroslys vanished completely after 8 min of
adsorption, whereas at the same time nitrates surface concentration was maximized. Interestingly,
increasing exposure duration above 20 min, intensities of IR maxima corresponding to NO3 attenuated
and trans-(NO). was evidenced through weak band at 1766 cm™. It has been experimentally proved
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that NO;3 can be reduced by NO, yielding nitrites at temperatures as low as 50 °C [92,108]. The latter
(reaction 7.15) was also speculated to occur during the first 10 min of the presented NO/NO2/O;
adsorption experiment. However, a further justification of this mechanism through IR spectroscopy
was not feasible, since NO>" was not evidenced. As explained in section 7.1.1, the TRM experiment
was performed at 100 °C, a temperature at which these species decompose rapidly to gaseous NO-.

NO, +NO=2NO, reac. 7.15

Based on this analysis, the direct evolution of NO. discussed above could be explained through the
competition of reactions 7.1 and 7.15. Nevertheless, as showed in chapter 6, minor NO oxidation was
evidenced over the studied Fe-BEA sample at 100 °C. Thus, a contribution of the latter reaction to
NO- production could not be ruled out.
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Figure 7.7 Difference IR spectra recorded during NO2/NO/O; adsorption at a) 1, b) 2, ¢) 3, d) 4, e) 5, f) 8 g) 10,
h) 20, i) 40, j) 60 and k) 100 min. The reference spectrum subtracted, was recorded at the beginning of the TRM
experiment (t=0).
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Figure 7.8 Difference IR spectra recorded during NHs/O, adsorption at a) 110, b)114, c¢) 117 and d) 170 min.
The reference spectrum subtracted, was recorded at the beginning of the TRM experiment (t=0).

Subsequently, when NOy introduction was terminated and ammonia was injected, a 1.76 mol/kgge-
sea NH3 uptake was estimated, whereas minor amounts of nitrogen monoxide (0.06 mol/kgee-sea) Were
evolved. The amount of ammonia consumed during this experiment was around 0.13 mol/Kgre-sea
lower compared to the respective one admitted during the experiment where only NO; was
preadsorbed (Figure 7.1). According to IR spectra recorded during the NHs injection phase (Figure
7.8), 4 min after NHs introduction, nitrates were consumed, whereas increasing exposure duration a
broad IR band centred at 1462 cm™* arose, being assigned to NH4* (chapter 5). Therefore, as discussed
in section 7.2.1, during NHz injection a fraction of ammonia interacted with nitrates to yield NHsNOs,
whereas the residual amount was stored on cationic OH*. Taking into consideration that nitrates
formed during NOy admission were partially reduced by NO, a lower amount of NO3; was available for
ammonium nitrate build up, through interactions with ammonia. The latter, may somehow explain
why a lower amount of ammonia was consumed during the presented TRM run.

This picture was further validated through quantification of TPD results, illustrated in Figure 7.9.
NHs, NO2, N2 and N2O as well as N2 and NO were observed within 100 — 310 °C and 350 — 480 °C
respectively. Around 1.05 mol/kgre.sea ammonia were desorbed, deriving from NHs previously
adsorbed on Brgnsted acidic sites. Moreover, 0.28 mol/kgresea N2 were released at temperatures
higher than 350 °C, which as explained in section 7.2.1 were related to oxidation of 0.56 mol/kgee-sea
NHs (stoichiometry of reaction 7.14). Therefore, around 0.15 mol/kgre-sea @ammonia interacted with
surface NOs towards ammonium nitrate. Indeed, ca 0.14 mol/kgre-sea N2, 0.01 mol/kgre-sea N2O and
0.03 mol/kgee-sea NO-, were desorbed up to 350 °C, somehow suggesting that equal amounts of
NH4NO; were formed and decomposed during the TRM-TPD experiment. At this stage, it has to be
mentioned that quantification of nitrates formed during NO2/NO adsorption was purposely avoided,
since competitive NO, adsorption and NOs reduction as well as NO oxidation were simultaneously
occurring during the first 100 min of the TRM experiment.
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Interestingly, similar amounts of NHs was desorbed and oxidized during the TPD experiment
illustrated in Figure 7.4, which seems to indicate that the presence of NO during the TRM run did not
inhibit ammonia adsorption. The latter is in good agreement with experimental results shown in
chapter 6, which proved that nitrogen monoxide adsorption on acidic and/or metallic sites of the Fe-
BEA was negligible. On the other hand, the amount of formed NH4sNO; was ca 0.25 mol/kgee-sea
lower compared to the respective one estimated in section 7.2.1, which seems to support the
abovementioned assumption, concerning catalytic reduction of nitrates by NO.
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Figure 7.9 TPD experiment following NO2/NO-NH3 reactivity experiment: dT/dt = 10 °C/min, 100% He.

7.3 Study of NH4NO:s crystallographic phase changes during decomposition

NOx-NHz and TPD experiments presented in section 7.2 enabled an investigation of mechanistic
aspects related to NHsNOs formation and decomposition. Infrared spectroscopic data provided useful
information concerning the nature of surface adspecies, which may be involved in ammonium nitrate
formation, whereas quantitative analysis of the TPD gaseous concentration signals enabled to unravel
possible reaction pathways related to NH4NO; decomposition. On the other hand, these observations
do not provide structural information related to the ammonium nitrate crystallographic changes during
decomposition. Therefore, thermo-gravimetric analysis, differential scanning calorimetry and in-situ
X-ray diffraction measurements were performed in order to unravel the effect of H- and Fe-BEA
surface sites on NH:NOs crystalographic phase changes during decomposition.

7.3.1 TGA/DSC/MS experiments

Crystallographic transformations of NHsNOs during decomposition in the presence of bare and iron
exchanged BEA were studied first, employing thermogravimetric analysis and differential scanning

Stavros A. Skarlis — PhD thesis 165

© 2014 Tous droits réservés. doc.univ-lille1.fr



Theése de Stavros A. Skarlis, Lille 1, 2013

calorimetry. Two testing samples were prepared by mechanically mixing 3 mg of crystalline
ammonium nitrate with around 12 mg of the lab-synthesized H-BEA and Fe-BEA (loose contact - see
experimental details in section 4.4). At this stage it has to be noted that ammonium nitrate
mechanically mixed with the H- and Fe-BEA samples may behave differently compared to the
NHsNO; formed under SCR conditions, which was discussed in section 7.2. A greater extent of
interactions might be expected between the salt and catalyst, whereas the actual crystalographic
structure of NH4sNOs may be different between the two configurations. Therefore, results discussed in
this section should be compared with those presented in section 7.2 with particular attention.
Decomposition of pure NH4sNO3 was studied for comparison reasons, through an additional mixture of
3 mg ammonium nitrate and 12 mg SiO- (loose contact). The three samples were then heated up from
25 to 350 °C, at a rate of 5 °C/min, under helium. The SiO, H- and Fe-BEA samples were hydrated
before analyzing, since they were exposed to ambient before being charged on the experimental
apparatus (no pre-treatment was performed prior to TGA/DSC analysis). Water release during heating
could affect the TGA-DSC signals. Thus, preliminary thermo-gravimetric analysis and differential
scanning calorimetry of 15 mg SiO, and H-BEA were performed and these reference curves were
subtracted from the ones obtained through measurements over the abovementioned ammonium nitrate
mixtures.

Mass loss, and heat flow profiles obtained through TGA and DSC respectively are presented in
Figure 7.10. Interestingly, similar endothermic peaks, related to NH4NOs; phase changes were
observed over the three studied mixtures. The first two peaks centred at around 50 and 123 °C were
attributed to the following phase transformations: orthorhombic phase IV — tetragonal phase II and
tetragonal phase II — cubic phase I respectively [114,268,269]. Moreover, the endothermic peak lying
at ca 166 °C corresponded to the melting point of ammonium nitrate, after which the decomposition
starts [111]. According to mass loss curves, upon this temperature NH4NO; decomposition was
initiated and at around 206 — 213 °C the respective rate was maximized. The same results were
observed over the three tested samples. According to similar experimental studies reported by
Gunawan et al,. NH4sNOs maximum decomposition rate lied at ca 290 °C [114]. Experimental
deviations could be assigned to the experimental protocols applied and namely to the selected
NH4NO3; mass and heating rate [270,271].
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Figure 7.10 Mass loss (TGA) and heat flow (DSC) curves of NH4sNO3; decomposition: Mixtures of 3 mg
NH4NO; and around 12 mg A) SiO,, B) H-BEA and C) Fe-BEA.
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Gaseous species released during NHiNOs; decomposition were monitored by means of mass
spectrometry (Figure 7.11). Interestingly, N2, NO, and N2O were observed within the 215 — 222 °C
range, which is in quite good agreement with TPD signals presented in Figure 7.4 and Figure 7.9.
Nevertheless, NO was also evolved (Figure 7.11 D), which was not evidenced in experiments
presenteded in section 7.2. This could related to several reasons and namely to the fact that: i) the
structure of NH4sNO3 formed under in-situ conditions (experiments presented in section7.2) may be
different compared to the ammonium nitrate mechanically mixed with H- and Fe-BEA powders and/or
ii) the interactions between NH4sNOj3 and the catalyst (H- and Fe-BEA) at temperatures higher than
170 °C, might be stronger for the case ammonium nitrate built up under NOx/NHs; SCR reactions (eg.
NO oxidation to NO, may be favorised).
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Figure 7.11 Gaseous species released during thermal decomposition of NH4sNOs: Black, blue and red lines
correspond to mixtures of 3 mg NH4NO3 with around 12 mg SiO», H-BEA and Fe-BEA respectively. MS signals
were normalized with respect to maximum peak intensities. Baseline correction was also included.
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Experimental conditions may also play a role. Chaturvedi et al. [111] proposed nitrogen monoxide
production during NH4sNO3 heating from 200 to 230 °C, via the global reaction 7.16.

8NH,NO, — 5N, +4NO+2NO, +16H,0 reac. 7.16

For the presented experimental cases the total mass flow rate was 100 ml/min, which is 10 times
higher compared to that applied in the experiments shown in section 7.2. Thus, the heat transfer and
namely convection may affect NHsNO3; decomposition. Moreover, it has to be mentioned that gaseous
MS signals were not quantitatively calibrated and thus, the maximum NO concentrations may be
negligible.

Overall, presented experimental results proved that NHsNO3; decomposition occurred through two
successive phase transitions, before decomposition was initiated. Moreover, ammonium nitrate
consumption was merely attributed to decomposition, whereas during crystallographic phase
transformations no mass loss was observed. This behavior was evidenced over the three tested
samples, which tends to suggest that acidic and/or metallic sites of H- and Fe-BEA have no effect on
NH4NOs crystalographic phase transitions and decomposition.

7.3.2 Thermo-XRD experiments

In order to further evaluate crystallographic transformation paths of NHsNO3 during decomposition
thermo X-ray diffraction was utilized. In analogy to TGA-DSC-MS experiments, three testing samples
were prepared including pure crystalline powder NHsNO; as well as ammonium nitrate mechanically
mixed with H-BEA and Fe-BEA (see experimental details in section 4.4.2). X-ray diffraction was then
performed during heating up the samples from ambient temperature (ca 20 °C) to 200 °C. The
temperature was increased stepwisely at intervals of 10 °C, applying a heating rate of 5 °C.

Diffraction patterns recorded during decomposition of pure NH4sNO3 are shown in Figure 7.12.
Heating the sample from 20 to 50 °C, the crystallographic transition IV — II was evidenced, whereas
at 110 °C, orthorhombic ammonium nitrate was transformed to cubic one (phase I). Finally, reaching
150 °C no diffraction peaks were observed, indicating NH4sNO3; decomposition. Similar XRD patterns
are reported elsewhere [272]. The abovementioned results are in very good agreement with the ones
obtained through differential scannic calorimetry, which enabled an initial validation of
crystalographic transformations of pure NHsNOz during decomposition.
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Intensity [a.u.]

Figure 7.12 X-ray patterns recorded during decomposition of pure NH4sNOs, within 20 - 200 °C, at intervals of
10 °C, applying a temperature ramp of 5 °C/min: Blue, red and green coloured curves correspond to NH4NOs
IV, Il, | crystallographic phases respectively.

Respective XRD-patterns recorded during the heating of the NHsNOs-H-BEA mixture are illustrated
in Figure 7.13. The same phase transitions of ammonium nitrate were observed at 50 and 110 °C,
during thermal decomposition in the presence of H-BEA, whereas at 150 °C, only diffraction peaks,
related to the zeolite were evidenced. The latter, in line with results obtained though TGA-DSC
experiments over the NH4sNO3-HBEA mixture, tends to indicate that the NH4sNO3 phase transitions as
well as its melting point were not affected by zeolite acidity.
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Figure 7.13 X-ray patterns recorded during decomposition of NH4sNQs3, physically mixed with H-BEA, within
20 - 200 °C, at intervals of 10 °C, applying a temperature ramp of 5 °C/min: Blue, green and red coloured curves
correspond to NH:NO3 IV, 11, | crystallographic phases respectively.
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Finally, a XRD experiment was also attempted over the NHiNOs-Fe-BEA mixture. However
surprisingly, exposing the mixture to ambient conditions, overnight (approximately 12-14 hours prior
to XRD analysis) ammonium nitrate was no longer detected by XRD. The latter, was validated by
preparing the same mixture and exposing it to ambient temperature overnight, for a second time, so as
to ensure reproducibility. Therefore, the thermo-XRD experiment was abandoned. This observation
could be attributed to several reasons. Ammonium nitrate is recognized to be deliquescent with a high
solubility in aqueous phase (180 g per 100 g of water at 18°C). Consequently, prolonged exposure to
ambient temperature and humidity may lead to a complete solubilization, which could explain the
disappearance of X-ray patterns, characteristic of ammonium nitrates. Even if this is the case however,
phase transitions from solid to liquid would not be expected to significantly impact the nature of
chemical processes taking place at more elevated temperature during ammonium nitrate thermal
decomposition. Moreover, it could be speculated that ammonium nitrate could be catalytically
decomposed even at ambient temperature in the presence of iron, when contact between powders is
prolonged. Li et al. [273] have similarly observed consumption of NHsNO, mixed with Ba/Na-Y at
ambient temperature, when exposing the sample to acidic HCI vapor for 13 hours. The latter, could
imply a catalytic effect of this acid on ammonium nitrite decomposition. On the other hand, TGA-
DSC measurements showed that ammonium nitrate decomposition was not affected by the presence of
iron, since the same crystallographic transformations were evidenced during decomposition of pure
NH4NO; (section 7.3.1). To the author knowledge, such aspects have not been reported in the
literature. Hence, it seems quite obvious that in order to evaluate such phenomena, additional
experimental studies are required.

Compiling experimental results presented in section 7.3, it could be suggested that from a
crystallographic point of view, ammonium nitrate undergoes thermal decomposition, through two
phase transitions: a) IV — Il and b) IT — I, at 50 and 110 °C respectively. The presence of H-BEA
acidity was proved to have no impact on NHi;NOs crystallographic phase transitions during
decomposition, whereas the effect of iron contained in the Fe-BEA could not be safely evaluated. At
170 °C NH4NOs starts melting yielding N2, N2O and NO2, whereas release of NO could be also
possible. Interestingly, respective gaseous concentration signals were maximized at around 210 — 220
°C, which is in relative agreement with respective results obtained during NOx-NH3; TRM and TPD
experiments, presented in section 7.2.

7.4 Conclusions

An extensive experimental study of NHsNO; formation and decomposition over an iron exchanged
BEA catalyst was presented in this chapter. Dedicated NOx-NHs; TRM and TPD experiments
employing in-situ IR spectroscopy were performed, over a lab-synthesized Fe-BEA sample in order to
investigate ammonium nitrate formation and decomposition reaction pathways. Concerning the
former, results indicated interactions of aluminium and iron based nitrate adspecies with NH,* formed
on Brgnsted type acidic sites towards formation of solid ammonium nitrate. Comparing IR
spectroscopic features and gas phase TRM signals obtained over the studied Fe-BEA, as well as data
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reported in the recent literature, a respective detailed reactions mechanism was proposed, suggesting
synergistic effects between different catalytic sites. Nevertheless, it was difficult to straightforwardly
conclude on which of the abovementioned positions ammonium nitrate built up occurred. Interestingly
the NO/NO:; ratio turned out to have a significant effect on ammonium nitrate formation. When only
NO; was preadsorbed on the catalyst, a higher ammonium nitrate build up was observed, whereas
when NO/NO:; coexisted in the feed NH4sNOs accumulation was limited. Catalytic reduction of nitrates
by NO may play a key role, since it can significantly deteriorate the amount of surface NOs, which
constitute a NH4NOs precursor.

As far as NHsNO3z decomposition is concerned, N2, NO2 and N2O were released upon heating the
catalyst at temperatures higher than 170 °C, which corresponds to the ammonium nitrate melting
point. Possible reaction pathways included ammonium nitrate decomposition yielding gaseous NH3
and HNOjs, decomposition of the latter towards NO, and readsorption of ammonia and nitrogen
dioxide on acidic and redox surface sites. Finally, interactions of these species could lead to the
formation of non stable intermediate compounds, which could be further decomposed to N2, NO, and
N2O. Interestingly, a promoting effect of zeolitic Brgnsted acidity was evidenced, since NHs could be
rebound to cationic OH* positions, being further available to interact with NOx adspecies.

Finally, NH4sNO; crystallographic phase transitions during thermal decomposition were studied
employing TGA, DSC, MS and thermo-XRD measurements on powder ammonium nitrate
mechanically mixed with bare and Fe exchanged BEA. Experimental results converged to the fact that
NH2NO; undergoes two crystallographic phase transformations before starting decomposing at 170
°C, irrespectively the presence of H- and/or Fe-BEA. Moreover, N, NO; and N2O were released
during decomposition and their respective concentrations maximized in the range of 210-220 °C,
which is in good agreement with results obtained during TRM-TPD experiments. Interestingly, when
NHsNO3 was kept in prolonged contact with Fe-BEA, at ambient temperature, the salt was completely
decomposed. The latter may imply either NHsNO; solublization due to ambient humidity and/or a
significant catalytic effect of iron on ammonium nitrate decomposition at ambient temperature.
Nevertheless, such aspects should be further investigated by additional experiments in order to draw
safe conclusions.

Overall, the study presented in this section could not lead to a complete understanding of the
physicochemical properties of NH4sNOs formed under SCR conditions. These properties can be a key
point in determining the stability/reactivity of this intermediate during the SCR process. In this
chapter, an attempt was made to investigate the NH4sNOj3 crystalographic phase transitions when
ammonium nitrate is mechanically mixed with H-BEA and Fe-BEA. Clearly, the surface properties of
these catalysts (acidity and redox proporties) mxde in loose contact with NH4NOs had no significant
impact and may not completely reflect the characteristic behavior of ammonium nitrate during strong
interactions with the catalytic surface. As discussed previously, the effects of the contact duration, the
humidity as well as the presence of iron should be further investigated.
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Summary of Conclusions and Outlook

Forthcoming stringent legislation related to nitrogen oxides emissions from mobile diesel sources
calls for sophisticated exhaust gas aftertreatment technologies. The selective catalytic reduction of
NOy through urea or ammonia is a well established technique towards an efficient abatement of
nitrogen oxides from mobile diesel engines exhaust stream. Fe-exchanged zeolites have been recently
considered as promising SCR catalysts due to their high deNOy yield, as well as increased thermal
stability. Deep understanding of the NH3-SCR reactions network and catalyst structural properties is
essential for developing highly efficient SCR systems. In this context, kinetic concept modeling can
provide significant opportunities, allowing to optimize design parameters of the catalytic converter.
Therefore, in the present work a throughout experimental study of NH3-SCR reactions over Fe-zeolites
was performed in order to develop a phenomenological macro-kinetic model, oriented to diesel
engines aftertreatment simulation.

As far as kinetic modeling is concerned, a multi-site kinetic modeling approach was developed in
order to depict reactions between NHs; and NOx and acidic and redox surface sites. Initially, a
"reference skeleton" model was developed (chapter 2) on the basis of ammonia adsorption and TPD
experiments over H- and Fe-ZSM5 catalysts, reported in the recent literature. Five sites were
considered including: a site for physisorption and/or weak adsorption, two acidic sites characterized by
different acidity strength, a metallic site and a site accounting for dehydroxylation phenomena at high
temperature regime. Calibrating kinetic parameters and NHs storage capacities within certain ranges
the model was successfully validated by simulating well documented ammonia adsorption and TPD
experiments over laboratory and commercial H- and Fe-ZSM5 samples, showing the interest of the
followed approach (chapter 3). On the other hand, significant limitations were also encountered,
namely the fact that a detailed screening of structural properties was required in order determine
model sites and estimate respective model parameters.

For this purpose, a Fe-BEA zeolite was synthesized in the laboratory and characterized by means of
various optical techniques (chapter 4). Interestingly, different types of Fe sites were detected over the
Fe-BEA catalyst, namely: i) isolated Fe species, ii) oligomeric Fe complexes, as well as iii) large
Fe O3 particles. Using this catalytic sample, reactions of the NH3-SCR process were experimentally
investigated and modelled. An extensive review of the recent literature (chapter 1) allowed a detailed
consideration of possible reaction pathways related to the NH3-SCR over iron exchanged zeolites.
Aiming to get deeper insight into respective mechanistic aspects, the contribution of acidic and redox
sites on the catalytic reactions was studied by means of in-situ IR spectroscopic measurements, over
the lab-synthesized bare and Fe-exchanged BEA samples. To facilitate the intended analysis, the SCR
reactions network was organised into three groups: i) NHs adsorption and desorption, ii) NOy storage
and NO oxidation and iii) reactivity between surface NH3z and NOx.

In chapter 5, ammonia adsorption and desorption were elucidated. At low temperature regime
ammonia was predominantly physisorbed and/or weakly adsorbed. Interestingly, NoH;" species were
evidenced, which tends to indicate built-up of ammonia multi-layers. Moreover, recorded spectra
showed that NHz could be stably chemisorbed on Al based Lewis and OH" Brgnsted acidic sites as
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well as on metallic sites. The nature of the latter may be isolated and or binuclear species, which
exhibit Lewis type acidity. Regarding interactions of ammonia with cationic hydroxyl groups, NH4* in
monodentate, bidentate and tridentate coordinations was detected, which suggested the existence of
Bransted acidic sites characterized by different acidity strength. Compiling results obtained from IR
spectroscopic measurements, the "reference™ multi-site kinetic model was further capitalized by
drawing correlations between model sites and Fe-BEA catalytic sites. Kinetic parameters were
calibrated employing literature data, whereas NH; storage capacities were carefully estimated on the
basis of structural properties of the lab-synthesized catalysts and namely the Si/Al and Fe/Al ratios.
Simulation of NHz adsorption and TPD experiments over the Fe-BEA, applying a broad range of
operating conditions proved that the multi-site kinetic modeling approach, previously validated over
NHs adsorption/desorption on H- and Fe-ZSM5 (chapter 3), could also be applied to the Fe-BEA
catalyst. Nevertheless, it has to be pointed out that heat transfer and/or macro-mixing limitations
should be further analyzed in order to improve the reactor model precision.

NOx adsorption and desorption, as well as NO oxidation were investigated in chapter 6. NO was
found to weakly chemisorb on monomeric Fe?*, cationic OH* and extra-framework Al sites. On the
other hand nitrate adspecies were produced upon NO adsorption and disproportionation on
framework and extra-framework aluminium as well as Fe sites, located in vicinity to cationic OH*.
Thus, synergy between neighbouring catalytic positions was suggested. Interestingly, nitrites were also
evidenced, characterized by limited thermal stability. Finally, as far as NO oxidation is concerned, the
reaction was initiated over oxidized iron sites at 100 °C and became active over zeolitic Al at 250 °C.
Based on spectroscopic features a multi-site kinetic model for NOy storage and NO oxidation was
developed. In analogy with the NH3 storage model, kinetics and storage capacities over each site were
estimated considering literature data and structural properties of the studied samples. Simulation of
NO; adsorption and TPD as well as NO oxidation experiments, performed over various lab-
synthesized and commercial H- and Fe-BEA catalyst led to quite satisfactory reproduction of
experimental results, highlighting the robustness of the proposed model.

Finally, reactivity of NHs; and NOy, at low temperature regime is discussed in chapter 7. At
temperatures as low as 170 °C, ammonium nitrate formation was speculated upon reactions between
Al and Fe based NO; and NH4*, bonded to cationic OH*. The presence of NO in the feed was found to
have a significant effect on the abovementioned reaction, since the latter can effectively reduce
nitrates to nitrites at the studied temperature range. At higher temperatures decomposition of NH4sNO3
took place leading to release of N2, N.O and NO,. Additional thermal decomposition experiments on
powder crystalline ammonium nitrate showed that NHsNOs undergoes two phase transitions at around
50 and 110 °C, before decomposing at 170 °C. Interestingly, the presence of Lewis and Brensted
acidic sites did not seem to affect neither the sequence crystallographic phase transformations of the
salt, nor the generated gas phase products. Unfortunately, no safe conclusion could be drawn for the
respective impact of the iron content of the Fe-BEA catalyst and hence additional investigation is
required. However, these observations were obtained on mechanical mixtures of NHsNOs and H- and
Fe-BEA catalysts in loose contact. Thus, the observed ammonium nitrate behavior may not completely
reflect the thermal stability and/or the reactivity of the salt with the catalytic surface, under typical
SCR conditions. Aspects such as the effect of the contact duration, the impact of humidity as the
presence of iron should be further analyzed.
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Overall, experimental results presented in this work provided a deep insight into mechanistic aspects
related to the NH3-SCR reactions network over Fe-zeolites. Correlations between catalyst structural
properties and SCR reactions were drawn and formation and interactions between ammonia and
nitrogen oxide adspecies were characterized in a qualitative and quantitative way. Utilizing
experimental observations, a significant part of the NH3;-SCR reactions network was depicted by
means of multi-site kinetic modeling. The proposed model was able to account for structural
properties of the catalyst not only with respect to catalyst acidic and redox properties (eg. acidity
strength variation) but concerning the actual elemental composition of the studied sample (eg. Al and
Fe content) as well. Therefore, macro-kinetic modeling was linked with mechanistic aspects related to
the NH3-SCR on Fe-zeolites, via detailed surface chemistry analysis, which has not been attempted to
this extent yet.

Commenting on applied experimental methods, detailed surface reactions characterization was
performed by means of in-situ IR spectroscopic measurements. As shown in chapters 5, 6 and 7 this
technique exhibits significant advantages towards the identification of NH; and NOy surface species
formed on acidic and metallic sites. Moreover, coupling between TRM and TPD with IR spectroscopic
analysis allowed a quite satisfactory characterization of adspecies thermal stability and surface
reactions. However, important limitations have to be pointed. The actual nature of iron species
involved in NO; disproportionation and NH3:/NO, SCR reactivity was not clearly deduced. The
existence of bridging Fe based nitrates tends to support the fact that binuclear complexes might be the
active sites for these reactions, but contribution of isolated Fe** cations could not be excluded. X-ray
Atomic Spectroscopy has been earlier proposed by Roberio and co-workers [274,275] for Cu-zeolites,
enabling to identify the nature of Cu complexes active for NO oxidation and NOy standard SCR.
Moreover, formation of NH4sNO3; was concluded on the basis of quantitative analysis of NOx/NH3
TRM and TPD runs but was not directly detected through recorded IR spectra. In-situ Raman
spectroscopy might be more sensitive in detecting deposited ammonium nitrate [276]. Finally, it has to
be highlighted that all presented experiments were performed in the absent of water. As discussed in
section 1.5.2 water may have significant effects on the SCR process, since it can interact with NH3 and
NOx adpecies. In the frame of this work additional experiments were also performed and H,O was
included in the experimental protocol (not presented in the manuscript). Nevertheless, these runs were
not considered in the SCR reaction mechanisms analysis because surface species characterization
through IR spectroscopy was very difficult in the presence of water.

From a computer aided engineering point of view, the presented work may provide significant
information in order to develop phenomenological kinetic models, oriented to diesel engines
aftertreatment system simulation. Simplifying presented experimental results and particularly the ones
obtained from NH3/NOy reactivity runs, it appears that nitrogen oxides preferably interact with
framework and extra-framework aluminium, as well as binuclear iron sites, whereas ammonia is
mainly chemisorbed on cationic OH* Brgnsted acidic ones. Therefore, the proposed NH; and NOx
storage and NO oxidation multi-site models could be merged and globalized towards a simpler kinetic
model, which could be able to account for reactions between ammonia and nitrogen oxide adspecies.
A potential concept of a NH3-SCR global multi-site kinetic model may include modeling of NO-
storage and disproportionation, as well as NO oxidation on Al and Fe sites, and NH3 adsorption on a
global Brgnsted acidic and a non acidic site. The latter, might be of high importance, since NH3
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released from non-acidic sites can be further available, by readsorption on neighboring acidic sites, or
it can escape the catalytic converter, causing significant ammonia-slip. Finally, reactions between
surface ammonia and nitrogen oxides could be taken into consideration, through the formation and

decomposition of NHsNO:s.
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Résumeé des Conclusions et Perspectives

Les normes futures, trés restrictives, concernant les émissions d'oxydes d'azote des sources mobiles
a moteur Diesel nécessitent 1’utilisation de technologies sophistiquées de post-traitement des gaz
d'échappement. La réduction catalytique sélective des NOy par l'urée ou par l'ammoniac est une
technique bien établie qui permet la réduction des oxydes d'azote des gaz d'échappement des moteurs
Diesel de facon efficace. Les zéolithes échangées au fer ont été récemment considérées comme des
catalyseurs SCR prometteurs, grace a leur rendement de dénitrification élevé, ainsi que leur stabilité
thermique significative. La compréhension détaillée des voies réactionelles NH3;-SCR et des propriétés
structurelles du catalyseur est essentielle pour le développement de systemes SCR efficaces. Dans ce
contexte, le concept de modélisation cinétique peut offrir des possibilités importantes, permettant
d'optimiser les paramétres du catalyseur. Par conséquent, ce travail constitue une étude exhaustive
expérimentale des réactions de la SCR au NHjs sur les zéolithes échangées au fer, afin de développer
un modéle macro-cinétique phénoménologique, orienté vers la simulation de systeme de post-
traitement des moteurs Diesel.

En ce qui concerne la modélisation cinétique, une approche de modélisation multi-site a été adoptée,
afin de représenter les interactions entre le NH3 et les NOy et les sites acides et redox de surface. Un
modeéle - squelette de référence a été développé (chapitre 2) a partir des expériences d'adsorption et de
TPD de I'ammoniac sur les catalyseurs H- et Fe-ZSM5, existant dans la littérature récente. Cing sites
ont été considérés: un site non acide de physisorption et / ou de I’adsorption faible, deux sites acides
caractérisés par des forces d'acidité différentes, un site métallique et un site pour reproduire des
phénomenes de déshydroxylation a haute température. Grace a une calibration des paramétres
cinétiques et des capacités de stockage du NHs sur certains intervalles, le modéle a été validé en
simulant des expériences d’adsorption et de TPD de I’ammoniac, réalisées sur des échantillons H et
Fe-ZSM5 du laboratoire et commerciaux, montrant I'intérét de I'approche suivie (chapitre 3). D'autre
part, des limitations significatives ont été rencontrés, notamment le fait qu'un examen détaillé des
propriétés structurales a été nécessaire pour déterminer la nature et le nombre de sites du modele et
estimer les parameétres respectifs du modéle.

Par conséquent, une zéolithe de type BEA échangée au fer a été synthétisée en laboratoire et elle a
été caractérisée au moyen de techniques optiques diverses (chapitre 4). Différents types de sites
métalliques ont été détectés sur le catalyseur Fe-BEA, notamment i) les espéces Fe isolés, ii) les
complexes Fe oligoméres, ainsi que iii) les grandes particules Fe,Os. Employant cet échantillon
catalytique, les réactions du processus NHs-SCR ont été étudiées expérimentalement et ont été
modélisées. Une recherche approfondie dans la littérature récente (chapitre 1) a permis un examen
détaillé des voies réactionnelles possibles, associées a la SCR sur les zéolithes échangées au fer.
Visant & obtenir un apercu plus détaillé des aspects mécanistiques correspondants, la contribution des
sites acides et redox sur les réactions catalytiques a été étudiée au moyen de mesures de spectroscopie
IR, sur les échantillons H- et Fe-BEA synthétisés en laboratoire. Pour faciliter l'analyse, les voies
réactionnelles SCR ont été séparées en trois groupes: i) adsorption et désorption du NHs, ii) stockage
des NOx et oxydation du NO et iii) réactivité entre le NHs et les NOy de surface.
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Dans le chapitre 5, l'adsorption et la désorption de I’ammoniac ont été étudiées. A basse
température, I’ammoniac a été, de fagon prédominante, faiblement lié sur les sites non acides et/ou sur
les sites d' adsorption faible. Les espéces N>H;* ont été mis en évidence, ce qui tend & indiquer que
I'ammoniac a formé des multi-couches. En outre, les spectres enregistrés ont montré que le NHs
pourrait étre chimisorbée de fagon stable sur des sites acides de type Lewis et de type Bregnsted, qui
correspondent aux positions Al et au OH* respectivement. En plus, ’ammoniac pourrait étre aussi
chimisorbée de fagon stable sur les sites métalliques. La nature de ces derniers (qui peuvent étre soit
des especes isolés, soit des especes de type binucléaires) montrent une acidité de type Lewis. En ce qui
concerne les interactions de I'ammoniac avec des groupes hydroxyles cationiques, le NH,;" dans les
coordinations (ou configurations) monodentate, bidentate et tridentate a été détecté, ce qui suggere
I'existence de sites acides de type Brgnsted, caractérisés par des forces d'acidité différentes. En
compilant des résultats obtenus a partir de mesures spectroscopiques IR, le modéle cinétique multi-
sites "de référence" a été capitalisé en déduisant des corrélations entre les sites du modele et les sites
catalytiques du Fe-BEA. Les parametres cinétiques ont été calibrés en utilisant les données de la
littérature, alors que les capacités de stockage du NHs ont été soigneusement évaluées sur la base des
propriétés structurales des catalyseurs synthétisés en laboratoire (notamment les rapports Si/Al et
Fe/Al). La simulation des expériences de 1’adsorption et de TPD du NH3 sur le catalyseur Fe-BEA, en
appliquant une large gamme de conditions de fonctionnement, a prouvé que l'approche de
modélisation cinétique de type multi-site, qui a ét¢ déja validée pour 1’adsorption/désorption de
I’ammoniac sur les catalyseurs H- et Fe-ZSM5 (chapitre 3), pourrait également étre appliquée aux
catalyseurs Fe-BEA. Néanmoins, il doit étre souligné que le transfert de chaleur et/ou les limitations
de macro-mélange doivent étre analysées en détail, afin d'améliorer la précision du modele de réacteur.

L’adsorption et la désorption de NOy, ainsi que lI'oxydation du NO ont été étudiées dans le chapitre
6. 1l a été montré que le NO a été faiblement chimisorbé sur I’aluminium extra-réseau, sur les cations
Fe?* monomeres, ainsi que sur les OH* cationiques. D'un autre coté, des nitrates ont été produits a
partir de I'adsorption et de la disproportionation du NO- sur I’aluminium en position du réseau et en
position extra-réseau de la zéolithe, ainsi que sur les sites métalliques, situés a proximité du OH*
cationique. La synergie entre les positions catalytiques voisines a donc été suggérée. Des nitrites ont
été également mis en évidence et ils ont été caractérisés par une stabilité thermique limitée. Enfin,
concernant 1’oxydation du NO, la réaction a été initiée a 100 °C, sur les sites de fer oxydés et elle est
devenue active sur I’aluminium zéolithique a 250 °C. A partir des données de la spectroscopie IR, un
modeéle cinétique multi-site a été développé, portant sur le stockage des NOy et sur I’oxydation du NO.
En analogie avec le modéle de stockage du NHs, les parameétres cinétiques et les capacités de stockage
de chaque site ont été estimées compte tenu des données de la littérature et des propriétés structurales
des échantillons étudiés. La simulation des expériences d’adsorption et de TPD du NO, ainsi que des
expériences d’oxydation du NO, réalisées sur les échantillons H- et Fe-BEA synthétisés en laboratoire,
ainsi que sur les catalyseurs commerciaux, a mené a une reproduction satisfaisante des curbes
expérimentales. Donc, la robustesse du modele proposé a pu étre validé.

Finalement, la réactivité du NH3 et des NO,, a basse température est abordée dans le chapitre 7. A
des températures aussi basses que 170 °C, la formation du nitrate d'ammonium a été spéculé a partir
des réactions entre le NOs (formé sur I’Al et le Fe) et le NH,* (lié au OH* cationique). La présence de
NO dans lalimentation a eu un effet significatif sur la réaction ci-dessus, car celle-ci peut
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effectivement réduire les nitrates en nitrites dans la gamme de température étudiée. A des températures
plus élevées, la décomposition du NH4sNOs3 a lieu entrainant la libération des N2, NoO et NO.. Des
expériences additionnelles, portant sur la décomposition thermique du nitrate d'ammonium cristalline,
en poudre ont montré que le NH4NOs subit deux transitions de phase a environ 50 et 110 °C, avant
d'étre décomposé a 170 °C. La présence des sites acides de type Lewis et de type Brgnsted ne semble
pas affecter ni la séquence des transformations de phases cristallographiques, ni les produits générés
en phase gazeuse. Malheureusement, aucune conclusion sre n'a pu étre tirée concernant I'impact de la
teneur en fer du catalyseur Fe-BEA et par conséquent des études supplémentaires sont nécessaires.
Cependant, ces observations ont été obtenues sur des mélanges mécaniques de NH4NOs et H- et de
catalyseurs Fe-BEA en contact lache. Le comportement observé sur nitrate d'ammonium peut donc ne
pas refléter complétement la stabilité thermique et/ou la réactivité de cette espece intermédiaire avec la
surface catalytique, sous conditions typiques SCR. Les aspects tels que I'effet de la durée de contact,
I'impact de I'numidité ainsi que la présence de fer devront étre analysées ultérieurement.

Globalement, les résultats expérimentaux présentés dans ce travail ont fourni un apercu détaillé des
aspects mécanistiques liés aux voies réactionnelles de la SCR sur les zéolithes échangées au fer. Des
corrélations entre les propriétés structurales du catalyseur et des réactions de la SCR ont été déduites.
De plus, la formation des espéces ammoniac et oxydes d'azote surfaciques et leurs interactions entre
elles ont été caractérisés de facon qualitative et quantitative. En utilisant des observations
expérimentales, une partie importante des réactions SCR a été décrit par modélisation cinétique de
type multi-site. Le modéle proposé a été capable de prendre en compte des propriétés structurelles du
catalyseur, pas seulement par rapport aux propriétés acides et redox de catalyseur (par exemple la
variation de la force d'acidité), mais également, par rapport a la composition élémentaire réelle des
échantillons étudiés (par exemple le contenu en Al et en Fe). Par conséquent, la modélisation macro-
cinétique a été corrélé aux aspects mécanistiques liés a la SCR sur les zéolithes au fer, au moyen d’une
analyse chimique détaillée de surface, qui n'a pas encore été tenté a ce jour.

Par rapport aux méthodes expérimentales appliquées, la caractérisation des réactions de surface a été
réalisée au moyen de mesures de spectroscopie IR. Comme il est indiqué dans les chapitres 5, 6 et 7,
cette technique présentait des avantages importants pour l'identification des espéces du NHs et des
NOx de surface, formés sur des sites acides et métalliques. De plus, le couplage entre les expériences
de TRM et de TPD et l'analyse spectroscopique ont permis une caractérisation trés satisfaisante a la
fois de la stabilité des espéeces de surface et des réactions surfaciques. Cependant, des limitations
importantes doivent étre soulignées. La nature des espéces métalliques impliquées dans la
disproportionation du NO; et dans la réactivité entre le NH3 et le NOy, n'a pas pu étre déterminé.
L'existence des nitrates de type ‘bridging’ sur Fe appuie le fait que les complexes métalliques
binucléaires pourraient étre les sites actifs de ces réactions, mais la contribution des cations Fe®" isolés
ne pouvaient pas étre exclus. La spectroscopie atomique de rayons X a été précédemment proposé par
Roberio et al. [269,270] pour les zéolithes échangées au cuivre, permettant d'identifier la nature des
complexes Cu actifs pour I'oxydation du NO et pour la réaction de la "standard SCR". Par ailleurs, la
formation du NHsNO;3 a été conclu a partir d'une analyse quantitative des expériences de TRM des
NO,/NH;3 et des expériences de TPD, mais il n'a pas été détectée directement grace aux spectres IR
enregistrées. La spectroscopie Raman dans des conditions in-situ pourrait étre plus sensible pour la
détection de nitrate d'ammonium déposé [271]. Finalement, il doit étre souligné que toutes les
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expériences présentées ont été réalisées en I'absence d'eau. Tel que discuté dans la section 1.5.2, I'eau
peut avoir des effets significatifs sur le processus SCR, car il peut interagir avec les especes du NH3 et
les especes des NOy surfaciques. Dans le cadre de ce travail, d'autres expériences ont été également
réalisées et le H,O a été inclus dans le protocole expérimental (résultats pas présentés dans le
manuscrit). Néanmoins, ces essais n'ont pas été considérés dans l'analyse des mécanismes de réaction
SCR puisque la caractérisation des espéces de surface par spectroscopie IR a été trés difficile en
présence d'eau.

Du point de vue de la CAO (Conception Assistée par Ordinateur), le travail présenté peut fournir des
informations importantes pour le développement des modéles cinétiques phénoménologiques, orientés
vers la simulation de systémes de post-traitement des moteurs Diesel. En simplifiant les résultats
expérimentaux présentés et en particulier ceux obtenus a partir des expériences de la réactivité entre le
NHs et les NOy, il semble que les oxydes d'azote interagissent de préférence avec 1’aluminium (qui est
localisé aux positions du réseau et aux positions du extra-réseau zéolithique) et avec les sites
metalliques. L'ammoniac est principalement chimisorbé sur les sites acides de type Brgnsted. Par
conséquent, le modele "multi-site” qui porte sur le stockage des NOy et sur ’oxydation du NO pourrait
étre fusionné avec le modele du stockage du NHs. Le modéle résultant pourrait étre ensuite globalisé
vers un modéle cinétique simple, qui serait capable de prendre en compte des réactions entre
I'ammoniac et les especes des NOy surfaciques. Un concept potentiel d'un modéle cinétique multi-site,
global de la SCR peut inclure i) la modélisation du stockage et de la disproportionation du NO3, ainsi
que celle de I'oxydation du NO sur des positions Fe et Al, et, ii) la modélisation de 1’adsorption de
I’ammoniac sur un site acide global de type Bransted et sur un site non acide. Ce dernier pourrait étre
d'une grande importance, car le NHs libéré des sites non-acides peut encore étre disponible, par
réadsorption sur les sites acides voisins, ou il peut quitter le catalyseur, provoquant un "NHs-slip"
significatif. Finalement, les réactions entre I'ammoniac et les oxydes d'azote de surface pourraient étre
prises en compte, en considérant la formation et la décomposition du NHsNOs.
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Evaluation of the experimental-sup reliability
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Reproducibility of experimental results obtained from the testing rig presented in (Figure 4.6) was
evaluated by performing series of successive NHs adsorption and TPD experiments, on 9 mg of H-
BEA zeolite. Around 550 ppm NH; were preadsorbed at 150 and 350 °C, for 80 min, followed by 1 h
He flushing at the same temperature. Finally, a TPD was performed from the adsorption temperature
up to 400 °C. Gas phase results are shown in Figure Al and A2 respectively.
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Figure A.1 Successive NH3 adsorption and TPD experiments over H-BEA. Preadsorption of 550 ppm NH; for
80 min, at 150 °C, followed by 1 h He flushing and TPD at heating rate of 10 °C/min.
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Figure A.2 Successive NH3 adsorption and TPD experiments over H-BEA. Preadsorption of 550 ppm NH3 for
80 min, at 350 °C, followed by 1 h He flushing and TPD at heating rate of 10 °C/min.
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For both experimental cases, ammonia adsorption and TPD profiles seem to be qualitatively very
similar. Mass flow controllers and control valves responses, during successive runs were unchanged
and thus, reproducible NHs injection and removal were achieved. Moreover, the electrical oven was
proved to be stable during steady and transient states, allowing reproducing identical temperature
profiles. This picture was also validated by estimating the amounts of NHs stored on the H-BEA
during the successive adsorption/TPD runs. Regarding the ammonia adsorption experiment at 150 °C,
equimolar amounts of 0.62 and 0.64 mol/kgeiite NH3 were adsorbed and desorbed during the first and
the second run respectively, resulting in a ca 3% deviation. On the other hand for the test case 0f 350
°C, 0.17 mol/kgeolie. NH3 were calculated to be stored and released in both runs.

0.62 0.64 W Tads = 150 °C

0.6

B Tads = 350 °C

0.5 A

0.4 1

0.3

0.2 1

0.1 1

NH; total storage capacity [mol/kg,eolite]
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Figure A.3 Amounts of NH3 stored on the H-BEA zeolite, during successive adsorption/TPD runs, at 150 and
350 °C.
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Appendix B

Kinetic modeling of NOy storage and NO oxidation: Parameters calibration

Kinetic parameters used for the simulation of experiments performed over the lab-synthesized H-
and Fe-BEA catalysts (section 6.3) are discussed in this section.

Kinetics of O storage and dissociation are illustrated in Table B.1 and Table B.2. Pre-exponential
factors of O adsorption were computed based on oxygen entropy change, applying the methodology
presented in section 5.4.1. For the purposes of this study, it was assumed that O, adsorption on the Fe-
BEA surface results in entire loss of its translation entropy, as well as in a loss of one third of its
rotational one. Vibrational entropy was not taken into consideration since it was negligible compared
to translation and rotation ones. Similar values have been reported elsewhere [145]. Respective
activation energies of adsorption were set to zero in line with Chen et al. [183], assuming that
adsorption is a non-activated process. Pre-exponential factors of desorption rate constants were tuned
to the order of magnitude of 10 s, according to the transition state theory for immobile molecules
[184], considering that O, storage capacity values are centred around 1 mol Oa/kQcatayst. The activation
energies of desorption over S2 and S3 sites were calibrated based on O, adsorption Kinetic studies on a
H-BEA zeolite, performed by Li et al. [277], whereas for the respective value over the iron S4 site, an
activation energy of 48 kd/mol, previously proposed by Metkar et al. [144] was adopted. For simplicity
purposes, the desorption activation energy surface coverage dependency factors (o) were set to zero,
assuming homogeneous acidity strength distribution. Concerning kinetics of oxygen dissociation and
recombination, pre-exponential factors of dissociation were calibrated in line with respective values
proposed by Olsson et al. [145], whereas the rest of the kinetics were chosen from kinetic modeling
studies reported by Olsson et al. [145] and Metkar et al. [144].

Table B.1 Kinetic parameters for the multi-site kinetic model of O, adsorption and desorption over the Fe-BEA
lab-synthesized catalyst.

Type of site Aj_Oz _ads Ej_O2 _ads Aj_Oz_des Ej_Oz_des U“j

[M3/(s-Kg zeolite)] [kd/mol] [mol/(s-Kg zeolite)] [kd/mol] [-]

S2 sites? 394 0 1.0-10% 8.26 0.00
S3 sites? 394 0 1.0-10% 8.26 0.00
S4 sites® 394 0 1.0-10% 48.00 0.00

1. S2 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bidentate NOs™ can be
formed, 2: S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bridging
NO;s can be formed, 3: S4 sites represent a pair of an isolated or binuclear iron site in the Fe®* state and a Si-
OH~*-Al Brgnsted and/or a second metallic one.
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Table B.2 Kinetic parameters for the multi-site kinetic model of O, dissociation and recombination over the Fe-
BEA lab-synthesized catalyst.

Type of site A o, dis Ei o, diss Ao, e Eio, re Q;

[M3/(s-Kg zeolite)] [kJ/mol] [mol/(s-Kg zeolite)] [kJ/mol] [-]

S2 sites? 3.2.10% 83.3 1.0-108 161.00 0.10
S3 sites? 3.2.10% 83.3 1.0-108 161.00 0.10
S4 sites® 3.2.10% 83.3 1.0-108 161.00 0.10

1. S2 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bidentate NOs™ can be
formed, 2: S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bridging
NOj; can be formed, 3: S4 sites represent a pair of an isolated or binuclear iron site in the Fe®* state and a Si-
OH*-Al Brgnsted and/or a second metallic one.

As far as kinetic parameters of NO. adsorption and desorption are concerned, the respective values
are summarized in Table B.3. In analogy with NH; and O storage, pre-exponential factors of
adsorption were calibrated based on entropy change computations, whereas the respective activation
energies were set to zero, supposing that the nitrogen dioxide adsorption occurs without energy
barrier. Regarding entropy change, it was assumed that upon NO; adsorption translation entropy is
completely lost for all sites whereas a rotational entropy change of around 33% and 44% occurs over
Sla, S1b and S2, S3 and S4 sites respectively. Vibrational entropy was not taken into consideration
since it was negligible compared to translation and rotation ones. Pre-exponential factors of desorption
were set to the order of magnitude of 10® s, according to the transition state theory for immobile
molecules [184], considering that NO. storage capacity values are centred around 1 mol
NOy/kgcatalyst, as already supposed for NH; and O, desorption. Respective values of desorption
activation energies were calibrated based on various sources. An activation energy of 77 kJ/mol was
used over the Sla sites, in order to fit the NO»-TPD experiment presented in Figure 6.16. Earlier,
Iwasaki et al. [278] have proposed a NO, differential adsorption energy of 67+1 kJ/mol over non
acidic sites, which seems to somehow validate the slightly higher chosen value, since the Sla site
corresponds to sites for physisorption and/or weak adsorption (see also discussion in section 5.4).
Activation energies over S3 and S4 sites were calibrated in line with kinetic studies reported by
Iwasaki et al. [278] and Metkar et al. [144]. Finally, respective values for S1b and S2 sites were
manually tuned so as to simulate the NO»-TPD experiment illustrated in Figure 6.16. Finally,
desorption surface coverage dependency factors o, were calibrated to low values, accounting for
relatively low heterogeneity within each group of model sites. The reader is referenced to section 5.4
for additional relative information.
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Table B.3 Kinetic parameters for the multi-site kinetic model of NO; adsorption and desorption over the Fe-
BEA lab-synthesized catalyst.

Type of site Aj o, ads Ei no, ads A No, des E; no, des 0;

[M3/(s-Kg zeolite)] [kJ/mol] [mol/(s-Kg zeolite)] [kdJ/mol] [-]

Sla sites 76 0 1.0-108 77.00 0.10
S1b sites? 67 0 1.0-108 82.00 0.10
S2 sites® 24 0 1.0-10% 106.00 0.12
S3 sites* 24 0 1.0-108 141.00 0.14
S4 sites® 20 0 1.0-108 1445 0.18

1 Sia sites correspond to sites for physisorption and/or weak adsorption, 2 Slb sites are assigned to Bransted
acidic sites on which nitrites can be formed, 2: S2 sites represent a pair of an Al based Lewis site and a Si-OH*-
Al Bransted one, where bidentate NO3™ can be formed, #: S3 sites represent a pair of an Al based Lewis site and a
Si-OH*-Al Brgnsted one, where bridging NOs~ can be formed, °: S4 sites represent a pair of an isolated or
binuclear iron site in the Fe®* state and a Si-OH*-Al Brgnsted and/or a second metallic one.

Kinetic parameters of NO, disproportionation and recombination are presented in Table B.4. Pre-
exponential factors of nitrogen dioxide disproportionation were manually adjusted in order to fit the
NO.-TPD experimental curves shown in Figure 6.16 and Figure 6.18. The rest of the kinetic
parameters were calibrated in the order of magnitude of respective parameters reported by Olsson et
al. [145].

Table B.4 Kinetic parameters for the multi-site kinetic model of NO; disproportionation and recombination over
the Fe-BEA lab-synthesized catalyst.

Type of site Aj no,_disp Ei no, disp A o, rec Ei no, rec 0

[M3/(s-Kg zeolite)] [kd/mol] [mol/(s-Kg zolie)]  [kdJ/mol] [-]

S2 sites? 1.0-10%" 89 116 10.00 1.00
S3 sites? 9.0-10% 123 250 18.00 1.00
S4 sites® 9.0-10% 128 250 18.00 1.00

1. S2 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bidentate NO3™ can be
formed, 2. S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bridging
NOj; can be formed, 3: S4 sites represent a pair of an isolated or binuclear iron site in the Fe®* state and a Si-
OH*-Al Brgnsted and/or a second metallic one.

Regarding nitrates decomposition and recombination, respective kinetics are summarized in Table
B.5. pre-exponential factors of NOs formation were fixed to the order of magnitude of 10 s, in line
with values reported by Olsson et al. [145], whereas respective activation energies were manually
adjusted in order to fit experimental curves presented in Figure 6.16 and Figure 6.18. On the hand,
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kinetics of nitrates decomposition were calibrated in accordance with values proposed by Olsson et al.
[145] and Savara et al. [279]. Finally, decomposition surface coverage dependency factors were
manually adjusted in order to simulate the NO,-TPD experiments illustrated in Figure 6.16 and Figure
6.18.

Table B.5 Kinetic parameters for the multi-site kinetic model of NOs formation and decomposition over the Fe-
BEA lab-synthesized catalyst.

Type of site A no, fom Ei no, fom A no, dec E; no, dec 0

[Mm3/(s-Kg zeolite)] [kd/mol] [mol/(s-Kg zeolie)]  [kJ/mol] [-]

S2 sites! 1.0-108 89 5.0-10% 115.00 0.30
S3 sites? 1.0-108 86 1.0-10% 190.00 0.51
S4 sites® 1.0-108 92 1.0-10% 195.00 0.45

1: 32 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bidentate NO3™ can be
formed, 2. S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bridging
NO; can be formed, 2: S4 sites represent a pair of an isolated or binuclear iron site in the Fe®* state and a Si-
OH*-Al Brgnsted and/or a second metallic one.

Finally, as far as NO oxidation and NO; dissociation are concerned, respective kinetic parameters
are presented in Table B.6. Pre-exponential factors of nitrogen monoxide oxidation were calibrated
according to kinetic modeling studies reported by Olsson et al. [145], whereas corresponding
activation energies were adjusted in line with recently presented kinetic studies by Tronconi et al.
[280]. Finally, kinetics for NO- dissociation were tuned to values, which are in relative agreement with
values reported by Olsson et al. [145].

Table B.6 Kinetic parameters for the multi-site kinetic model of NO oxidation and NO; dissociation over the Fe-
BEA lab-synthesized catalyst.

Type of site A No o Ei no_ox Aj_NOZ_diss E J_NO,_diss

[M3/(s-Kg zeolite)] [kI/mol]  [mol/(s-Kg zeoiie)]  [kd/mol]

S3 sites? 100 25 7.0-10% 133.00
S4 sites? 200 24 7.0-10% 127.00

1. S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bridging NO3™ can be
formed, 2: S4 sites represent a pair of an isolated or binuclear iron site in the Fe3* state and a Si-OH*-Al Brgnsted
and/or a second metallic one.

For simulation purposes, NO storage capacities over each surface site had to be estimated. In
analogy with the analysis presented in sections 5.4.1 and 5.4.2 catalysts structural properties were
taken into consideration. Regarding the H-BEA zeolite, an overall 1.64 mol/kgeoiie NO2 uptake was
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estimated at 30 °C. According to the results of the elemental analysis (Table 4.1), the H-BEA zeolite
was composed of 1.11 mol/kgzaite Al, which means that all acidic and non acidic sites were
completely saturated and thus around 0.53 mol/kgzeoiite NO2 were physisorbed and/or weakly adsorbed
on silanols (SiOH). The total amount of zeolitic aluminium may correspond to either Al based Lewis
sites and/or OH* Bransted sites. As explained in section 6.2.2.1, nitrogen dioxide desorbed between
200 — 500 °C corresponded to decomposition of bidentate and bridging nitrates. Integrating the
respective TPD signal shown in Figure 6.8. within this temperature range an amount of 0.54
mol/kgzeoiite NO2 Was estimated. From a modeling point of view, this amount of nitrates corresponds to
the sum of storage capacities of S2 and S3 sites. Therefore, respecting this value, the storage capacities
of S2 and S3 sites were manually adjusted to 0.24 and 0.3 mol/kgzeiite NO, in order to fit the NO,-
TPD presented in Figure 6.16. Finally, subtracting storage capacities of S1a, S2 and S3 from the total
NO- uptake of 1.64 mol/kgzeoiite, @ residual amount of 0.57 mol/kgzeoiite Was found, which was assigned
to the storage capacity of S1b sites.

As far as the lab-synthesized Fe-BEA is concerned, a total amount of 1.44 mol/kgee-sea hitrogen
dioxide was estimated to adsorb and desorb during the NO adsorption and TPD experiments
presented in Figure 6.10 and Figure 6.12 respectively. The storage capacity over Sla sites for
physisorption and/or weak adsorption was set to 0.54 mol/kgre-sea NO2, in line with the analysis
presented for the H-BEA zeolite above. In the case of the Fe-BEA, the respective NO»-TPD area
(Figure 6.12) within the range of 200 — 500 °C was calculated equal to ca 0.57 mol/kgre.sea. AS
explained in section 6.2.2.2, this amount of nitrogen dioxide was generated through decomposition of
EfAl, FAI and Fe based NOs. Regarding the storage capacity of metallic sites, an amount of 0.16
mol/kgee-sea Was deduced, according to the analysis presented in section 5.4.2. Subtracting the latter
value from the total amount of surface nitrates, a total capacity equal to 0.41 mol/kgre-sea Was found
over S2 and S3. Fitting the NO»-TPD experiment illustrated in Figure 6.18, individual capacities over
S2 and S3 sites were adjusted to 0.21 and 0.2 mol/kgre-sea respectively, hence respecting a total
amount of 0.41 mol/kgee-gea. Finally, subtracting the sum of NO, storage capacities over the Sla, S2,
S3 and S4 sites (1.11 mol/kgre-sea) from the overall NO, uptake over the Fe-BEA catalyst (1.44
mol/kgre-ea) a residual storage capacity of 0.33 mol/kgre-sea Was estimated, which corresponds to S1b
sites. NO; storage capacities over the H- and Fe-BEA sites are summarized in Table B.7. At this
stage, it has to be highlighted that the abovementioned computations provided just approximate values
of storage capacity, since as already explained in chapters 3 and 5, the shape of the TPD signal (and
thus measured concentration during desorption) is very sensitive to experimental conditions.
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Table B.7 NO; storage capacity over the characterized sites of the H- and Fe-BEA lab-synthesized samples.

Type of site H-BEA Fe-BEA

Nj (mOI/kgzeolite) Nj (m0|/kgcatalyst)

Sla sites? 0.54 0.54
S1b sites? 0.57 0.33
S2 sites® 0.24 0.21
S3 sites* 0.3 0.2
S4 sites® - 0.16

1 Sia sites correspond to sites for physisorption and/or weak adsorption, 2 Slb sites are assigned to Bransted
acidic sites on which nitrites can be formed, 2: S2 sites represent a pair of an Al based Lewis site and a Si-OH*-
Al Bransted one, where bidentate NOs™ can be formed, #: S3 sites represent a pair of an Al based Lewis site and a
Si-OH*-Al Brgnsted one, where bridging NOz can be formed, % S4 sites represent a pair of an isolated or
binuclear iron site in the Fe3* state and a Si-OH*-Al Brgnsted and/or a second metallic one.

Finally, kinetic parameters used for simulating the NO; adsorption and TPD experiments illustrated
in Figure 6.21 are presented in Table B.8 to Table B.13. NO; storage capacities over different sites are
shown in Table B.14. Since the presented NO; adsorption experiments were performed at 200 °C, S2,
S3 and S4 sites were only active for NOy species formation. Respective storage capacities were
manually calibrated in order to fit the NO.-TPD experimental curves of Figure 6.21, respecting the
fact the total amount of stored nitrates was reported to be equal to 0.025 mol/Kgcatayst. On the other
hand, storage capacities over Sla and Slb sites, which are associated with sites for physisorption
and/or weak adsorption and sites for nitrites formation respectively were not able to be estimated.
Therefore, since these sites are not interfering in the simulation, a minimum value of 0.001
MOl/KJcatatyst Was used.

Table B.8 Kinetic parameters for the multi-site kinetic model of O, adsorption and desorption over the Fe-BEA
commercial catalyst, reported in [94].

Type of site A o, ws Eio, as A o, dges Eio, des Q;

[M3/(s-Kg zeolite)] [kd/mol] [mol/(s-Kg zeolite) ] [kd/mol] [-]

S2 sites? 394 0 1.0-10% 8.26 0.00
S3 sites? 394 0 1.0-10% 8.26 0.00
S4 sites® 394 0 1.0-10% 40.00 0.00

1. S2 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bidentate NO3™ can be
formed, 2: S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bridging
NO;s can be formed, 3: S4 sites represent a pair of an isolated or binuclear iron site in the Fe3* state and a Si-
OH*-Al Brgnsted and/or a second metallic one.
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Table B.9 Kinetic parameters for the multi-site kinetic model of O, dissociation and recombination over the Fe-
BEA commercial catalyst, reported in [94].

Type of site A o, dis Ei o, diss Ao, e Eio, re Q;

[M3/(s-Kg zeolite)] [kJ/mol] [mol/(s-Kg zeolite)] [kJ/mol] [-]

S2 sites? 3.2.10% 83.3 1.0-108 161.00 0.10
S3 sites? 3.2.10% 83.3 1.0-108 161.00 0.10
S4 sites® 3.2.10% 83.3 1.0-108 161.00 0.10

1. S2 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bidentate NOs™ can be
formed, 2: S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bridging
NOj; can be formed, 3: S4 sites represent a pair of an isolated or binuclear iron site in the Fe®* state and a Si-
OH*-Al Brgnsted and/or a second metallic one.

Table B.10 Kinetic parameters for the multi-site kinetic model of NO, adsorption and desorption over the Fe-
BEA commercial catalyst, reported in [94].

Type of site Aj o, ads Ej no, ads Aj No, des E; no, des ;

[M3/(s-Kg zeolite)] [kJ/mol] [mol/(s-Kg zeolite)] [kd/mol] [-]

Sla sites? 76 0 1.0-10% 77.00 0.10
S1b sites? 67 0 1.0-10% 82.00 0.10
S2 sites® 24 0 1.0-10% 106.00 0.12
S3 sites* 24 0 1.0-10% 141.00 0.14
S4 sites® 24 0 1.0-10% 120.00 0.18

1. S1a sites correspond to sites for physisorption and/or weak adsorption, 2: S1b sites are assigned to Brgnsted
acidic sites on which nitrites can be formed, 3: S2 sites represent a pair of an Al based Lewis site and a Si-OH*-
Al Brgnsted one, where bidentate NO3™ can be formed, #: S3 sites represent a pair of an Al based Lewis site and a
Si-OH*-Al Brgnsted one, where bridging NOz can be formed, % S4 sites represent a pair of an isolated or
binuclear iron site in the Fe3* state and a Si-OH*-Al Brgnsted and/or a second metallic one.
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Table B.11 Kinetic parameters for the multi-site kinetic model of NO. disproportionation and recombination
over the Fe-BEA commercial catalyst, reported in [94].

Type of site Aj no,_disp Ei no, disp A o, rec Ei no, rec 0

[M3/(s-Kg zeolite)] [kJ/mol] [mol/(s-Kg zolie)]  [kI/mol] [-]

S2 sites* 1.0-10* 89 116 10.00 1.00
S3 sites? 9.0-10% 123 250 18.00 1.00
S4 sites® 9.0-10% 100 250 17.00 1.00

1. S2 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bidentate NOs™ can be
formed, 2: S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bridging
NOj; can be formed, 3: S4 sites represent a pair of an isolated or binuclear iron site in the Fe®* state and a Si-
OH*-Al Brgnsted and/or a second metallic one.

Table B.12 Kinetic parameters for the multi-site kinetic model of NO5; formation and decomposition over the Fe-
BEA commercial catalyst, reported in [94].

Type of site A no, fom Ei no, fom A no, dec E; no, dec 0

[M3/(s-Kg zeolite)] [kJ/mol] [mol/(s-Kg zeolie)]  [kJ/mol] [-]

S2 sites? 1.0-10% 89 5.0-10% 115.00 0.30
S3 sites? 1.0-10% 86 1.0-10% 190.00 0.19
S4 sites® 1.0-10% 82 1.0-10% 134.00 0.20

1: 32 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bidentate NOs™ can be
formed, 2. S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Bransted one, where bridging
NO; can be formed, 2: S4 sites represent a pair of an isolated or binuclear iron site in the Fe®* state and a Si-
OH*-Al Brgnsted and/or a second metallic one.

Table B.13 Kinetic parameters for the multi-site kinetic model of NO oxidation and NO, dissociation over the
Fe-BEA commercial catalyst, reported in [94].

Type of site A no_ox Ei no_ox A No,_diss E; no,_diss

[M3/(s-Kg zeolite)] [kJ/mol] [mol/(s-Kg zeoiite)]  [kI/mol]

S3 sitest 100 25 7.0-101 152.00
S4 sites? 200 24 7.0-101 160.00

1. S3 sites represent a pair of an Al based Lewis site and a Si-OH*-Al Brgnsted one, where bridging NO3™ can be
formed, 2: S4 sites represent a pair of an isolated or binuclear iron site in the Fe3* state and a Si-OH*-Al Brgnsted
and/or a second metallic one.
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Table B.14 NO; storage capacity over the characterized sites of the Fe-BEA commercial catalyst, reported in

[94].

Type of site

N; (mol/Kgzeoiite)

1. S1a sites correspond to sites for physisorption and/or weak adsorption, 2: S1b sites are assigned to Brgnsted
acidic sites on which nitrites can be formed, 2: S2 sites represent a pair of an Al based Lewis site and a Si-OH*-
Al Bransted one, where bidentate NOs™ can be formed, #: S3 sites represent a pair of an Al based Lewis site and a
Si-OH*-Al Brgnsted one, where bridging NOz can be formed, % S4 sites represent a pair of an isolated or
binuclear iron site in the Fe3* state and a Si-OH*-Al Brgnsted and/or a second metallic one.
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Appendix C

Ex-situ IR spectroscopic measurements
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Figure C.1 Ex-situ IR spectra of A) the Fe-BEA lab-synthesized catalyst and B) a mixture of powder NH4sNO3
and the Fe-BEA lab-synthesized catalyst.
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Figure C.2 Ex-situ IR spectra of powder crystalline NHsNO3z mixed with KBR.
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Appendix D

NHs oxidation on Fe-BEA

A NH3/O; stepwise TPD experiment was performed over the Fe-BEA lab-synthesized catalyst in
order to investigate ammonia oxidation. Briefly, 10 mg Fe-BEA were continuously exposed to a
mixture of around 500 ppm NHz and 2% O, diluted in He. The reactor temperature was ketpt at 100
°C for 60 min, and then increased to constant steps of 150, 250, 300, 450, 485 °C. The duration of
each step was 10 min, whereas the heating rate between T-steps was 10 °C/min. Gaseous phase results
are illustrated in Figure D.1, whereas the respective oxidation yield and gaseous products are
presented in Figure D.2 and Figure D.3 respectively.
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Figure D.1 NHs/O, STPD experiment on the Fe-BEA lab-synthesized sample: 10 mg Fe-BEA, Injection of 500
ppm NHs and 2% O, diluted in He.
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Figure D.2 Yield of NH; oxidation over the Fe-BEA lab-synthesized sample.
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Figure D.3 Gaseous species released and O, consumption during NHs; oxidation over the Fe-BEA lab-
synthesized sample.
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