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at the vision of Life and Love 

rising from the tumult of profound pain and joy. 
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   Motivation 

  1 

1 Motivation  
 

Owing to their uniform and regular microporous network, crystalline aluminosilicates such as 
zeolite have gained huge scientific and industrial interest in the most traditional areas of ion-
exchange, adsorption, separation and catalysis [1]. Lately, their potential has been exploited 
also in emerging applications, such as biomedicine, electronics, optical and sensor 
technologies [2]. In recent years, the number of publications and patents related to the 
development of zeolite coatings on structured supports has been increasing continuously. This 
documents a growing interest in the development of monolithic catalysts/reactors, aiming at 
the constant improvement of the catalyst performance and efficiency in environmental 
catalytic applications [3].  

 
The Kyoto protocol has set stringent legal bindings, in order to drastically cut the emissions of 
the major six greenhouse gases by 2010 [4]. This has produced a continuously growing effort 
towards the realisation of more efficient, environment-friendly and economic catalysts and 
processes for the preparation thereof. In this scenario, zeolites are playing a major role, 
because of their excellent and unique properties as catalysts and catalyst supports [3]. 

 
One of the most important processes, together with the deNOx (decomposition of nitric oxide) 
and VOC (Volatile Organic Compounds) destruction, is the abatement of the nitrous oxide 
emissions from fludised bed combustors (FBC), Three-Way-Catalyst (TWC) units for cars, 
and nitric or adipic acid plants. Fe-zeolites and, in particular, Fe-ZSM-5 have already proven 
their outstanding potential as catalysts for the nitrous oxide (N2O) decomposition or 
Selective-Catalytic-Reduction (SCR) in presence of reducing agents, such as ammonia or 
hydrocarbons [5]. Understanding the reaction mechanism and the catalyst’s behaviour 
represents a very crucial point in the choice and in the improvement of the catalyst. One 
similarly important aspect is the engineering of the most favourable reactor design, which 
requires the exploitation of novel materials, and new processing and technologies for the 
preparation thereof. In this frame, monolithic reactors have burgeoned in recent years, due to 
their exceptional potential as structured catalysts. Monolithic reactors can be operated at high 
flow rates with reduced pressure-drop and relatively high contact times, allowing for better 
efficiency and energy saving [5]. 
 
The key issues for zeolite-based monolithic catalysts with improved performances can be 
divided into two major areas. The first is represented by the development of novel catalyst 
supports with [6]: 

 
 low Coefficient of Thermal Expansion (TEC) 
 high open frontal areas (OFA) 
 high thermal conductivity  
 optimised structure/design 
 high mechanical and thermal stability 
 easiness and flexibility of processing 
 additional functionalities, e.g. electrical conductivity for quick regeneration or 

warm-up 
 

The second area of research is focused on the accomplishment of an easy and reproducible 
zeolite coating technique, which allows for: 
 

 improved zeolite adherence to the substrate 
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 increased catalyst loading per unit volume 
 enhanced compatibility support-zeolite coating 
 high catalyst accessibility 
 reduced excess product formation, which can cause pore plugging and handling 

problems. 
 

Established technology for nitrous oxide emissions abatement in exhaust-gas treatment units 
rely on the use of fixed-bed reactors. Pressure-drop and scarce temperature control pose 
severe limitations to their applicability in most of the technical processes. Lately, a solution to 
this problem came from the use of cordierite or metallic honeycomb monoliths wash-coated 
with zeolite [6]. This technology was partly borrowed from the automotive industry, where 
the TWC monolithic units are in use since 30 - 40 years. Generally, cordierite honeycombs 
are utilised. Cordierite exhibits low thermal expansion coefficient (TEC) and high mechanical 
strength. On the other side, cordierite has poor thermal conductivity, which results in 
adiabatic conditions and low temperature control during operation. In addition, limited shapes 
and structures can be accomplished by means of extrusion processes for the fabrication of 
ceramic honeycombs. In alternative, metallic supports could be used. Metallic honeycombs 
suffer from low thermal stability and high TEC: this results in low compatibility with the 
zeolite-catalyst coating.  

 
Once the support’s design and material for the specific application have been decided, the 
zeolite crystals have to be coated/deposited on the surface of the monolith. For this scope, 
many techniques are available [6]. The dip-/slurry-coating process for the deposition of 
zeolite onto the support represent a relatively attractive technique, because of its flexibility 
and simplicity. Any zeolite type can be purchased or synthesised, functionalised or tuned with 
the desired properties by post-synthesis treatments and coated by means of a binder and a 
solvent. As a drawback, the binder reduces the activity and porosity of the catalyst. In 
addition, despite the use of the binder the adhesion of the zeolite wash-coat is generally rather 
poor. The control over the distribution of the zeolite catalyst in the pores of the substrate is 
rather complicated to achieve. Inhomogeneous catalyst distribution in the monolith’s channels 
might cause a decrease of the catalyst effectiveness and of the overall performances. 
Moreover, the handling of zeolite powder could produce harmful effects for the environment 
and for human health [6].  

 
More recently, hydrothermal coating techniques have been investigated for the direct (in-situ) 
growth of zeolite on structured substrates [6,7]. Normally, the mechanical stability of the 
zeolite coating is rather high, but it is difficult to avoid the formation of excess powder in the 
synthesis mixture. The latter can cause pore plugging, which might eventually reduce the 
performances of the monolithic catalyst and cause an increase of pressure-drop in the reactor 
unit during operation. Moreover, the formation of high amounts of excess product leads to 
problems related to powder handling or disposal, as mentioned above. Hydrothermal 
techniques are usually long, costly and complicated, with a large number of variables, which 
tend to harshly decrease the reproducibility of the zeolite crystallisation. For these reasons, 
the implementation of such a coating technique on a technical scale for mass production is 
considered as a less feasible option. Generally, but not always, compact films are obtained via 
the hydrothermal in-situ zeolite growth on supports. These layers mostly consist of tightly-
intergrown zeolite crystals [7]. This configuration is of utmost interest in the development of 
membranes for selective separation/adsorption. On the other side, the requirements are 
different if the zeolite coating is to be used for other applications, e.g. catalysis. Catalytic 
coatings, should in fact exhibit high accessibility to their active sites, when used for 
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applications characterised by diffusion limitations, short contact-times and high gas flow-
rates. Up to now, the comparison of zeolite coatings with different characteristics, like those 
obtained via dip-coating and via hydrothermal synthesis, has not been studied in detail. This 
can be only done under the specific working conditions utilised and results could hardly be 
generalised to other catalysts, reaction conditions or processes. 
 
Novel promising monolithic ceramic supports have been recently developed by means of the 
so-called Liquid Silicon Infiltration technique (LSI) [8]. The high-temperature reactive 
infiltration of carbon preforms (also bio-derived) with silicon-melt leads to a new class of 
ceramic-metal-matrix materials with rather interesting properties. These materials are based 
on a two-phase composite matrix consisting of Si and SiC: for this reason, they have been 
named SiSiC (Silicon-Silicon Carbide) composites. Because of their low thermal expansion 
coefficient, high mechanical strength and thermal/electrical conductivity, SiSiC materials are 
believed to represent suitable monolithic supports for zeolite coatings. Liquid Silicon 
Infiltration (LSI) is considered as a rather flexible and cheap process compared to 
extrusion/sintering techniques for the preparation of monolithic substrates and catalyst 
supports. In addition, this process can be used in combination with bio-derived/biological 
materials for the preparation of monolithic ceramic replicas with fine controlled 
microstructures and complex/unique pore networks (the so-called “bio-morphous materials”), 
most of the times not obtainable by means of moulding or extrusion processes [8]. 
 
SiSiC ceramic monoliths fulfil most of the above-mentioned requirements that structured 
substrates should exhibit in order to be utilised as zeolite supports for technical catalytic 
applications. The use of conventional techniques [6] for the coating of zeolite onto the surface 
of the SiSiC monoliths would still present all the drawbacks listed before. In order to 
overcome these disadvantages and the limitations of the zeolite-based monolithic catalysts 
obtained with the conventional coating processes mentioned above, a new technique is to be 
developed.  
 
The microstructure of SiSiC composites obtained via LSI is generally characterised by a 
relatively large amount of un-reacted excess Silicon (after the stoichiometric conversion of 
the carbon preform to SiC is completed). This metallic Si solidifies during the infiltration 
process. Silicon also happens to be the major framework constituent of the MFI-type zeolites 
(Silicalite-1 and ZSM-5), which are largely used for catalytic process, e.g. decomposition and 
Selective-Catalytic-Reduction of nitrous oxide. The development of a direct hydrothermal 
coating technique, which makes use of the Si in the SiSiC support for the direct crystallisation 
of zeolite onto the substrate’s surface, would be of high interest. A high process synergy 
could be achieved: the metallic Si left in the SiSiC ceramic monolith after LSI would be 
utilised for the zeolite synthesis. Besides, the fact that the Si-source for the zeolite synthesis is 
geometrically confined in the monolithic support might allow for a shift of the active volume 
for the crystallisation in the proximity of the ceramic substrate. If true, this could lead to 
higher coating efficiencies and lower amount of excess powder. In order to coat SiSiC 
monoliths with zeolite by means of such process, various scientific issues had to be studied. It 
is clear that the requirement of the process is the availability of Si in the reaction mixture. A 
deep understanding of the Si dissolution process and of the reaction mechanism for the MFI-
type zeolite growth on the SiSiC supports are fundamental for the successful implementation 
of this novel coating technique. The role of the different parameters during synthesis has to be 
investigated, in order to draw an appropriate reaction/synthesis mechanism and a suitable 
model for the crystallisation. Additionally, the fact that the Si-source is solid and localised in 
the reaction volume opens up new questions/issues concerning the effects that such 
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configuration has on the zeolite crystallisation process and on the zeolite coating properties. 
In conclusion, the main goal of this research work was: 
 

 to verify the viability of the above in-situ zeolite crystallisation technique for 
SiSiC monoliths with different technically-interesting structures/geometries 

 
 to study in detail the influence of the synthesis conditions on the zeolite 

crystallisation process and understand the reaction mechanism 
 

 to study the applicability of the above SiSiC/zeolite monoliths for catalytic 
applications, using a test reaction such as the nitrous oxide Selective-Catalytic-
Reduction (SCR) with propane  

 
The pre-requirements of the research project were: 
 

 the choice of suitable monolith structures to be used as references for the present 
study and the achievement of a large batch of SiSiC substrates with highly 
reproducible chemical composition 

 
 the construction of a reactor setup for the nitrous oxide decomposition and the 

Selective-Catalytic-Reduction (SCR) of nitrous oxide with propane, in order to 
test the catalytic performances of the SiSiC/ZSM-5 composites  

 
 the development of reference catalysts for the evaluation/comparison of the 

catalytic performances of the SiSiC/ZSM-5 composites: Fe-ZSM-5 pellets and 
monolithic zeolite-based catalysts obtained with conventional coating 
methods/techniques (e.g. dip-coating) 

 
The successful implementation of the LSI process (for the SiSiC support preparation) and of 
the above-mentioned alternative zeolite coating technique would allow for the development of 
novel, more efficient, environment-friendly catalysts with higher stability, improved 
performances and synergic functionalities. 
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Motivation  
 
Aufgrund ihres regelmäßigen mikroporösen Netzwerks haben kristalline Aluminosilikate wie 
Zeolithe ein enormes wissenschaftliches und industrielles Interesse in Bereichen wie 
Ionenaustausch, Adsorption, Trenntechnik und Katalyse gewonnen [1]. Auch in neuen 
Bereichen wie der Biomedizin, Elektronik, Optik und Sensorik haben Zeolithe ein hohes 
Potential. Die Anzahl an Veröffentlichungen und Patenten, welche mit der Entwicklung von 
Zeolithbeschichtungen auf strukturierten Substraten verbunden sind, ist in den letzten Jahren 
stetig gestiegen [2]. Dies zeigt ein wachsendes Interesse an der Entwicklung von 
monolithischen Reaktoren, mit dem Ziel eine Verbesserung der Katalysatoreffizienz in 
Umweltkatalytischen Prozessen zu erreichen [3]. 
 
Durch das Kyoto Protokoll wurden strenge Richtlinien gesetzt [4], um die Emissionen der 6 
Treibhausgase bis zum Jahr 2010 drastisch zu senken. Um diese Ziele zu erreichen besteht 
eine stetig wachsende Anforderung effizientere, umweltfreundlichere und ökonomischere 
Katalysatoren und Prozesse zu entwickeln. In diesem Zusammenhang spielen Zeolithe 
aufgrund ihrer ausgezeichneten und einzigartigen Eigenschaften als Katalysatoren und 
Katalysatorträger [3] eine größere Rolle. 
 
Zusammen mit dem DeNOx Prozess (Zerlegung des Stickstoffoxids) und der VOC (flüchtige 
organische Verbindungen) Zersetzung ist die Minderung von Lachgas Emissionen aus der 
Wirbelschichtverbrennung (FBC), Dreiwegekatalysatoren (TWC) oder Anlagen zur 
Salpetersäure oder Adipinsäure Herstellung eines der wichtigsten Prozesse der 
Umweltkatalyse [5]. Fe-Zeolithe und besonders Fe-ZSM-5 haben ihr enormes Potential 
bereits als Katalysatoren für die Lachgas- oder die selektive katalytische Reduktion (SKR) 
mit Reduktionsmitteln wie Ammoniak oder Kohlenwasserstoffen bewiesen. Ein genaues 
Verständnis für den Reaktionsmechanismus und das Verhalten des Katalysators sind 
entscheidende Punkte für weitere Verbesserungen zu erzielen und der Auswahl des optimalen 
Katalysators. Ein ebenso wichtiger Punkt ist die Entwicklung neuer effizienter 
Reaktorkonzepte. Dieser Aspekt beinhaltet sowohl die Nutzung neuer Materialien als auch 
neuer Präparations- und Verarbeitungstechniken. In diesem Rahmen haben monolithische 
Reaktoren in letzten Jahren als strukturierte Katalysatoren an Bedeutung gewonnen. 
Monolithische Reaktoren können bei hohen Flussraten und gleichzeitig geringem 
Druckverlusten und relativ hohen Kontaktzeiten betrieben werden, wodurch Verbesserungen 
der Effizienz als auch Energieeinsparungen erreicht werden können [5]. 
 
Die Forschungsschwerpunkte im Bereich der Zeolith basierenden monolithischen Reaktoren 
können in zwei Bereiche eingeteilt werden. Der erste ist die Entwicklung von neuartigen 
Katalysatorträgern mit [6]:  
 

 einem geringen Wärmeausdehnungskoeffizienten 
 hoher Porosität  
 hoher thermischer Leitfähigkeit  
 optimierter Struktur in Hinblick auf die Fluiddynamik 
 hoher mechanischer und thermischer Stabilität 
 leichter und flexibler Herstellung,  
 zusätzliche Funktionalitäten (z.B. elektrische Leitfähigkeit für eine schnelle 

Erwärmung oder Regeneration). 
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Der zweite Schwerpunkt liegt auf der Entwicklung möglichst einfacher und reproduzierbarer 
Zeolithbeschichtungstechniken mit: 
 

 verbesserter Haftung der Zeolithkristalle auf dem Substrat  
 hoher spezifischer Zeolithbeladung  
 verbesserter Verträglichkeit zwischen Zeolith und Substrat 
 hoher Katalysatorzugänglichkeit  
 reduzierter Menge an Überschusspulver während der Synthese (da durch das 

Überschusspulver die Makrostruktur des Trägers verstopfen kann). 
 

Die aktuelle Technik bei der Minderung von Lachgas Emissionen beruht auf der Verwendung 
von Festbettreaktoren. Der vergleichsweise hohe Druckverlust und die unzureichende 
Temperaturkontrolle beschränken jedoch eine Anwendung in den meisten technischen 
Prozessen. Ein relativ neuer Lösungsansatz  besteht jedoch in der Verwendung von Cordierit 
oder metallischen Monolithen mit Zeolithbeschichtungen durch ein Dip-Coating Verfahren 
[6]. Diese Technik wurde auch von der Automobilindustrie genutzt, wo TWC Monolithe 
bereits seit 30 - 40 Jahren in Verwendung sind. Im Allgemeinen werden Cordierit Waben 
verwendet. Cordierit zeichnet sich durch einen niedrigen thermischen 
Ausdehnungskoeffizienten und eine hohe mechanische Festigkeit aus. Jedoch besitzt Cordierit 
nur eine geringe Wärmeleitfähigkeit, welche zu adiabatischen Zuständen und einer schlechten 
Temperaturkontrolle während des Betriebs führt. Zudem werden keramische Wabenkörper 
durch Extrudieren hergestellt und somit ist nur eine beschränkte Formgebung möglich. Als 
Alternative können metallische Substrate verwendet werden. Jedoch weisen metallische 
Wabenkörper nur eine geringe Temperaturbeständigkeiten und hohe thermische 
Ausdehnungskoeffizienten auf. Dies führt zu einer niedrigen Kompatibilität mit der 
Zeolithbeschichtung. 
 
Nachdem das Supportdesign und das Supportmaterial für eine bestimmte Anwendung 
festgelegt worden ist, müssen die Zeolith Kristalle auf der Oberfläche des Monoliths 
abgeschieden werden. Hiefür sind verschiedene Techniken verfügbar [6]. Der Dip-Coating 
Prozess für die Beschichtung von Trägern mit Zeolithen stellt aufgrund seiner Flexibilität und 
Einfachheit eine relativ attraktive Methode dar. Jede Art von Zeolith (gekauft oder 
synthetisiert sowie modifiziert durch Nachbehandlungen) kann mittels eines Binders und 
eines Lösungsmittels gecoated werden. Ein Nachteil ist jedoch, dass der Binder die Aktivität 
und Porosität des Katalysators reduziert. Zudem ist trotz des verwendeten Binders die 
Haftung der Zeolith Kristalle and der Trägeroberfläche im Allgemeinen ziemlich schwach 
und eine optimale Verteilung des Zeolith Katalysators in den Substrat Poren ist nur sehr 
schwierig zu erreichen. Eine schlechte Katalysatorverteilung in den Kanälen des Monoliths 
kann jedoch eine signifikante Abnahme der katalytischen Effizienz verursachen. Außerdem 
kann die Verarbeitung von Zeolith Pulver schädliche Wirkungen für die Umgebung und für 
die menschliche Gesundheit [6] hervorrufen. 
 
In letzter Zeit wurden hydrothermale Beschichtungstechniken für das direkte (in-situ) 
Zeolithwachstum auf strukturierten Substraten [6,7] untersucht. Die mechanische Stabilität 
der durch in-situ Kristallisation erhaltenen Zeolithschichten ist vergleichsweise hoch. Es ist 
jedoch schwierig, die Bildung von Überschusspulvers im Bulk der Synthesemischung zu 
vermeiden, welche zur einer Verstopfung der Substratporen und schließlich zu einer 
Verminderung der Effizienz des monolithischen Reaktors (z. B. Erhöhung des Druckverlusts) 
in einer entsprechenden Anwendung führen kann. Zudem führt die Bildung von hohen 
Mengen Überschusspulver zu den bereits erwähnten Problemen und erschwert die 
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Handhabung bei der Durchführung des Prozesses. Hydrothermale Kristallisation Prozesse 
sind in der Regel lang, kostspielig und kompliziert mit einer großen Anzahl von 
Prozessvariablen, welche oft zu einer  schlechten Reproduzierbarkeit der Zeolith Synthesen 
führen. Daher ist die Implementierung einer in-situ Beschichtungsmethode im technischen 
Maßstab mit sehr hohem Aufwand verbunden und deshalb bisher nicht realisiert. In der Regel 
(aber nicht immer) werden durch eine in-situ Kritallisation kompakte gut verwachsene 
Zeolithschichten auf der Oberfläche der Träger erhalten [7]. Solche Schichten sind sehr gut 
für Membranenanwendungen in der  selektiven Stofftrennung/Adsorption geeignet. Für 
andere Anwendungen, wie z. B. bei  katalytischen Anwendungen, ergeben sich jedoch oft 
andere Anforderungen an die Zeolithbeschichtung. Katalytische Beschichtungen sollten eine 
gute Zugänglichkeit zu den aktiven Zentren gewährleisten, vor allem bei Reaktionen mit 
hoher Diffusionslimitierung  und/oder bei kurzen Kontaktzeiten und hohen Gasflussraten. Bis 
jetzt ist noch kein detaillierter Vergleich unterschiedlicher Zeolithbeschichtungs-methoden 
(Dip-coating, hydrotthemale Synthese, etc) angestellt worden um die katalytische Effizienz 
unterschiedlicher Beschichtungen zu bewerten. Ein solcher Vergleich verlangt bestimmte 
Messbedingungen und ein allgemeine Übertragung der Ergebnisse auf andere Katalysatoren, 
Reaktionen, Bedingungen oder Prozessen ist nur sehr schwer möglich. 
 
Neue monolithische keramische Trägermaterialien wurden in letzter Zeit durch die so 
genannte flüssigen Siliziuminfiltrations Technik (LSI) entwickelt [8]. Die reaktive 
Hochtemperaturinfiltration von  Kohlenstoff Templaten (unter anderem auch von biologisch 
abgeleiteten) mit einer Siliziumschmelze führt zu einer neuen Klasse von keramischen 
Materialien mit interessanten Eigenschaften. Diese Materialien bestehen aus einer 
zweiphasigen Kompositmatrix aus Si und SiC, daher auch der Name SiSiC 
(Siliziumsiliziumkarbid) Materialien. Aufgrund des geringen thermischen 
Ausdehnungskoeffizienten, der hohen mechanischen und thermischen Stabilität und der 
hohen elektrischen Leitfähigkeit, sind SiSiC Materialien interessante monolithische Substrate 
für Zeolithbeschichtungen. Im Vergleich mit den Extrudier-/Sinterungsmethoden für die 
Herstellung von wabenförmiger Katalysatorträger ist die flüssige Siliziuminfiltration (LSI) 
ein flexibler und billiger Prozess. Außerdem kann dieser Prozess für biologisch abgeleiteten 
Materialien, d. h. für die Herstellung von keramischen monolithischen Replikaten  (so 
genannte "Bio-morphe Materialien") mit guten kontrollierbarer Mikrostrukturen, verwendet 
werden. Solche Trägerstrukturen sind mit herkömmlichen Gieß- oder Extrudierenprozessen 
[8] nicht erhältlich. 
 
SiSiC keramische Monolithe erfüllen die meisten der oben erwähnten Erfordernisse, als 
strukturierte Substrate für Zeolithbeschichtungen für technische katalytische Anwendungen. 
Die Verwendung von konventionellen Beschichtungstechniken [6] für die Beschichtung der 
Oberfläche von SiSiC Monolithen mit Zeolithen würde jedoch immer noch all die zuvor 
genannten Nachteile aufweisen. Um die Nachteile und Beschränkungen der konventionelle 
Beschichtungsmethoden für zeolithbasierende monolithischen Katalysatoren zu überwinden, 
soll eine neue Technik entwickelt werden. 
 
Die Mikrostruktur der über LSI erhaltenen SiSiC Monolithe enthält im Allgemeinen eine 
relativ große Menge an unreagiertem Überschusssilizium (nachdem die stöchiometrische 
Umwandlung des Kohlenstoff Templats zu SiC beendet ist). Dieses metallische Si festigt sich 
während des Infiltrationsprozesses. Silizium ist auch das größere Gitterelement der MFI-
Zeolithe (Silicalites-1 und ZSM-5), die  im Wesentlichen für katalytischen Prozess verwendet 
werden (z.B. Zerlegung und selektive katalytische Reduktion von Lachgas). Die Entwicklung 
einer direkten hydrothermalen Beschichtungstechnik, die das Silizium aus dem SiSiC für die 
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direkte Kristallisation von Zeolith auf der Oberfläche des Substrats nutzt, wäre somit sinnvoll 
um eine hohe Prozesssynergie zu erreichen. Da die Si-Quelle für die Zeolith Synthese im 
monolithischen Substraten enthalten ist, könnte zudem eine Verschiebung des aktiven 
Volumens für die Kristallisation in die Nähe des keramischen Substrats erreicht werden. Dies 
könnte zu wesentlich geringeren Mengen an Überschusspulver und somit zu erhöhten 
Beschichtungseffizienzen führen. Um SiSiC Monolithe mit Zeolith durch einen solchen 
Prozess zu beschichten, müssen verschiedene wissenschaftliche Fragenstellungen untersucht 
werden. Es ist klar, dass eine Vorraussetzung für eine solche Beschichtungsmethode die 
Verfügbarkeit von Si in der Reaktionsmischung ist. Ein detailliertes Verständnis für den Si 
Auflösungsprozess und des Mechanismus der MFI-Zeolith Wachstums auf den SiSiC 
Trägern sind für eine erfolgreiche Implementierung dieser neuartigen Beschichtungstechnik 
Grundvoraussetzung. Um einen entsprechenden Reaktions-/Synthesemechanismus und ein 
geeignetes Model für den Kristallisationsprozess abzuleiten, muss der Einfluss der 
verschiedenen Syntheseparameter untersucht werden. Zudem eröffnet die Tatsache, dass die 
Si Quelle fest und nur beschränkt im Reaktionsvolumen vorhanden ist neue Fragenstellungen. 
Die Einflüsse einer solchen Konfiguration auf den Zeolithkristallisationsprozess und auf die 
Materialeigenschaften der Zeolithbeschichtung sollen aufgeklärt werden.  
 
Somit war die Zielsetzung dieser Forschungsarbeit: 
 

 die Überprüfung der Machbarkeit der genannten in-situ Kristallisationsmethode 
für die Beschichtung von SiSiC Monolithen mit verschiedenen technisch-
interessanten Geometrien 

 die Untersuchung des Einflusses der Synthesebedingungen auf den Zeolith 
Kristallisationsprozess für das Verständnis des Reaktionsmechanismus  

 die Untersuchung des Potentials der SiSiC/Zeolith Monolithen für katalytische 
Anwendungen (die selektive katalytische Reduktion (SCR) von Lachgas mit 
Propan wurde als Testreaktion verwendet).  

 
Die Vorraussetzungen für diese Forschungsarbeit war:  
 

 eine Auswahl an geeignetem monolithische Struktur als Referenz für die 
gegenwärtige Studie und die Herstellung einer ausreichenden Menge an  SiSiC 
Substraten mit reproduzierbarer chemischer Zusammensetzung  

 der Aufbau einer Laboranlage für die Lachgaszersetzung und die selektive 
katalytische Reduktion (SKR) von Lachgas mit Propan, um die katalytischen 
Effizienz der SiSiC/ZSM-5 Katalysatoren zu testen 

 die Herstellung von Referenzkatalysatoren für den Vergleich der katalytischen 
Leistungen der SiSiC/ZSM-5 Monolithe (Vergleich mit konventionellen Fe-
ZSM-5 Granulaten und durch konventionelle Dip-coating Techniken mit Fe-
ZSM-5 beschichtete Monolithe). 

 
Die erfolgreiche Implementierung des LSI Prozesses für die Herstellung von SiSiC Substraten 
und der alternativen SST Zeolith Beschichtungstechnik würde die Entwicklung neuartiger, 
effizienter und umweltfreundlicher Katalysatoren mit erhöhter Stabilität und somit 
synergetischen Eigenschaften ermöglichen. 
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2 Fundamentals and state of the art 
 
2.1 Zeolites 
 
2.1.1 History and fundamentals 

 
Historically, the name zeolite was used for the first time in 1756. The term has its origin in the 
two Greek words “zeon” (to boil) and “lithos” (stone), literally “boiling stone” and was 
coined by the mineralogist A.F. Cronsted, after observing that a certain mineral (Stilbite) 
began to bubble upon strong heating [9,10,11].  
 
The history of man-made zeolites starts in 1862 with the claimed preparation of Levynite by 
St Claire Deville [12]. The development of synthetic zeolites, between the 1948 and 1955, is 
mostly due to pioneering work of Barrer (Imperial College, London) and Milton (Linde) 
[12,13]. The first zeolites commercialised were A (LTA) and X and Y (FAU), for 
applications as desiccants and for gas drying, synthesised in 1954 at Tonawanda (NY, USA) 
in the research laboratories of the Linde Division of the Union Carbide Corporation [12]. By 
1953, Milton and his colleagues had synthesised 20 zeolites, counting 14 structures unknown 
as natural minerals. In 1961, the range of reactants was expanded to organic constituents for 
the zeolite synthesis including quaternary ammonium cations. This led to the disclosure, in 
1967, of the first high-silica phase, zeolite beta and, in 1972, of the high-silica zeolite, ZSM-5 
[12]. 

 
Up to date, there are more than 40 recognized naturally occurring zeolite minerals 
(clinoptilotite, erionite, analcime, Mordenite, phillipsite, etc.), generally formed by the 
hydrothermal decomposition of magmatic rock (reaction of volcanic rocks and ash layers with 
alkaline groundwater) known as low grade metamorphism [9]. Only a few natural zeolites are 
of industrial relevance and they are mainly mined in United States, Japan, Italy, Germany, etc. 
Many of these minerals have been reproduced via synthetic processes [9], but there exist a 
large number of newly discovered synthetic zeolite types having no natural counterpart (e.g. 
A-type zeolite).  
 
 
2.1.2 Definition 

 
The appropriate definition of zeolite is still a matter of ongoing debate. Classically, zeolites 
are defined as microporous crystalline aluminosilicates, characterized by an ordered/regular 
pore network (channels or interconnected cages) in the range of 0.2 to 1.3 nm [1,14]. Due to 
the regular nature of the pores and their size, in the same order of magnitude of molecule 
diameters, zeolites are also labelled as molecular sieves. Molecular sieves represnt a huge 
class of materials, not necessarily limited to crystalline frameworks, capable of separating 
components of a mixture on the basis of molecular size and shape (McBain, 1932) [1].  
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Fig. 1. The class of molecular sieves, including zeolites, from [1]. 

The terms zeolites, microporous materials and molecular sieves are often used as synonyms, 
indicating a regular array of micropores with well-defined dimensions [1]. The peculiar 
aspects of zeolites, which differentiate them from other molecular sieves, are their crystalline 
structure with tetrahedral coordination and, as a result of the ordered framework organization, 
the regularity of their pore network in terms of size, shape and topology/structure [1]. 
 

Table 1. Differentiation between the definitions of molecular sieves and zeolites [1]. 
Molecular sieve Zeolite 
Porous structure Microporous crystalline structure 
Variable elemental composition Aluminosilicate framework 
Framework cation coordination variable Tetrahedral coordination 
Variable framework charge Anionic framework 

 
 
2.1.3 Nomenclature 

 
Currently, the term zeolite additionally embraces a wide variety of zeolite-like crystalline 
microporous materials (e.g. aluminophosphates, galliumphosphates, etc.), for which Dyer 
proposed the distinct definition zeo-types (e.g. ALPO4, SAPO, MeAPO, and MeAPSO 
molecular sieves). This materials have T-atoms other than silicon and aluminium (e.g. T = B, 
P, Fe, Ga, Ge, Be, Ti, V) [13]. Up to date (December 2006), there exist 165 different zeolite 
framework types [15], recognised by the Structure Commission of the International Zeolite 
Association (IZA) [16,17]. A three-letter code in bold-face type (e.g. MFI, BEA, LTA, FAU) 
is assigned to each framework type, following the rules set in 1978 by the IUPAC 
Commission on Zeolite Nomenclature [17].  
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2.1.4 Structure 
 

As reported in [1], zeolites are structurally classified as tecto-silicates. The structure consists 
of a network of [AlO4]5- and [SiO4]4- tetrahedra (TO4 tetrahedra or primary building units - 
PBU), resulting in a three-dimensional organization with a regular framework topology, 
where the Al3+ and Si4+ atoms linked together by O atoms (tetrahedral coordination). Si 
tetrahedra are neutral, while the Al carries a negative charge. Therefore, the AlO2

- in the 
tetrahedral coordination determines the framework charge, which is balanced by the presence 
of cations in non-framework positions, introduced during synthesis or via post-synthesis ion-
exchange. The structural description and classification of the topology of zeolites is based on 
the concept of larger organizations of PBU, known as secondary building units (SBU) [9]. 

 
 

Al 

Si 3              4               6               8 

Spiro          4-4           6-6           8-8 

  4-1           4=4           4-2         4-4=1 

   5-1            5-2           5-3 

 5-2           2-6-2         6-1 

PBUs SBUs 

 
Fig. 2. Structure of the PBU and SBU [1]. 

The framework density for zeolites is less than 21 T-atoms·nm-3 [15], with values of density 
ranging between 2.1 and 2.2 g·cm-3. When comparing zeolites with other porous solids, one 
has to bear in mind that zeolites have: 

 
 uniform or regular pore widths 
 pore sizes in the order of molecular dimensions (below 1.3 nm) 
 broad range of structures and pore networks/architectures available 
 possibility of post-synthesis tailoring of the pore size (pore-size engineering). 
 

 
Fig. 3. Pore size distribution in zeolites and other conventional porous solids [13]. 
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The International Union of Pure and Applied Chemistry (IUPAC) classified porous materials, 
on the base of the adsorption isotherms behaviour, into three categories [18]:  

 
 microporous (less than 20 Å in diameter) 
 mesoporous (diameter between 20 and 500 Å),  
 macroporous (pores greater than 500 Å).   

 
 Table 2. Porous materials classification [18]. 

Interaction Micropores Mesopores Macropores 

Strong Type I 
(activated carbons, zeolites) 

Type IV 
(oxide gels, zeolites) 

Type II 
(clay, pigments, cements) 

Weak  Type V Type III  
(bromine on silica gel) 

 
Zeolites belong to the first group, the family of microporous solids [13]. A further 
classification of zeolites can be drawn on the basis of their pore apertures: narrow-pore (8 T-
atoms), medium-pore (10 T-atoms), large-pore (12 T-atoms) zeolites, respectively 0.30-0.45, 
0.45-0.60 and 0.6-0.8 nm of crystallographic diameter [9]. Zeolite with 14-member pore ring 
have been also lately synthesised and pore opening up to 1 nm, e.g. UTD-1. 
 

 

12-Ring 
0.60-0.80 nm z.B. 

FAU, BEA 

10-Ring 
0.45-0.60 nm 

z.B. MFI 

8-Ring 
0.35-0.45 nm 

z.B. LTA  
Fig. 4. Examples of pore openings in 8-, 10- and 12-ring zeolites. 

Depending on the synthesis conditions (e.g. template type, Si/Al ratio, temperature, etc.), 
different zeolite structures/frameworks can be synthesised, with diverse framework densities 
and pore structures (Fig. 5). 

 

     
Fig. 5. 2D drawings of different zeolite frameworks, from [19]. 

There exist zeolites with one-, two- and three-dimensional pore networks, and channel-type 
(e.g. MFI) or cage-like pores (e.g. FAU) [13]. In the table below (from [13]), a classification 
of the different pore structures and sizes is given. 
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Fig. 6. Classification of the different zeolite types based on pore openings and structure, from [13]. 

By linking through the oxygen bridges the Si and Al tetrahedra in a periodic lattice, different 
pore network can be obtained. The figure below displays a number of possible configurations 
that can be found in different zeolite types. 
 

 
Fig. 7. Different zeolite framework by combination of similar PBUs and different SBUs, from [13]. 

 
 

2.1.5 Chemistry  
 

A representative empirical formula for zeolites can be written in the oxide form as [1,13]: 
 

( ) ( )[ ]• 222
+ OHwSiOAlOM yx

n
n/x  

 
where M represents the exchangeable non-framework cations (generally ions of the I and II 
group, but also other metal, non-metal and organic cations) used to balance the framework 
charge and n represents the cation valence. These cations (e.g. Li+, Na+, K+, Rb, Mg2+, Ca2+, 
Ba2+, NH4+, H3O+(H+), TMA+, rare earth and noble metal ions) are incorporated in the 
framework during synthesis or via post-synthesis ion-exchange. The preference of determined 
cations for specific available sites depends on energetic, steric and coordinative issues. The 
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framework-cation bond has a mainly ionic character [1]. The ratio y/x represents the Si/Al 
ratio, which has to be greater than 1 (SiO2/Al2O3>2), in agreement with the Löwenstein’s rule 
(maximum substitution of 50% of the silicon in three-dimensional framework networks of 
tetrahedral by aluminium) [1,20], as no Al3+ cations occupy adjacent position in the 
framework (no tetrahedral coordination Al-O-Al). x+y stands for the number of T-atoms per 
unit cell and w for the number of water molecules (degree of hydration). Water molecules and 
non-framework charge-balancing cations are located in the channels and cavities [1].  

 
The framework aluminium content changes the zeolite properties, such as the dimensions of 
the unit cell, the density of negative framework charges, the cation-exchange capability, the 
density and strength of Brønsted acid sites, the thermal stability, the hydrophilic or 
hydrophobic behaviour and [13]. Additionally, a distinction of zeolites might be made on the 
basis of the SiO2/Al2O3 ratio: low-silica (SiO2/Al2O3 < 4), intermediate-silica (4 < SiO2/Al2O3 

< 20), high-silica (20 < SiO2/Al2O3 < 200), zeosils (200 < SiO2/Al2O3 < ∞) where Al is 
present only as impurity. 

 
 

2.1.6 Properties 
 

Both the interest in zeolites and in the broad range of application they cover in the industry is 
justified by their remarkable physical and chemical properties [3]. General properties of 
zeolites are reported in the list below: 
 

 High surface area 
 High adsorption capacity 
 Molecular dimensions of the pores (molecular sieving effect) 
 High ion-exchange capabilities  
 High thermal and hydrothermal stabilities 
 Tuneable hydrophylicity/hydrophobicity 
 Acidity/basicity 
 Modulation of the electronic properties of the active sites 
 Ability to host various guest molecules in the pore network (host-guest systems). 

 
 

2.1.7 Zeolite crystallisation 
 
The process of zeolite synthesis is basically an attempt to imitate the nature’s method of 
crystallising these microporous minerals. Higher temperatures, more soluble reagents and 
higher hydroxide contents are employed in order to accelerate the crystallisation process. 
Zeolite are commonly synthesised under hydrothermal conditions [1]. A review of different 
theories on the zeolite crystallisation mechanism can be found in [10,12]. Up to now, the 
mechanism of zeolite crystallisation has not been completely understood and various theories 
have been proposed in the last 50 years (Berrer, Breck and Flanigen, etc.). 

 
Zeolites are metastable compounds. The key in zeolite crystallisation is therefore the 
understanding and control of the synthesis parameters in order to obtain and isolate the 
desired product with the highest possible crystallinity/purity and yield (crystallisation fields) 
[1]. The main factors influencing the zeolite crystallisation, which can be utilised as tools for 
controlling the synthesis of desired products, are: 
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 Initial SiO2/Al2O3 
 OH- in the precursors solution 
 Water amount 
 Time 
 Temperature 
 Inorganic/organic cations 
 Seeds 
 Aging conditions 
 Stirring/static synthesis 

 
All these parameters strongly affect the crystallisation kinetics, the Si/Al ratio in the 
framework and the particle size, morphology and eventually agglomeration of the zeolite 
crystals. The classical steps of the hydrothermal crystallisation of zeolites are shown in Fig. 8.  

 

 
Fig. 8. Hydrothermal crystallisation of zeolites: time evolution and steps. 

After a nucleation period, the crystallinity rises: this is the so-called growth period. After the 
maximum crystallinity is reached, a region of stability of the formed phase exists. Depending 
on the synthesis conditions and the zeolite type, the first crystalline phase formed can 
crystallise further into thermodinamically more favoured phases For example, in a template-
free synthesis, ZSM-5 has been observed to re-crystallise into Mordenite which is further re-
crystallised into α-quartz [1]. Not all authors agree in saying that Ostwald ripening is involved 
in the process of zeolite crystallisation and/or re-crystallisation. 
 
The raw materials for the zeolite crystallisation are stirred and aged. During this time an 
amorphous phase forms (either gel or colloidal suspension), in which some minor degree of 
short range or local order slowly develops (gel rearrangement). 
 

 
Fig. 9. Order formation in the precursor gel and crystallisation, from [12]. 

When the volume of the ordered region reaches a critical nuclear size under supersaturation 
conditions, the periodic lattice of the zeolite crystal starts to grow. Cations, as well as H2O 
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molecules play a structuring role during the ordering process (cation-mediated assembly). 
This process is catalysed by hydroxyl ions and involves the breaking and condensation of T-
O-T units, following the mechanism reported below [12]: 
 

−− +−−↔−+− OHTOTTOOHT  
OHTOTTHOOHT 2+−−↔−+−  

 
The use of a significant amount of seeds accelerates the incubation/incubation period for the 
nucleation and directs the synthesis towards desired phases. The seeds suppress the 
supersaturation and self-nucleation, when their population in the precursor solution is large 
enough. Theories exploiting the concept of autocatalytic nucleation by release in the synthesis 
mixture of dormient ordered precursor from the gel have also been presented in the past years 
[12]. 
 
The template acts as a structure-directing agent (SDA) already during the arrangement of the 
alumino-silicate species in the precursor gel [10]. Water molecules and cations such as K+ and 
Na+ also have templating functions. 
 
The crystal growth is a solution-mediated process. The crystal growth proceeds via 
aggregation or addition of growth units, which are supplied by the gel-phase via hydroxyl-
ions-mediated dissolution. The mineralising agent (OH- or in alternative F-) can be seen as a 
reaction catalyst. It is responsible for converting the initial material into a mobile form and 
provide these units with chemical reactivity. The mineralising agent can be easily released by 
condensation of these units to form stable macrostructures. F- ions allow for lower solubility 
and supersaturation, so that the crystallisation time is prolonged and zeolite crystals are 
bigger, in comparison to the synthesis in the presence of OH- anions [12]. 
 

 
Fig. 10. Model of crystallisation from gel phase by formation of local order, from [12]. 

The zeolite crystallisation is an equilibrium reaction between crystal growth and dissolution. 
Dissolution depends on temperature, OH- concentration and degree of undersaturation in the 
solution. Generally, the nucleation rate is less dependent on temperature compared to crystal 
growth. For this reason, an increase in the synthesis temperatures generally leads to an 
increase in the crystal size, instead of leading to a larger population of small crystals. 
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2.1.8 Post-synthesis treatment 
  
The term “post-synthesis” treatment embraces different procedures, which have to be applied 
to the as-synthesised zeolite in order to obtain the desired properties of the material for the 
selected technical applications. Such treatments can be used either to modify the chemistry 
(e.g. Si/Al ratio, acidity) of zeolites or the structure, e.g. the pore size (‘pore size 
engineering’). 
 
 

2.1.8.1 Preparation of the H-form 
 
The as-synthesised form of zeolites contains, in most of the cases, sodium cations (or other 
cations in charge balancing extra-framework positions), water and organic template molecules 
in the micropores. The H-form of zeolite is used for acid catalysed reactions, such as 
alkylation, cracking, and isomerisation. In order to obtain the catalytically-active H-form, a 
series of post-synthesis modification steps has to be performed: decomposition/removal of the 
template, modification from Na-form to H-form 
 
The structure-directing agent (SDA) is generally removed from the micropore network 
through a thermal treatment at high temperatures between 673 K and 773 K (depending on the 
template and zeolite type), which can generally result in a partial dealumination of the 
framework [1]. The decomposition involves a step-wise Hofmann elimination reaction 
followed by successive β-eliminations [21]. 
 
The template-free Na-form of zeolites can be modified to obtain the H-form by means of two 
methods: ion-exchange with ammonium ions and treatment with acid. In the first case, the 
zeolite is subjected to a series of treatments in an ammonium-nitrate solution at temperatures 
below 373 K, in order to obtain the NH4-form. Subsequently, a thermal treatment at ca. 573-
773 K is required in order to obtain the final H-form, by removal of NH3 [13].  
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Fig. 11. Ion-exchange of the Na-form of zeolite to the H-form. 

In the second case, a repeated treatment of the zeolite in diluted a HCl solution at room 
temperature, followed by drying, produces directly the H-form (Si-O-H Brønsted acid sites), 
with an undesired partial leaching of aluminium from the framework [13]. 
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Fig. 12. H-form of zeolite. In the red circle: Si-O-H Brønsted acid sites. 

 

2.1.8.2 Preparation of the metal-form 
 
Instead of producing the H-form of zeolite, it is possible to perform ion-exchange with metal 
ions (Pt, Pd, Cu, Ru, Co, Fe), which replace the Na cations in the non-framework charge-
balancing positions. This process endows zeolite with catalytic activity for reactions such as 
hydrogenation/dehydrogenation, oxidation/reduction, therefore broadening the range of 
applications for chemical processes in the industry. In general, ion-exchange is not the only 
process used to functionalise zeolites with metal ions (see impregnation). Therefore, one has 
to differentiate between the term “ion-exchanged” and “ion-modified” (which is a more 
generic definition) zeolites. Metal-modified zeolites can be obtained via:  

 
 wet ion-exchange (WIE) 
 CVD, sublimation 
 solid-state ion-exchange 
 impregnation 
 isomorphous substitution 

 
The methods to achieve metal-exchanged zeolites will be presented more in detail in this 
chapter, when referring more specifically to the preparation of Fe-ZSM-5 zeolite. 
 
 

2.1.8.3 Impregnation 
 

Impregnation of zeolites consists of loading (generally from a solution/dispersion) inside the 
zeolite pores more cations than required for balancing the negative framework charge or 
cations which are not localised in ion-exchanging positions. For example, zeolites have been 
impregnated with titanium oxide for photocatalytic applications [22], with caesium hydroxide 
(FAU) zeolite to enhance the basic properties in toluene methylation [23], with iron (ZSM-5) 
for the Selective-Catalytic-Reduction (SCR) of NO by ammonia [24]. 
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2.1.8.4 Thermal and hydrothermal treatments 
 
Thermal treatments can be used for generating Lewis acid sites by dehydroxylation or 
dealumination, or for activation of metal-exchanged zeolites [13]. Reitzmann [25] showed an 
increase in the loss of tetrahedral-coordinated Al in the zeolite framework by calcination of 
the powders at relatively high temperatures (above 823 K) and for long times. The Al loss 
was clearly accompanied by a decrease in the intensity of the high temperature peak 
(chemisorbed ammonia) for the NH3-TPD curves. Hydrothermal post-synthesis treatments 
(steaming [26]) generally lead to dealumination [27] of the zeolite framework or expulsion of 
framework cations introduced by isomorphous substitution [28]. In the first case, 
dealumination allows for a control of the acidity of the catalyst, whereas in the latter case the 
treatment is used in order to activate the catalyst. Dealumination also produces a change in the 
zeolite micropore structure and size. 
 
 

2.1.8.5 Delamination  
 
Delaminated zeolites can be obtained by exfoliation of as-synthesized lamellar zeolites (e.g. 
the layered precursor of MCM-22), involving intercalation, and successive pillaring (MCM-
type) or delamination (ITQ-class). The process yields bimodal porous materials with very 
high surface area and active sites accessibility [29]. 
 
 

2.1.8.6 Silanation 
 
Chemisorption of silane (SiH4) and organosilanes (e.g. via CVD) allows for the modification 
of the acidity and the pore size of zeolites [30,31]. The silanation involves the reaction of the 
silane with the accessible silanol groups of the zeolite. The process can be represented by the 
following equation (where R = 1-4): 
 

2R4R4 RHSiH)OZ(ZRHOSiH +−−→−+ −  
 

Further stabilisation is achieved by treatment in water vapour or oxidation at high 
temperatures: 
 

2)R4(R2)R4( H)R4(SiOH)OZ(ZOH)R4(HSiR)OZ( −+−−→−−+−−− −−  
 
 

2.1.8.7 Acid treatment 
 
Treatment of zeolite in acids is also used for the selective dealumination of the framework 
[32]. Similarly to dealumination, the treatment of zeolites in acids produces main alterations 
of the micropore structure. 
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2.1.8.8 Alkaline treatments 
 
Post-synthesis treatment of zeolites (FAU, MFI, BEA, MEL) under alkaline conditions was 
reported to lead to the formation of mesopores [26,32,33], by selective leaching of the 
crystalline framework silicon. The presence of mesopores in the zeolite leads to [34,35]: 
 

 better resistance to deactivation (e.g. Mo on HZSM-5 for dehydroaromatization 
of methane) 

 significant decrease in transport limitation and therefore higher reaction rates for 
diffusion-limited reactions 

 better transport properties resulting in improved selectivities for the target 
molecules 

 easier burn-off of coke deposits. 
 

 
Fig. 13. Pore morphology and acidity changes upon post-synthesis steaming (-st) and/or alkaline treatment (-at) 

of zeolites, from [26]. 
 
For all these reasons, mesoporous zeolites are also expected to [26]: 
 

 be suitable candidates for bi-functional catalysts (benefit disperse the catalytic 
phase and contact between active components) 

 exhibit increased activity, selectivity, and life-time in many processes. 
 
Mesoporous Fe-ZSM-5 showed an increased ion-exchange capacity, likely due to the 
improved diffusion (or better accessibility) of the Fe-species in the mesopores during the 
liquid ion-exchange process [36]. J.C. Groen, et al. [37] showed that the alkaline treatment 
(desilication) of large ZSM-5 crystals, with an homogeneous distribution of framework 
aluminum, led to the formation of an interconnected network of intra-crystalline mesopores 
without affecting the crystallinity of the parent zeolite. This treatment produced mesoporous 
zeolite crystals with shorter characteristic diffusion paths. As a result, the diffusion of neo-
pentane molecules resulted two orders of magnitude faster as compared to the parent ZSM-5 
zeolite crystals. Alkaline treatment of Fe-ZSM-5 zeolites allowed for the formation of 
mesopores and for a change in the in iron speciation leading to a higher concentration of Fe2+ 
species [38]. 
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Very recently, the direct synthesis of mesoporous zeolite crystals has been reported. 
Christensen et al. [39] synthesised mesoporous ZSM-5 in the presence of carbon nanotubes, 
which were removed in a successive step by thermal oxidation. Due to their bimodal pore 
network, the mesoporous ZSM-5 showed improved selectivity and stronger resistance to 
deactivation by coking in the alkylation reaction of benzene with ethene to produce 
ethylbenzene. In [40], a novel route towards the direct synthesis of mesoporous zeolites was 
presented. Amphilic organosilane surfactants were added to the synthesis mixtures for the 
synthesis of zeolite. 
 
 
2.1.9 Applications 

 
The world market of zeolites is still undergoing great changes and a continuous development. 
Currently, ca. 1.6 millions of tons of zeolite per year are used: 1.3 millions refer to synthetic, 
the rest to natural zeolites [13]. Regarding the application of synthetic zeolites, the market is 
divided as follows: 1.05 millions of tons per year are sold as detergent builders (mainly 
zeolite A), 0.15 millions of tons per year for catalysis and 0.1 million tons per year for 
adsorption [92]. 

 
 

Catalysis 
(11 %) 

Adsorption 
(8 %) 

Detergent builders 
(81 %) 

Natural zeolite 
(9 %) Synthetic zeolite 

(81 %) 

 
Fig. 14. Market of zeolites, adapted from [13]. 

Almost all zeolites are used as catalysts, for applications such as the upgrading of oil and 
natural gas (oil refining and petrochemicals), where they replaced, in the early seventies, 
silica-alumina gels [13,41]. A list of the main catalytic applications of zeolites can be found in 
[13,42]. Within oil refining, the main applications are fluidised catalytic cracking (FCC), 
hydro-cracking, MTO or MTG, and dewaxing. In the petrochemical field, the principal 
applications are related to the different transformations of aromatics (alkylation, 
transalkylation, isomerisation, disproportionation, etc.). The Y-type zeolite present in the FCC 
catalysts accounts for almost 95% of the total world consumption of zeolites used as catalysts 
[92].  
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Table 3. Zeolites types and their applications [13]. 
Zeolite type Process or application 

LTA (A-type zeolites) Detergent builder, separation, desiccation 

FAU (X- and Y-type zeolites) Catalytic cracking, hydro-cracking, separation, purification and 
desiccation, aromatic alkylation 

BEA (Beta zeolite) FCC additive, cumene and ethylbenzene production 

MOR (Mordenite) Hydro-cracking, hydro-isomerisation, dewaxing, NOx reduction, 
adsorption, cumene synthesis, transalkylation of aromatics 

MWW (MCM-22) Ethylbenzene and cumene production 

MFI (ZSM-5) 

Dewaxing, hydro-cracking, ethylbenzene (Mobil-Badger) and styrene 
production, xylene isomerisation, methanol to gasoline (MTG), 
benzene alkylation, adsorption, catalytic aromatisation, FCC additive, 
toluene disproportionation 

ERI (Erionite) Selecto-forming, hydro-cracking 

LTL (KL-type zeolites) Catalytic aromatisation 

CHA (SAPO-34) Methanol to olefins (MTO) 

FER (Ferrierite) n-Butene skeletal isomerisation 

TON (Theta-1, ZSM-22) Long-chain paraffin isomerisation 

AEL (SAPO-11) Long-chain paraffin isomerisation 

 
In recent years, novel non-traditional applications have been explored for zeolites, owing to 
their unique physical-chemical properties and structure and to the possibility of creating host-
guest systems with unique properties [2,43]: 

 
 Biomedicine (MRI contrast agents [2], drug-release [44,45], disinfection [46,47, 

tissue regeneration [48], immobilisation of cells/enzymes[49,50,51]) 
 Bio-chemistry [51] 
 Bio-catalysis [50] 
 Energetics [52,53,54,55] 
 Optics and electronics [56,57,58] 
 Solid ionic conductors [59,60,61,61] 
 Exo-templates for the synthesis of nanostructures [62,63,64,65]. 

 
 

2.1.10 Zeolite and catalysis 
 

As seen above, zeolites are mostly applied as solid acid catalysts (alkylation, isomerisation, 
cracking), where solid phosphoric acid (SPA) and silica gels have been largely utilised [13]. 
In comparison to SPA or silica-alumina gels, they have numerous advantages, amongst all the 
crystallinity, which results in a sharply-defined pore system, and the thermal stability, which 
allows for repeated regeneration by high-temperature oxidation of carbonaceous by-products 
[41]. 
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2.1.10.1 Shape-selectivity 
 
Owing to the small size of the pores, in the same order of magnitude of molecule dimensions, 
zeolites can be often looked upon as prototypes of shape-selective catalysts [13]. The term 
“shape-selective catalysis”, introduced by Weisz and Frilette in 1960 [66], is generally used to 
describe heterogeneously catalyzed reactions in which the selectivity is strongly influenced by 
the pore size and/or architecture of the microporous catalyst [41]. In zeolites with pore 
diameters between 0.4 and 0.9 nm, there exists a wide scattering of the diffusivity of 
molecules, with values between 10-5 to 10-14 cm2·sec-1 (configurational regime) [41].  
 
Of course, for some reactions, the slow diffusion of reactants and products could represent a 
problem, promoting by-product or coke (soft or hard) formation: both effects lead to lower 
selectivity and deactivation [67]. For some applications where the acidity and presence of 
micropores is required, a compromise is obtained by using mesoporous zeolites (see above) 
[39] or smaller crystals (in the synthesis of cresol from toluene and nitrous oxide over a ZSM-
5 catalyst) [68], in order to reduce the diffusional path of molecules inside the micropores. 
 
On the other side, because of their regular micropores, the zeolites allows for the selective 
molecular diffusion on the basis of the size, shape, polarization and chemistry of the 
molecules. This characteristic represents a unique feature and an important issue in 
adsorption, separation and shape-selective catalytic reactions. There exists three different 
types of shape-selectivity [13,1,41,69]: reactant, product and transient-state.  
 
Reactant shape-selectivity (Fig. 15) describes the phenomenon of microporous catalysts 
acting as molecular sieves and selectively excluding bulky molecules from entering the pore 
network, while allowing the smaller molecules to enter. It occurs when two or more reactants 
have different molecular dimensions. The diffusion of the bulkier reactant molecules in the 
zeolite pores is hindered due to steric effects; therefore, the less bulky molecules react 
preferentially (e.g. distillate dewaxing process [1]). The limiting case is the complete 
exclusion of one or more reactants, leaving the catalyst unconverted (e.g. hydrogenation of 
hexene and 4,4-dimethylhexene). 

 

 
Fig. 15. Mechanism of reactant shape-selectivity, adapted from [13]. 

Product shape-selectivity (Fig. 16) happens when, in parallel or consecutive reactions, two or 
more products with differences in their molecular dimensions are formed. If the diffusion of 
the bulkier product molecules inside the pores is hindered, the less bulky molecules will be 
formed preferentially. This effect is also termed as molecular traffic control (Derouane and 
Gabelica, 1980 [70]). The limiting case is a complete suppression of the formation of the 
bulkier molecules (e.g. alkylation of toluene with methanol to form p-xylene in ZSM-5).  

 

 
Fig. 16. Mechanism of product shape-selectivity, adapted from [13]. 
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Restricted transition-state shape-selectivity (Fig. 17) takes place when, out of at least two 
(parallel or consecutive) reactions, one is proceeding via a bulky transition state or 
intermediate which is to large to be hosted inside the zeolite pores. In other words, the 
formation of reaction intermediates and/or transition states are sterically limited (Csicsery, 
1971 [71]). In extreme cases, this reaction can be completely suppressed (e.g. reduction of 
coke formation in ZSM-5 during alkanes and alkenes conversion; MTG conversion over 
ZSM-5 or MTO conversion over SAPO-34; control of disproportionation reaction during 
xylene isomerisation [41]).  

 

 
Fig. 17. Mechanism of transition-state shape-selectivity, adapted from [13]. 

It has to be generally kept into account that molecules are deformable and can pass through 
openings smaller than their critical diameter: for shape-selective catalysis not only the size but 
also dynamics and shape of molecules has to be considered [1]. The outstanding aspect of 
zeolite is the possibility of controlling and make use of the different types of shape-
selectivity, in order to increase the selectivity of heterogeneously catalysed reactions by the 
so-called “pore-size engineering” [13]. Basically, this results in a “molecular traffic control” 
effect [1]. Synthesising larger or smaller crystals of the same zeolite type results in a 
difference (lengthening or shortening) of the diffusion paths of molecules within the pore 
network. This might result in a strengthening or weakening of the shape-selectivity effects. 
Similarly, the use of different zeolite types with different pore sizes or structures can be used 
as a tool for the same function, in order to preclude access to certain molecules, favour the 
diffusion of only specific products and/or reactants, deplete the formation of undesired 
intermediate or products [1]. Similar effects can be obtained by modifying the accessibility to 
the pores (e.g. partial blocking, control of aluminium concentration) [1]. Recently, new 
concepts/types of shape-selective catalysis have been introduced by Weisz and Csicsery: cage 
or window effect, pore mouth catalysis and key-lock catalysis [1].  
 
 

2.1.10.2 Acidity 
 
The acidity of zeolites is surely one of the most important properties for their use as solid acid 
catalysts. Both Brønsted (proton donator) and Lewis (electron acceptor) acid sites occur in 
zeolites. The chemical nature of the Brønsted acid sites has been already explained in the 
paragraph 2.1.5. Brønsted acid sites (Fig. 18) are the result of the imbalance of the metal and 
oxygen charge in the primary building units, as the Si- tetrahedron coordinated in the 
framework has a neutral charge and the Al a negative one. The charge is balanced, after the 
above mentioned post-synthesis treatment, by a proton (H-form), giving rise to the Brønsted 
acid site (bridging hydroxyl groups: Si-O-H).  
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Fig. 18. Schematic representation of a Brønsted acid site, adapted from [13]. 

The acid strength of the Brønsted acid sites can also be modulated through isomorphic 
substitution, by synthesis or by post-synthesis methods, of Si for trivalent atoms other 
than Al. For example, the Ga-substituted zeolites gave stronger acid sites than boron and 
weaker than Al-substituted zeolites. This allows for a fine tuning of the acid strength in 
zeolite [3]. 

 
The role of Lewis sites in acid-catalysed reactions is not yet clear. Szostak reported that both 
the acid centres are responsible for the catalytic activity (Brønsted/Lewis site model) [1]. 
However, Weitkamp [13] stated that the catalytic activity of zeolites is given by the Brønsted 
rather than the Lewis acid sites. The latter might enhance the strength of nearby Brønsted 
sites, thus having only an indirect influence on the catalytic activity [13]. The formation is 
likely to occur upon heat treatment at temperatures above 773-823 K (e.g. calcination), as the 
Brønsted acid sites are degraded and water is removed [13,1,41],. Another possibility is the 
expulsion of aluminium atoms from the framework, with the consecutive formation of extra-
framework aluminium complexes. 
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Fig. 19. Possible mechanism of formation of Lewis acid sites (tri-coordinated framework aluminium), adapted 

from [13]. 
 
However, the real chemical nature of Lewis acid sites is not yet well understood. Either they 
have been associated to tri-coordinated negatively-charged aluminium and/or tri-coordinated 
positively-charged silicon (dehydroxylation) or to extra-framework aluminium 
(dealumination) [13,1,72].  
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Fig. 20. Schematic representation of a Lewis acid site (tri-coordinated framework aluminium). 
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Fig. 21. Schematic representation of a Lewis acid site (extra-framework aluminium). 

Important factors for characterising the acidity are: the nature of the acid sites (i.e. Brønsted 
or Lewis), their density/concentration, their strength or strength distribution and their location 
within the crystalline framework [13,1]. The density of Brønsted acid sites in a zeolite is 
related to the framework aluminium content (Si/Al ratio, measured in µmol·g-1). The strength 
distribution of acid sites in zeolites is also extremely important. Generally, the strongest 
Brønsted acid sites in zeolites correspond to completely isolated AlO4-tetrahedra. This 
explains why, upon dealumination of Y-zeolites with a typical nSi/nAl of 2.5, the catalytic 
activity generally increases up to nSi/nAl≈10 [13]. Therefore, the higher the concentration of 
acid sites in the framework, the lower their strength.  
 
Furthermore, a key issue for catalytic applications is the location of the active sites. Acid 
centres on the external surface of the crystals would be accessible to all molecules and no 
inter-crystalline diffusion would be required (no shape-selectivity effect, no diffusion 
limitation during reaction), while the ones inside the pores can be reached only by molecules 
who are allowed to diffuse in the channels. For example, FER-type zeolite possesses about 
three quarters of the Brønsted acid sites in the eight-member-ring pores and the rest in the ten-
membered-ring pores, with the result that the most of the acid sites are inaccessible to many 
molecules of industrial relevance [13]. 

 
Table 4. Techniques for the characterisation of acidity in zeolites. 

Characterisation methods Information References 
FTIR spectroscopy 
 

Differentiation Lewis and Brønsted 
acid sites, strength and density 

13,1 

Static or dynamic mode adsorption/desorption of 
probe base molecules (e.g. NH3-TPD) 

Number and strength of acid sites 1 

catalytic test reactions Relation activity to Al content in 
zeolites, concentration of active sites 

1 

Calorimetric methods Strength distribution 13 

H-NMR Density of Brønsted sites 13 
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2.1.10.3 Diffusion 
Depending on the size of the pore, three diffusional regimes exist: molecular, Knudsen and 
configurational (see Fig. 22) [73]. The diffusion in the micropores of zeolites is of the third 
type, with molecular diffusivities between ca. 10-16 to 10-8 cm2/s [74,75]]. 

 

  
Fig. 22. Type of diffusion regime as a function of the pore diameter, adapted from [73]. 

In the configurational regime, the diffusion mechanism is similar to the surface diffusion of adsorbed 
molecules on a surface, because of the strong interaction between the zeolite framework (micropore 
walls) and the diffusing molecules [73]. The diffusivity of the molecules in the micropore network of 
zeolites depends on (intra-crystalline): 
 

 micropores 
 size 
 topology of the pore network (intersection, 1D, 2D, 3D) 
 structure of the pore-walls or chemistry of the zeolite (adsorptive properties),  
 interactions between the surface atoms and the diffusing molecules  

 
 diffusing molecules  

 shape 
 size (kinetic diameter) 
 nature (polarity) and chemistry (adsorptive properties) 
 concentration 
 temperature (Arrhenius-type dependency). 

 
Techniques for the studying the diffusion in zeolites are the following [73]: 
 

 uptake methods  
 chromatographic methods  
 membrane permeation  
 Pulsed Field Gradient NMR and other NMR techniques  
 Quasi-Elastic Neutron Scattering  
 interference microscopy. 

 
There exist different types of diffusion in zeolites based on the structure of the pore network 
and the number of different molecules diffusing at the same time. In the case of zeolites with 
a one-dimensional pore-network (pores not inter-connected) and molecules cannot overtake 
each other, then the mobility of the same in the pore network decreases. This case is called 
single-file diffusion. In the case of binary or multi-component systems, the diffusion of the 
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single molecules is strongly influenced by the interactions with the other adsorbed/diffusing 
molecules. In this case, values of the diffusivity much lower than for the case of the single 
molecule diffusion can be found [73,76].  
 
In zeolite pellets or coatings, generally intra-crystalline diffusion (in the single crystals) co-
exists with the inter-crystalline diffusion. Depending on the pore size in the pellets or within 
the coating, this can be in the molecular or Knudsen regime. The first generally takes place 
when the mean free path (from the kinetic theory) for the gas molecules is smaller than the 
diameter of the pores where they diffuse. The Knudsen regime is dominant when the mean 
free path of the gas molecule is in the same range or bigger than the size of the pores [77]. 
 
 

2.1.10.4 Crystal size 
 
The crystal size plays an important role in catalytic applications. It can influence selectivity, 
activity and deactivation behaviour of the catalyst, by modifying the length of the diffusional 
path of reactant and product molecules in catalytic reactions, and the ratio between external 
surface and total volume or the internal surface of the crystal. This obviously influences the 
shape-selectivity of the catalyst. Decreasing the crystal size below ca. 100 nm the external 
surface becomes competitive with the internal surface, and the shape-selectivity effect of the 
catalyst is reduced [13]. 
 
Zeolite crystals can vary from ca. 5 nm to over 1 mm in size. Depending on the target 
application, both the increase and the decrease in crystal size can be advantageous. Increasing 
the crystal size corresponds to a lengthening of the intra-pore diffusional paths of the 
molecules, which results in stronger shape-selective behaviour of the catalyst. Decreasing the 
crystal size, the diffusional paths of the reactant and product molecules are shortened, 
reducing or excluding undesired diffusional limitations of the reaction rate [13].  

 

    
Fig. 23. Zeolite A nano-crystals (10 to 30 nm) from colloids at room temperature [78] and giant (up to ~ 40 mm) 

all-silica MFI crystals synthesized via a Bulk-Material-Dissolution technique [79]. 
 
 

2.1.11 MFI-type zeolite 
 
The MFI-type zeolite (Mobile Five) has been discovered by Landolt and Argenauer (Mobile 
Oil Company) in 1972 [80] and has nowadays gained a huge industrial relevance.  
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2.1.11.1 Framework structure 
 
The framework topology of the MFI-type zeolite (Fig. 24) was resolved by Kokotailo et al. 
[81] in 1978. Structurally, the MFI zeolite belongs to the family of the Pentasils. The 
aforementioned TO4 tetrahedra are linked to form the 5-1 SBUs, which again are 
interconnected to build the so-called pentasil chains (58-unit). Two symmetrical variations of 
the pentasil chains exist. Image and mirror-image of the pentasils are alternately combined via 
oxygen bridges to corrugated sheets containing holes of 10, 6, 5 and 4 T-atoms 
circumference. Each sheet is again linked by oxygen bridges to the next resulting in the 
continuous, regular three-dimensional structure of MFI crystals. As shown in Fig. 1, adjacent 
sheets are related to one another by an inversion centre [82].  

 
 

a 

c 

b  
Fig. 24. Formation of MFI-type zeolite framework. Form left to right: PBU (TO4 tetrahedra), 5-1 SBU, Pentasil 

chains, final framework structure, adapted from [82]. 
 
The resulting framework density is 17.9 T-atoms per 1000 Å3 [82]. Such framework assembly 
yields straight 10-ring elliptical channels with a diameter of 0.53-0.56 nm along the crystal b-
axis (010), intersecting sinusoidal 10-ring elliptical channels with a diameter of 0.51-0.56 nm 
on the a-c plane (101), perpendicular to the b-axis. This structural configuration leads to link 
to a three-dimensional pore network [82]. Typical micropore volume is in the range of 0.16 
cm3·g-1 [83]. 
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Fig. 25. Representation of the pore structure of MFI-type zeolite (Si/Al=86) and the two different 10-membered 

ring apertures in the straight and sinusoidal channels. 
 
 

2.1.11.2 Chemistry 
 

MFI zeolite can be synthesised in a wide range of Si/Al ratios, varying from ca. 10 [84,85] to 
∞ [13]. The empirical formula of MFI-type zeolite for the lattice unit cell (96 T-atoms) can be 
written as [82]: 
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OH16OSiAlNa 2192n-96nn ⋅  
with n < 8. 

 
The Al-containing form is called ZSM-5 (Zeolite-Socony-Mobile 5, Mobile Oil Corporation), 
while the iso-structural Al-free type is named as Silicalite -1. The possibility of varying the 
Si/Al ratio within such a wide range, offers a great degree of freedom for tailoring the 
properties of MFI zeolite: hydrophilic to hydrophobic, catalytically active to inert by 
decreasing the Si/Al ratio from ∞ (Silicalite -1) to lower values (ZSM-5). The Si/Al ratio 
expressed in the oxide form is defined as module M: 
 

n
n2

n
nMModule

Al

Si

OAl

SiO

32

2 ==  

 
The H-form of ZSM-5 (H-ZSM-5) obtained by the introduction of extra-framework protons 
as charge-balancing cations, is the active form for acid catalysed reactions [13].  
 
 

2.1.11.3 Thermal stability / behaviour 
 

Zeolites are thermodynamically metastable materials in the synthesis mixture during the 
hydrothermal crystallisation. Nonetheless, once synthesised they exhibit a high thermal 
stability. In zeolites, the thermal stability depends mainly on the Na content (up to 1373 K for 
low Na contents) and is independent from the module. Silicalite -1 is stable up to 1373 K. 
With increasing Na contents, structural changes in the zeolite framework can be observed at 
lower temperatures (for a Na2O content of 0.07 wt % the thermal stability is reduced to 973 
K). Template-free synthesis produces zeolite with lower thermal stability, as higher amounts 
of Na ions are required for balancing the framework charge. It was observed that, increasing 
calcination temperatures generally leads to dealumination of the framework. Same effect was 
noticed during hydrothermal stability tests (treatment in water vapour at 623 K up to 72 h) 
[67,86]. The reason for the higher thermal stability of MFI zeolites, compared to other types, 
is the stable 5-1 building unit, which forms the framework structure. The orthorhombic H-
ZSM-5 zeolite shows a rather complex anisotropic thermal expansion behaviour in the 
temperature range between 313 and 1113 K [87]. The thermal stability of zeolite is important 
aspects for the post-synthesis calcination of ZSM-5 coatings and in view of high temperature 
applications. 
 
 

2.1.11.4 Synthesis 
 
The synthesis mixture for the MFI-type zeolite synthesis typically contains: 
 

 a Si-source 
  eventually an aluminium source in the case of ZSM-5 crystallisation,  
 a base as a mineralizing agent (e.g. NaOH),  
 an organic structure-directing agent (SDA) or template  
 water (medium).  
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Fig. 26. Calculated XRD pattern for MFI-type zeolite, from [19]. 

Template-free ZSM-5, synthesis is also possible [88]. The most common templates are 
quaternary tetrapropylammonium (TPA) salts. Variation of the type and amount of template 
used allows for the control of the crystal shape and of the preferential growth of some 
crystallographic orientations.  
 

 
Fig. 27. Mechanism of template incorporation in the precursor species and in the zeolite framework during the 

hydrothermal zeolite synthesis, from [10]. 
 
Synthesis in fluoride media is used to tailor the crystal size and acidity [89,90,91]. The post-
synthesis modification of ZSM-5 to the Fe-form will be discussed in depth in this chapter. 
 
 

2.1.11.5 Applications 
 
ZSM-5 zeolite exhibits all the three types of selectivity mentioned in the preceding paragraph. 
In particular, ZSM-5 is an example of a zeolite which has gained great significance in 
different industrial applications, such as heterogeneous catalysis (e.g. as additive for FCC, 
MTO and MTG, alkylation of aromatics, xylene isomerization and disproportionation of 
toluene) [13] or adsorption separation processes (e.g. adsorption of organic compounds in 
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environmental applications) [92,93,94]. Metal-exchanged (Cu, Rh, Fe, Pt and Pd) ZSM-5 is 
currently studied for many environmental catalytic applications, such as deNOx and deN2O. 
(see subchapter 2.5) [95].  
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2.2 Zeolite coatings and composites 
  
Since the late eighties, there has been a rising interest in the development of zeolite coatings, 
as shown by an increasing number of patents and publications on the topic [7,96]. Zeolite 
coatings are defined as composite materials, comprising a carrier on which zeolite crystals are 
physically or chemically bonded. Supporting zeolite onto carriers or substrates of different 
nature, composition and structure/architecture represented a great improvement for the 
technical applicability of zeolitic materials in traditional and emerging fields, such as 
catalysis, adsorption, separation and sensors. Indeed, the combination of different materials 
(zeolite and carrier) with different properties can lead to important synergies, allowing for the 
manufacturing of multifunctional composites, and broadening the range of applications of 
zeolitic materials. Recently, zeolite-coated composites have become the subject of intense 
research for the development of sensors, vehicle emission control systems, structured catalytic 
packings for novel reactor concepts (monolithic configuration and micro-reactor technologies) 
and adsorption/separation units. In particular, zeolite-coated composites play an increasingly 
important role in environmental catalysis.  

 
A key-issue is represented by the process or technique which can be utilised in order to 
deposit or grow a zeolite layer onto substrates of different nature and with diverse geometries, 
and in order to obtain the desired properties in the final composite [7]. Given the almost 
unlimited number of combinations of different zeolite types and supports, it becomes clear the 
enormous potential of such composites and the degree of freedom in the 
preparation/development of materials with tailored properties. Important aspects for the 
development of zeolite coatings are [97]: 

 
 degree of coverage of the surface 
 uniformity of coverage 
 zeolite loading per unit mass or unit volume of the composite 
 thickness of the layer 
 bonding strength (adhesion) between the crystals and the substrate 
 crystal orientation 
 crystal size 
 presence/absence of a binder 
 accessibility to the inter-crystalline micropore network 

 

2.2.1 Definition and terms 
  
The definition of “zeolite coating” is quite broad and often includes concepts, such as 
membranes, films and layers [7]. An extensive literature survey showed that there exists no 
clear separation/distinction between the above terms: Most of the time, these designations are 
incorrectly and inaccurately utilised. In general, with films and membranes, most authors 
intend to describe or name compact/tight zeolite layers made of intergrown crystals, aiming 
mostly at the specific separation functionality. In addition, membrane refers more specifically 
to zeolite films meant for selective permeation on a molecular level. In general, in this work 
we understand the term “coating” as a layer (compact or non-compact) of any thickness 
deposited onto a substrate, without referring to any specific functionality [97]. 
 
The terminology used for the material or phase which is coated by zeolite includes terms as 
support, carrier or substrate. Parameters like loading (amount of zeolite on the support related 
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to the substrate’s surface area, volume or mass), orientation (crystallographic orientation of 
the zeolite crystals in relation to the substrate), intergrowth (crystals grow together to form 
compact/dense layers) are extremely important for defining the properties of the zeolite 
coating [7,97]. The zeolite loading can be defined in terms of zeolite weight per unit volume 
(KgZEO·m-3) or unit surface (KgZEO·m-2) [98]. At last, another important definition is the 
coating selectivity or efficiency (ηC) [97,98]. This is defined as the amount of zeolite which is 
deposited onto the surface of the support divided by the amount of zeolite synthesised in the 
batch (excess powder and coated zeolite) during the hydrothermal crystallisation process. 
 
 

2.2.2 Coating techniques 
  
In order to achieve composites containing zeolite, different techniques have been developed. 
The main technical difference is whether the zeolite crystals are directly grown onto the 
support or synthesised separately and attached/deposited in a second step onto the substrate’s 
surface. The latter method can be accomplished with or without the use of a binder, in order 
to “glue” the crystals to the substrate surface [97], or using chemical linkers in order to 
promote the bonding [99], control the orientation of the crystals and create zoning/patterning 
effects.  

 
Alternatively, zeolite can be grown directly onto the support (in-situ coating) via 
hydrothermal methods. In this case, the zeolite crystallisation process takes place in the 
presence of the substrate which has to be coated. This method has the advantage of a stronger 
adhesion/better compatibility of the coating to the support. The main disadvantages of direct 
growth techniques, however, are that it is considerably more complex than the dip-/slurry-
coating process. Moreover, in-situ zeolite crystallisation generally produces a compact zeolite 
layer with small inter-crystalline pores, which might lead to diffusion limitations [7].  

 
Combination of different coating techniques is also possible. The method used to coat a 
substrate determines the bonding between the zeolite layer and the support, and the 
morphology, characteristics and properties of the coating [7,97,102]. The choice of the 
coating technique is based on different factors and considerations:  

 
 type (metal, ceramic, carbon, etc.), geometry (2D or complex 3D geometries) 

and nature of the support (hydrophilic/hydrophobic, inert/reactive) 
 requirement of orientation of the crystals 
 necessity of a closed/compact zeolite layer (membranes, films) 
 thickness and morphology of the coating 
 zeolite loading  
 mechanical stability of the final composite 
 chemical stability of the carrier 

 
In this work, the following classification of coating techniques is proposed. Zeolite coating 
methods can be divided in ex-situ and in-situ techniques.  
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2.2.2.1 Ex-situ techniques 
  
Ex-situ techniques include all processes where the zeolite is firstly synthesised in the powder 
form and then deposited on the substrate in a second separate step. They are divided in:  
 

 Dip-/Slurry-coating 
 Spin-coating  
 Self-assembly via covalent / chemical linkers 
 Layer-by-Layer deposition 
 Electrophoretic deposition 
 Langmuir-Blodgett  
 Pulsed-Laser Deposition 

 
 

2.2.2.1.1 Dip-/Slurry-coating  
 

The deposition of active catalyst phases on a substrate generally consists of coating the 
support with a slurry or suspension containing a catalytically active phase and, in most of the 
cases, a binding material to ensure the adhesion of the layer [6,100]. Up to now, this process 
has been commonly applied to deposit catalyst wash-coats (e.g. γ-Al2O3) onto ceramic 
honeycombs for automotive applications (exhaust systems) or for the treatment of industrial 
emissions [6]. This process will be discussed more in detail in the subchapter 2.3. 

 
In literature, the terms dip- and slurry-coating are often used to describe the same process. A 
distinction between two terms has been given in [97], on the basis of the presence or absence, 
respectively, of a binding material in the slurry. Such a classification is not always followed 
and some contributions also refer to these methods as dip-coating processes [6,101,102,103] 
or impregnation techniques [104]. Following the definition given in [97], we can distinguish 
between the processes with binders (dip-coating) and without (slurry-coating). Both the 
methods consist of a deposition of pre-synthesised zeolite crystals on a substrate. These 
techniques can be classified as 2-step processes: the synthesis of zeolite and the coating of a 
substrate with the same are separate steps. In this work, the term dip- [97,102] and wash-
coating [104,107,108,109] will be used to identify the same process, according to definitions 
given in literature. 

 
Via the dip-coating method (Fig. 1), already-synthesised zeolite crystals can be attached on a 
support by means of binders, generally alumina, clays or colloidal silica 
[6,97,102,103,105,106,107,108,109,110,111]. Before dip-coating, the zeolite crystals have to 
be synthesised. 
 

 
Fig. 28. Preparation of the zeolite crystals for the successive dip-coating of substrates. 

The substrate is immersed in a solution containing the pre-synthesised crystals, the binder, a 
solvent and other additives, e.g. surfactants [6,102] or electrolytes [111], followed by blowing 
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and evaporation of the solvent by drying and calcination [102,103]. The final composite 
consists of three phases, support, binder and zeolite. 

 

 
Fig. 29. Dip-coating: process scheme. 

The technique is extremely versatile and simple, as numerous zeolites are commercially 
available. It is not necessary to develop a special zeolite synthesis formulation for coating 
applications (as for the in-situ hydrothermal coating processes): an already synthesised and 
optimized zeolite can be applied [102]. In this way, issues concerning the zeolite synthesis do 
not need to be considered. Any zeolite type can be purchased or synthesised following a 
standard hydrothermal synthesis and then deposited and “glued” onto the support. This allows 
for an extremely high control of the crystallisation process and tuning of the zeolite 
characteristics and properties. Basically, the synthesis and the deposition step are separate, 
giving a better management of both the processes. The loading/amount of the zeolite is 
satisfactory and easy to control [111]. Moreover, a good chemical stability of the substrate 
during the coating process is not required, as no aggressive chemical conditions are used (if 
compared with the hydrothermal coating method) [6]. Drawbacks of the technique are: 
 

 inhomogeneous coverage of the support, which can lead to the formation of 
agglomerates and thicker layers, which are generally responsible for internal 
diffusion limitations [108] 

 presence of the binder in the composite, which reduces the catalyst loading and 
limits the accessibility to the crystals and their pore networks [105] 

 influence of the binder in catalytic applications [104] 
 impossibility of achieving a closed compact layer or any specific orientation of 

the crystals (important especially for membrane and sensor applications) [97] 
 scarce adhesion and incompatibility of the zeolite/binder layer, especially on 

metal surfaces [102].  
 

Dip-coating is generally applied to composites for catalysis and adsorption, and not for the 
development of membranes or sensors [97]. The technique might also show limitations when 
trying to coat the internal surface of porous samples with narrow voids or complex networks, 
due to the viscosity of the precursor solution and the difficulty in controlling the homogeneity 
of the coating upon blowing and drying [6]. The characteristics (loading, thickness, 
distribution and geometry) of the film deposited can be controlled by the number of 
immersions [108], the rheology/viscosity of the solution (which depends on the ratio 
zeolite/solvent and binder/solvent) [6,108], the blowing conditions [104], the binder/zeolite 
ratio [102], the type of binder and solvent [102,108,111], the particle size and the zeolite type 
[6,108], pH and zeta potential [6] and also substrates used [111].  
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The bonding between the zeolite crystals and the support is achieved by a condensation 
reaction of the Si-O-H groups on the outer surface of the crystals and the substrate. Thus, the 
method requires the presence of hydroxyl groups on the surface of the support and of the 
crystals. A better bonding is obtained upon curing, assisted by the binder [97]. Generally, a 
minimum amount of binder is required for a sufficient adhesion of the zeolite layer [102,103], 
but increasing the concentration leads to a decrease in the catalyst loading [106]. The 
adhesion of the zeolite layer, especially weak on metal support, can be improved as well: 
generally, an intermediate silica layer is used for this scope as a kind of primer [102]. 

 
Conceptually, the slurry-coating process [111] is very similar to dip-coating, the only 
difference being the absence of a binder promoting the bonding substrate-zeolite layer [97]. 
The support is immersed in a dispersion of zeolite crystals, removed and then dried, in order 
to evaporate the solvent. The choice of the solvent represents a critical point, in order to 
control the evaporation process and, consequently, the characteristics of the coating [97]. The 
final composite consists of two phases, support and zeolite crystals, which are linked to the 
surface by Van der Waals forces [97,112].  

 
Thus, the bonding between the zeolite layer and the substrate results extremely week: 
comparison of the adhesion of zeolite layers obtain via wash-coating with and without binder, 
measured with the weight-loss after ultrasound treatment of the composites, was extremely 
different [102,111]. On the other side, the absence of a binding material increases the 
effective catalyst loading on the carrier and the inter-crystalline porosity, yielding a better 
accessibility of the crystals and their micropore networks [101]. The slurry-coating method in 
the absence of any binder can provide uniform monolayer coverage of the surface. Therefore, 
the method is used mainly for the preparation of capillary columns for analytic 
chromatography or for the measurement of diffusion coefficients in zeolites [112].  

 
Up to now, dip-/slurry-/wash-coating techniques have been more extensively used for the 
development of BEA and MFI coatings on ceramic and metallic honeycombs and structured 
packings [102,104,112], ceramic foams[101] and for depositing MFI-type zeolite crystals on 
stainless-steel plates [106]. In all cases the aim was the preparation of zeolite coating for 
catalytic and environmental applications (monolithic reactors [102,110,108,112], structured 
catalytic packings [102], and microreactors [104]).  
 
 

2.2.2.1.2 Spin-coating  
 
In order to manufacture uniform and ordered nano-scale zeolite films for electronic or optic 
applications (where supplementary hydrothermal treatment of the substrates in aggressive 
media is undesirable), a technology called spin-coating was developed. This technique 
consists of a fast deposition of pre-synthesised crystals (generally as a colloidal suspension) 
onto smooth planar surfaces while rotating the substrate [113,114,115,116,117,118,119,]. 
Deposition is followed by evaporation of the solvent and calcination. The method is called 
spin-coating.  
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Fig. 30. Spin-coating (variant 1): process scheme [120]. 

 
The control of the film characteristics (e.g. thickness, homogeneity, continuity, smoothness) is 
achieved by varying the concentration of the solution, the spin-on rotation rate [120] or the 
number of runs (multi-step) [113]. Continuous zeolite films with a thickness down to 2 nm 
could be obtained (Silicalite -1 on a Si-wafer) [120]. Preferred orientation of the crystals is 
also achieved by means of the spin-coating process [113,114]. The main limitation of the 
technique is the geometry of the support which can be used: owing to the necessity of 
spinning the sample, only 2D planar surfaces can be employed. 

 
There exist two variants of the process: the zeolite crystals are synthesised separately and then 
dispersed in a colloidal solution and spun on the substrate (Fig. 30), or a precursor solution 
can be dropped on the spinning carrier and cured in a second step (Fig. 31), together with the 
carrier [120]. Ultra-thin (2 nm in thickness) were obtain by spin-coating of a precursor 
solution, followed by drying, exposure to water vapour and curing at 333 K for 24 h [120]. 
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Fig. 31. Spin-coating (variant 2): process scheme [120]. 

 
Spin-coating has been used to produce both micro- (e.g. BEA and MFI zeolites) [113] and 
mesoporous [121] smooth thin (nano-sized) layers on various substrates (Si-wafers [113], 
LiNbO3 and gold [113]) in order to develop low-K films for microelectronics [115,116,121] 
or sensors [122].  
 
 

2.2.2.1.3 Self-assembly via chemical linkers 
 
This method is a post-synthesis zeolite attachment technique, also known as “crystal-
assembly chemistry” [123,124,125,126,127]. An organization of micrometer-sized zeolite 
crystals into uniformly oriented monolayers on various supports is achieved by means of a 
covalent linkage [125]. Similarly to dip-coating and spin-coating processes, the synthesis and 
the coating steps are separate: this, as already mentioned, allows for a better control of the 
parameters of each process (Fig. 32). The assembly of the pre-formed zeolite crystals on 
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substrates is achieved via ionic or covalent bonding, by means of suitable organic additives 
(chemical linkers) [125]. Once the supports have been functionalised or “patterned” with the 
chemical linkers, they are immersed for some hours in a solution containing the pre-
synthesised zeolite crystals, in order to allow for the adsorption and assembly of the crystals 
on the surface [125].  

 

 
Fig. 32. Assembly via chemical linkers: process scheme. 

 
The organic functional groups are usually tethered either onto the zeolites or onto the 
substrates by covalent bonding followed by the subsequent chemical linkage between the 
tethered functional groups (e.g. 3-halopropylsilyl compounds) [123,124,125] and the 
unmodified surface (one-component modification) [123,124,125]. 

 

 
Fig. 33. The procedure to assemble zeolite A monolayer on glass substrates (one-component modification) [125]. 

In [99], both the zeolite crystals and the substrate’s surface were functionalised with linkers in 
order to improve the coverage and orientation of the zeolite crystals attached onto the 
substrates (two-component modification). Assembled crystals can have a variety of functional 
groups on their surfaces, in order to have better versatility in later applications [125]. 
 
The method provides zeolite monolayers with well-aligned crystals, which represents as 
important characteristics for applications as membranes, sensors, thin-film catalysis [124]. 
Controlled patterning of the surface is also possible [125,128], in combination with printing 
[125] or masking techniques [128] (e.g. poly (dimethyl-siloxane) micro-contact printing 
technique [125], photo-masking [128]). Chemical linkers have also been used, in combination 
with hydrothermal coating techniques, for the in-situ growth of ordered arrays of crystals with 
specific orientation and patterning [128]. This is the so-called direct-dipping method, which 
differs from the covalent assembly, as it produces in one step, fully-intergrown oriented and 
patterned layers of zeolite, instead of coatings composed of discrete crystals. 
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In general, the method is well suitable for the highly versatile [125] preparation of monolayer 
films with controlled morphology, pattern and orientation, independently from the zeolite 
type and the surface of the support, and allows for a fine tuning of the linking process [125]. 
The assembly zeolite monolayers on the patterned substrate is conducted at relatively mild 
temperatures, below 383 K. This produces higher degree of freedom in the choice of the 
substrate [125]. Nevertheless, the technique requires many different steps and the zeolite 
crystals of the coating are not interconnected. This latter limitation of the method has actually 
been overcome by using the above-mentioned direct-dipping technique [128] or by applying a 
secondary growth technique in order to create close layers of intergrown crystals [129,130]. 
By using the direct-dipping variant of the assembly process, a good stability of the coating 
and attachment to the substrate could be achieved [128], but no information is given for the 
covalent assembly in general. 
 
The crystal assembly technique was used as a seeding process [130] in order to create the 
seed-layer for the development, via the hydrothermal secondary crystal growth, of continuous 
zeolite film with controlled morphology and orientation (e.g. b-oriented zeolite membranes 
for vapour separation [131,132] and for catalytic membrane reactors [133,134]). 

 
Different surfaces have been functionalised with zeolite crystals by following this procedure: 
glass and mica [125], stainless-steel [133,134], ceramics [131], quartz [135,136], and noble 
metals [128]. Materials prepared following this method can be used as catalysts (e.g. well-
defined nano-reactors), molecular sieves, sensing devices and membranes [125], zeolite-based 
(BEA and LTA) piezoelectric chemical sensors [135, 136] and ideal media for organizing 
semiconductor quantum dots and nonlinear optical materials [99].  
 
 

2.2.2.1.4 Layer-by-Layer deposition 
 
Conceptually, the method is very similar to the previous one. It also consists of a controlled 
assembly of pre-synthesised crystals on a substrate with a modified surface. The Layer-by-
Layer (LbL) technique is used for building composite multilayer assemblies based on the 
electrostatic attraction between nano-particles and oppositely charged poly-ions [137]. 
 
Initially, the technique was developed to prepare films of colloidal particles [138]. The LbL 
technique was recently used for the preparation of multilayer films of polyelectrolytes, 
proteins, nucleic acids, dyes, dendrimers and inorganic particles [137]. Most recently, the 
method has been extended also to the preparation of multi-layer zeolite films 
[137,139,140,141]. It consists of an electrostatic adsorption of zeolite nano-particles. Zeolite 
nano-crystals in alkaline media have a negative charge. A modification of the substrate with a 
cationic polymer allows for the adsorption of the nano-particles on the surface. The procedure 
can be repeated in order to control the film thickness [127].The zeolite coatings prepared by 
this technique have a limited mechanical strength, as the bond is based on weak electrostatic 
interactions [139]. On the other side, the method is extremely versatile: zeolite coatings of 
various thicknesses (depending on the number of runs) can be easily obtained on supports 
with arbitrary shape and size. Additionally, the conditions used during the coating process are 
very gentle and no further hydrothermal treatment is necessary to obtain regular zeolite layers. 
This allows for the application of the Layer-by-Layer coating method in combination with 
thermally and chemically unstable substrates [137].  
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Fig. 34. Layer-by-Layer coating technique: process scheme. 

 
Using this process, MFI-, BEA-, FAU-type and zeolite LTA-type films were adsorbed on 
polystyrene beads, used as a sacrificial support, in order to create zeolite hollow spheres, after 
decomposition of the polymer support [137,139]. 
 
 

2.2.2.1.5 Electrophoretic deposition 
 

Electrophoretic deposition (EPD) is an effective and controllable universal method of coating 
substrates by assembly of different charged colloid particles [142,143]. The EPD technique 
consists of an electrostatic attraction of zeolite nano-particles in a suspension onto the 
substrate (Fig. 35), achieved by using the support as a cathode in an electrophoretic cell and, 
generally, Pt as a counter-electrode [143,144]. 

 

 
Fig. 35. Electrophoretic deposition technique: setup used for the EPD of seed crystals on a carbon support [144]. 

The technique is, once more, a controlled assembly of pre-synthesised zeolite nano-particles 
(Fig. 36). The main advantage is the uniformity of the coating and the good control of the 
process [142,145]. Moreover, no pre-treatment of the substrate is required [143]. The zeolite 
layer characteristics (thickness, density, uniformity) can be controlled via different 
parameters: zeolite type, EPD medium and voltage, time and concentration of suspension 
[143]. 
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Fig. 36. Electrophoretic deposition technique: process scheme. 

 
Up to now, such method has been used as a seeding technique and coupled to a secondary 
crystal growth step (see subchapter 2.3), for the preparation of continuous intergrown films 
and membranes [143]. The EPD technique was introduced by Takayama et al. [146], in order 
to prepare zeolite LTA-type (Na-A), FAU-type (Na-Y) and MFI-type (H-ZSM-5) films. In 
addition, the EPD technique has been used to fabricate zeolite coated carbon fibres and 
hollow zeolite fibres with ultra-thin walls of nano-sized zeolite [142]. T. Mohammadi [147] 
developed zeolite A membranes from Kaolin tubes obtained by combination of EPD and 
hydrothermal growth. The EPD process can be used in order to deposit a seed-layer on a 
support, followed by hydrothermal growth to form a compact thick zeolite film. Combined 
with a secondary hydrothermal crystal growth, this method has been employed for the 
development of MFI-, BEA-, SOD- and LTA-type zeolite films on stainless-steel grids [143] 
and for the fabrication of MFI- type layers (Silicalite-1) on Pt-coated carbon materials for 
membrane reactors [145]. In particular, the EPD technique applied to carbon supports, seems 
to lead to a complete coverage of the surface even without the oxidation of the support [145]. 

 
 

2.2.2.1.6 Langmuir-Blodgett  
 

Langmuir-Blodgett (LB) films [148] are constructed by transferring monolayers floating on 
water surface to a solid substrate (Fig. 37). Characteristics such as the thickness and 
molecular arrangement are controllable at the molecular level. The LB-technique applied for 
the preparation of thin films enables the precise control of the monolayer thickness, the 
homogeneous deposition of the monolayer over large areas and the possibility to make 
multilayer structures with varying layer composition. An additional advantage of the LB 
technique is that monolayers can be deposited on almost any kind of solid substrate. There 
exists a wide range of surfactants with an amphilic nature which drastically lower the surface 
tension of water. Many of these amphilic substances insoluble in water can be easily spread 
(with the help of a volatile and water insoluble solvent) on a water surface to form an 
insoluble monolayer at the air/water interface. These monolayers are called Langmuir films. 
The amphilic nature of the surfactants dictates the orientation of the molecules at the interface 
(air/water or oil/water) in such a way that the polar head-group is immersed in the water and 
that the long hydrocarbon chain is pointing towards air, gas or oil. The deposition of the LB 
film is achieved by dipping the sample in the solution through the inter-phase, allowing for 
the floating monolayer is adsorbed to the solid substrate. In this way, multilayer structures of 
hundreds of layers can be produced. Different kind of LB multi-layers can be produced and/or 
obtained by successive deposition of monolayers on the same substrate (Fig. 38).  
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Fig. 37. LB film development: Deposition of a floating monolayer on a solid substrate [148]. 

LB film deposition has been applied also for fabricating zeolite films [149]. Zeolite crystals in 
the micrometer range can form ‘monolayers’ at the air-water interface with very densely-
packed arrays of oriented zeolite particles.  

 

 
Fig. 38. LB film development: process scheme. 

The film forming behaviour is influenced by the hydrophobicity of the zeolite particles and by 
poly-electrolytes (poly (diallyldi-methylammonium chloride)) added to the aqueous sub-
phase. During the spreading of the zeolite dispersion a considerable amount of zeolite passes 
through the surface, making it necessary to treat the crystals in a saturated HMDS-vapour in 
order to render them hydrophobic and diminish sedimentation.  

 
The method can be used to prepare zeolite coatings onto substrates, which can be further 
utilised as seed-layers for the successive growth of the crystals to form compact films 
(secondary crystal growth). The properties of the zeolite films obtained by the LB method 
depend on different parameters: hydrophobicity of the particles, the presence of ions in the 
sub-phase, the transfer pressure, the speed and number of dipping, the structure and wetting 
properties of the support. Particular orientation of the crystals is also influenced by the 
deposition parameters (e.g. the polyelectrolyte used) and substrate characteristics. The LB 
method yields ordered films composed of one layer of densely packed zeolite. The zeolite 
loading or film thickness can be controlled by repeating the dipping step. The technique is 
flexible, as coatings of different zeolite types on various substrates can be easily achieved 
[149].  
 
 



2 Fundamentals and state of the art                    2.3 Structured reactors: the monolithic catalyst 
 

44 

2.2.2.1.7 Pulsed-Laser Deposition 
 

The Pulse-Laser Deposition (PLD) method involves the pulsed-laser ablation of a pressed 
zeolite target, which produces high-energy atoms, molecules, ions and clusters. These 
particles deposit onto a heated substrate in a controlled atmosphere [150]. This method yields 
PLD thin film composed of fragments and building blocks that can be reorganized to give a 
intergrown crystalline film (post-hydrothermal treatment), generally by hydrothermal 
treatment of the PLD film in a synthesis gel or by the vapour-phase method (Fig. 39). The 
advantages of the PLD technique are the following: it is applicable to almost all known 
zeolite structure and compositions, it allows for the coating of different types and 
geometries/structures of the substrate, for the control of the thickness of the film and for the 
preferred orientation of the crystals [151]. 

 
 

 
Fig. 39. PLD technique: process scheme. 

 
PLD was applied for coating TiN coated silicon wafers, polished graphite and porous 
stainless-steel frits with MCM-22 zeolite, followed by a post-hydrothermal treatment to 
achieve partially oriented crystalline membranes [152]. 
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Fig. 40. PLD technique: schematic diagram of three-dimensional objects moved in the plume by vibration. 

In addition, X [153,154] and UTD-1 [155] zeolite films and membranes (on glass beads, steel 
grids and Si wafers) were prepared by Balkus et al. via PLD. 
 
 

2.2.2.2 In-situ techniques  
 

In-situ coating techniques allow for the synthesis of zeolites directly on the substrate, so that 
zeolite crystallisation and deposition/adhesion of the crystals on the support are merged in a 
single step. This step is simply named as “synthesis” or “growth” of the zeolite film/layer. 
The synthesis takes generally place in closed vessels (autoclaves) in the presence of the 
support. 
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In-situ techniques are mainly hydrothermal synthesis processes. They can be divided into 
three classes [156] based on the nature of the precursor phase (Fig. 41): solution 
(conventional synthesis), dry-gel (solid-state crystallisation), and wet-gel (in-situ 
crystallisation). 
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Fig. 41. In-situ hydrothermal synthesis of zeolite on substrates: different concepts based on the precursor 

solution nature [156]. 
 
Compared to the ex-situ coating processes (e.g. dip-/wash-coating, PLD/EPD/LB techniques) 
discussed in the previous subchapter (2.2.2.1), in-situ coating procedures are less complicated 
and time-consuming methods. In-situ coating techniques allow for better bonding of the layer 
to the substrate. On the other side, there is less control on the film properties (e.g. crystal 
chemistry, film thickness), as the synthesis step and the development of the film/coating are 
not separate steps. 

 
The growth of the film on a substrate is a process of nucleation and growth [97]. In-situ 
methods are divided in:  
 

 Direct hydrothermal (conventional hydrothermal) 
 Dry- or wet-gel conversion (solid-state transformation)  
 Seeding and secondary crystal growth (2-step) 
 Partial transformation of the support 

 
The supports are generally treated under hydrothermal conditions in the presence of a 
precursor solution or gel containing the nutrients for the zeolite crystallisation, similarly to a 
conventional synthesis of zeolite powder. The growth of crystals on the surface of the support 
is achieved in one step. Jansen et al. [7] divided hydrothermal direct synthesis into three 
different classes (Fig. 42), depending on the role of the support during the crystallisation 
process: 

 
 The nutrients are in the precursor solution or gel (a) 
 The nutrients are contained in the support (b) 
 The nutrients are both in the support and in the precursor solution or gel (c-e) 
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Fig. 42. Direct hydrothermal zeolite synthesis on substrates: role of support and precursor solution (from [7]). 

In the last two cases, the support is defined “active” or “reactive”, as it participates to the 
crystallisation process. In the first example, the carrier is “inert”, because it simply offers a 
surface on which the zeolite coating can be grown, but it doesn’t participate in any other way 
to the zeolite synthesis process [157]. 
 
The ideal candidates for such coating process are supports with hydrophilic properties, for a 
good wetting with the precursor solution, and allowing for the interactions with the crystals 
like: anchoring, grafting, tethering, van der Waals, hydrogen bridge or chemical reaction 
bonding, or physical interactions based on electrical and/or surface tension forces [7]. Key 
issue for this type of coating processes is the stability of the support under the hydrothermal 
conditions, during the synthesis of the zeolite coating [7]. 
 

2.2.2.2.1 Conventional direct hydrothermal synthesis 
 

The conventional hydrothermal crystallisation of zeolite onto supports is also called direct or 
in-situ crystal growth [158]. Zeolite crystals grow directly on the surface of the support (Fig. 
43). Generally, the process is a conventional hydrothermal synthesis of zeolite in the presence 
of the support. [159,160,161,162,163]. 
 

 
Fig. 43. Direct hydrothermal method: process scheme. 

The mechanism of the zeolite film growth onto a substrate via hydrothermal direct synthesis 
is to date not fully understood. Seemingly, it is similar to the bulk hydrothermal crystallisation 
of zeolite powders and follows the same mechanism of nucleation, crystallisation and 
saturation of the growth process [164]. T. Nakazawa et al. [165] proposed a mechanism of 
film growth by observing the early stages of MFI-type zeolite film formation on a nanometre 
scale using a field emission scanning electron microscope. The mechanism includes gel 
formation on the substrate surface. Small nano-sized particles grow either on the surface of 
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the gel or within it. Their size increases with time by either aggregation or growth and leads to 
the formation of crystals onto the substrate. Koegler et al. [166] proposed a model for 
nucleation and crystal growth in an oriented MFI-type zeolite film. Nucleation and growth 
occur at the interface of gel and liquid, where the Si-source and the template are abundantly 
present. The crystals consume the gel, and sink into the substrate surface. Clet et al. [167] 
studied the influence of the gel-substrate interface on the film morphology and composition 
for seeded and un-seeded precursor solution. They confirmed that the formation of a gel layer 
on the substrate is the initial stage of the film formation, excluding the possibility of a 
crystallisation in the bulk and successive deposition of crystals [167]. Influence of the 
substrate on the crystallisation kinetics and film morphology was also observed by Valtchev 
and Clet [164,167]. 

 
Alternative heating methods have also been exploited for the crystallisation of zeolite on 
different substrates. Erdem-Senatalar et al. [168] applied a direct heating (via a soldering 
resistance) to the substrate (stainless-steel), in order to synthesise zeolite (4A) coatings. By 
doing this, the reaction in the bulk was suppressed and the growth of zeolite directly on the 
substrate was promoted. In this way, a temperature difference between the reaction mixture 
and the substrate was achieved, promoting the crystallisation process close to the surface of 
the substrate (localised/selective crystallisation). This apparently led to very high zeolite 
loading on the support, limited excess product formation and high stability of the synthesised 
phase. Microwave heating has also been exploited [169,170,171]. Katsuki et al. [169] 
achieved faster crystallisation rate, higher silica dissolution and smaller crystal size by means 
of microwave heating.  

 
A more comprehensive discussion of the hydrothermal coating technique will be given in 
2.3.5, focussing on the preparation of zeolite layers/coatings onto monolithic substrates, 
mainly for catalytic applications. 

 
 

2.2.2.2.2 Dry- and wet-gel conversion (solid-state transformation) 
 

Both the dry- and wet-gel conversion are named as solid-state transformation [172] methods, 
as the film formation happens via the conversion of a precursor gel layer deposited on the 
substrate. Dry-gel conversion (also termed vapour-phase transport [173]) consists of a solid-
state crystallisation of zeolite directly on the support surface. A precursor gel is prepared and 
deposited on the substrate via repeated impregnation, by dipping the support in the gel (Fig. 
44). Afterwards, the sample is suspended on a water bath (not in contact with it) containing 
also a template, in an autoclave. The crystallisation takes place in the presence of water and 
template vapours, within the gel layer [173,174]. Critical factors for the control of the 
properties of the zeolite coating (crystal size and coating thickness) are the conditions of the 
drying process for the gel and of the dip-coating step [173]. Extremely important is also the 
gel homogeneity, due to the lack of molecular long-range transport (via vapour-phase) in the 
dry gel [175]. 

 
An alternative to the dip-gel conversion is the wet-gel or in-situ solid-state crystallisation 
method [156,176]. The sample is coated with a wet-gel and subjected to a thermal treatment 
in autoclave, without any additional water than the one present in the precursor gel. The 
moisture in the gel produces mild hydrothermal conditions in the autoclave, resulting in the 
growth of zeolite onto the support [176]. The growth mechanism described in [172] is the 



2 Fundamentals and state of the art                    2.3 Structured reactors: the monolithic catalyst 
 

48 

following: crystal nuclei form at the surface of a gel aggregate composed of small primary gel 
particles in the dried film. Then, the nuclei grow to small cubic MFI crystals by consuming 
the nutrients in the gel-aggregated particle. After consuming all the nutrients in the sphere, 
crystal growth dwells, until more nutrients are supplied from the adjacent gel particles in a 
second stage. 

 

 

Fig. 44. Solid-state in-situ crystallisation (wet-gel conversion): process scheme. 

Advantages of the wet-gel conversion are that the crystallisation takes place only on the 
support and the hydrothermal synthesis conditions are quite mild. This leads to a lower 
degradation of the mechanical strength of the substrate [176]. Madhusoodana et al. [176] also 
claim a better bonding between the zeolite crystals and the substrate, but neither concrete 
proofs nor explanations of the reason are given in the paper. With the dry-gel conversion, 
oriented layers of zeolite were obtained for MFI and MCM-22 zeolite [172,173], likely due to 
the dense and uniform morphology of the layer. 
 

 
Fig. 45. Difference in the film formation with a VPT technique and a conventional hydrothermal synthesis, as 

explained in [177]. 
 
Following this procedure MFI (ZSM-5) and LTA zeolite films were deposited on cordierite 
honeycombs [176,156], and zeolite (ANA, FER, MOR and MFI) dense membranes 
developed on porous alumina supports. 
 
 



2 Fundamentals and state of the art                                    2.2 Zeolite coatings and composites 

  49 

2.2.2.2.3 Seeding and secondary crystal growth  
 

This technique consists of two separate steps: coverage of the support with zeolite seeds 
(nano-crystals) and growth of the seed-layer (secondary crystal growth) to form a film in a 
separate step (Fig. 46). Basically, the first step consists of a growth or adsorption (via one of 
the above mentioned techniques) of small zeolite crystals on the surface of the support. This 
step leads to the development or attachment of the zeolite seeds on the substrate [133]. The 
second stage is represented by the growth of the seeds. This is generally accomplished by 
using a dilute precursor solution that normally favours crystallisation rather than further 
nucleation [178]. Further nucleation is suppressed and the growth of the seed particles starts 
directly as soon as they come in contact with the secondary growth solution [129]: in this case 
the incubation period is generally not observed. No gel formation is observed during 
secondary crystallisation in the presence of a precursor layer (seeded supports) [178]. 

 
Lovallo and Tsapatsis [179] were the first to adopt this process for the preparation of sub-
micrometer films of zeolite L. It was shown that secondary growth of a precursor nano-
crystalline layer of L-type zeolite under conditions which, in the absence of seeds, do not 
result in zeolite L formation, led to the formation of a 0.2 mm film of zeolite L consisting of 
intergrown grains. 
 
The advantage of this technique is that nucleation and crystal growth are decoupled. This 
allows for a better optimisation and control of the two processes [133]. The seeds promote the 
growth of the zeolite layer, even under conditions that would not yield to zeolite 
crystallisation, furthermore reducing the incubation period [179]. The influence of the surface 
chemistry of the support is decreased, the reproducibility improved and the sedimentation of 
crystals from the bulk phase easily avoided, as the crystallisation process is shifted closed to 
the seeded substrate [133,180]. Compact zeolite films composed of highly-intergrown crystals 
can be produced when the substrate  

 
There exist two types of seeding techniques: in-situ [133,180] and ex-situ seeding [131,132]. 
The former is basically a hydrothermal synthesis in the presence of the support [180]. The 
latter is not carried out under hydrothermal conditions: the seeds (colloidal suspensions [181]) 
are deposited or adsorbed on the surface of the support by means of one of the above-
mentioned ex-situ coating techniques (e.g. EPD, PLD, LB, LbL, self-assembly and slip-
casting methods) [131,182]. The secondary crystal growth can be carried out in liquid 
[180,183] or vapour-phase [184]. 

 

 
Fig. 46. In-situ seeding method: process scheme. 

The seeding and secondary growth technique is extremely flexible and offers an optimal 
control of the synthesis parameter for the development of films with control led morphology 
and properties. The method is mainly used for the preparation of membranes (on stainless-
steel [180] and γ-Al2O3 porous supports [131]), films for sensor application (on quartz [185]) 
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and, in few cases, catalytic coatings (on ceramic honeycombs [162]). For the development of 
membranes and sensors a closed compact film is generally required, and specific orientation 
often desired. Silicalite -1, ZSM-5, X, Y and A zeolite type membranes and films have been 
developed on various supports by means of this technique. In recent times, due to the high 
control of the coating properties and the possibility of achieving highly-intergrown zeolite 
film, this technique has been utilised to produce self-supporting zeolite films and structures, 
by coating decomposable supports (wood, natural sponges, cellulose, polymers) used as 
temporary/sacrificial macro-structure directing agents [182,186,187,188]. 

 
 

2.2.2.2.4 Support Self-Transformation 
  
One variant of the conventional direct hydrothermal synthesis of zeolite coatings is the in-situ 
crystallisation in the presence of active or reactive supports [7]. Part or all the framework 
builders and nutrients for the zeolite crystallisation are present in the carrier and not only in 
the precursor solution (see subchapter 2.2.2.2), as for conventional hydrothermal synthesis 
[7]. Different terms have been used to define this technique: substrate self-transformation 
[189], chemical mechanical supported crystallisation [190], partial support transformation 
[193], bulk material dissolution [79,191,192]. In this work, we opted for the following term: 
support self-transformation (SST). The reason is that the support participates actively to the 
zeolite growth through a partial dissolution-crystallisation process [193] during which the 
chemistry and/or micro-structure of the substrate can undergo modifications. 

 
Fig. 47. Support Self-Transformation method: process scheme. 

The crystallisation can be carried out either in the vapour [189,194] or in the liquid phase 
[195]. In the liquid phase, a continuous dissolution-crystallisation process is necessary for the 
growth of the zeolite layer at the interface substrate-solution [193]: the nutrients for the 
zeolite synthesis are dissolved in the synthesis mixture and utilised for the crystallisation 
process. It has been observed that the crystallisation takes place mainly in a boundary layer 
closed to the substrate surface, where the dissolution process takes place, enriching the 
solution with the framework builders and producing a local supersaturation effect. As the 
result of this local crystallisation process, a low amount of excess powder is observed in the 
mother liquor and on the autoclave walls [194]. The main requirement of the technique is the 
use of active supports. The substrate must contain at least one nutrient for the zeolite synthesis 
and this must be in contact with the liquid or vapour-phase, for the dissolution process to take 
place. The term crystallisation “nutrient” is employed in order to describe those elements 
which are used for building the zeolite framework during the hydrothermal synthesis of 
zeolite. In the specific case of MFI-type zeolites the word “nutrient” is used to identify Si and 
Al in the reaction mixture during the synthesis period. Rauscher et al. [193] postulated that 
the hydrothermal transformation of porous glass granules into ZSM-5 granules occurs in three 
stages: (I) partial dissolution of porous glass granules up to the saturation of silicon in the 
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solution phase, (II) adsorption or complexation of Al onto the surface of porous glass granules 
and (III) transformation of amorphous porous glass granules into crystalline ZSM-5 granules.  

 
This method has been recently used to partially transform glass beads and disks into zeolite 
(MFI and BEA) containing composites, in order to develop membranes for separation, 
structured catalytic packings and composite beads for catalysis. The substrate provided SiO2, 
Al2O3 and, in some cases B2O3, for the zeolite crystallisation 
[157,193,189,195,196,197,198,199,200]. In the extreme case the entire support is transformed 
into a structured zeolite body, which preserves the shape and architecture of the original 
support [79]. Aluminium foams were also used as active supports for the development of 
ZSM-5 coating, in order to design novel monolithic reactor concepts [201]. Sintered 
honeycomb body of mullite and silica glass were subjected to hydrothermal treatments in 
presence of template and sodium hydroxide, yielding mullite/zeolite composites 
[202,203,204]. Similarly, MFI-type zeolite was grown on polymer-derived ceramic foams, 
with the substrate supplying only the SiO2 [205] or Si [206] for the crystallisation. 

 
 

2.2.3 Summary 
 
In order to compare the various coating techniques described above, a table is reported below 
(Table 5), which summarise the main features of zeolite coatings obtained by means of 
different methods. Table 5 is the result of an extensive survey on the different zeolite coating 
techniques and an attempt to summarise the main features described in the literature. 

 
Table 5. Advantages and disadvantages of the most used techniques for coating substrates with zeolite. 

Coating techniques Advantages Disadvantages 
Dip-/slurry coating 

 
Low costs, controllable zeolite 
loading 
Zeolite tuning in a separate 
step 
Reproducible 
Intra-particle porosity (better 
diffusion) 
Enhanced accessibility to 
micropores 

Low coating adherence 
Low hydrothermal stability 
No compact tight films 

Spin-coating 
 

Very thin and regular films 
Zeolite synthesis and 
optimisation in separate step 
 

Only planar geometries 

Seeding 
 

Excellent control of film 
properties 
Intergrown crystals and 
compact films 
(membrane/sensors) 

Costs and time 
Less accessibility to micropores 

Direct hydrothermal 
synthesis 

 

Direct process 
Good anchorage crystals-
substrate 

Less control on catalyst properties 
Less accessibility to micropores 

Support Self-
Transformation 

 

Very good bond crystals-
support 
Easy processing 
Low excess product formation 

Limited know-how 
Reproducibility 
Only active supports 
Less accessibility to micropores (mostly 
compact layers) 
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2.2.4 Coating adhesion 
 
The adhesion of the zeolite coating onto the substrate is of utmost importance for the 
technical applicability of the same. Adhesion strongly depends on the nature of the interaction 
(type of chemical/physical bond) between the zeolite coating and the substrate. The 
attachment of the zeolite layer depends on the nature of the substrate and the type of coating 
technique, which determine the bond type between the two phases and the differential 
thermal-expansion-coefficient (TEC). 
 
Mabande [207] proposed a method to qualitatively evaluate the adhesion of in-situ MFI-type 
zeolite films by thermal shock and air-jet tests. ZSM-5 and Silicalite-1 zeolite films 
synthesised by secondary crystal growth of Silicalite -1 seeded porous stainless-steel 
substrates were subjected to:  
 

 air jet (6 bars up-stream pressure at 295K for 5 min) 
 quenching from 773 K in cold running water. 

 
In [207], no weight-loss was observed after the two treatments, indicating that in-situ grown 
zeolite films exhibit very high stability. On the other side, due to the intergrowth of the 
crystals forming the film and due to the differential TEC between support and zeolite film, 
severe crack formation in the zeolite layer was observed by SEM analyses. The development 
of defects and crack was evaluated also by permeation measurements. 
 
Avila [6], Moulijn [103] and Valentini [208] measured the weight-loss of samples repeatedly 
subjected to ultrasonic treatments in acetone. Different weight-losses were observed for wash-
coated surfaces, depending on the zeolite and binder type. 
 
Liu et al. [217] studied the influence of different coating variables on the adhesion measured 
with a normalized method proposed by ASTM (D 3359-02). This test method covers 
procedures for assessing the adhesion of coating films to metallic substrates by applying and 
removing pressure-sensitive tape over cuts made in the film. Adhesion is evaluated by 
comparison with descriptions and illustrations presented in the ASTM document. 
 
In alternative, Hiemer [86] used a dynamometer connected to an adhesive tape in order to 
measure the pulling force, which has to be applied in order to peel-off the coating. In this 
work, a strong dependency of the adhesion strength (ZSM-5 zeolite layer dip-coated on 
stainless-steel plates) on the alumina binder content was found. 

 
 

2.2.5 Applications 
  
The increasing interest in zeolitic coatings is justified by the possibility of extending the range 
of applications of zeolite and by the appealing properties of the composite materials obtained. 
The most common and newest applications are listed below:  
 

 Catalysis [7] 
 membranes reactors [129,178,207]  
 structured packings [209]  
 monolithic reactors [6] 
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 Adsorption / separation [210,211] 
 Sensors [212,213,214,215,216] 
 Chromatography [112,217,218] 
 Optics/electronics [56] 
 Corrosion protection [219,220,221,222] 
 Medical [223,224]. 
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2.3 Structured reactors: the monolithic catalyst 
 
2.3.1 Introduction  
 
In the last decades, structured and multifunctional reactors (microreactors, parallel passage, 
membrane and monolith reactors, etc.) played a major role in the process intesification taking 
place in the chemical industry, and set a trend towards the development of sustainable 
technologies [225]. Developed by Corning and introduced on the market in the mid-70s, 
honeycomb monoliths became the standard catalyst-shape in most applications of 
environmental catalysis. Fig. 48 shows the growing interest for monolithic structures and 
reactors in the last 15 years.  
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Fig. 48. Diagram displaying the increase in the number of publications containing the concept (a) honeycomb 
and monolith and (b) monolithic reactor (from SCI FINDER®, December 2006). 

 
Originally produced for applications such as heat exchange (Cercor®) or distribution of hot-
gas streams, monoliths soon found large utilisation as automotive Three-Way-Catalyst (TWC) 
converter and deNOx catalysts used in Selective-Catalytic-Reduction (SCR) units for power 
plants and incinerators [226,227,228,229,230,231]. The market growth has nowadays reached 
a yearly worldwide production capacity of 100000 m3 of monolithic catalysts and catalyst 
supports [232]. Monoliths are increasingly under development and evaluation for many new 
reactor applications, e.g. chemical process and refining industries [225,228]. 

 
 

2.3.2 Definition and terminology 
 
The term monolith has its origin in the combination of the two Greek words mono “single” 
and lithos “stone” [233]. Monoliths are commonly referred to as honeycomb structures 
(regular arrays of parallel flow macrochannels) [226], although from a technical point of 
view, a greater number of materials with alternative channel geometries is to be included in 
this classification [234,235]: e.g. reticulated foams with tortuous porosity.  
 
The cell density N of the monolith is defined as the number of cells per unit of cross-sectional 
area and is expressed in units of cells per square inch (cpi): 
 

2S
1N =  
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The open frontal area (OFA) or void fraction (εMON) is defined as a function of wall thickness 
(t), cell spacing (S) and cell density, as shown in the equation above. 
 

OFA = N·(S − tw)2  
 
The hydraulic diameter (dh), decreases as the cell density increases for a monolith: 

 
dh = S − tw 

 

 
Fig. 49. Honeycomb structure and nomenclature. 

 

2.3.3 Materials, structures and technology 
 
Monoliths can be either ceramic or metallic. Because of their low coefficient of thermal 
expansion (TEC), cordierite (2MgO·2Al2O3·5SiO2) or cordierite containing aluminium-
titanate are the most common ceramic monolith produced, especially for Three-Way-Catalyst 
(TWC) units in car exhaust systems [234]. Alternative materials are SiC, B4C, Si3N4, BN, 
AlN, TiO2, ZrO2, ZrSiO4, ZrB2, mullite (3Al2O3·2SiO2), Al titanate (Al2O3·TiO2), Li-Al 
silicate (LiO2·Al2O3·4SiO2), perovskite (CaTiO3), NZP, carbon, zeolite and γ-Al2O3 
[228,233,236]. Especially in the use as catalyst support for diesel engines, silicon carbide 
(SiC) offers several advantages over cordierite (see Table 6), such as better thermal stability 
and a higher thermal conductivity, which allows for the reduction in thermal gradients and 
fast catalyst start-up [234].  
 

Table 6. Comparison of the properties of silicon carbide and cordierite honeycombs, adapted from [234]. 
Properties   
 Silicon carbide Cordierite 
Bulk density (g·cm-3) 1.6 1.0 
Porosity (%)  50  46 
Cells (cm-2) 8 16 
Cell size (mm) 2.5 · 2.5 2.1 · 2.1 
Elasticity module (GPa) 85 5 
Poisson’s ratio 0.16 0.26 
Fracture module perpendicular to channels (MPa) 19.5 3.5 
Thermal conductivity at 298 K (W/m·K) 11  <0.5 
Coefficient of thermal expansion (10-6 K-1) 4.6  1.0 
Decomposition/melting temperature (K) 2573 1473 
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Porous walls honeycombs (wall-flow exhaust filters, wall-plugged catalytic filter) are also 
largely produced, mainly used for the exhaust gas-cleaning of diesel engines (FAP or Anti-
Particulate-Filter technology), [226,237,238].  

 

 
Fig. 50. Porous-wall catalytic filter, adapted from [226]. 

Dow Chemical Company recently synthesised a new type of monolith which consists of high-
porosity acicular mullite (ACM) [239]. In addition, the ACM monolith exhibits high specific 
surface area and permeable walls with fine microstructure. In contrast to the cordierite walls, 
the walls of the ACM monoliths are made up of an open network of interlocking elongated 
ceramic grains with lengths and diameters in the micrometer range. 
 
Commonly, parallel channels monolithic structures are obtained via extrusion and less 
frequently by corrugation and moulding [6,225,233,240]. Extrusion comprises the following 
steps (Fig. 50): (a) preparation of a mixture of talc and clay (for cordierite) as Si and Al 
precursors, (b) mixing, (c) shaping via extrusion of a green body, (d) drying and finally (e) the 
thermal treatment (firing) for the calcination and sintering (1473-1773 K). The thermal, 
mechanical and chemical properties of the extruded honeycombs depend on the starting 
materials, pH, IEP of the particles, additives (lubricants, agglomerants, dispersants, porogenic 
agents), water content, rheology of the paste, extrusion pressure and drying parameters 
(humidity, temperature, rate) [6,234]. Eventually, the use of polymers in the green body 
preparation leads to monoliths with porous walls. A sol-gel route for the preparation of 
honeycombs is also possible [233].  
 

Fig. 51. Manufacturing process for ceramic monoliths, adapted from [234]. 
 
Metallic honeycombs are generally obtained via corrugation (flexing) or bending of metal 
plates (Fig. 52). Generally, they consist of iron alloys (Fecralloy®) containing Al, which 
favours the formation, upon heat treatment, of an oxide layer which improves the adherence 
of the catalyst phase deposited in a successive step. Comparisons of the properties of metallic 
and ceramic monoliths are reported in  Table 7 [233]. 
 

  
Fig. 52. Preparation of a metallic monolith by rolling around a spindle alternate flat and crimped foils, adapted 

from [234]. 
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Recently, metallic honeycombs have been produced also via extrusion of metal powders-
binders mixtures [241]. In general, metallic honeycombs offer better mechanical stability, but 
less specific surface and higher coefficient of thermal expansion, which results in less 
compatibility and stability of the catalyst coating [6]. Recently, metal honeycombs with 
special structural features (corrugations, tilted channels) and design have been produced in 
order to enhance turbulence along the channels [226]. The table is the result of an extensive 
survey on the properties of ceramic and metallic monoliths and an attempt to summarise the 
main features described in literature, where most of the data have been taken from [233]. 
 

 Table 7. Features of ceramic and metal honeycombs, adapted from [233]. 
Properties   
 Ceramic Metallic 
Specific surface area + − 
Heat transfer − + 
Pressure-drop − + 
Porosity + − 
Mechanical stability − + 
Thermal stability + − 
Coating adherence + − 
Thermal expansion coefficient + − 
Open frontal areas − + 
Wall thickness − + 
Overall volume − + 
Catalyst loading  + − 
Design freedom − + 

 
Depending on the material and forming process used, monoliths with different channel 
geometries and sizes have been developed in order to optimise the flow profile for catalytic 
applications. The aim is to increase the contact time between catalyst and reactants and 
improve the mass and heat-transfer phenomena [226,242,243]. Nowadays, ceramic 
honeycombs with up to 1600 cpi or metallic ones with channel walls with thickness below 50 
µm and OFA above 90 % are easily available [226,233].  
 

Table 8. Properties of ceramic (cordierite) and metal honeycombs, adapted from [228,232,233]. 
Monolith support 

(cpi) 
Ceramic  

(25)  
Ceramic 

(100)  
Ceramic 

(900)  
Ceramic  

(400)  
Metallic 

(400)  
Reference [228] [228] [228,244] [228,232,233,244] [233] 

Wall thickness  
(mm) 0.889 0.381 0.051 0.1-0.18 - 

Cell size  
(mm)   0.8 1-1.14  

Geometric surface 
area (m2 l−1) 0.6 1.4 4.3 2.8-3.0 3.7 

Thermal mass at 
473 K (J Kg−1 K−1) - - - 699 490 

Open frontal  
area (%) 68.1 72.3 83.4 70-86 89.3 

Pressure loss  
(%) - - - 130 100 

 
In Fig. 53, typical channel geometries for extruded monoliths (A-D) without (A-C) or with 
fins (D), and corrugated or wire-mesh type (E) honeycombs. 
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Fig. 53. Different monolith channels geometries, adapted from [232,226]. 

Alternative structures to the parallel channel honeycombs are ceramic and metal foam 
monoliths [234]. They represent a huge class of open-porous materials with interconnected 
cells and high void volume, formed by polyhedral cells of solid struts, which are packed in the 
three dimensions to form a cellular network [245,246]. Initially utilised as molten metal 
filters, ceramic and metal foams are currently employed in a large number of applications, as 
catalyst carriers, insulation layers, impact protection barriers, heat-exchangers and light-
weight sandwich panels [246]. Ceramic foams can be prepared via replica processes 
[247,234], sacrificial template techniques [248] or via pyrolysis of self-foamed pre-ceramic 
polymers green bodies [249]. 
 
Ceramic foams (e.g. Al2O3 and SiC) obtained via positive replica of polymeric (PU) foams 
exhibit high porosities (85–90%), with spherical-like or octahedral-like cells connected to 
each other through openings or windows [247]. Tuning of the pore size and morphology can 
be achieved by varying the slurry properties and the choice of the sponge template [247]. 
Alternative techniques are also currently employed, like the pyrolysis of pre-ceramic 
polymers, which allow for a fine control of the strut composition and foam properties [250]. 
Metallic foams (e.g. Al, Mg, Cu) are generally produced via sacrificial template methods 
[251]. In this work, monolith structures with parallel channels have been utilised. For this 
reason, the term monolith will refer, from now on, solely to honeycomb-type structures. 

 

 
Fig. 54. Different options of monolithic structures [234]. 

 

2.3.4 Monoliths and catalysis 
 
Development and application of monolith structures have been triggered by requirements of 
low pressure-drop and high surface area for reactions with very low residence times and high 
reactant flow rates, mostly typical conditions for treatment of exhaust gas flues from mobile 
and stationary applications.  
 
 

Ceramic  
Foam 
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2.3.4.1 Hierarchy concept 
 
Monolithic catalysts are principally hierarchical organised structures (Fig. 55). The use of 
appropriate wash-coats or catalysts (e.g. zeolites), also permits the development of a 
hierarchical organisation of the porosity on two (micro-/macro-) or three different levels 
(micro-/meso-/macro-porosity), allowing for molecular sieving properties, extremely high 
surface areas and enhanced transport phenomena because of the combination of the benefits 
of each pore-size regime [252]. 
  

 
Fig. 55. Structural hierarchy in monoliths, adapted from [233]. 

Monolithic reactor concepts allow for a fine-tuning of fluid-dynamics and micro- and macro-
kinetics parameters, by decoupling the engineering of the catalyst support structure and of the 
active phase and tuning the properties at different scale levels (Fig. 56). For this reason, 
structured catalysts allow for the separation of the different effects of the hydrodynamics, 
kinetics, and transport phenomena can be achieved. 
 

 
Fig. 56. Different scale levels of engineering structured monolithic catalyst, adapted from [253]. 

 

2.3.4.2 Monolithic catalysts 
 

Monolithic catalysts can be classified in two different groups based on the arrangement of the 
active phase (Fig. 57). The latter can be: (a) coated or (b) incorporated [6]. According to this, 
the structured monolith can be seen as:  
 

 (a) an inert support or catalyst carrier [111] 
 (b) the catalyst [254] or a precursor of the active phase [255]. 
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(a) Coated-type catalysts are based on inert substrates of low-surface area, coated with a thin 
film of porous material that permits the dispersion of the corresponding active phases or 
directly with a ready-made catalyst. In the latter configuration, the catalyst is solely deposited 
on the external walls of the monolith. (b) The so-called incorporated catalysts are 
characterised by having their active phase distributed not only on the outer part of the walls 
but also within them.  
 

 
Fig. 57. Preparation paths for extruded monoliths, adapted from [6]. 

Two types of catalysts may be distinguished, depending on the method for active phase 
incorporation. There exist (i) catalysts where the active phase is deposited by impregnation of 
a low-mechanical strength high-surface area ceramic monolith (titania, zeolite, γ-alumina) 
that acts as a support of the precursor salt. (ii) Incorporated or “integral” or “extruded” 
catalysts are those in which the active phases (e.g. zeolite [95], V2O5/TiO2, TiO2/V2O5/WO3, 
VOx/TiO2/SiO2) [254] or their precursors (e.g. polymers for carbon monoliths) [225] are 
mixed with the other components that constitute the catalyst before its extrusion. Incorporated 
catalyst monoliths are generally used for applications where erosion, abrasion or sintering of 
the catalyst might occur, whereas coated-type are applied to processes where diffusion is the 
limiting step. Blanco et al. [256] showed the behaviour of a catalyst based on Ti, V and W 
oxides prepared using sepiolite as a permanent agglomerating agent. This structured catalyst 
exhibited very good catalytic properties in the deNOx Selective-Catalytic-Reduction reaction 
and a high mechanical stability over the whole operation time in an industrial plant. The 
preparation of incorporated catalysts requires a smaller number of steps. Different catalyst 
concentration profiles in the monolith walls can also be obtained: uniform, egg-shell, egg-
white, egg-yolk [6]. 
 
 

2.3.4.3 Coatings of monoliths with an active phase (catalyst) 
 

A monolithic catalyst is most commonly obtained by functionalising the surface of the 
structured substrate (or the inner surface of its porous walls) with a layer of a catalytically 
active phase or with a suitable high-surface-area support [257,258] (e.g. γ-Al2O3, SiO2, ZrO2, 
carbon, zeolites, etc.) containing one or more catalytically active components (Pt, Pd, Rh, 
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zeolites, etc.). This process is known as coating or wash-coating [233,257]. In order to 
represent efficient and suitable catalyst supports, monoliths have to exhibit [6,233].  

 
 high specific surface area,  
 low coefficient of thermal expansion (TEC), 
 high mechanical and thermal stability,  
 resistance to temperature shocks,  
 high refractoriness,  
 high open frontal area (OFA) or porosity,  
 possibly high heat conductivity,  
 compatibility with the catalyst layer,  
 roughness or porosity for anchoring the coating/layer. 

 
The specific surface of the ceramic and metallic monolith support is generally small (2-
4 m2 g−1). Therefore, a secondary support, generally a layer of the porous metallic oxide (such 
as Al2O3, TiO2, mixture of oxides, etc.) has to be applied onto the honeycomb support: the 
process is called wash-coating. Functionalisation of the monolith surface with an intermediate 
high-surface area oxide layer requires a solution or a colloid suspension with precursors of 
one or more oxides. In some instances, the sol-gel method is applied [235]. The adhesion of 
the wash-coat on the substrate is primarily mechanical, via anchoring and interlocking of the 
wash-coat particles with the surface irregularities and roughness of the support. Chemical 
adhesion and affinity are responsible for the wash-coat adhesion to a much lesser extent [6]. A 
flow-chart of the wash-coating process is given in Fig. 58. 
 

 
Fig. 58. General flow-chart of the coating process for a monolith. 

The incorporation of the active phase in a monolithic support is carried out using the same 
techniques used for catalysts pellets. Particular precautions must be taken, in order to avoid 
problems of inhomogeneities, especially important when dealing with monoliths of high cell-
density, where the surface tension of the impregnating solution can affect the distribution of 
the catalyst on the substrate [6]. Catalyst adherence onto the inert monolith structure can be 
improved by using appropriate additives (ceramic monoliths) or by the appropriate anodic, 
thermal and/or chemical oxidation pre-treatment of the metal surface (metallic monoliths). 
Metallic honeycombs require an intermediate layer in order to promote the adherence of the 
catalyst. This can be obtained via anodisation (e.g. to generate alumina whiskers on Fe-Cr-Al 
alloys substrate) and successive wash-coating [6]. 
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Fig. 59. Variation of the channel geometry with increasing number of dip-coating immersions, adapted from 

[108,111]. 
 
Fig. 58 and Fig. 59 show the change in the channel morphology after repeated immersion in 
an impregnating solution, leading to the decrease of channel size, and increase of the 
thickness of the catalyst layer. The formation of a meniscus in correspondence to the channel 
corners, generally leads to an inefficient use of the catalyst, as the coating thickness increases 
from 20-50 µm up to 150 µm and more [108]. 
 

 
Fig. 60. Wash-coating geometry: meniscus effect, adapted from [108]. 

A review on methods to deposit catalysts on structured surfaces is given in 
[6,100,226,244,259]. Most commonly, catalyst incorporation is achieved via:  
 

 impregnation, 
 adsorption,  
 ion exchange,  
 sol-gel method,  
 (co)precipitation,  
 suspension,  
 hybrids (suspension/sol-gel),  
 deposition-precipitation,  
 electrophoretic deposition (EPD),  
 electrochemical deposition and plating, 
 spray-drying, 
 slurry-/dip-coating and 
 in-situ crystallization, e.g. zeolite (see paragraph 2.2.2.2). 

 
Most of these definitions and techniques are overlapping or presenting similar features. 
Recently, special deposition techniques such as spin-coating, chemical or physical vapour 
deposition (CVD, PVD), chemical vapour infiltration (CVI), pulse laser deposition (PLD) and 
heat spraying have been also utilised. Deposition can be carried out by convectional heating, 
with laser or microwave drying [233]. In general, physical methods allow for thinner coatings 
and better adhesion compared to traditional suspension or sol-gel methods. 
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2.3.4.4 Catalytic reactors: monoliths vs. fixed-bed catalyst packings 
 
The current state-of-the-art for most of the processes in heterogeneous catalysis is the use of 
catalysts in the form of pellets [226], which are packed into the reactor volume in the so-
called fixed-bed configuration. For some particular applications and under specific conditions, 
the use of honeycomb structured catalysts allow for an improvement of the process [226,260]. 
In Table 9, the properties of the fixed-bed reactor configuration (catalyst packing consisting 
of pellets) are compared to the features typical of monolithic reactors. Both parallel-channel 
honeycomb and open-porous foam have been considered. The table is the result of an 
extensive survey concerning the different catalyst configurations (pellets, honeycomb and 
foams) and an attempt to summarise the main properties described in literature. 
 

Table 9. Comparison of honeycomb and foam monolithic catalysts with pellets packings. 
Properties    
 Pellets Packing Honeycomb Foam 
Porosity or open frontal 
areas − + + 

Catalyst amount per 
reactor volume  + − − 

Pressure-drop − + +/− 
Mechanical stability − + + 
Catalyst efficiency − + + 
Weight − + + 
Specific surface or 
Surface/volume ratio − + + 

Resistance to 
fouling/dust − + + 

Temperature control in 
reaction volume − +/− +/− 

Heat and mass-transfer − +/− + 
Radial mixing + − − 
Cost + − − 
Regime Turbulent Laminar Turbulent 

 
Concerning mass- and heat-transfer, the radial movement inside a parallel-channel monolith 
(honeycomb) takes place exclusively by molecular diffusion. Because axial dispersion is 
generally bearded down by forced convection of the flow, also back-mixing occurs rarely and 
only at very low speeds [260,264]. Due to the flow regime in the channels, the honeycomb 
structure doesn’t allow for the optimal radial mixing, which is generally a typical feature of 
pellets packings and foams [261,262].  
 
With respect to mass- and heat-transfer characteristics, the major limitations of parallel-
channel monoliths are the laminar flow through the channels, the lack of interconnectivity 
between the channels and poor radial heat conductivity. In fact, a laminar flow profile is 
associated with low mass-transfer and a large residence time distribution. On the other side, 
using appropriate channel geometry/design helps to overcome this limitation. Especially for 
gases (Table 10), the molecular diffusion is fast enough to compensate the convection and to 
achieve an efficient radial transport [225]. As soon as the reactants reach the vicinity of the 
catalyst coating (e.g. a zeolite catalyst), the following interim stages for mass-transfer are 
passed through, similar to other heterogeneously catalyzed reactions: 
 

1. Diffusion of reactants through boundary layer gas / solid catalyst 
2. Diffusion of reactants through micropores of the catalyst 
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3. Adsorption of reactants onto active sites (internal surface) 
4. Reaction 
5. Desorption of formed products 
6. Diffusion of products through micropores of the catalyst 
7. Diffusion of products through boundary layer gas / solid catalyst 

   
Table 10. Diffusion time scales in catalytic reactors, adapted from [225]. 

 D (m2·s-1)     
  1 mm 0.1 mm 10 µm 1 µm 
Gas ~ 10−5 50 ms 0.5 ms 5 µs 50 ns 
Liquid ~ 10−9 500 s 5 s 50 ms 0.5 ms 
Liquid in catalyst pore ~ 10−10 5000 s 50 s 0.5 s 5 ms 
In zeolite pore ~ 10−11 50 ks 500 s 5 s 50 ms 

 
In [263], a very exhaustive description of the mass- and heat-transfer phenomena in 
monolithic channels is given: 
 
“In a laminar flow tubular reactor with gaseous reactants and an exothermic reaction, there 
is a radial velocity profile, with the velocity at the centreline being something less than twice 
the average velocity. The reactants are consumed by catalytic reaction at the wall with a 
concomitant release of thermal energy. Because of the laminar flow profile, there is the 
potential for radial concentration and temperature gradients. The magnitude of the radial 
gradients depends on the relative rates of mass and heat-transfer and chemical reaction. In 
classical catalytic reactor analysis, the term kinetic control has been applied when the bulk 
fluid phase concentration and temperature are the same as those at the surface of the catalyst. 
The rate of reaction is controlled by the intrinsic kinetics only. If the rate of diffusion through 
the boundary layer is lower than the intrinsic rate of reaction, the bulk and the surface 
conditions are different. In the extreme case the catalyst surface concentration approaches 
zero and the rate is controlled solely by the rate of mass-transfer. This is known as mass-
transfer control. In a laminar flow reactor the concept is perhaps more nebulous because, 
after a certain entrance length has passed, the entire reactor is in essence a boundary layer. 
However, one can say that if the surface concentration were essentially zero then mass-
transfer is the dominant mechanism. The long held view on how monolith reactors operate 
was that at low temperatures the reaction was kinetically controlled. Typically this might 
occur in the reactor inlet region. At some point in the reactor, the rate of reaction would 
increase rapidly due to the Arrhenius temperature dependence of the rate constant(s); this 
point is sometimes referred to as to light-off. […] Many have held the assumption that light-
off meant a change from kinetic to mass-transfer control, which means the wall conc. dropped 
to zero. It was recently demonstrated that true mass-transfer control may be difficult to 
achieve in a 1-2 mm diameter reactor channel at moderate temperatures, although it can 
easily be attained in larger diameter channels. The wall concentration, however, is lower 
than the average radial concentration.” (Quoted from [263], page 295) 
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Fig. 61. Schematic mass and heat transport phenomena in single monolith channels, adapted from [264,265]. 

The parallel channel monolith is essentially an adiabatic reactor, therefore limiting the control 
of temperature [235]. The use of appropriate substrates, e.g. metal or SiC, with improved heat 
conductivity (catalytic heat-exchangers) leads to improvements in the temperature control in 
the reaction volume [235,266]. As for the case of conductive monoliths [260,267], a reaction 
run under isothermal conditions is much better controlled (especially valid for strongly exo-
/endo-thermic reactions). This translates into the prevention of dangerous hot-spots formation, 
which might locally affect selectivity and yield or damage the catalyst [106]. Moreover, a 
faster catalyst start-up is possible [20,69,71,74] and, by using electrically-conductive 
materials, the monolith carrier itself could be used as a direct heating coil for the catalyst 
coating, potentially saving infrastructure (heat-exchangers, heated pipes) for the reactor setup 
and therefore weight and energy [201]. The heat-transfer performance of monolithic 
structures made of conductive materials is two to three times better than with conventional 
randomly-packed catalyst supports. T. Boger et al. [260] found that conductive honeycombs 
exhibit a sort of self-regulating effect of the temperature. Authors disclosed that, the heat-
transfer performance improves as the temperature difference between the monolith (e.g. the 
catalyst) and the heat exchange medium (e.g. the coolant) increases. For this reason, during 
the catalytic reaction the heat-transfer performance is best in the zones with the highest 
reaction and heat release rates, which usually corresponds to the location where the hot-spot 
occurs. This feature allows for an improved heat management and for a better temperature 
control of the reactor and might offer a chance to increase the overall process safety and 
catalyst life-time [260].  

 
Depending on the specific fluid velocities in the channels, mass-transfer limitation could be 
dominant in the reaction mechanism for honeycomb structured catalysts. In fact, the absence 
of radial mixing and turbulence or low gas velocities increase the thickness of the boundary 
layer at the solid-gas inter-phase, affecting negatively the mass-transfer from the bulk gas to 
the catalyst surface [233,235]. In general, the mass transport in a catalyst coating is similar 
(see Fig. 62) to the internal pore-diffusion in catalyst pellets [264], whereas the outer transport 
cannot be compared, because of the laminar flow-profile in the channels and the turbulent 
conditions in the boundary layer. The external transport limitation can play a major role, when 
the radial diffusion coefficient is too low, compared to the consumption of reactants in the 
catalyst layer. On the other side, it is clear from the figure that, for relatively thin catalyst 
layers, the advantages in terms of internal transport and catalyst accessibility are quite 
significant.  
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Fig. 62. Reactants concentration profile in a monolith channel and around a catalyst pellet in a fixed-bed 

packing, adapted from [264]. 
 
In general, high surface areas are preferred for heterogeneous catalytic processes. In order to 
achieve comparably high surface to volume ratios, catalyst beads have to be very small, which 
translates into an increased pressure-drop along the reactor packing (see Fig. 62). This issue is 
rather important for fast chemical reactions, characterised high flow-rates and low residence 
times [233]. Monolithic setups with straight channels are normally used in laminar flow 
systems (Reynolds numbers below 2300 for tubular geometries). In this domain, pressure-
drop is caused by momentum losses due to friction with the channel walls only and therefore 
shows a linear dependency on flow speeds [268]. 
 

 
Fig. 63. (A) Pressure-drop vs. specific geometric surface area of monolithic structures, spheres, and rings, from 

and (B) comparison of a monolith with particulate at equivalent surface areas, adapted from [232]. 
 
 

2.3.4.5 Monoliths and technical applications 
 

The most common application of monolithic catalysts is the abatement of pollution from non-
stationary sources (treatment of exhaust gases from vehicles, decomposition of ozone in 
aircrafts, etc.) and from stationary sources (selective reduction of NOx, destruction of volatile 
organic compounds (VOC), catalytic combustion, reduction of N2O emissions). 

(A) (B) 
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Fig. 64. Automotive catalyst structural design including honeycomb support and mounting can, from [230]. 

Lately, monolithic catalysts are utilised for different reactions in the chemical industry. More 
details about commercial application of monolith structures in the above processes can be 
found in the literature [226,228,233,235,269]. A list of the major technical, both established 
and emerging, applications for monolithic catalyst is reported below (Table 11), followed by a 
table with the applications for foam-type monoliths (Table 12). The tables are the result of an 
extensive survey on the different monolithic catalysts (active phase and monolith structure 
and composition) and their applications. 
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Table 11. Applications of cellular monolithic honeycombs. 
Application Monolith type Catalyst type Ref. 
Automotive emission control 
(TWC) 
 

Cordierite, SiC 
Cordierite 
Cordierite 

Pd, Pt, etc. 
Ceria 
Zeolite Y and ZSM-5 
and Pd 

[227,230,270] 
[271] 
[272] 

Diesel particulate filter 
Soot abatement 
 
 

Ceramic 
Wall-flow type 

Pt, Pd, zeolite, Ce2O, 
etc. 

[273,274,275] 

Stationary emission control  
(N2O decomposition and SCR) 
 

CuO/NiO, V2O5 
Cordierite 
Cordierite  
Extruded zeolite 

TiO2, Al2O3 
Co, Fe, Ni, etc. 
Fe-ZSM-5 
Fe-ZSM-5 

[276] 
[277] 
[278] 
[95] 

Stationary emission control  
(DeNOx SCR) 
 

TiO2 
C-coated Cordierite  
Al2O3/TiO2 

Cu, Pd  
MnOx 
Cu,Ni,V - oxides 

[279] 
[280] 
[276] 

Destruction of VOC Ceramic 
Cordierite 
 
Metal 

V2O5–WO3/TiO2 
LaMnO3 & LaCoO3 
perovskites, 
MnOx/Pt 

[281] 
[282] 

 
[283] 

H2S and NH3 Removal Transition metal oxides 
 

TiO2 [284] 

Ozone abatement in aircrafts and car 
radiators 
 

Metal monolith MnO2 
 

[285] 

Catalytic fuel combustor (turbine 
system) 

Metal and ceramic Noble metals [244] 

Catalytic incineration 
 

Perovskite Perovskite [286] 

Steam reforming of hydrocarbons 
(hydrogen generation for fuel cells) 

Cordierite/Metal 
Metallic 

Pd/Pt/Rh 
Rh 

[235] 
[287] 

Methanol reforming of hydrocarbons 
(hydrogen generation for fuel cells) 

Cordierite Cu/Cr, Cu/Zn, Cu/Zr 
 

[288] 

Water gas shift catalysts Preferential 
oxidation of CO 

Cordierite Noble metals [289] 

Fischer Tropsch Cordierite/metal Co, Re [290,291] 
Partial hydrocarbons oxidation Al2O3 

 
Rh [292] 

Water purification (photo-catalysis) TiO2 TiO2 [293] 
SO2 conversion  - V2O5, K2SO4, [294] 
Fine chemical production in 
multiphase reactors 

- - [253,295] 

Photo-catalysis Mg silicate TiO2 [296] 
Bio-catalysis for fine chemicals 
production 

Acicular mullite ceramic 
(ACM)/ cordierite 

Enzymes 
 

[297,298,299] 
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Table 12. Emerging applications for foam monoliths. 
Application Monolithic foam  Catalyst type Ref. 
DeNOx SCR α-alumina, SiC Zeolite ZSM-5, Beta [97,300] 
CO oxidation Stainless-steel Al2O3, CeO2, Au [301] 
Electrically heatable reactors Al  ZSM-5 [201] 
Fiedel-Crafts SiC  Zeolite Beta [302] 
Oxidative dehydrogenation of C2H6 Ceramic  Pt, Cr2O3 [303] 
Synthesis gas formation α-alumina Pt [304] 
Methanol-to-olefins conversion SiC Zeolite ZSM-5 [305] 
Carbon dioxide reforming α-alumina Rh, Pt–Re [306] 
Ozone abatement Ceramic Various metal oxides [285] 
Methane combustion  Mullite LaMnO3 perovskite [307] 
Salt oxidation in the removal of soot from 
diesel exhaust gas 

α-alumina Cs2O, V2O5, MoO3, 
Cs2SO4 

[308] 

Oxidative dehydrogenation of iso-butane α-alumina Pt, Rh, Ir, Pd [309] 
 
  

2.3.5 Monoliths and zeolite 
 
Zeolite coatings on monolithic structures are becoming increasingly interesting because of the 
interesting properties of this class of microporous crystalline aluminosilicates [6]: 
 

 high porosity and surface area 
 acidity 
 high thermal and hydrothermal stabilities 
 ion-exchange potential (fine dispersion, no sintering) 
 molecular sieving properties 
 finely-tuneable composition and porosity. 

 
A list of the commonest catalytic applications of structured zeolite-coated monoliths is 
reported in Table 13. 
 
Table 13. Applications for zeolite-coated monoliths. 

Application Monolithic support Zeolite type Ref. 
DeNOx SCR with ammonia 
Automotive emission control 
TWC 

Cordierite 
α-Al2O3, SiC foams, Cordierite 
Cordierite 
Cordierite 

Fe-ZSM-5 
ZSM-5, Beta zeolite 
Pt-Beta 
- 
Mordenite, ZSM-5 

[310,311] 
[300] 
[312] 
[275] 
[313] 

N2O decomposition and SCR 
 

Extruded Fe-ZSM-5 
Cordierite 

Fe-ZSM-5 
Fe-ZSM-5 

[95] 
[278] 

Benzene hydroxylation to phenol Stainless-steel plates 
Catalyst packings 

ZSM-5 
ZSM-5 

[86,106,314] 
[314] 

HC cracking Cordierite ZSM-5 [315] 
Acylation of aromatics Cordierite Beta, Y [103] 
Fiedel-Crafts SiC foam Beta [302] 
MTO conversion SiC foam ZSM-5 [305] 

 
In addition, different papers and patents recently published [95,316,317,318,319,320,321] 
reported about the extrusion of full-body zeolite honeycombs for catalytic converters. Due to 
reduced catalyst accessibility, zeolite monolithic extrudates generally exhibits poorer catalytic 
performances than the corresponding pellets and coatings on structured packings and 
honeycombs [102]. Nevertheless, the most common technique for the preparation of zeolite-
containing monolithic catalysts is the functionalisation of the surface of a ceramic or metal 
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structured substrate with zeolite [6,108]. Two technical solutions [108] can be applied in 
order to achieve zeolite coatings on structured monolithic supports: (a) dip-/slurry coating, (b) 
in-situ coating via hydrothermal crystallization (for reference see subchapter 2.2.2.1 and 
2.2.2.2). In general, the first approach is a classical suspension/immersion technique, 
generally [6,108,259,322] but not necessarily [101,323] requiring the use of a binder. The 
latter is based on the hydrothermal growth of zeolite crystals directly onto the substrate, 
which can be accomplished by means of different techniques [97]. More details of the two 
approaches are given in the chapter 2.2.2, especially concerning the different techniques 
available for the hydrothermal (direct or multi-step) crystallization/growth of zeolite crystals 
on ceramic and metal supports. 

 
Similarly to the general process for the preparation structured catalyst discussed above, the 
development of zeolite wash-coats of the finished catalysts always involves dipping the 
monolith into the slurry (dip-coating), blowing air to remove the excess liquid, drying and 
calcinations [6]. Dip-/slurry-/wash-coating methods generally yield low catalyst loadings 
[235] with an uneven distribution of the active phase [108]. Plugging of the monolith’s pores 
and channels can also happen during coating. In their review about the preparation of catalyst 
coatings on monoliths, Zamaro et al. [108] showed the alteration of the geometry and size of 
the pores after wash-coating (see Fig. 59 and Fig. 60).  
 
Recently, Agrafiotis and Buciuman demonstrated the possibility of preparing binderless 
zeolite wash-coats by means of a conventional slurry-coating method, when small zeolite 
particle are used [108]. No data concerning the adherence of the zeolite layer onto the ceramic 
substrate are reported [101,323]. In general, most of the authors reported about the necessity 
of a binder in order to achieve a better coating adherence and stability [6,108,111,259]. 
Obuchi et al. [324] proved the drastic increase in the stability of a wash-coat of Na-ZSM-5, 
using an alumina-based binder. On the other side, the binder is reported to reduce the 
accessibility of the reactants to the catalytic centres and to reduce, as a direct consequence, the 
activity and/or selectivity of the catalyst [105,315]. Boix et al. [104] showed how alumina 
binder could inhibit the activity of a Co-ZSM-5 wash-coat towards the selective reduction of 
NOx with CH4, likely because of the formation of a non-stoichiometric spinel which expulses 
active Co ions from exchange positions. On the contrary, the use of a silica binder has been 
reported to have a beneficial effect in the same reaction, increasing the selectivity towards 
NOx reduction for a Co-Ferrierite wash-coat onto a ceramic honeycomb [107]. The small 
fumed-silica particles were found to have two benefits: increase the layer stability and interact 
with zeolite crystals avoiding Pt segregation and cobalt oxide formation during calcination 
and reduction [107].  
 
A. Nijhuis et al. [100] claimed that during solvent evaporation, the binder particles, which are 
up to two orders of magnitude smaller than the catalyst ones, are drawn by capillary forces at 
the points where the catalyst are in contact, therefore increasing the contact surface and the 
anchoring. Agrafiotis et al. [323] found that the adhesion of the wash-coat layer onto the 
support takes place primarily by a mechanical mechanism: “anchoring” and inter-locking of 
the wash-coat particles with the surface irregularities of the support, and to a much lesser 
extent via a chemical or an affinity mechanisms. The concentration of powder in the slurry, 
the particle size, the solvent, the number of immersion, the viscosity of the slurry, the air 
blowing and drying processes influence strongly the coating morphology, loading, thickness, 
stability and catalytic performances. An interesting review of the influence of these 
parameters on the wash-coat properties is given in [108,111]. Zamaro et al. [108] found that 
the use of smaller zeolite crystals favours the mechanical stability of the wash-coat (ultrasonic 
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test), by increasing the powder packing and the contact area between particles. They also 
found that zeolite in the wash-coat tends to form agglomerates of different sizes depending on 
the type of catalyst. The addition of a SiO2 additive, drastically improved the adherence of the 
zeolite wash-coat, likely due to an improvement in the inter-particle cohesion. Additionally, 
Zamaro et al. [6,108] showed the absence of any diffusion limitation due to the coating 
thickness in the deNOx test reaction for binder-containing ZSM-5 wash-coats. Avila et al. 
stated that this method has two advantages compared to the in-situ growth of zeolite coatings: 
the shorter diffusion distance to the active sites for the reactants and the possibility of using 
industrial catalysts can be directly deposited on the support. In order to improve the wash-coat 
adherence on stainless-steel supports, Beers et al. [102] had to pre-coat the substrate with a 
silica layer, which allowed for a very good adhesion strength and high catalyst loading. The 
Beta zeolite-type wash-coated monoliths were tested in the solid-acid catalyzed acylation of 
anisole with octanoic acid. The improvement in the monolithic catalyst activity compared to 
pure zeolite extrudates was ascribed to the better accessibility and reduced mass transport 
limitations in the wash-coat [102]. 

 
Sánchez-Hervás et al. [325] successfully employed a dip-coating method in order to 
functionalise the surface of cordierite honeycombs with ALSI PENTA SM-27 zeolite (ZSM-5 
zeolite) in the Fe-form and to deposit Pt on the coating by successive immersion. The above-
mentioned structured catalysts were used for the nitrous oxide catalytic reduction with 
hydrocarbons, showing very high conversions and stability. 
 
Fe-ZSM-5 coated cordierite monoliths were investigated by Devadas [310] and Kröcher [311] 
in the Selective-Catalytic-Reduction (SCR) of nitric oxide with ammonia, applying simulated 
diesel exhaust gas conditions. The catalyst exhibited over 80% NOx reduction from 673 to 
923 K at very good selectivity and good thermal and hydrothermal stability under real-world 
conditions. 
 
Patcas [305] realised an efficient catalyst for the methanol-to-olefins reaction exhibiting no 
diffusion/transport limitation. The coating was accomplished by depositing a wash-coat of 
ZSM-5 nano-crystals on the surface of an γ-Al2O3 ceramic foams. The composite catalyst 
showed substantial activity and selectivity improvements as compared with conventional 
extruded zeolite pellets. Indeed, at 653 K the amount of ethylene and propylene produced per 
unit volume of reactor packing was 2.5 times higher using the zeolite/foam catalyst than 
utilising the zeolite pellets. 
 
Ruiz-Martínez et al. [278,325] utilised SM-27 ZSM-5 type zeolite wash-coats over cordierite 
honeycombs for the nitrous oxide Selective-Catalytic-Reduction with hydrocarbons, obtaining 
very stable catalyst coating and full hydrocarbon and laughing gas conversion at relatively 
low temperatures and high flow-rates. The catalyst was considered to be suitable for the 
treatment of the exhaust gas flues in fluidised bed combustion (FBC) processes. 
 
 
 
 
 
 
 
 
 



2 Fundamentals and state of the art                    2.3 Structured reactors: the monolithic catalyst 
 

72 

Table 14. Main features of the in-situ crystallisation and dip-coating of zeolite catalysts on monoliths. 
Features   
 Dip-/slurry-coating In-situ crystallisation 
Adherence of the coating − + 
Accessibility of reactants to catalyst particles + − 
Catalyst/zeolite amount − + 
Control coating properties  − + 
Crystal orientation − + 
Intergrowth/compact film − + 
Thermal & hydrothermal stability − + 
Flexibility of the process + − 
Know-how + − 
Costs + − 
Control of the properties of the final catalyst + − 

 
In alternative to the dip-coating technique, in-situ zeolite crystallisation can be employed for 
coating structured substrates. This method was originally developed for the synthesis of dense 
zeolite film for membrane applications [326]. In-situ zeolite crystallisation has the advantage 
of providing stronger adhesion of the zeolite layer to the support without need of any binder, 
which can partially block the access of reactants to the active sites by physically clogging part 
of the micropore openings. On the other side, this technique is considerably more complex 
than the slurry-coating method and generally yields dense layers of intergrown crystals (see 
Fig. 65) with small inter-crystalline pores and reduced accessibility to the micropores [6]. Of 
course, a coating with more inter-crystalline pores, also allows for better accessibility of the 
zeolite crystals. 
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Fig. 65. (I) Representation of a zeolite/binder layer obtained via dip-coating; (II) Drawing of a zeolite coating 

obtained via hydrothermal crystallisation, partly adapted from [315]. 
 

(II) 

(I) 
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Different supports have been used for the hydrothermal crystallisation of zeolites, such as 
ceramic foams, metallic monoliths and gauzes, and mostly cordierite honeycombs. In 1995, 
Antia et al. [327] developed MFI-type zeolite coating on honeycomb structures for the MTG 
conversion. Results showed that the conversion and hydrocarbon product-distribution fits well 
with the data obtained with fixed and fluidised-bed configurations. Via mathematical 
modelling, it was demonstrated that the reaction was controlled by intra-crystalline diffusion. 
This led Antia et al. [327] to state that, because of the short diffusional paths of reactants in 
thin zeolite films, monolithic reactors should be ideal candidates for this type of chemical 
processes. 

 
In 1999, Aiello et al. [328] described a technique for the in-situ hydrothermal crystallization 
of MFI-type zeolite over cordierite honeycombs. The final composite was used for trapping 
hydrocarbons in the car exhaust unit. MFI-type zeolite catalyst loadings up to 90 gZEO/lMON 
(monolith volume) were achieved. Authors reported that, by increasing the Al content of the 
synthesis mixture, the crystallization process was delayed. Over a certain threshold of the 
aluminium concentration, the zeolite crystallization completely inhibited [328]. 
 
Ulla et al. [162] achieved the synthesis of ZSM-5 zeolite coatings on cordierite substrates 
with high loadings (up to 30 wt %). These results were obtained either by direct hydrothermal 
synthesis or via in-situ seeding with Silicalite -1 and secondary crystal growth. The Si/Al ratio 
in the synthesis gel ranged from 14 to 100, but layers with a high Al content (i.e. a low Si/Al 
ratio) could only be prepared via pre-coating of the cordierite substrate with a Si-rich zeolite 
layer. The influence of the Si/Al ratio of the synthesis gel on the MFI coating morphology, 
crystallinity and orientation was also shown. For syntheses with relatively low Si/Al, the 
nucleation rate in the bulk of the synthesis gel was found to be faster than in the gel layer, 
leading to preferential crystallisation in the bulk solution rather than onto the support. This 
observation partly confirmed the results of Lai et al. [329], about the ZSM-5 hydrothermal 
growth onto alumina substrates. In this work it was found that, aluminate ions added to the 
synthesis mixture or leached from the substrate can facilitate the formation of the gel layer on 
the support, but they can also retard nucleation and crystal growth/zeolitization in the gel. 
This is, once more, in agreement with some observations presented in [330]. In this paper, 
Persson et al. [330] studied the crystallisation of Na-ZSM-5 zeolite over different synthesis 
conditions and especially Al concentrations in the precursor solution. 
 
Ohrman et al. [331] used a seeding method in order to synthesise ZSM-5 coating on cordierite 
substrate with controlled film thickness and Al content. They found that addition of sodium 
hydroxide to the reaction mixture increased the aluminum content in the zeolite crystals. The 
zeolite-coated monoliths were found to be active for p-xylene isomerisation.  
 
Madhusoodana et al. [332] successfully synthesised ZSM-5 films onto ceramic honeycombs 
via the so-called solid-state in-situ crystallization method. This technique is basically based 
on the conversion of a dry-gel into crystalline zeolite. The zeolite film, formed by a vapour 
transport mechanism initiated by the small amount of water present in the gel, was found to 
retain its properties up to 1173 K and have a strong adherence on the substrate. In [332] and 
[333], authors reported also that, the presence of a silica-rich interfacial layer between the 
substrate and zeolite film increased the amount of ZSM-5 and its adherence. In [334], the 
same authors obtained Faujasite-type zeolite coatings on foamed stainless-steel using the 
same in-situ crystallization method discussed in [332] and proved that the stability of the layer 
was higher than that of the zeolite coating formed by a conventional solution method. 
Madhusoodana et al. [335] reported a positive effect of microwave heating in the 
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hydrothermal crystallisation of ZSM-5 zeolite films on cordierite supports. It was found that 
the amount of zeolite film formed on a honeycomb substrate with 10 min microwave heating 
followed by 12 h of hydrothermal treatment was equivalent to that formed in 24 h by 
conventional hydrothermal treatment. 
 
Katsuki and Komarneni [202,336] formed continuous ZSM-5 layers on a porous mullite 
honeycomb by treating the monolith in a mixture of TPABr, water and NaOH under 
hydrothermal conditions and autogeneous pressure for relatively long times. The amorphous 
silica-glass in the kaolin honeycomb sintered at 1923 K was used as a source of nutrients for 
the ZSM-5 zeolite crystallisation. The authors found that the NaOH concentration controls the 
dissolution process of silica from the honeycomb substrate and the zeolite crystallisation, 
affecting morphology and properties of the zeolite coating. Generally, thick and bumpy 
coatings were produced, with well-intergrown zeolite crystals, yielding values of surface area 
up to 92 m2·g-1. Crystals are relatively large, mostly above 50 - 100 µm. The composites 
exhibited a three-layer graded structure: strongly adhering ZSM-5 film at the honeycomb 
surface, a composite ZSM-5 and mullite layer below the pure ZSM-5 layer and porous mullite 
at the core. Tests of mechanical strength were performed, showing the clear decrease of the 
fracture strength of the honeycombs after treatment in the alkaline solution and zeolite 
crystallisation. Komarneni et al. [202,336], reported that the compressive strength for their 
honeycomb was much higher than that of extruded zeolite bodies prepared by conventional 
commercial zeolite powder (< 100 MPa). Furthermore, the monolith strength could be 
controlled by the amount of un-leached silica-glass in the honeycomb (250 - 350 MPa).  
 
Following a similar in-situ dissolution-crystallisation process, Scheffler et al. [201] achieved 
the partial conversion of an electrically-heatable metallic Al-foam into zeolite, obtaining 
structured cellular Al/ZSM-5 composites with potential for regenerative catalytic applications 
and Temperature Swing Adsorption processes. In this case, metallic Al was used as source of 
nutrients for the zeolite synthesis. Authors claimed a very good bond between the zeolite 
crystals, most likely due to the formation of a chemical bond between the substrate and the 
zeolite crystals. No proof of this statement was given. 
 
Winé et al. [302] obtained homogeneous binderless coatings of Beta zeolite onto β-SiC foam 
monoliths via in-situ hydrothermal synthesis. Before zeolite crystallisation, the ceramic foam 
surface was functionalised by calcination in air at 1173 K for 2 h, in order to transform the 
SiOxCy phase into a homogeneous SiO2 layer. This layer of oxygenated compounds was 
believed to provide a chemical binding with the zeolite crystals. This could explain the better 
adhesion of the zeolite crystals on the support when applying this surface pre-treatment 
process. During the contact with the zeolite precursor gel it was expected that part of the 
SiO2+SiOxCy phase was dissolved leading to the formation of an interface with high Si/Al 
ratio. The H-Beta/SiC structured catalyst showed very high activity for Friedel-Crafts 
reactions. The coke formation during reaction in the SiC/zeolite composite resulted to be less 
than in the bulk zeolite pellets, yielding a lower catalyst deactivation rate when compared to 
zeolite pellets. Winé et al. [302] stated that the dispersion of the zeolite nano-crystals on the 
SiC support allowed a high back-diffusion rate of ketones, which are considered the main 
inhibitors for the Friedel-Crafts reaction due to their strong adsorption on the active sites. 
 
Zeolite coatings (A, Mordenite, Y and ZSM-5) were synthesised by Li et al. [337] onto 
cordierite honeycombs, using a direct hydrothermal crystallisation method. Zeolite growth 
was reported not only on the external surface of the ceramic support but also in the cavities 
and pores of the ceramic walls. The size of the crystals in these pores was found to be smaller 



2 Fundamentals and state of the art                    2.3 Structured reactors: the monolithic catalyst 
 

76 

than that of the crystals on the outer layer, probably due to the confinement of the synthesis 
environment. Li et al. [337] reported about the influence of the crystal size and morphology 
on the coating efficiency or loading of the ceramic substrates. Under hydrothermal conditions, 
the aluminium atoms on the surface of the honeycomb were believed to be activated by the 
OH- and form a sort of bridge, connecting the zeolite crystals and the cordierite support. 
Experiments of MFI crystallisation on cordierite support without adding any Al-source to the 
precursor mixture showed that part of the support was leached and the Al atoms incorporated 
in the zeolite framework. The alkalinity of the synthesis gel was found to have great effects 
on in-situ synthesis. Low alkalinity led to a suppression of the ZSM-5 crystallisation. 
Excessively high OH- concentration led to the preferential crystallisation of zeolite in the 
bulk. Only under proper alkaline conditions, the aluminium atoms on the outer surface of the 
substrate were activated by OH- and led to the crystallisation of ZSM-5 on the honeycomb 
walls. Li et al. [337] also found that the hydrothermal stability of the ZSM-5 crystals coated 
on the cordierite was much higher than the one of pure ZSM-5 powders with the same Si/Al 
ratio. A crystallinity decline of more than 10% was observed on pure ZSM-5 zeolite powders 
after hydrothermal treatment at 1023 K for 3 h, whereas no obvious change in crystallinity 
was found for ZSM-5/cordierite under the same conditions. The in-situ synthesised Cu-
exchanged ZSM-5/cordierite composite exhibited higher TOFs for the direct decomposition 
of NO and Selective-Catalytic-Reduction of NO by propane in excess oxygen. As reported by 
Li et al. [337], this was likely due to better accessibility of the single zeolite crystals in the 
coating when compared to bulky pellets. 
 
B. Louis et al. [200] used ZSM-5 zeolite coated structured supports made of fibrous glass for 
the benzene hydroxylation to phenol. The coating was achieved via direct hydrothermal 
synthesis with and without an additional silica source, in a mother liquor with alkaline or 
fluoride media. The synthesis in fluoride media yielded much higher catalyst loading 
compared to the one in alkaline conditions. Moreover, it was observed that five times higher 
reaction rate was observed on the fluorine-synthesized catalysts compared to the one prepared 
in alkaline media, likely due to an influence of fluorine anions present in the zeolite. In [314], 
the same authors reported about the synthesis of ZSM-5 coatings on stainless-steel grids and 
their catalytic performance for partial oxidation of benzene by nitrous oxide. The same 
catalytic performance obtained with zeolite pellets in a fixed-bed reactor configuration (97% 
selectivity towards phenol formation at benzene conversion of about 11%) was achieved for 
the structured monolithic catalyst. 
 
Bueno-Lopéz et al. [312] described the in-situ synthesis and post-synthesis wet Pt-exchange 
of Beta zeolite nano-crystals onto cordierite honeycomb monoliths with 400 cpi. The authors 
found that rotation of the autoclaves during synthesis was necessary in order to obtain 
reproducible results. A second hydrothermal treatment produced a large increase in the zeolite 
loading on the monolith, greater than the one obtained during the first crystallisation step, 
most likely due to the presence of zeolite on the surface acting as a seed layer. Up to 30 wt.% 
zeolite was recorded for the two step synthesis. These catalysts were tested for the deNOx 
Selective-Catalytic-Reduction (SCR) with hydrocarbons under a simulated diesel-engine 
exhaust conditions, showing performances comparable to zeolite Beta pellets. The formation 
of a compact zeolite network was reported on the honeycomb substrates, which was believed 
to be responsible for the strong zeolite adherence over the honeycomb. The zeolite-coating 
layer was thermally stable up to 873 K in air, temperature after which a progressive collapse 
of the zeolite texture was observed. 
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Monolith were used as supports for the preparation of B-ZSM-5 zeolite membranes [338], 
exhibiting higher selectivities for the separation of butane isomers than ZSM-5 prepared 
under similar conditions.  
 
Extensive work on the development of zeolite coating on structured substrates has been 
carried out at Delft University, by Jansen and van Bekkum [339]. Ethyl tert-butyl ether 
(ETBE) was synthesized in the liquid phase using structured supports coated with binderless 
Beta and Mordenite zeolite coatings. All the catalysts prepared by Oudshoorn et al. [339] 
showed activities that were comparable, if not higher, than the activity of the conventional 
Amberlyst-15 ion-exchange resin catalyst. Jansen et al. [340], successfully coated metal-
gauze packings with ZSM-5 and Mordenite zeolites via direct hydrothermal synthesis and, in 
a successive step, performed a wet ion-exchanged to obtain the Ce-form. These catalysts were 
tested for the NO reduction with NH3 in the presence of oxygen and showed TOFs which 
were comparable to those of the unsupported zeolites. Parallel passage and monolithic 
reactors for the deNOx reaction with excess ammonia were also developed [97,300], based on 
ceramic foams hydrothermal coated with ZSM-5 zeolite. 
 
The growth of ZSM-5 zeolite, under different conditions, onto SiC/Al2O3 and ZrO2/Y2O3 
ceramic foam supports was studied by Seijger et al. [341]. Differences in coverage were 
mainly attributed to the different chemical receptivity and accessibility (in the pores) of the 
substrates. Autoclave rotation during synthesis was found to decrease the zeolite loading on 
the ceramic support, but also to avoid pore plugging due to sedimentation. The dilution ratio 
(H2O/Si) was also reported to affect the crystallisation kinetics and the crystal size and shape. 
Seijger et al. [341] observed that the ratio solution-to-support also strongly affected the 
synthesis of the zeolite coating; Moreover, it was found that the support acted as a nucleation 
centre for the ZSM-5 crystallisation, as the process took preferentially place onto the 
substrate, rather than in the liquid phase. Crystals synthesised under lower Si/Al ratio in the 
precursor solution showed smaller sizes compared to those richer in Si, but in both cases 
uniform coatings were achieved. The decrease in the crystallisation temperature produced less 
reproducible coatings with lower loading. Higher temperatures not only accelerated the 
crystallisation rate, but also decrease the relative amount of zeolite grown on the support 
compared to the zeolite found in the synthesis solution. 
 
Shan et al. [98] used the direct hydrothermal crystallisation to coat stainless-steel monoliths 
with ZSM-5 zeolite. A surface coverage of about 25 gZSM-5/m2

packing surface was achieved in a 
single step. A zeolite loading of ca. 200 kgZSM-5/m3

packing was recorded in four runs. 
Differently from the observations of Seijger et al. [341], the coverage of the supports could be 
increased by agitating the synthesis solution during synthesis. Below 0.3 molSi/lsynthesis mixture 
the zeolite crystallisation was inhibited. Above 0.7 molSi/lsynthesis mixture, the growth rate 
approaches a maximum value. The zeolite coating selectivity, defined as the mass of the 
zeolitic coating that is obtained divided by the total mass of the zeolite crystals synthesised in 
the autoclave, was found to be between 50 and 60 %. A drastic drop at high nutrient feed 
concentrations, probably due to the competitive homogeneous nucleation in the bulk, was also 
observed. The use of monoliths with porous walls obtained from wire meshes (high specific 
surface) and smaller channel sizes allowed for much higher coating efficiencies. The authors 
postulated five ways to increase the coating selectivity during hydrothermal synthesis:  
 

 reducing the diameter of the monolith channels, and decreasing therefore the 
ratio of synthesis mixture volume to packing surface area, which in turn 
increases the chance that a crystal nucleus collides to the substrate surface; 
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 agitating the synthesis solution, which increases the chances of collision between 
zeolite crystals and the support surface; 

 using a low nutrient concentration in the bulk liquid phase to reduce the 
nucleation rate in the liquid phase; 

 dipping the support in a solution containing the template before the synthesis, in 
order to obtain relatively high concentration of template the support surface and 
enhance the zeolite growth rate in the vicinity of the support surface; 

 seeding the surface of the support, in order to shift the crystallisation process in 
the vicinity or on the substrate. 

 
A direct crystallisation technique was used from Basaldella et al. [342,343] to produce 
continuous ZSM-5 films onto cordierite honeycombs to be used in the lean NOx reduction 
reaction. Authors showed that the use of higher H2O/SiO2 prevented the crystals from 
intergrowing and giving rise to dense layers. Moreover, it was demonstrated that the dilution 
modified zeolite crystal morphology and reduced the crystallization of zeolite in the bulk, 
increasing the relative amount of zeolite grown on the support.  
 
One additional inconvenience of the in-situ zeolite coating techniques is the dependency of 
the growth on the substrate chemistry and properties: Zanter et al. [209] mentioned about 
difficulties in the coating of copper supports. Wang et al. [344] synthesised binderless ZSM-5 
coating with high adherence and loading onto cordierite monoliths via a vapour-phase 
transport (VPT) technique and successfully tested the Ir-ZSM-5 structured catalyst for the 
catalytic reduction of NO. 
 
A high catalyst loading can be generally obtained with a thick layer of intergrown zeolite 
crystals, in order to maximize the filling of the void volume in the monolith. As mentioned 
above, a problem of the in-situ synthesis of zeolites is the lack in the accessibility of 
molecules during the catalytic reactions. Ulla and Zamaro [345,346] demonstrated that dense 
zeolite coatings produced by in-situ secondary growth of nano-crystals produced considerable 
transport resistance to molecules from the fluid-phase to the core of the catalyst. The problem 
was overcome in the case of a Mordenite coating, by preserving the individuality of the 
crystals synthesized on the substrate. Kinetic diffusion experiments were used to prove the 
better accessibility and less transport resistance of such high-accessibility Mordenite coating 
on honeycombs, in comparison to Mordenite dense films (membranes) and Mordenite powder 
[345].  
 
In a very recent paper, Ulla et al. [347] showed the improvement in the zeolite loading by 
using the in-situ seeding and secondary growth technique, if compared to a direct 
hydrothermal in-situ synthesis. In addition, the former method allows for a better control of 
the coating morphology, crystallisation of the desired zeolite type and crystal orientation in 
the layer. The b-orientation of Mordenite crystals onto metallic monoliths was believed to be 
responsible for the improvement in catalytic activity towards the deNOx SCR with CH4. Not 
only better accessibility could be achieved, but also reduced transport limitation in the zeolite 
micropores due to the shorter diffusion path and the straight morphology of the channel in the 
b-oriented crystals. Zamaro et al. [346] found that support structure and composition 
influenced strongly the morphology (dense or discontinuous, randomly or uniformly 
oriented), chemistry and properties of a Mordenite-type zeolite layer obtained via in-situ 
seeding and secondary growth. They proposed that to the different local environment in which 
the seeds are immersed and the growth takes place are responsible for the differences in the 
coating structures. The maximum NOx conversion (SCR with CH4) was observed for the In-
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Mordenite/FeCrAl, followed by the In-Mordenite/cordierite, the In-Mordenite powder and the 
In-Mordenite/SiC foam. Zamaro et al. [346] suggested that the accessibility of the reactants to 
the active sites is mainly responsible for this effect. The In-Mordenite/FeCrAl composite 
catalyst showed the highest conversion, likely due to the preferential b-orientation of the 
zeolite crystals. The zeolite coating on cordierite exhibited crystals which preserved their 
individuality and had therefore high accessibility. The lowest conversion was observed for the 
Mordenite dense film on SiC foams, evidently because of the reduced accessibility to the 
active sites [346].  
 
The in-situ coating technique allows for a fine control of the coating properties, such as 
crystal orientation, intergrowth and thickness, but it doesn’t allow for the fine-tuning of the 
single crystal properties. With the dip-coating technique, any zeolite catalyst having the 
composition and properties desired for the specific application, can be purchased or 
synthesised, modified (e.g. alkaline treatment, ion-exchange, milling) in order to achieve the 
required crystal size, pore system and size and composition and, finally, coated by mean of an 
immersion technique on any available support. In order to obtain optimal performance from 
in-situ grown zeolite coating, the catalyst amount cannot be considered as the only 
significant/critical parameter. Factors like crystal orientation and accessibility play a major 
role in the catalyst performances [346]. In any case, one must bear in mind that even dense 
zeolite layers, if having limited thickness, can still be competitive with catalyst pellets and 
fixed-bed reactor configurations in catalytic reactions, due to the shorter paths for the 
intrapore/configurational diffusion [337].  
 

Table 15. Examples of zeolite-coated monoliths and their preparation method and use. 
Coating type Zeolite type Support Application Reference 

HT MFI/MOR SPC deNOx [340] 

HT LTA, FAU,  
MOR, MFI H deNOx [337] 

HT MOR H deNOx [347] 
DC ZSM-5 H deNOx [310] 
HT ZSM-5 CF deNOx [300] 
DC ZSM-5 H deNOx [311] 
HT BEA H deNOx [312] 
DC ZSM-5 H N2O SCR with HC [278] 
DC ZSM-5 SPL Benzene to phenol [106] 
HT ZSM-5 SPC Benzene to phenol [314] 
DC ZSM-5 CF MTO conversion [305] 
HT BEA CF Friedel-Crafts [302] 
HT ZSM-5 CF MTG conversion [327] 
HT BEA/MOR H ETBE synthesis [339] 
HT MFI H Hydrocarbons’ trapping [328] 
HT ZSM-5 H Hydrocarbons’ cracking [103] 
DC BEA, FAU H Acylation of aromatics [315] 

DC=dip-coating; HT=hydrothermal; H=honeycomb, CF=ceramic foam, Steel packing=SPC, Steel plates=SPL 
 
 

2.3.6 Summary 
  
Monolithic catalysts are very interesting systems when dealing with catalytic reactions 
characterized by low contact times, high flow velocities and severe operation conditions, like 
most of the so-called environmental catalysis reactions (e.g. deNOx and deN2O, 
decomposition of Volatile-Organic-Compounds) [233]. 
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The extrusion technique for the cordierite honeycomb preparation represents a quite well 
established technology. Metallic monoliths, although better performing in term of mechanical 
stability, pressure-drop and heat-conductivity, cannot fulfil all the requirements of structured 
catalyst in the broad range of catalytic applications. Research is focused on the development 
of ceramic honeycombs (e.g. SiC) by means of alternative, cheap and flexible processes, with 
better heat-conductivity, higher surface area, higher mechanical stability and possibly 
electrical conductivity (for fast regeneration and start-up) [260].  
 
Coating techniques available proved to be very efficient for functionalising substrates of 
different nature and geometry with zeolite, but compromises often have to be done. The 
catalyst loading is generally limited, the mechanical adhesion of the zeolite layer is rather 
poor, the coating process represents a delicate step and the formation of an uneven coating 
(meniscus at the channel corners) decreases the catalyst effectiveness [6]. The deposition or 
growth of zeolite onto the honeycomb substrate seems to be a promising way in order to 
obtain high specific surface area, good catalyst dispersion and accessibility and rather good 
stability of the coating [302,345]. Advantages and disadvantages of the two coating 
approaches (in-situ synthesis and dip-/slurry-coating) have been listed and discussed, but no 
clear answer is given concerning the best option in view of catalytic applications, owing to a 
lack of information and literature concerning this topic. On one side, the dip-coating 
technique generally offers higher catalyst exposure (inter-crystalline porosity). On the other 
side, in most of the cases the binder can negatively affect the catalyst porosity and activity, 
without offering an ideal anchoring of the catalyst to the support [108]. Hydrothermal zeolite 
growth often produces compact films of intergrown crystals, which offer reduced accessibility 
but definitely higher mechanical strength of the coating [346]. Synthesis and post-synthesis 
conditions (crystal orientation, mesoporous crystals, zoned coatings) for improving the crystal 
accessibility have been discussed in some papers, but further studies are required in order to 
understand the benefits of each coating configuration [108,200]. 
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2.4 Alternative cellular ceramic monoliths 
 
2.4.1 SiSiC composites 
 
Novel promising monolithic ceramic supports have been recently developed by means of the 
so-called Liquid Silicon Infiltration technique (LSI) [8]. The high-temperature reactive 
infiltration of carbon preforms (also bio-derived) with silicon-melt leads to a new class of 
ceramic-metal-matrix materials with rather interesting properties. These materials are based 
on a two-phase composite matrix consisting of Si and SiC: for this reason, they have been 
named SiSiC (Silicon-Silicon Carbide) composites. Because of their low thermal expansion 
coefficient, high mechanical strength and thermal/electrical conductivity, SiSiC materials are 
believed to represent suitable monolithic supports for zeolite coatings. Liquid Silicon 
Infiltration (LSI) is considered as a rather flexible and cheap process compared to 
extrusion/sintering techniques for the preparation of monolithic substrates and catalyst 
supports. In addition, this process can be used in combination with bio-derived/biological 
materials for the preparation of monolithic ceramic replicas with fine controlled 
microstructures and complex/unique pore networks (the so-called “bio-morphous materials”), 
most of the times not obtainable by means of moulding or extrusion processes [8]. 
 
 
2.4.1.1 Biomorphous materials 
 
Nature displays a large number of cellular structures and materials with hierarchically-built 
morphologies and complex, finely/tuned pore networks from the nanometre to the millimetre 
range [348]. Bio-derived materials like cellulose paper or wood waste, or biological structures 
like wood and plant stems are cheap, environment-friendly and renewable resources. 
Moreover, they are characterised by fine microstructural features, which are mostly 
impossible to reproduce artificially, anisotropic cellular microstructure and an almost infinite 
number of porous structures and novel hierarchical complex pore networks, resulting from the 
evolutionary process [349]. 
 
Greil [350] classified two different approaches which can be used in order to develop 
biomorphous structures of technical interest: biomineralisation and bio-mimicking. The 
former simulates the natural precipitation process of inorganic ceramic phases [351], whereas 
the latter consists in the replication of natural native tissues via physical and/or chemical 
reactions [352]. Using biological structures as templates for the realisation of bio/inspired or 
biomorphic materials (Singh et al. [353] also used the term eco-ceramics to define wood or 
wood waste derived ceramic materials) allows for the realisation of novel materials with 
properties which are unmatched by components obtained via conventional manufacturing 
processes [352]. Both the direct and the sacrificial-template replicas of biological and bio-
derived materials have been reported in literature, including bio-inspired structures made of 
zeolite [354], silica [355], titania [356] and mesoporous materials [357]. Owing to their 
hierarchically-built pore networks, cellular biomorphic materials have great potential 
especially as structured monolithic catalyst or catalyst supports [350]. One possibility of bio-
mimicking natural templates with ceramic materials is the combined pyrolysis and reactive 
metal-infiltration of the bio-derived carbon performs [350]. 
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2.4.1.2 Ceramic materials via carbon infiltration with metals  
 
As seen in subchapter 2.3, ceramic manufacturing involves the processing of inorganic 
powders, including shaping by extrusion or casting of mixtures of precursors, binders and 
additives, followed by densification at high temperatures via solid- or liquid-state sintering 
[361]. Novel alternative processes for the development of advanced ceramic materials are 
emerging, which allow for the near net-shape (NNS) manufacturing of components [358]. 
Techniques like pyrolysis of pre-ceramic polymers and inert/reactive fillers mixtures [359] or 
infiltration processes [360] are recently gaining much attention [350]. Reactive metal-
infiltration has proven its potential in the manufacturing of ceramics and ceramic-metal 
matrix [361] materials with tailored properties and structures. The main advantages are:  
 

 the opportunity of producing materials with geometry and size not achievable by 
extrusion methods,  

 the possibility of using biological supports (bio-mimicking), 
 the near net-shape manufacturing of components,  
 the tailoring of microstructure and properties,  
 the flexibility and easy reproducibility of the process. 

 
Fig. 66 shows the different paths towards the realisation of biomorphic ceramic materials 
starting from biological lignocellulosic or cellulose-derived templates/materials. The native 
biological perform can be converted into non-oxide or oxide ceramics via [361]:  
 

 (i) high-temperature pyrolytic decomposition, which yields porous carbon 
replicas (CB-templates) and subsequent 

 reaction to form carbide phases 
 infiltration with non-reacting sols or salts which can further be processed 

to yield oxide reaction products; 
 

 (ii) low-temperature infiltration with organo-metallic and metal-organic 
precursors followed by pyrolysis and subsequent oxidation, in order to remove 
the carbon phase. 

 

 
Fig. 66. Flow-chart of the reactions for the conversion of bio- and bio-derived templates into ceramics, adapted 

from [350]. 
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As shown in Fig. 66, the infiltration process of carbon preforms can be accomplished by 
[353]: 
 

 liquid or melt-metal [362], 
 gas phase (CVI,CVD) [363]. 

 
The infiltration of the native tissue can be done via sol-gel or conventional wet-impregnation 
techniques [364]. Depending on the metal used (more specifically its wetting angle on the 
carbon substrate) and the reaction time, the infiltration process can be either “reactive” or 
“non-reactive” [361]. Many such materials have been synthesised in the last years, starting 
from various wood (e.g. pine, oak, maple, pine, balsa, ebony and beech) [350,364] and plant 
bio-templates or, more recently, from cellulose paper [363,365]. Up to now, the preparation of 
Al2O3 [366], AlC4 [367], TiO2 [368], TiC [369], ZrC [370], ZrO2 [371], YSZ [372], SiC 
[373], dense [374] or cellular SiSiC [375], β-SiAlON/β-SiC [365], Si-Mo-C [376], Si3N4 
[377] and Al-SiSiC [378] replicas of different bio-templates has been reported in literature.  
 
Singh et al. [353] and Greil [350,361] suggested a large number of potential applications for 
the so-called eco-ceramics, such as high temperature filters and catalyst support, automotive 
components, high temperature exhaust gas or air cleaning devices, advanced micro-reactors, 
tooling and wear components, ceramic armour, light-weight porous ceramics for aerospace 
systems, reinforcement in refractory materials, supports for medical or bio-technological 
applications and electrical sensor applications. 
 
 

2.4.1.3 Bio- and bio-derived templates 
 
Amongst the many bio-templates available, wood or plant-stems and cellulose-derived paper 
have been mostly utilised [361]. Some examples of wood micro-morphologies are shown 
below. Wood specimens are characterised by extremely diverse cellular architectures, with 
pores of different shape and dimensions and a wide range of porosities (see Fig. 67). 
 

 
Fig. 67. Different wood microstructures [353]. 
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Wood is a natural composite material, mostly composed of C, O and smaller amount of H, 
and characterised by complex hierarchical cellular structures [362]. Both hardwoods 
(deciduous wood or dicotlyedonous angiosperms) and softwoods (coniferous wood or 
gymnosperms) are made of elongated tubular cells aligned with the axis of the tree trunk. 
Vessels or tracheas are also present in hardwoods, together with other cell types with 
multimodal pore distribution within the sub-millimetre range. Softwoods contain fewer cell 
types with more uniform size distribution. The pore/vascular system of native wood is 
generally interconnected, providing good accessibility for the infiltration of fluids [361]. 
Wood represents an attractive template for infiltration processes because of [361]: 

 
 the multitude of diverse hierarchical structures,  
 the cellular anisotropic microstructure, 
 the mechanical state of equilibrium of the native tissue, optimally adopted to the 

external loading situation during growth, 
 the possibility of manipulating plant growth and tailoring its properties and 

cellular anatomy via application of stress or genetic manipulation. 
 
The microstructure of the cell walls is the same for hard- and soft-woods (see Fig. 68). Each 
tracheid is characterised by a layered structure, a thin primary (first-formed) wall and a 
thicker secondary wall composed of three sub-layers (S1, S2, S3), which are based on 
different biopolymers, such as cellulose (key-component), hemicellulose, pectin and lignin 
(glue). Adjacent tracheids are joined together by the so-called lamellae, which possess high 
lignin content. Greil et al. [361] compared the composition of the cell wall of wood to that of 
a fibre-reinforced (cellulose) organic glass (lignin).  
 

 
Fig. 68. Hierarchical organisation of the microstructure of wood [361]. 

Cellulose is a long-chain linear condensation polymer of β-D-glucose with three free hydroxyl 
groups on each monomeric unit, exhibiting strong inter- and intra-molecular hydrogen bonds. 
The molecule aggregates into micro-fibrils and is crystalline. Micro-fibrils have helicoidal 
orientation with specific angles in the wood cells [361]. 

 

  
Fig. 69. Sketch of cellulose [361]. 
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Hemicellulose represents various polysaccharides different from cellulose, with lower degree 
of polymerization [361]. 
 

 
Fig. 70. Sketch of hemicellulose [361]. 

Pectin is a generic term for a group of polysaccharides with degree of polymerisation between 
that of hemicellulose and cellulose [361]. 
 

 
Fig. 71. Sketch of pectin [361]. 

Lignin is an amorphous polymeric substance, responsible for the hardness and rigidity of 
wood, which acts as a glue keeping the wood cells together. It is considered to be a three-
dimensional highly branched polymer of unsaturated phenylpropane derivatives such as 
coniferyl- and sinapinal-alcohols with a variety of alkyl, hydroxyl, carboxyl, carboxymethyl, 
and methoxyl functional groups [361]. 
 

 
Fig. 72. Sketch of lignin [361]. 

Paper is produced by the amalgamation of plant fibres composed of cellulose (from wood 
pulp via the Kraft process), which are held together without any binder, mostly by hydrogen 
bonds and to a large degree by fibre entanglement [379]. 
 

    
Fig. 73. Cellulose paper microstructure [349]. 

As a bio-derived template for ceramic conversion, cellulose-derived paper represents as 
extremely appealing material for many diverse reasons. It is based on cellulose, which is the 
most abundant bio-polymer on Earth and it is relatively cheap. Paper is characterised by a fine 
microstructure and is easy to shape into more complex macro-morphologies and it can also be 
obtained from recycling processes [379]. One of the possible macrostructures in which paper 
can be shaped is the cardboard, first invented in China in the 15th century. Corrugated paper 
was patented in England in 1856. The single- or one-side corrugated cardboard was actually 
patented by Albert Jones in New York in 1874 [380]. 
 

400 µm 50 µm
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Fig. 74. One-side corrugated cellulose-derived cardboard rolls. 

 

2.4.1.4 Biomorphous SiC and SiSiC ceramics  
 
Silicon carbide-based ceramics have been utilized since the beginning of the 20th century as 
heating elements. SiC-based ceramics have high mechanical strength, good oxidation and 
corrosion resistance, high thermal conductivity, low thermal expansion coefficient, fast 
electric conductivity, good thermal-shock resistance and semiconductor properties. SiC 
ceramic materials are commonly produced via:  
 

 hot pressing/hot isostatic pressing, 
 sintering,  
 reaction bonding/reaction forming,  
 polymer pyrolysis,  
 chemical vapour deposition (CVD).  

 
Such techniques are mostly energy-consuming and expensive. Moreover, the last two 
approaches in the list, also lead to unwanted by-product formation [353]. 
 
One procedure for the preparation of SiC and SiSiC ceramics with biomorphous structure is 
the reactive infiltration (vapour or liquid phase) with metallic Si (Fig. 75). The use of 
biological or bio-derived performs allows for the development of materials with very 
interesting cellular architectures and textural properties. 
 

 
Fig. 75. General processing scheme for the liquid or vapour metal-infiltration of biomorphous carbon performs 

using biological or bio-derived performs, adapted from [352]. 
 
The pyrolysis for the conversion of the bio-template to a nano-porous pseudo-morphous 
carbon monolith is affected by strong weight-loss and anisotropic linear shrinkage [362], 
which strongly depends on structure and composition of the bio-template and on the pyrolysis 
conditions used, such as temperature, pressure and time. Process takes place in an inert 
atmosphere at temperatures between 1073 and 2073 K for many hours [362]. The features and 
macrostructure of the bio-template are retained after this step [352]. During pyrolysis the 
following steps occur [361]: 

 
 water desorption (T < 423 K),  
 removal of the structural water from cellulose (423 < T < 513 K), 
 de-polymerisation and breaking down (in this order: hemicellulose, cellulose, 

lignin) of the C-O and C-C bonds producing H2O, CO and CO2 (513 < T < 673 
K), 
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 aromatisation and formation of layers of graphite (T > 673 K).  
 

Si and Ti are two of the metals which, under appropriate reaction conditions, allow for the 
gas/solid or liquid/solid reaction with carbon (C) to form a carbide phase (SiC). Byrne and 
Nagle [381,382] were the first ones who reported about the preparation of ceramic SiC phases 
from pyrolysed wood precursors. Since then, the preparation of SiC or SiSiC ceramic 
composites, especially bio-derived, with cellular monolithic structure was reported in many 
patents and publications [383]. Popovska [384] and Greil [373] obtained SiC ceramic replicas 
via the reactive chemical vapour infiltration (CVI-R). Advantages of the vapour-phase 
infiltration technique are the possibility of: 
 

 faithfully retaining the original bio-template microstructure,  
 maintaining a very high porosity and specific surface area, 
 achieving full C conversion to pure SiC with almost no residual silicon [352].  

 
In alternative to vapour infiltration methods, the silicon infiltration process can be achieved 
by means of a liquid medium. The liquid (LSI) or melt silicon infiltration of carbon preforms 
yields SiC or SiSiC ceramic materials, pseudo-morphous to the carbon template utilised 
[362]. The C-template is basically used as a host for the fluid medium [361]. During melt-
silicon infiltration into carbon preforms, the following reaction takes place [362]: 

 
SiC-)l(SiCB β→+  

 
In comparison to other SiC fabrication procedures, the LSI method presents the following 
advantages [358]: 

 
 lower temperatures of the process  
 no necessity for high-purity powders  
 no additives required  
 simpler handling 
 possibility of achieving complex shape and fine microstructures 
 near-net shape process 
 faster synthesis rate for open-cell carbon preform 
 possibility of producing bio-inspired/biomorphic materials. 

 
For reasonable sizes and geometries of the C-template, the infiltration time for the silicon-
melt (Fig. 76) is in the order of seconds to minutes, whereas the reaction between Si and C is 
several orders of magnitude slower and is therefore considered as the rate determining step of 
the process.  
 

 
Fig. 76. Reactive melt-Si infiltration of carbon performs via spontaneous capillary wetting: (a) vertical cross-

section of the vessels and (b-d) top-view cross-section at different heights (1,2,3) of the channel, corresponding 
to three diverse stages of the reaction and infiltration process at the same time. Partly adapted from [362]. 
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Greil [350] reported that the metal-infiltration generally takes place spontaneously, due to a 
capillary wetting mechanism, for pore diameters below ca. 120 µm. For bigger pores, external 
pressure is normally required. A minimum critical pore size of ca. 1 µm is required for 
allowing a reasonable penetration depth for the reactants. The infiltration rate depends on the 
size of the pores, the viscosity of the Si-melt and the wettability of silicon on the CB-template 
under the reaction conditions. After the LSI process, a residual amount of Si is left in the final 
ceramic composite, due to solidification of silicon in the smallest pores, cells and cavities, 
generally below 30 µm in size [362]. The LSI process generally yields negligible volume 
changes and allows for the preservation of the morphology of the initial carbonaceous 
preform (Fig. 77). Therefore, LSI can be also utilised for the preparation of near net-shape 
ceramic composites or functionally graded composites via 3D printing techniques [385]. 

Wood cross-section

VesselsWood 
cell walls

Melt Silicon

Top-view

Lateral view

 
Fig. 77. Si-melt infiltration in the wood vessels, adapted from [362]. 

The relative amount of Si, C and SiC in the final ceramic depends strongly on the reaction 
conditions used [361]. Zollfrank and Sieber [386] found that, owing to strong diffusion 
limitations during the Si infiltration process, the CB-template, and more precisely its porosity 
and the thickness of its struts, heavily influence the micro-morpholgy and strut composition of 
the final SiSiC ceramic. The final microstructure of the SiSiC composites obtained via LSI 
generally consists of very small residues of un-reacted carbon, surrounded by SiC grains of 
two sizes: bigger ones on the Si/SiC interface and smaller at the C/SiC interface. Zollfrank, et 
al. [387] observed that, after the LSI-process, the smallest pores (up to few tens of 
micrometers) of the original carbon bio-template were filled up with residual Si. Greil and 
Sieber [362] reported about the dependency of the SiC crystallisation process on the wetting 
angle of Si onto the CB perform. The wetting angle depends on the carbon form and on the 
presence of nano-crystals of SiC growing during the vapour infiltration at the beginning of the 
process, for temperatures below the melting point of silicon [386]. 
 
Based on their observations, Zollfrank et al. [386,387] postulated a plausible reaction 
mechanism of the Si infiltration of carbon preforms based on four steps (Fig. 77):  

 
 heterogeneous nucleation of nano-sized grains of SiC on the inner surface of the 

CB template by reaction with Si vapour below the melting point of Si (T < 1683 
K) 

 simultaneous nucleation of  nano-sized and large β-SiC grains after liquid-silicon 
infiltration into the nano-porous carbon (T > 1683 K) 

 diffusion-controlled (of the liquid-silicon through the SiC layer covering the C 
phase) growth of the β-SiC layer into the carbon struts 

 dissolution of the nano-sized grains of SiC in the Si melt and re-crystallization 
(likely not via Ostwald ripening or sintering) on coarse SiC grains. 
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Fig. 78. The four stages of the melt silicon infiltration of carbon preforms, adapted from [386]. 
 

Fig. 77 (adapted from [386]) shows the stages of the Si infiltration-reaction process, in a 
chronological order. As already mentioned, at 1683 K, liquid Si spontaneously infiltrates (Fig 
77 a) the nano-porous carbon template and the reaction starts on the outer surface, producing 
nano-crystalline β-SiC (Fig 77 b). When the spontaneous liquid infiltration starts, part of the 
carbon surface is already coated with SiC, produced by the reaction between Si vapours and 
the solid carbon below the Si melting point (Fig 77 a). Si reacts with C at the inter-phase (Fig 
77 b I). Meanwhile, carbon dissolves and forms SiC clusters in the melt, which later 
precipitate on the outer part of the substrate (Fig. 77 b II). The formation of a continuous layer 
of SiC nano-crystals on the surface limits the diffusion of Si into the un-reacted  carbon (Fig. 
77 C). In any case, the reaction is much slower than the infiltration process, as mentioned 
above. From this point on, the carbon will mainly diffuse through the SiC layer and react in 
the melt to form SiC, which further precipitates on the substrate (Fig. 77 c II). To a lesser 
extent Si diffuses through the SiC layer to form SiC by reaction with C (Fig. 77 c I). The nano 
SiC, located between the un-reacted C and the coarse SiC grains is progressively consumed 
by the bigger SiC grains, which do not form any compact or dense layer. (Fig. 77 c II). This 
allows for the further and complete consumption of the smaller SiC crystals in the inner part 
of the strut by re-dissolution and crystallisation (Fig 77 d). The formation of coarse b-SiC 
grains at the initial location of the wood-cell-derived carbon struts is achieved (Fig 77 d). 
Greil [362] suggested that the crystallographic textures of the SiC can be strongly influenced 
by the molecular orientation of carbon. Liquid silicon solidifies in the voids between the 
coarse SiC grains [386]. Silicon can also leached-out, after the infiltration and solidification, 
leaving a structure with the same pore network of the original CB-template and high specific 
surface area, due to the porous nature of the struts [362]. 

 
The properties of biomorphic SiSiC ceramics have also been extensively studied. Mechanical 
properties at high temperatures have been reported by Singh [358,371,388,389] and Greil 
[362,390]. The interconnected SiC structure of the cellular biomorphic ceramics resulted in 
very high strengths even close to the melting point of silicon. Singh et al. [388] highlighted 
the mechanical behaviour of biomorphic cellular SiC ceramics especially in terms of specific 
(related to density) properties. Studies of the mechanical properties of cellular biomorphous 
SiSiC ceramics produced via LSI of different wood, showed a marked anisotropic behaviour 
and a strong dependence on the wood type used as bio-template. Mechanical properties in the 
axial direction (loading aligned with the vessels) are better than in the perpendicular direction 
and less sensitive to variation of the porosity [362]. Biogenic SiSiC ceramics also exhibited 
superior properties than ceramics with the same composition and uniform pore distribution 
produced by conventional fabrication techniques, such as reaction bonded SiC and reaction-
formed silicon carbide ceramics [353,362]. Studies of the electrical conductivity and 
thermoelectric power of cellular SiSiC ceramic composites prepared from plant precursors 
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have been conducted by Mallick et al. [391]. High-temperature corrosion resistance of SiSiC 
components in combustion atmospheres was studied by Otto et al. [392]. Durability studies 
for the application of SiSiC ceramics as diesel particulate filter have also been disclosed 
[393]. Because of their properties and cellular light-weight structures, biomorphous SiSiC 
ceramics are expected to find large utilisation in various technical applications as filters, 
catalyst supports, sensors, adsorption units, biomedical materials and membrane for 
adsorption/separation [361,394]. 
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2.5 Environmental catalysis and the role of zeolites 
 

Zeolites are gaining a lot of interest as catalyst for environmental applications [395]. Major 
applications are the emission control of the following exhaust gases [396,397]: 
 

 Hydrocarbons [281,282] 
 Carbon monoxide (CO) and dioxide (CO2) [229,272,273] 
 Nitrogen oxides [95,97,278,300]: 

 Nitric oxide (NO)  
 NO2  
 Nitrous oxide N2O 

 
 

2.5.1 N2O emission abatement 
 

2.5.1.1 Nitrous oxide 
 
In December 1997, at the Third Conference (KyoJapan) of the Parties (COP-3) to the United 
Nations Framework on Climate Change (UNFCC), most industrialized nations agreed to set 
legal bindings for the reductions of the greenhouse gas emissions by 6 to 8% below the 1990 
levels. The deadline for the achievement of these levels was set between the years 2008-2012 
[403]. Six gases were classified as greenhouse gases and as major contributors to the global 
warming process: CO2, CH4, N2O, HFC (Hydrofluoro compounds), PFC (Perfluorocarbons), 
SF6 (Sulfur hexafluoride). As a result, the EU agreed to reduce CO2, CH4, and N2O emissions 
by 8% of 1990 levels by 2010 (1995 levels for HFCs, PFCs, and SF6). The recent (December 
2005) 11th Conference of the Parties (COP-11) to the UNFCC marked the entry into force of 
the Kyoto Protocol [398].  

 
Nitrous oxide is a mild oxidant used in various reactions in the chemical industry, e.g. 
benzene hydroxylation and oxidation of propene and propane [86]. In the frame of the Kyoto 
Protocol, nitrous oxide (N2O) has been identified as a relatively strong greenhouse gas, which 
significantly contributes to the depletion of ozone in the stratosphere [399,400,401,402,403]. 
N2O exhibits also a reasonably long life-time in the atmosphere: approximately 150 years. It 
has been calculated that N2O has respectively 310 and 21 times the Global Warming Potential 
(GWP) of CO2 and CH4 [404,405]. This translates into a 310 times higher (per unit of mass) 
ability of nitrous oxide to trap heat in the atmosphere compared to CO2 and 21 times to CH4 
[406]. In particular, emissions of N2O are the third largest contribution to the global 
anthropogenic emission of greenhouse gases, right after CO2 and CH4 [407]. Worldwide, 
nitrous oxide contributes by ca. 10% to the global CO2 emission and global warming effects 
[399,408]. From the 1976 levels of 285 ppbv to the 2003 level of 310 ppbv, the concentration 
of N2O in the atmosphere increased with an annual growth rate of 0.2 - 0.3%. This translates 
in an overall increase of 9 % in this time window (Fig. 79). 
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Fig. 79. Atmospheric N2O concentration trends from 1978 to 2003 (adapted from [399,409]). 

 

2.5.1.2 Sources of nitrous oxide emissions 
 
N2O is produced by both natural and anthropogenic sources. The human contribution to the 
N2O emission into the atmosphere is estimated in 4.7 - 7 million tons per year (data updated 
to the year 1996), which means about 30 - 40% of the total emission including natural sources 
[399]. Other sources assess this percentage as 20 - 30 %, which still represents a substantial 
contribution to the greenhouse effect [410]. Major anthropogenic sources of N2O are 
[5,399,407,410,411,412,413, 414]: 
 

 agriculture (conversion of natural and artificial fertilisers in soils, leguminous 
crops) 

 waste streams, exhaust or tail-/off-gases in 
 industrial processes for 

 production adipic acid, the precursors of nylon 6,6 [401,415] 
 production of nitric acid, a bulk chemical in the fertiliser industry 

[399,401,416] 
 synthesis of acrylonitrile and SAN and ABS copolymers [417] 
 manufacture of glyoxal, intermediate in the production of 

copolymers, pharmaceuticals, resins, pesticides, etc. [417] 
 fossil fuels, biomass, and waste combustion processes (power plants, three-way 

catalysts for automotive applications) [401, 278,418].  
 
A complete review is given in [401]. In general, N2O is formed in all organic syntheses using 
HNO3 as the oxidant or reactions involving the oxidation of ammonia [417]. In Fig. 80, the 
contribution of the different sources to the N2O emissions in the European Union is shown 
[399] 
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Fig. 80. Pie-chart of the major sources for the anthropogenic N2O emission in the EU based on the period 1990–

1998, adapted from [399]. 
 
As can be seen in the above graph, natural sources contribute largely to the emission of N2O. 
Therefore, the control of the concentration of N2O in the troposphere requires the utilisation 
of efficient technologies for its removal from those tail emissions that can be effectively 
controlled, and in particular the above-mentioned chemicals production, industrial 
combustion processes and vehicle’s tail gases. In 1990, adipic acid production was the largest 
source of industrial N2O emissions. Since the year 2000, the nitric acid production is the first 
industrial N2O source in terms of emission volume [419]. 
 
Table 16. Emissions from industrial processes and vehicles [401]. 
Source Temp (K) N2O NOx O2 H2O CO SO2 
Adipic acid 473-573 30-50% 0.7% 4% 2-3% 300 - 
Nitric acid 453-473 300-3000 300-3000 2-4% 2-3% / - 
TWC 298-1073 0-1000 0-2000 0-1000 10% 0-4000 20-100 
FBC 973-1123 50-500 50-500 2-10% 10% 10-1000 < 2000 

 
 

2.5.1.3 Methods for the reduction of nitrous oxide emissions 
 
N2O decomposition (2N2O → 2N2O + O2, reaction enthalpy of 163 KJ/mol at 298 K) is an 
exothermic reaction, which can proceed either catalytically or thermally [420]. The principal 
methods used for the abatement of N2O emissions are listed below [421]: 

 
 Thermal decomposition [420] 
 Hybrid catalytic/thermal [420] 
 Catalytic 

 N2O decomposition [95,401] 
 N2O SCR with reducing agents such as 

 ammonia [422] 
 carbon monoxide [423] 
 hydrocarbons [95,424,] 

 
In alternative, Pressure Swing (PSA) [425] and Temperature Swing Adsorption [426] (TSA) 
using zeolite adsorbents, e.g. FAU-type, can be used in combination with cryogenic 
distillation for air purification. 

 
Because of the higher activation energy (EA = 250 KJ/mol), thermal N2O decomposition 
requires much higher temperatures (1073 - 1473 K) than the catalytic route (EA = 50 - 160 
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KJ/mol, 573 - 773 K) [401,420]. Thermal decomposition can be achieved in regenerative 
heat-exchanger reactors or through incineration. A brief overview of the technical processes is 
given in [420]. 
 
Hybrid high temperature reactor systems for the simultaneous heterogeneous and 
homogeneous catalytic decomposition of N2O have also been proposed in [420,427]. The 
homogeneous reaction can be ignited by local overheating effects in catalytic fixed-bed 
reactors [420]. 
 
The catalytic decomposition of nitrous oxide has been extensively studied [401]. Direct 
catalytic decomposition of N2O is a relatively simple method to remove nitrous oxide, from 
industrial off-gases, more cost-efficient and simple than Selective-Catalytic-Reduction 
processes [428]. The temperature of the off-gases of most of the interested industrial process 
is below 723 K and the challenge is to achieve N2O decomposition at this temperature. Up to 
now, no catalyst has shown enough stability and activity, under realistic conditions. Pre-
heating of the gas before the catalyst, which would require additional energy input and costs, 
would be necessary to achieve sufficient levels of conversion [428]. Recently, also the 
photocatalytic decomposition of nitrous oxide on Ag-exchanged zeolites has been 
investigated [429]. Under certain conditions (NO/N2O < 0.1), the decomposition of nitrous 
oxide over Fe-ZSM-5 zeolite is enhanced by the presence of NO in the gas feed. 

 
Catalytic decomposition of nitrous oxide generally requires very high temperature. For this 
reason, Selective-Catalytic-Reduction (SCR) techniques have been extensively investigated 
over the last years. Ammonia SCR is considered to be a valuable solution for the deNOx and 
deN2O in Three-Way-Catalysts (TWC) units for the control of exhausts emission in 
automotive applications [95,310,422,430,431]. On iron zeolites, ammonia accelerates the 
reduction of N2O to N2 through the redox cycle Fe3+ to Fe2+. Alternative reducing agents are 
carbon monoxide and hydrocarbons [432,433]. Publications concerning the N2O SCR with 
hydrocarbons (HC) have lately burgeoned, due to the effective potential of this process for the 
abatement of nitrous oxide emissions [95,278]. The next subchapter will deal more 
specifically with this reaction, because of its technical interest and because it is the test 
reaction used in this research work. The addition of hydrocarbons as reducing agent is 
reported to decrease the decomposition temperature, diminishing therefore the volume of 
exhaust gases, the reactor size and the costs of the process. Hydrocarbons represent attractive 
reducing agents because they are inexpensive and non-corrosive. Compared to ammonia 
hydrocarbons give fewer problems in terms of operation, safety, space, and cost. Moreover, 
ammonia generally requires higher temperatures than hydrocarbons for achieving the same 
level of conversion [278].  
 
Important is the decision of the hydrocarbon-type and reaction conditions given for a specific 
catalyst, in order to minimize the undesired slip-off effect. Different hydrocarbons have been 
used, e.g. C3H8, C3H6 and CH4 [325]. Generally, the Selective-Catalytic-Reduction of nitrous 
oxide using methane shows strong inhibition of the N2O conversion to N2 in the presence of 
oxygen. The hydrocarbon added as reducing agent can be consumed in other unwanted 
secondary competitive reactions, such as the hydrocarbon combustion to CO/CO2 and un-
reacted hydrocarbons (HC), or the formation of carbonaceous deposits on the catalyst surface 
[325]. A list of the influence of different reaction conditions on the N2O SCR with 
hydrocarbons over Fe-zeolites is given in Table 17.  
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Table 17. Influence of the reaction conditions on the N2O SCR with hydrocarbons, based on literature survey. 
Parameter Effect Reference 

Temperature Increasing T increases conversion [424] 
GHSV Increasing GHSV over certain threshold, which depends on the activity of 

the catalyst and the temperature, shifts the conversion towards higher T 
GHSV influences also inhibition and poisoning behaviour of  

[5,95] 

N2O Within a certain range conversion is not dependent on N2O concentration [278] 
HC Presence of hydrocarbons reduces the temperature required for the N2O 

decomposition. General HC order as reducing agents: C3H8 > C3H6 > CH4  
[407,424] 

O2 Over a certain threshold O2 has no influence, below it a reduction of O2 
results in lower N2O and C3H8 conversions 
Influences the formation of CO/CO2 and promotes the formation of 
carbonaceous deposits on the catalyst surface 
Effects are also varying depending on the reducing agent used 
Partially oxidizes hydrocarbon compounds, which are reported to be active 
intermediates 

[278] 

H2O Decreases the conversion of N2O by competitive adsorption on active 
sites, decreases the C formation onto the catalyst 

[417] 

SO2 Catalyst poisoning, inhibiting effect  [278,417] 
NO Inhibiting effect for SCR especially at lower temperature by competitive 

adsorption on active sites. The presence of NO shifts the C3H8 and 
especially N2O conversion profiles to higher temperatures. 
NO strongly promotes N2O decomposition over Fe-based catalysts 
(scavenging). Adsorbed NO may even facilitate the migration of atomic 
oxygen to enhance their recombination (atomic oxygen transport 
facilitator). 

[278,434,
435] 

 
[95,436,

437] 

CO2 Mostly lower hydrocarbons oxidation on Fe2O3 increasing HC slip-off [278] 
Pressure Higher pressure yields higher HC and N2O conversions and less unwanted 

CO formation  
[407] 

 
 

2.5.1.4 Catalysts for the N2O decomposition and Selective-Catalytic-Reduction 
 
F. Kapteijn et al. [401], reviewed a large number of publications describing catalyst systems 
for the nitrous oxide decomposition. The list includes gaseous catalysts (halogens, Cl, Br, and 
I, in their atomic form and mercury) with activation energies between 135 and 155 KJ/mol 
and decomposition temperature (TD) between 800 and 1300 K. Other catalysts used are metals 
(e.g. Pt, Pd, Ag, Au and Ge) with apparent EA around 135 KJ/mol and TD around 650 K, and 
metal oxides (e.g. Rh, Ir, Co, Fe, Ni, Cu, La) with EA = 80 - 170 KJ/mol and TD = 773 +- 
1273 K depending also on the valence of the metal. Mixed oxide systems, e.g. solid solutions, 
spinels, ex-hydrotalcites and perovskites have also been used also in the form of supported 
catalysts, with EA = 30 - 150 KJ/mol. Pillared clays have also been recently tested for the 
nitrous oxide decomposition [438].  
 
In recent years, most of the studies have been focussing on metal-based zeolite catalysts (e.g. 
ZSM-5, ZSM-11, Beta, Mordenite, USY, Ferrierite, A, X). The reaction rate is mostly first 
order for N2O, with apparent EA ranging between 75 and 170 KJ/mol. The following 
considerations have to be taken into account when defining the activity of metal-supported 
zeolite for N2O abatement: 

 
 activity order of metals in zeolites is different from that of pure oxides (e.g. Pt 

shows poor activity) 
 the same metal can drastically change its activity, depending on the zeolite 

framework used as support 
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 the activity order for ZSM-5 exchanged zeolite Rh,Ru >Pd > Cu > Co > Fe > Pt 
> Ni > Mn 

 the activity order results completely different under realistic conditions, in the 
presence of O2, NO, SO2, and H2O in the exhaust stream. 

 
Because of its low sensitivity to changes in the exhaust conditions, the Fe-ZSM-5 catalyst has 
become the most widely studied catalyst [95,417,439]. For example, Cu-ZSM-5 shows high 
activity towards nitrous oxide decomposition, but low stability in the presence of water 
vapour in the gas [95]. The activity of Fe-ZSM-5 was reported to be much higher than for 
Beta and Mordenite type zeolites [440], although the hydrothermal stability was found to be 
lower. In the Selective-Catalytic-Reduction with hydrocarbons, the Fe-ZSM-5 showed 
selectivity towards unwanted CO/CO2 formation [95,424], depending on the reaction 
conditions. The formation of CO/CO2 is promoted by the oxidation of hydrocarbons. The 
functionalisation of the Fe-ZSM-5 catalyst with Pt hinders the formation of CO (otherwise 
produced with a ratio 2:1 CO/CO2) [95].  
 
Different ion-exchange procedures (wet ion-exchange, solid-state, CVD or sublimation) or 
post-synthesis treatments (high temperature treatment and steaming of isomorphous 
substituted Fe-ZSM-5) also influence the performances of the catalyst [440]. Iron speciation 
is reported to depend strongly on the method of iron introduction and the subsequent 
treatments [441]. 
 
Amongst the many types of Fe-exchange ZSM-5 catalyst, one of the best performing in terms 
of operation temperature and resistance to the environment conditions (H2O and SO2 
presence) is the so-called ex-framework Fe-zeolite [417, 442]. This zeolite is obtained by 
isomorphous iron-substitution in the zeolite framework and successive expulsion of the same 
into the zeolite micropores by steam-activation. The formation of very well distributed oligo-
nuclear iron species is likely to happen by means of this post-synthesis process.  
 
Sublimation or chemical vapour deposition (CVD) consists in the evaporation of an iron salt 
with a low evaporation temperature, e.g. FeCl3. This procedure reportedly yields a catalyst 
with a very high exchange rate (Fe/Al close to unity). After CVD, the catalyst has to be 
washed thoroughly to remove the chlorine and then calcined carefully [440]. 
 
In the solid-state ion-exchange (SSIE), a solid iron salt (e.g. FeSO4) is mechanically mixed 
with the zeolite powder and subsequently heated rapidly in an oven. Rauscher et al. [443] 
have developed a Fe-ZSM-5 catalyst via solid-state ion-exchange, which exhibits very high 
activity towards the simultaneous abatement of N2O and NO via Selective-Catalytic-
Reduction with hydrocarbons [95,424]. 
 
Wet-ion-exchange is the most common method to prepare metal-exchanged zeolites. Wet-ion-
exchange (WIE) processes generally don’t allow for the exploitation of the full ion-exchange 
capacity of the zeolite [440]. The nature of the Fe in the zeolite pores is extremely 
heterogeneous. Moreover, excessive Fe2O3 cluster (hematite) precipitation can occur during 
wet-ion-exchange process. Feng and Hall [444] suggested to conduct the exchange process 
under a non-oxidising atmosphere in the presence of Fe-oxalate (FeC2O4), in order to avoid 
the formation of Fe3+. In fact, in the presence of traces of oxygen in aqueous solution, Fe2+ is 
quickly oxidized to Fe3+, which hydrolyses to gelatinous FeOOH and partially hinders the 
pores of the zeolite. For the large zeolite Y pores, anaerobic wet-ion-exchange (WIE) resulted 
effective [445], but for the smaller MFI-type zeolite pores, flushing with N2 during the 
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exchange was not enough. In the latter case, oxidation of Fe took anyway place, due to the 
presence of unavoidable O2 traces, and the Fe-catalyst exhibited a 10 % lower micropore 
volume. C2O4 prevents the oxidation of Fe2+ to Fe3+, as it oxidizes more easily than Fe does to 
CO2. Following this procedure, higher exchange degree could be obtained [444].  
 
In a more recent publication, Marturano et al. [446] could not reproduce the results obtained 
by Feng and Hall [444]. FeC2O4 precipitated on the external surface of the zeolite crystals 
blocking the pores and forming bulky oxide clusters upon thermal activation. The Fe/Al 
degree of exchange was found to be much lower than 0.5. These results confirmed the 
difficulty in obtaining reproducible results and high Fe-exchange degrees by means of wet-
ion-exchange techniques. 
 
Pérez-Ramírez et al. [442] found that the activity of Fe-ZSM-5 towards N2O decomposition 
depends on the Fe-exchange technique used. Ex-framework Fe-zeolites (EF) and those 
obtained via sublimation (SUB) generally show the highest activities. Lower activity is 
displayed by Fe-zeolites obtained via solid-state ion-exchange (SSIE) followed by those 
treated via WIE. The Fe-loading in the catalyst is the highest for the SUB method, followed 
by SSIE and WIE (same level of Fe achieved) and finally EF. TOFs for these for catalysts are 
in the following order:  
 
EF (Ex-Framework) > SSIE (Solid-State Ion-Exchange) > SUB (Sublimation) > WIE (Wet-
Ion-Exchange). 
 
This clearly proved the dependency of the activity on the Fe speciation. The size of the iron 
cluster has the following order: WIE > SUB > SSIE > EF [442], with the WIE showing the 
largest size distribution and heterogeneity in the iron speciation. These data allowed for a 
direct comparison between activity of the Fe-ZSM-5 towards N2O decomposition and the iron 
clusters size and speciation for Fe-ZSM-5 catalysts. Pérez-Ramírez et al. [447] have 
concluded that the activity towards N2O reduction with CO is highly dependent on the ion-
exchange technique used. For ZSM-5 zeolite, the following reactivity order was found: SUB 
> EF Fe-Silicalite > EF Fe-ZSM-5 > WIE. These results are similar to those obtained for N2O 
decomposition with the same catalysts. Results found in literature are generally differing. The 
reason could lie in the different conditions used during the catalytic test or in the lack of 
reproducibility of results for ion-exchange processes. 
 
Pophal et al. [448] used a wet-ion-exchange technique under reducing atmosphere with Fe-
sulphate and confirmed very high exchange degree (up to 80 %) of the ZSM-5 catalyst. They 
found a direct comparison between the Fe-loading and the activity towards N2O Selective-
Catalytic-Reduction with C3H6, but this cannot be uniquely assigned to the number of Fe-
sites. In fact, additional acid sites are formed during the exchange process, due to the fact the 
Fe ions are divalent. Additional OH groups are formed which might influence the catalytic 
activity of the Fe-zeolite. 
 
Control of pH, salt-precursor and other ion-exchange conditions, such as temperature and 
time are also very important [440], as they strongly influence the iron speciation in the 
catalyst. Recently, Melián-Cabrera et al. [36] demonstrated the improvement in Fe-loading 
and catalytic performance of mesoporous ZSM-5 catalysts. The enhancement of the catalytic 
activity was likely due to the better accessibility of the iron-complexes into the larger pores. 
Comprehensive reviews on the treatment and preparation of Fe-zeolite catalyst and their 
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behaviour in the nitrous oxide decomposition or Selective-Catalytic-Reduction have been 
presented in [439,440,455].  
 
Different authors recently reported about the influence of zeolite topology on the activity, 
stability and deactivation behaviour towards N2O decomposition [440,449]. Fe-Ferrierite 
showed higher resistance to water deactivation compared to Fe- ZSM-5 obtained via the same 
wet-ion-exchange process. Likely, the framework plays an important role in the distribution 
and speciation of the Fe-sites in the zeolite. 
 
High-temperature post-synthesis treatment can also influence the distribution of the iron 
particles and their size in the zeolite micropores, resulting in changes of the catalytic activity 
towards the nitrous oxide decomposition [450]. Iron site modification upon alkaline treatment 
of Fe-ZSM-5 zeolites has also been studied [38]. 
 
Table 18. Influence of the Fe-exchange treatment on the properties of ZSM-5 zeolites for the decomposition of 
N2O, adapted from [442]. 

IE Technique Fe-species  Activity Reference 
WIE Heterogeneous, strongly 

dependent on process 
conditions, big clusters 

Exchange: Fe/Al=0.2-0.4 

Lowest activity, low TOFs 442,451 

Solid state Small clusters and iron oxide 
Exchange: Fe/Al=0.5-0.6 

High activity and quite high TOFs 95,424,450 

Sublimation/CVD Nano-clusters, and bulky 
clusters; after steaming cationic 

species (isolated or nano-
clusters/oligo-nuclear) 

Exchange degree ca. Fe/Al=1 

High activity after heat treatment 
and steaming, low TOFs. High 
stability for N2O decomposition 

with SO2 

452,453,454,455 

Isomorphous 
substitution and 

steaming 

Fine dispersion of mono- and 
oligo-nuclear species 

High activity and stability to SO2. 
Very high TOFs 

442 

 
 

2.5.1.5 Fe-zeolite for the N2O abatement: active sites and reaction mechanism 
 
The debate on the reaction mechanisms and on the nature of the active sites of the Fe-
exchanged zeolites for the N2O decomposition or the N2O SCR with NH3 or HC is still open. 
One of the most widely accepted mechanisms for the N2O decomposition is the cation redox-
cycle mechanism. Fe-sites (denoted in the text as *) are occupied by adsorbed N2O molecules, 
the bond is broken with consequent N2 formation and an atomic oxygen specie adsorbed on 
the surface is generated. It is generally known that the Rate-Determining-Step (RDS) of the 
process is the desorption of these oxygen species. The low rate for the oxygen recombination 
is due to the slow migration of the atomic oxygen species, otherwise referred to as α-oxygen. 
These oxygen species are adsorbed on active sites, which are distant from each other [436]. 
High temperatures increase the oxygen mobility and recombination, therefore improving the 
overall reaction rate [456]. Two mechanisms could parallely operate at this stage: 
recombination of the atomic oxygen to form molecular O2 (step IV) or the further reaction 
with N2O molecules (step III): 

 
(I) *ON*ON 22 →+  
(II) *ON*ON 22 +→  
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(III) *ON*OON 222 ++→+  
(IV) *2O*O2 2 +→  

 
There exist other postulated mechanisms, which are in contrast with the above theory. The 
above study set the oxygen desorption as the rate-determining-step of the reaction [456]. 
Other theoretical investigation [457,458,459] about the nitrous oxide decomposition over iron 
zeolite catalysts showed that the slowest reaction step is the N2O dissociation. Kögel [95] 
proposed a mechanism for the decomposition of N2O in the presence of NO. Apparently, the 
fastest reaction rate for the N2O decomposition in the presence of NO is given by the 
oxidation of NO over the oxidised Fe-sites (after the N2O is decomposed on the Fe-sites). The 
NO helps therefore removing the oxygen from the Fe-sites, which is considered to be the rate-
determining-step of the nitrous oxide decomposition reaction [95].  
 
Transient isotopic studies on the mechanism of N2O activation and reaction with CO and 
C3H8 over Fe-Silicalite [423] revealed that the classical “scavenging mechanism” could 
properly describe the reduction of N2O with CH4 and C3H8 over Fe-Silicalite . If a reducing 
agent such as hydrocarbons or ammonia, is present for the SCR of nitrous oxide, a scavenging 
mechanism is supposed to take place, which allows for a faster removal of the atomic oxygen 
adsorbed on the active sites. This is accomplished via the partial oxidation of the hydrocarbon 
molecules. Generally, the active sites are believed to be oligo-nuclear iron clusters, catalysing 
the reaction via a redox Fe3+/Fe2+ mechanism. The proposed micro-kinetic model assumes 
that the reducing agent, e.g. hydrocarbons (HC) or carbon monoxide (CO), is able to remove 
adsorbed atomic oxygen according to an Eley-Rideal mechanism. The reducing agent 
operates therefore as an efficient oxygen remover. In this case, the overall rate of N2O 
reduction can approach that of N2O activation. If ammonia is used, in addition to the reaction 
scheme seen above, the following reaction takes place [422]: 
 

*3OH3ON*O3NH2 223 ++→+  
 

As proposed in [460], in the case of N2O-SCR with hydrocarbons the general reaction follows 
the path described here below: 

 
(I) *ON*ON 22 +→+  
(II) *COOH*OHC 22 ++→+  

 
For the case of propane mediated SCR the specific reaction is: 
 

*10CO3OH4*O10HC 2283 ++→+  
 

According to the above-mentioned scavenging mechanism, propane is believed to release the 
surface oxygen, sweeping it off from the active site and regenerating the latter (step II). 
Nitrous oxide removal is promoted and, by increasing the rate of the RDS (oxygen removal 
from Fe-site), the overall reaction rate is improved. Because of this, the Selective-Catalytic-
Reduction achieves comparable conversion at much lower temperatures, than those for the 
catalytic decomposition of nitrous oxide. Kögel et al. [95] showed that in the absence of 
nitrous oxide, propane is anyway oxidised (over an Fe-ZSM-5 prepared by solid-state ion-
exchange) by the oxygen in the gas feed, but to a much lesser extent as for the case when N2O 
is also present. On the other side, the formation of CO was the same in the two cases. 
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The N2O decomposition reaction is slightly exothermic, whereas the propane oxidation is 
strongly exothermic [95]: 
 
 222 ONON2 +→     ∆HR (698 K) = -160 KJ/mol 
 22283 CO3OH4O5HC +→+    ∆HR (623 K) = -2036 KJ/mol  
 
With the full conversion of 1000 ppm N2O, Kögel reported an adiabatic temperature increase 
of ca. 3.9 K at 698 K, whereas an increase of ca. 98 K was calculated for the full conversion 
of 1000 ppm C3H8 in He at 623 K [95].  
 
When CO is used as reducing agent, a more complex mechanism is believed to take place. 
Based on the observation that steam-activated Fe-Silicalite, which mostly contains isolated 
iron ions in extra-framework positions, showed the highest activity per Fe-mole, Pérez-
Ramírez et al. [437] stated that the reaction mechanism could involve the reaction of nitrous 
oxide with coordinated CO over isolated Fe-sites: 
 

(I) *CO*CO →+  
(II) *CO*OCO 2 +→+  
(III) *CON*COON 222 ++→+  

 
The role of the atomic oxygen species adsorbed on the catalyst surface is extremely important 
[437,461]. Atomic oxygen species exhibit a diversified behaviour [462]. Nobukawa et al. 
[461] proposed two types of oxygen species originated from N2O activation over Fe-Beta 
during the nitrous oxide Selective-Catalytic-Reduction with CH4:  

 
 (i) nascent oxygen transient species, which are highly reactive and can easily 

activate methane at T > 473 K,  
 (ii) thermally-accommodated oxygen, which led to very low activities even at 623 

K.  
 

Apparently, highly reactive oxygen species are gradually transformed into less reactive ones. 
From this, it was concluded that the life-time of these oxygen species is of utmost importance 
for the performance of the catalyst [5]. The life-time of these species depends on their 
formation and the reactivity over the active sites. This depends on the reaction conditions, 
such as hydrocarbon partial pressure, composition of the reaction gases, and reaction 
temperature [463]. 
 
In case of nitrous oxide Selective-Catalytic-Reduction with alkanes, another reaction 
mechanism has been proposed, which is based on the formation of intermediates, based on 
partially oxidized hydrocarbons. The hydrocarbon molecule is supposed to adsorb on the 
activated Fe-site (step I) and undergo dissociation and/or oxidation (step II and III), forming 
partially oxidised hydrocarbon species (CxHy or CxHyOz). These species are removed from the 
active site by further reacting with either O2 or N2O to form N2, CO2 and H2O: 
 

(I) *HC*HC 8383 ↔+  
(II) *OHC*HCO,ON*HC zyxyx2283 +→+  

(III) 22222zyxyx COOHNO,ON*OHC*HC ++→++  
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As observed by Ruiz-Martínez et al. [278], oxygen enhances the activity of Fe-ZSM-5 for the 
Selective-Catalytic-Reduction of nitrous oxide with hydrocarbons. Oxygen likely participates, 
together with nitrous oxide, to the activation of hydrocarbons over the surface of the catalyst, 
by forming partially-oxidized hydrocarbon compounds. The promoting effect of oxygen on 
the nitrous oxide Selective-Catalytic-Reduction with hydrocarbons could be ascribed to the 
higher reactivity of the active intermediates (CxHyOz), which are favoured to form in the 
presence of oxygen [278].  
 
An alternative reaction mechanism, initially derived for the Selective-Catalytic-Reduction of 
NOx with hydrocarbons, was recently proposed by Sang et al. [464], in order to explain the 
nitrous oxide decomposition. The model involves a nitrate/nitrate mechanism, instead of the 
commonly accepted redox-type catalysis [465]. The nitrate/nitrate mechanism can be applied 
to isolated Fe-cations. The mechanism does not require, nor preclude, the formation of oxo-
bridges. The reaction mechanism is based on a nitrate/nitrate redox and not on the cation-
redox cycle [464]. This model could explain the experimental results obtained via isotopic 
labelling, obtained by Leglise, Petunchi and Hall’s [466]. According to [464], the process is 
based on the following set of reactions: 

 
(I) *ONNO*OON2 −−+↔−+  
(II) *OONN*ONON 22 −−+↔−−+  
(III) *ONON*OONON 222 −−+↔−−+  
(IV) *OONON*ONOON 2222 −−++↔−−+  
(V) 22 NO2ONO2 ↔+  
(VI) *ONO*OON 22 −−↔−+  

 
The presence of H2O in the feed gas inhibits the rate of N2O decomposition by deactivating 
active sites: 
 

Z-[FeO]+ + H2O ↔ Z-[Fe(OH)2] 
 

The reversible process described above is strongly temperature dependent [457]. 
 
Very important for the development of efficient metal-supported zeolite catalysts is the 
identification of the active sites. Unfortunately, due to the heterogeneity of Fe-species 
obtained by conventional ion-exchange methods, it results very difficult to evaluate their 
single contribution in the reaction [467]. There exist different types of Fe-species which can 
be found in the zeolite [468]: 

 
 framework Fe 
 extra-framework Fe 

 isolated Fe in octahedral and tetrahedral positions 
 oligo-nuclear species (oxo-cations of low nuclearity) 
 bulky oxide clusters (Fe2O3 hematite) 

 
As discussed in the previous paragraph, Pérez-Ramírez et al. [442] found a clear correlation 
between Fe-zeolite activity towards N2O decomposition or Selective-Catalytic-Reduction and 
Fe-cluster size and distribution. The control of the iron speciation is obtained by means of 
different ion-exchange processes or post-synthesis treatments [442]. Kumar [468] found that 
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for the direct N2O decomposition oligomers are preferred over isolated Fe3+ ions, in view of 
the easier oxygen recombination of two iron centres that are close together.  
 
The importance of the mono-nuclear iron sites in the reduction of N2O by CO was proved by 
the high activity extra-framework Fe-Silicalite, which exhibits a significant distribution of 
isolated octahedrally-coordinated Fe3+

 
sites. Conversion of N2O using CO as reducing agent 

involves a Fe3+/Fe2+ redox process of both the mono-nuclear and oligomeric Fe-sites. Isolated 
Fe3+ and oligonuclear sites are considered to be the active iron centres [469]. Pérez-Ramírez 
et al. [447] showed the direct dependency of the N2O reduction with CO on the concentration 
of isolated Fe-sites in the zeolite (both mono-nuclear Fe3+ and oligomeric Fe3+

xOy). The 
acidity (both Lewis and Brønsted acid sites) of the zeolite has most likely no effect on both 
the decomposition and SCR of N2O [28,468,470]. Pirngruber [455] observed that iron-oxide 
clusters which were re-oxidised by N2O had higher steady-state activity than those treated in 
O2. That suggests that the oxygen from the N2O is bound in a different way to the iron cluster. 
Guzmán-Vargas, et al. [471] observed that the zeolite type has a great influence on the 
activity of Fe species hosted. Same observations were provided by Kumar [468].  
 
Ruiz-Martínez et al. [447,442] showed that large/bulky Fe2O3 clusters don’t participate to the 
N2O decomposition. Fe2O3 particles deposited during the ion-exchange process are supposed 
to hinder the access of reactants to the active sites [467]. Chen and Centi [472,454] reported 
that these Fe2O3 clusters are promoting the hydrocarbons combustion, whereas other groups 
reported no such effect [424]. The hydrocarbons slip-off and CO emissions can be minimised 
by using Pd catalyst [95,278]. Centi et al. Fe2O3 [454] particles in Fe-ZSM-5 likely lead to 
decreased resistance to deactivation by SO2. Pérez-Ramírez et al. [28] postulated that Fe-sites 
of various nature in the zeolite pore might lead to transport hindrance of the reactants. 
Framework iron ions are not active, since activation of N2O requires coordination of atomic 
oxygen to the active site. These atoms are saturated by the oxygen atoms of the lattice and 
cannot therefore accept further oxygen atoms [28]. As a general rule, an ideal Fe-MFI 
catalysts for the Selective-Catalytic-Reduction of nitrous oxide should contain mainly extra-
framework isolated Fe sites. For the catalytic nitrous oxide decomposition highly dispersed 
oligomeric Fe-sites are required [473]. 
 
 

2.5.1.6 Technical processes: production of N2O and abatement technologies  
 
As mentioned above, the four major processes with consistent emissions of N2O are: nitric 
and adipic acid production, glyoaxal manufacture, and deNOx processes in Three-Way-
Catalysts and industrial emissions. During nitric acid manufacturing (400 Kt N2O per year 
worldwide), N2O is formed as an undesired by-product in the catalytic oxidation of ammonia 
[407,474]. The NO selectivity over the Pt–Rh gauzes is 95–97%, the remaining amount being 
N2 and 1.5-2% N2O, depending on combustion conditions and catalyst composition and state 
[417,474]. Typical conditions of the exhaust flues from a nitric acid plant are [417]: GHSV = 
36000 to 120000 h−1, total pressure of 3 bar, 4.5 mbar N2O, 20 mbar O2, 1-4 mbar NO, 5 mbar 
H2O. Two technical solutions are possible, in order to achieve efficient nitrous oxide 
abatement from the flue gases: in-process gas and tail-gas option. The former involves the 
replacement of the Pt-Rh catalyst with other metal oxide catalysts (zone “a” in the Fig. 81). 
Other catalysts reduce the N2O emissions, but significantly lower the cost efficiency of the 
process and exhibit shorter life-time. The latter approach, also called as “end-of-pipe” 
solution, doesn’t affect the nitric acid production, and generally doesn’t allow for a thermal 
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decomposition process. Catalyst, likely a honeycomb structure to avoid pressure-drop, should 
be placed in the zones “b-e” in the Fig. 81). 
 

 
Fig. 81. Options to control N2O emissions in nitric acid plants with the 5 (a-e) positions where the ZSM-5 

catalyst could be placed and their operating conditions, from [417]. 
 
For high-pressure and dual-pressure plants with high-temperature tail-gases between 725 and 
775 K, Fe-ZSM-5 seems to be a very efficient catalyst for direct N2O decomposition, as it 
exhibits high stability and conversion levels above 90 % at 725 K and GHSV = 60000h-1. 
This technology can contribute to greenhouse gas abatement in a cost-attractive way, since 
ex-FeZSM-5 does not contain any expensive noble metal and keeps a remarkable stability. 
For typical low single- or dual-pressure plants, with temperature exhaust gases between 500 
and 525 K), Fe-ZSM-5 can be efficient only if coupled to pre-heating of the gas feed or an 
SCR process, which increases operation costs [407]. Hydrocarbons would be in any case 
preferred to ammonia. Although the latter is generally present at the production site as 
commodity, hydrocarbons allow for a lower temperature in order to reach reasonable 
conversion levels. In the position “d” (down-stream of the expander) and “e” (up-stream of 
the de-NOx SCR unit) reducing agents are required to promote the Selective-Catalytic-
Reduction over the zeolite catalyst. An additional problem is that, as described below, 
catalysts of the deNOx unit (e.g. Shell DeNOx Lateral-Flow-Reactor [475]) produce 
themselves nitrous oxide [476]. An extensive overview of the processes developed and 
utilised by the major nitric acid producers worldwide (BASF, Grande Paroisse, HITK, Norsk 
Hydro, Krupp Uhde, ECN) is given in [474].  
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Table 19. Processes for the abatement of N2O emissions developed by different companies (2001), adapted from 
[474] (LS = lab-scale, PS = pilot-scale, CS = commercial-scale). * For Krupp-Uhde more up-to-date information 
have been given [477,478] 

Compa
ny 

Process Catalyst X (N2O) Reported  
conditions 

Develop
ment  

Claims Remarks 

ECN Low-T 
SCR 

(C3H8) 

ZSM-5 
(AP SM-
27 or 55) 
Fe-form 

> 90 % T=623 K 
τ=0.12-0.08 s 

1500 ppm N2O 
 

LS 
 

Also De-
NOx 

LPG is 50 to 70% 
of the total annual 

cost 

Krupp 
Uhde* 

Low-T 
SCR 

(NH3) 

SSIE 
ZSM-5 
Fe-form 

95 %. T=698 K 
P=10 bar 

1500 ppm N2O 
 

CS De-NOx 
14 variants 

Long-life time 
under operating 

conditions. 
 

One unit already 
operating in Egypt 

Norsk 
Hydro 

High-T 
SCR 

(NH3) 

Not given 
 

> 90 % T=1123 K-1223 K 
P=1 - 12 bar 
τ=0.02-0.071 s 
1000-1500 ppm 

N2O 
 

PS/CS 600 
catalyst 
tested 

Theoretical 
catalyst life-time > 

5 years 

HITK High-T 
SCR 

(La, Cr, 
Mn, Fe, 

Co,Ni,Cu) 
metal 
oxides 

100 % T>1073 K 
τ=0.36 s 

2000 ppm N2O 

PS - Patent  
DE 198.41.740.A1 

Grande 
Paroisse 

High-T 
SCR 

Al and Zr 
oxides 

77.6 % T = 1123 K 
τ = 0.072-0.36 s 

700-1000 ppm N2O 

LS 
 

N2O-
conversion 

to NO  
(ca. 14 %) 

Patent  
WO 99/64139 

Steinmü
ller (BB 
Power) 

High-T 
SCR 

Various 
metal 
oxides 

- T=1073-1273 K 
 

LS 
 
 

N2O is 
converted 

to NO 

Patent  
WO 99/07638, DE 
19805202 bought 

by BASF 
BASF 

(I) 
High-T 

SCR 
8wt % 

CuO 30wt 
% ZnO 
62wt % 
Al2O3 

> 80 % T=1123-1193 K 
P =4-6 bar 
τ  < 0.1 sec 

600 ppm N2O 

LS 
 

- Patent  
WO 99/55621. 

BASF 
(II) 

 CuO on an 
Al2O3 
carrier 

80 % T=1073-1173 K, 
P =1-5.5 bar 

τ = 0.09-0.1 sec 
1000-1400 ppm 

N2O 

CS Operation 
> 2 years 

 
Possible 
Cu in the 
fertilizer 

 

New data suggests 
a bed height of 100 

mm and a 
residence time of 

0.06 sec. for a 
conversion of 80% 

 
Uhde [479] has lately developed and already commercialized an innovative unit (Envinox®), 
based on a solid-state ion-exchanged ZSM-5 catalyst [95,424], for the simultaneous removal 
of NO and N2O from the exhaust flues of nitric acid plants. Many different variants (two are 
reported in Fig. 82) are possible depending on the operation conditions, with very high 
efficiency and long life-time [479]. 
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Reactions in the DeN2O® stage: 

2 N2O + 2 NO → 2 N2 + 2 NO2 

2 NO2    ↔ 2 NO + O2 

2 N2O    → 2 N2 + O2 

Variant 1 

Reactions in the DeNOx stage: 

6 NO2 + 8 NH3 → 7 N2 + 12 H2O 

4 NO + O2 + 4 NH3 → 4 N2 + 6 H2O 

DeNOx 
catalyst 

DeN2O® 
catalyst 

En
vi

N
O

x®
 - 

re
ac

to
r 

Tail gas 
turbine 

Clean gas tail 

Ammonia (gas) 

To atmosphere 
Tail gas with N2O 
and residual NOX T > 450 °C 

Reactions in the DeNOx stage: 

6 NO2 + 8 NH3 → 7 N2 + 12 H2O 

4 NO + O2 + 4 NH3 → 4 N2 + 6 H2O 

DeN2O® 
catalyst 

DeNOx 
catalyst 

En
vi

N
O

x®
 - 

re
ac

to
r 

Tail gas 
turbine

Tail gas with N2O 
and residual NOX 

Clean gas tail 

Hydrocarbons 

To atmosphere 

Variant 2

Ammonia (gas) T = 300 - 500 °C 

Reactions in the DeN2O® stage: 

(2n+1) N2O + CnH2n+2 → (n+1)+ n CO + (n+1) H2O 

(3n+1) N2O + CnH2n+2 → (3+1)+ n CO2 + (n+1) H2O 

 
Fig. 82. Two possible variants of the Uhde Envinox® process [479]. 

Van den Brink et al. [480] achieved simultaneous removal of NOx and N2O in a single reactor 
by Selective-Catalytic-Reduction with propane over a stack of Co-ZSM-5 and Pd/Fe-ZSM-5. 
Recently, also alternative catalysts such as mesoporous SBA materials have been successfully 
tested for the N2O decomposition in exhaust gases produced nitric acid plants [481]. 
 
A very comprehensive review on the technologies for the abatement technologies for N2O 
emissions in the adipic acid industry is given in [482,483].The adipic acid (AA) worldwide 
production in 1998 was estimated to reach the 2305000 t, with the formation of around 0.2-
0.3 Kg N2O per Kg AA produced. The exhaust gas composition generally is: N2O 23-60 %, 
NO2 17 %, N2 47 %, O2 7.5 %, H2O 3 %. The biggest adipic acid producers developed 
different abatement technologies, which led to a reduction of the emission of 98% (Asahi), 
90±95% (BASF) and 98% (Dupont). BASF and Dupont utilised metal oxides and their 
mixture as catalyst, Engelhard exploited Cu-ZSM-5 as catalyst, Asahi applied a thermal 
decomposition process, Bayer a reducing flame burner and Solutia and Monsanto decided to 
utilise N2O for the in-situ production of phenol via the benzene hydroxylation over an MFI-
type zeolite catalyst. Such technique cannot be implemented in the nitric acid industry 
because highly-concentrated N2O is required [407].  
 
With their low combustion temperature, fluidized-bed combustors (FBC) of fossil fuels, 
biomass, and nitrogen-containing industrial or municipal waste produce low emission levels 
of NOx, and exhibit optimal sulphur-capture [484]. Because of this, N2O emissions are 
strongly increased. Fluidized bed combustion (FBC) [485] emits relatively high nitrous oxide 
concentrations with regard to other combustion systems, ranging from 10 to 600 ppm 
depending on combustion temperature and fuel used [486]. The most important pathways to 
N2O formation are homogeneous oxidation of volatile nitrogen compounds and heterogeneous 
reactions. HCN was found to be the most important source of N2O from combustion [484]. 
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Fig. 83. Options to control N2O emissions in fluid-bed combustors (FBC) with the 4 (a-d) positions where the 

ZSM-5 catalyst could be placed and their operating conditions, from [417]. 
 
Catalysts have to operate [278] at GHSV between 6000 and 12000 h-1, O2 between 2 and 10 
% and H2O till a concentration level 10 %. Traces of NO, sulphurs and CO are also present 
[278]. Together with water, they can produce reversible inhibition, deactivation (poisoning), 
alternative reactions, and limit the decomposition rate of N2O. As shown in Fig. 83, the two 
possible locations for a ZSM-5 catalyst [417]. Because of the high temperature and attrition, 
in the combustor (zones “a” and “b” in the figure above) calcined limestone and other Ca-
containing materials are preferred. Fe-zeolite utilisation in the end-of-pipe configuration 
(sectors “c” and “d”) has been proposed. In the position “d”, catalyst pre-heating or the 
addition of hydrocarbon are necessary, whereas in “c” the temperature is high enough to allow 
for an efficient nitrous oxide removal by simple catalytic decomposition. Because of the 
conditions present in this zone, the monolithic reactor configurations is required [417], in 
order to avoid plugging of the catalytic bed and generate excessive pressure-drop.  
 
The reaction between acetaldehyde and nitric acid in the manufacturing of glyoxal (Fig. 1) 
produces concentrated N2O emissions (up to 60 %). Different end-of-pipe technologies have 
been developed, using the know-how built with the abatement of the emissions in nitric acid 
production plants. Clarian has installed a N2O decomposition unit operating with an ion-
exchanged Fe-Ferrierite catalyst and diluting the off-gas with air at the inlet of the process, to 
control the exothermicity of the reaction. 
 

 
Fig. 84. Flow sheet of the N2O abatement treatment in a glyoxal production unit [417]. 

Nitrous oxide can be formed as an intermediate during the catalytic reduction of nitric oxide 
(NO) to molecular nitrogen in the TWC units of car exhaust systems and waste gases from 
stationary sources [476,487,488]. At high temperatures, N2O is directly reduced to N2, 
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however, at lower temperatures N2O is an intermediate product. The reactions involved over 
rhodium, platinum, palladium and Cu-Ni oxides catalysts are the following:  

 
22 COONCNO2 +→+  

222 CONCOON +→+  
OHONHNO2 222 +→+  

 
In the case of automotive emission, the average value for N2O emissions measured for TWC-
equipped vehicles is 20 mg·km-1 [489], depending on the operating conditions and catalysts 
used. Operation conditions in de-NOx-SCR converters on board of diesel vehicles are 
generally: GHSV = ca. 50000 h-1, T = 573-723 K and feed gas containing 10 % O2, 5 % H2O, 
1000 ppm of NO and ammonia-slip from the SCR units and low N2O amounts produced by 
the reaction above [227,229,310]. In stationary emissions, e.g. nitric acid plants the catalysts 
most commonly employed for deNOx are V2O5/TiO2 anatase (Shell DeNOx system), V2O5/γ-
Al2O3 (Rhone Poulenc DN 110 catalyst) and Cu-Ni oxides/γ-Al2O3 (Espindesa DeNOx 
catalyst) and they are responsible for nitrous oxide formation [476]. N2O can also be formed 
in flue-gases containing low concentrations of NO, SO2, O2 and H2O, which are rather typical 
conditions for in post-combustion exhaust gases from combustion units [490]. Recently, 
Pérez-Ramírez et al. [491,492] proposed a dual-bed catalytic system (two serial catalyst-beds, 
similar to the Uhde concept presented above) for the combined NOx and N2O removal in flue-
gases of combustion engines. In a first bed, the NOx is reduced at 475 K by propene over a Pt 
catalyst with high conversion (90 %) but also considerable N2O formation (300 ppm). In a 
second bed, the N2O is completely decomposed or reduced by hydrocarbons at 775 K over 
different mixed oxides derived from hydrotalcites (ex-Co-Rh, Al-HTlc catalyst) and Fe-ZSM-
5 [491]. 
 
 

2.5.1.7 N2O SCR and monolithic catalysts 
 

The use of monolithic catalysts for the Selective-Catalytic-Reduction of nitrous oxide 
has been lately reported in some publications [417,492]. Both extruded catalyst monoliths 
[95,417] and catalyst-coated cordierite honeycombs [278] have been employed for this 
process, because of their higher effectiveness factor and because of the requirements of low 
pressure-drop at high flow-rates related to Fluidised-Bed-Combustion (FBC), Three-Way-
Catalysts (TWCs) and nitric acid processes, low contact times and problems (e.g. in FBC) 
associated to pore plugging and dust/particulate fouling. Examples of metal catalysts (e.g. Rh) 
supported on TiO2- and Al2O3-sepiolite monoliths can be found in [493,494]. Noble and 
transition metal oxides on cordierite honeycombs [495] and metallic [496] have also been 
used. Recently, investigations on the use of 400 cpi cordierite-supported (by dip-coating) Fe-
ZSM-5 zeolite for the bench-scale N2O SCR with hydrocarbons under real-world FBC 
conditions have also been presented [5,278]. 
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2.6 Conclusions 
 
In the current chapter, a broad overview on zeolites, zeolite coatings, catalysis with zeolites 
(in particular the N2O decomposition and Selective-Catalytic-Reduction), monolithic reactors 
and alternative processes for the development of structured ceramic carriers has been given. 
In this subchapter, the topics discussed above will be summarized. Additionally, the 
motivations of this PhD work will be highlighted based on the state-of-the-art reported above. 
 
Since the late eighties, great efforts have been made towards the development of zeolite 
coatings, as shown by an increasing number of patents and publications on the topic 
(subchapter 2.1 and 2.2). Supporting zeolite onto carriers or substrates of different nature, 
composition and structure/architecture represented a great improvement for the technical 
applicability of zeolitic materials in traditional and emerging fields like catalysis, adsorption, 
separation and sensors. Indeed, the combination of different materials (zeolite and carrier) 
with different properties can lead to important synergies, allowing for the manufacturing of 
multifunctional composites, and broadening the range of applications of zeolitic materials. 
More specifically, zeolite-coated composites are playing an increasingly important role in 
environmental catalysis.  
 
One of the possible configurations is represented by zeolite coatings onto monolithic 
substrates (subchapter 2.3). Monolithic catalysts are very interesting configurations when 
dealing with catalytic reactions characterized by low contact times, high flow-velocities and 
severe operation conditions, like most of the so-called environmental catalysis reactions (e.g. 
deNOx, VOC and deN2O). One of the most important processes, together with the deNOx and 
VOC destruction, is the abatement of the nitrous oxide (N2O) emissions from fludised-bed-
combustors (FBC), TWC units for cars, and nitric and adipic acid plants. Established 
technology for the abatement of nitrous oxide emissions in exhaust-gas treatment units rely on 
the use of fixed-bed reactors. Nevertheless, the pressure-drop and the scarce temperature 
control of random catalyst packings pose limitations to their applicability in most of the 
technical processes (subchapter 2.5).  
 
Fe-zeolites and, in particular, Fe-ZSM-5 have already proven their outstanding potential as 
catalyst for the N2O decomposition or Selective-Catalytic-Reduction in the presence of 
reducing agents, such as ammonia or hydrocarbons (subchapter 2.5). Understanding the 
reaction mechanism and the catalyst behaviour represents a very crucial point in the 
improvement and in the choice of the optimal catalyst. One other very important aspect is the 
engineering of the most favourable reactor design, which requires the exploitation of novel 
materials processing and technologies. Monolithic reactors, in this case, consent the operation 
at high flow-rates with reduced pressure-drop and relatively high contact times, allowing for 
better efficiency and energy saving. 
 
Generally, there exist two major types of monolithic substrates as structured catalytic 
supports: ceramic and metallic (subchapter 2.3). The extrusion technique for the ceramic 
(mostly cordierite) honeycomb preparation is a rather established technology. Cordierite 
exhibits low CTE and high mechanical strength. On the other side, cordierite has poor thermal 
conductivity, which results in adiabatic conditions and low temperature control during 
operation. In addition, limited shapes and structures can be accomplished by means of 
extrusion processes for the fabrication of ceramic honeycombs. Metallic monoliths, although 
better performing in term of mechanical stability, pressure-drop and heat-conductivity, cannot 
fulfil all the requirements of structured catalyst in the broad range of catalytic applications. 
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Research is currently focused on the development of ceramic honeycombs by means of 
alternative, cheap and flexible processes, with better heat-conductivity, higher surface area, 
higher mechanical stability, lower TEC, higher porosity and possibly additional 
functionalities.  
 
Novel promising SiSiC monolithic ceramic (subchapter 2.4) supports are developed by means 
of the so-called Liquid Silicon Infiltration technique (LSI). Because of their low TEC and 
high mechanical strength and thermal/electrical conductivity, these materials are believed to 
represent suitable monolithic supports for zeolite coatings. LSI is considered to be a very 
flexible and cheap process compared to extrusion/sintering techniques, and can be used in 
combination with bio-derived materials for the preparation of ceramic replicas with fine 
controlled microstructures and complicated pore networks, generally not obtainable by means 
of moulding or extrusion processes. The utilisation of SiSiC ceramic supports would allow for 
the development of a synergic zeolite coating process, which utilises the metallic Si of the 
ceramic support as the Si-source for the zeolite crystallisation process.  
 
The coating of structured SiSiC ceramic supports with zeolite can be accomplished by means 
of various techniques (see subchapter 2.2.2.1 and 2.2.2.2), each of them presenting 
advantages and disadvantages as well. One of the most utilised methods is the dip-/slurry-
coating process. At present, monolithic catalysts based on zeolites are mostly prepared by 
means of dip-coating processes, using cordierite honeycomb as substrate. In this case, the 
catalyst loading is generally limited and the mechanical adhesion of the zeolite layer is rather 
poor. This coating method is very flexible and easy. Any zeolite type can be purchased or 
synthesised, functionalised or tuned with the desired properties by post-synthesis treatments 
and coated by means of a binder and a solvent. The binder indeed reduces the activity and 
porosity of the catalyst. The coating process represents a fairly delicate step and the formation 
of an uneven coating (meniscus at the channel corners) decreases the catalyst effectiveness. 
The deposition or growth of zeolite onto the honeycomb substrate seems to be a promising 
way in order to obtain high specific surface area, good catalyst dispersion and accessibility 
and rather good stability of the coating. Advantages and disadvantages of the two coating 
approaches (in-situ synthesis and dip-/slurry-coating) have been listed and discussed, but no 
clear answer is given concerning the best option in view of catalytic applications, owing to a 
lack of know-how concerning this topic.  
 
On one side, the dip-coating technique generally offers higher catalyst exposure (inter-
crystalline porosity), although in most of the cases the binder can also negatively affect the 
catalyst porosity and activity, without offering an ideal anchoring of the catalyst to the 
support. Hydrothermal zeolite growth often produces compact films of intergrown crystals, 
which offer reduced accessibility but definitely higher mechanical strength of the coating. 
Hydrothermal techniques are usually long, costly and complicated, with a large number of 
variables which tend to harshly decrease the reproducibility of results. An ideal coating 
process should allow for improved zeolite adherence to the substrate, increased catalyst 
loading per unit volume, enhanced compatibility support-zeolite coating, high catalyst 
accessibility and reduced excess product formation, which can cause pore plugging and 
handling problems. One variant of the conventional direct hydrothermal synthesis of zeolite 
coatings is the in-situ crystallisation in the presence of active or reactive supports (Support 
Self-Transformation technique). In this case, part or all the framework builders and nutrients 
for the zeolite crystallisation are present in the carrier and not only in the precursor solution, 
as for conventional hydrothermal synthesis. A dissolution/crystallisation process is expected 
to take place at the interface solid substrate and liquid, which would possibly allow for a 



2 Fundamentals and state of the art                                                                     2.6 Conclusions 
 

110 

higher coating selectivity, reduced excess powder formation and better compatibility/bonding 
between the ceramic substrate and the zeolite crystals. This method has only lately been 
presented. The lack of information and systematic studies about this novel coating technique 
are calling for a more in-depth study of the topic, in order to control the structure and 
properties of the zeolite coating and of the composite material. 
 
One possibility would be to utilise SiSiC substrates as active supports for the direct zeolite 
growth via the above mentioned Support Self-Transformation technique. The relatively high 
Si-content of the SiSiC substrates and the solubility of metallic Si in alkaline environment 
would likely allow for a dissolution/crystallisation process. The precise control of the reaction 
conditions and understanding of the reaction mechanisms are necessary in order to obtain a 
zeolite coating with the desired composition and properties on the ceramic substrate. The 
successful implementation of the LSI process for the SiSiC support preparation and of such 
alternative zeolite coating technique would allow for the development of novel, more 
efficient, environment-friendly catalysts with longer improved performances and synergic 
functionalities. Given the nature of the substrate and of the coating process, higher 
compatibility between the zeolite coating and the ceramic substrate are expected. 
 
The scope of this research work was the development and understanding of the direct MFI-
type zeolite growth (via the Support Self-Transformation technique) onto SiSiC structured 
monolithic substrates. A deep understanding of the dissolution process of Si from the SiSiC 
substrates and of the reaction mechanism for the MFI-type zeolite growth on the above 
supports are fundamental for the successful implementation of this novel coating technique. 
The role of the different parameters during synthesis has to be investigated, in order to draw 
an appropriate reaction/synthesis mechanism and a suitable model for the crystallisation. The 
properties and performances of the MFI-type zeolite coatings obtained have to be evaluated 
in comparison to the current state-of-the-art coating techniques for the fictionalisation of the 
surface of monoliths with zeolite. 
 
In order to study the applicability of such structured SiSiC/zeolite composites in catalytic 
processes, the N2O SCR with propane was used as a test reaction. The catalyst were 
exchanged with iron, prior to catalytic testing. Recently, investigations on the use of 400 cpi 
cordierite-supported (via dip-coating) Fe-ZSM-5 zeolite for the bench-scale N2O SCR with 
HC under real-world FBC conditions have also been presented. The comparison of the 
catalytic performances of the ceramic/zeolite coating obtained via different method would 
allow for an objective evaluation of the SiSiC/ZSM-5 composite (obtained in this work via 
the Support Self-Transformation technique) in terms of feasibility for environmental catalytic 
applications. 
 
The detailed scope of this research work can be organised into the following sections: 
 
1. Preparation and characterisation of the monolithic supports for the zeolite coating(chapter 

4.1): 
 

 Preparation of SiSiC monoliths of desired structure, size and geometry in a 
reproducible manner, following the LSI technique developed in Materials 
Science Department (WW3) of the University of Erlangen-Nürnberg (Prof. 
Greil).  
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2. Preparation and characterisation of the monolithic supports for the zeolite coating(chapter 
4.2): 

 
 Development of MFI-type zeolite coatings on various structured SiSiC ceramic 

monoliths. 
 
 Applying and studying the mechanism and the effects of a new in-situ zeolite 

growth technique (Support Self-Transformation or SST) for substrates 
containing or consisting of one or more framework builders for the MFI zeolite 
crystallisation (in this specific case metallic silicon).  

 
 Investigating the conditions for the MFI-synthesis window following the 

technique mentioned above. 
 
 Studying the influence of the synthesis conditions on the chemistry, structure 

and properties of the zeolite coating, by means of crystallisation kinetics studies 
with systematic variation of the synthesis parameters.  

 
 Comparison of the SST coating process with common coating techniques 

(conventional hydrothermal and dip-/slurry-coating) 
 
 Measurement of the adhesion of SST, HT (hydrothermal) and DC (dip-coated) 

ZSM-5 coatings. 
 
 
3. Catalytic tests (chapter 4.3): 
 

 Construction of a reactor setup for the nitrous oxide Selective-Catalytic-
Reduction (SCR) with propane, in order to test the catalytic performances of the 
SiSiC/ZSM-5 composites. 

 
 Application of the in-situ ZSM-5 coatings on SiSiC monoliths (SST monolith) in 

the N2O SCR with C3H8 after appropriate functionalisation with Fe-precursors 
via wet ion-exchange (WIE).  

 
 Screening of the catalytic activity of different Fe-exchanged ZSM-5 coatings 

obtained via the Support Self-Transformation technique, in order to find the best 
synthesis conditions. 

 
 Study of the influence of different reaction parameters on the activity of the 

catalyst. 
 
 Optimisation of the Wet-Ion-Exchange process for the ZSM-5 zeolite using a 

commercial powder catalyst in order to achieve better and easier reproducibility 
of results. N2O decomposition in a fixed-bed reactor can be used as the test 
reaction for preliminary the catalyst screening.  

 
 Implementation of the WIE process for the zeolite coatings on SiSiC ceramic 

supports. 
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 Comparison of the results of the N2O Selective-Catalytic-Reduction with C3H8 
for the SST Fe-ZSM-5 coatings a with a reference catalyst, such as the Fe-form 
(via WIE) of the commercial ALSI PENTA SM-27 ZSM-5 zeolite in a fixed-bed 
reactor (this is considered the state-of-the-art catalyst configuration for this 
reaction). 

 
 Deposition of the same Fe-exchanged catalyst via dip-coating (DC) on the SiSiC 

monolith for direct comparison with the pellets and the in-situ grown MFI 
coatings.  

 
 Comparison of the performance of the SiSiC monoliths (SST and DC) with a 

conventional 400 cpi cordierite honeycomb wash-coated with the same catalyst 
powder mentioned above.  

 
 Comparison of the results with the-state-of-the-art in literature, in order to 

estimate the potential of the SST SiSiC/zeolite composites. 
 
 Measurement of the pressure-drop of fixed/bed reactor and monolithic 

configuration for the N2O SCR with C3H8 under operation conditions.  
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3 Experimental 
 
This chapter gives an overview of the experimental procedures used in this work for the 
preparation and post-synthesis modification of the zeolite coatings and zeolite catalysts. 
Detailed description of the catalytic tests that were performed and the reactor setups utilised is 
also given herein. Precise conditions and parameter variations will be specified in the relevant 
sections in the following chapters, along with the results.  
 
In general, the work is divided into three main sections:  
 

 preparation of the SiSiC ceramic substrates,  
 crystallisation and post-synthesis modification of the MFI-type zeolite on the 

surface of the above mentioned ceramic supports  
 catalytic tests of the structured catalysts in a monolithic reactor setup.  

 
The entire preparation of the SiSiC substrates was done with the support of the Materials 
Science Department (WW3) of the University of Erlangen-Nürnberg (Prof. Greil). The 
samples for the infiltration were prepared at the Department of Chemical Reaction 
Engineering of the University of Erlangen-Nürnberg. The ceramisation process was carried 
out in IKTS (Dresden), utilising a procedure developed by Greil et al. [362,386] for the 
production of SiSiC ceramics via LSI. The entire preparation of the SiSiC supports for this 
research work was done under the constant supervision and direction of the Department of 
Materials Science in Erlangen (WW3). Without the many years of experience accumulated in 
the group of Prof. Greil on the LSI process, this entire work would have not been possible. 
The development of new SiSiC substrates or their improvement was not one the aim of this 
work. Our target was to prepare a batch of monolithic SiSiC samples with good 
reproducibility and technically interesting structures, to be used as active substrate for the 
growth of MFI-type zeolite following the technique mentioned above.  
 
At the end of the chapter, two flow-charts will be displayed, which show the whole procedure 
adopted for the preparation and characterisation of SiSiC/zeolite composites. The diagrams 
sum-up the entire experimental work conducted during this PhD research in a comprehensive 
way. 
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3.1 Sample preparation 
 
3.1.1 SiSiC ceramic monoliths preparation 
 
SiSiC ceramics were prepared via the Liquid-Silicon-Infiltration (LSI) or melt-Si infiltration 
technique. Two bio-derived templates were specifically used for this work: Rattan stems and 
one-side corrugated cellulose-derived cardboard. Before being subjected to the ceramisation 
process, samples have been shaped, cut and finished into the desired size and morphology.  
 
Specimens of dried native Rattan were cut, shaped into cylinders (length 57 mm and 36 mm 
diameter) and polished. Commercially available one-sided corrugated cardboard sheets 
consisting of recycled, secondary cellulose fibre papers (Wellpappenwerk, Germany) were 
initially cut into bands of 5.6 cm width and about 1 m length, with the corrugations running 
lengthwise. These sheets were rolled-up and approximately the last 5 cm of corrugated paper 
were removed. 
 

 
Fig. 85. One-side corrugated cellulose-derived cardboard rolls. 

Cylindrical cellular monoliths (~ 34 mm diameter and 56 mm length) were formed and glued 
with poly-vinyl-acetate glue (Ponal, Henkel, Germany). Single samples were joined together 
by means of cardboard pieces and glue, to ease the handling of a large number of specimens. 
Afterwards, samples were dried for 24 h at room temperature. 
 

 
Fig. 86. Cardboard-derived monoliths joined together for the ceramisation process. 

After drying at 373 K for 12 h, both the cylindrical Rattan and cardboard-derived monolithic 
samples were pyrolysed in an electrical heated furnace under argon atmosphere at 1073 K for 
4 h. A slow heating rate of 1 K/min was applied up to 773 K, in order to prevent crack-
formation. At this temperature, the wood polysaccharides (cellulose, hemicellulose) and the 
lignin were decomposed to carbon. Afterwards, a heating rate of 5 K/min up to the peak 
temperature of 1073 K was used. Sixty monoliths were pyrolysed in two runs. At the end of 
this step, the so-called carbon performs (CB) or bio-carbon templates were obtained. 
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Subsequently, the carbonised CB-templates were infiltrated in an electrically heated furnace 
inside a carbon crucible at 1823 K under vacuum with liquid Si (Si-powder 99%, d50=6.8–7.6 
mm, Silgrain, Wacker, Germany) for 1 h, according to procedures previously published 
[362,386]. An excess of Si of 100 wt %, with respect to the stoichiometric amount for the 
conversion of C into SiC, was used for this process. Samples were placed in a horizontal 
position in the furnace. Both pyrolysis and Si-infiltration were performed at IKTS 
(Fraunhofer-Institut für Keramische Technologien und Sinterwerkstoffe, Dresden). In 
addition, some smaller Rattan-derived monolith (diameter of 1.2 cm and a length of 3.6 cm) 
were also prepared at the Department of Materials Science in Erlangen, following the same 
procedure. 
 

 
Fig. 87. Flow-chart of the LSI process. 

For the experiments on the zeolite crystallisation kinetics, some of the monoliths were cut into 
smaller pieces, using a diamond saw. Rattan-derived SiSiC samples were sliced into disks of 
4 to 5 mm thickness, whereas the cardboard-derived ceramics were cut into half disks with 
10-15 mm thickness. After cutting, samples were washed with boiling water and acetone, and 
finally dried for 24 h at 373 K, before being used for the zeolite coating process. 
 
 

3.1.2 MFI-type zeolite crystallisation onto SiSiC substrates: SST method 
 
The zeolite coating technique developed, consisted of a hydrothermal crystallisation process 
in the presence of the SiSiC substrate. As the support played an active role in the 
crystallisation process, this technique has been called Support Self-Transformation (SST). In 
fact, no additional Si-source was used in the synthesis mixture and the only Si present in the 
batch was the metallic silicon contained in the ceramic substrates (Si-SiC). The synthesis 
mixture for the MFI coating (Silicalite -1 and ZSM-5) was achieved by mixing de-ionised 
water, sodium-hydroxide (NaOH, purity 98 %, Riedel-deHaën) and tetra-propyl-ammonium-
bromide (TPABr, purity > 98 %, Merck) for 15 min.  
 

 
Fig. 88. Graphical representation of the TPA+ molecule 

For the synthesis of ZSM-5 coating, aluminium nitrate [Al (NO3)3·9H2O, purity > 95 %, 
Merck] was added and the solution was stirred for another 15 min. In some experiments, Al-
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isopropoxide Al(OC3H7)3 (Sigma Aldrich, purity > 99 %) was used as the Al-source. The 
synthesis mixtures had the following general molar compositions: 1 SiO2 : x Al2O3 : y TPA2O 
: z Na2O : k H2O, where x = 0 - 0.02, y = 0 - 1.5, z = 0.15, k = 75. The Si amount represents 
the fraction of metallic Si which is contained in the SiSiC sample used as support. As 
conventionally used, the molar compositions have been expressed in the oxide form. 
 

 
Fig. 89. Support Self-Transformation: flow-chart of the procedure developed and utilised in this work. 

The hydrothermal synthesis was accomplished in pre-heated convection ovens at different 
temperatures (398 - 473 K) for synthesis times ranging from 6 h to 384 h, under static 
conditions and autogeneous pressure. Teflon-lined stainless-steel autoclaves were used for the 
above mentioned purpose (Fig. 91). Two autoclave types were used, one for the small 
samples (50 ml volume) for the crystallisation kinetics studies and one (250 ml) for the full-
body monoliths for the catalytic tests in the monolithic reactor setup. 
 

   

Stainless Steel Teflon Liner

Stainless Steel Cap Teflon Cap

 Sealing Ring

 
Fig. 90. Picture (left side) side and sketch (right side) of the 50 ml Teflon-lined stainless-steel autoclaves for 

experiments on the zeolite crystallisation kinetics. 
 
For verification purposes, fluoride media was also used as a viable mineralizing agent for the 
Support Self-Transformation technique: one series with the fluoridic acid (HF, 40%, Riedel 
de Haёn) and one of the same composition but without it were prepared. TPAOH 
((C3H7)4NOH, 1 M, Sigma Aldrich) was also used as the template and hydroxide source in 
some experiments. One more series was prepared by adding ex-situ synthesised Silicalite -1 
crystals in the amount of 5% of the sample weight. Seeds were prepared by hydrothermal 
synthesis at 453 K with the following composition of the synthesis mixture: 1 SiO2: 0.16 
TPA2O : 29 H2O. Experiments using different Si-sources were also performed, using the same 
preparation described above. Si powder (Silgrain, d50 = 7.6 µm, Elkem, Germany) and SiC 
powders (F500B, d50 = 16 µm, H.C. Starck, Germany) were utilised to test their solubility 
under alkaline conditions and check the possibility of using them as Si-sources for the zeolite 
crystallisation process.  
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Monoliths obtained by means of the Support Self-Transformation process will be called SST 
monoliths from now on. Dissolution kinetics tests for the SiSiC specimens under different 
conditions (e.g. temperature) were also carried out in the same autoclaves, using NaOH/water 
solutions. 
 
 

3.1.3 Post-synthesis treatment 
 
After synthesis, the specimens were removed from the autoclaves, cleaned in boiling water 
and ethanol, and finally dried overnight at 373 K and calcined in a muffle oven at 823 K in air 
(6 h ramp, 6 h dwelling time, slow cooling), in order to obtain the template-free form of the 
zeolite coating. 
 
In order to get the NH4-form of the SiSiC/ZSM-5 samples, wet ion exchange was 
accomplished in a 1 M ammonium nitrate solution (NH4NO3, purity > 98 %, Riedel-de Haën) 
under stirring for 24 h at 353 K and calcined at 823 K in air for 6 h. The solution to solid ratio 
was ca. 20, considering the weight of the whole SiSiC/zeolite composite. 
 
For the NH3-TPD measurements, the H-form of the zeolite coating was accomplished by 
thermal treatment in He flow (50 ml/min) directly in the quartz glass tube reactor inside the 
TPD setup (see section 3.2.1). A temperature ramp of 10 K/min up to 827 K was applied, and 
the maximum temperature held for 120 minutes. 
 
A wet-ion-exchange technique was utilised also for the Functionalisation of the zeolite with 
Fe. The ion-exchange process to obtain the Fe-form of the SiSiC/zeolite composites (initially 
in the NH4-form) was carried out in a 0.2 M solution of (FeNO3)3·9H2O (Riedel-de Haën, > 
98 %) for 24 h at 353 K under a constant flow (120 ml/min) of nitrogen, in order to avoid 
oxidation of Fe2+ to Fe3+. Afterwards, samples were thoroughly washed with distilled water. 
Finally, the samples were calcined at 823 K in air for 3 h. A picture of the device used for the 
wet-ion-exchange under reducing conditions is shown in Fig. 91.  
 

 
Fig. 91. Setup used for the wet-ion-exchange with Fe-salts under nitrogen atmosphere. 

The overall flow-chart of the post-synthesis modification of the SiSiC/zeolite composites 
obtained by means of the SST technique is reported in Fig. 92.  
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Fig. 92. Flow-chart of the post-synthesis modification of the SiSiC/zeolite composites from Na-form to H-form 
and Fe-form. 

 
 

3.1.4 Fe-ZSM-5 zeolite powder  
 
In order to optimise the wet-ion-exchange process (to obtain the Fe-form), different 
conditions were applied, using a commercial ZSM-5 type zeolite catalyst (ALSI PENTA SM-
27 or SM-55) as standard reference sample: 10 g of powder in the NH4-form was treated with 
the Fe-nitrate solution. Fe-form zeolite catalysts were tested for the N2O decomposition in a 
fixed-bed reactor setup. Specific conditions will be reported below, when discussing the 
results in the next chapter. Samples were filtered and cleaned with distilled water (1 l per 10 g 
powder), before being calcined in the muffle oven at different temperatures and under 
reducing or oxidative conditions (see Table 39).  
 
 

3.1.5 Alkaline treatment of ZSM-5 zeolite powder  
 
Before ion-exchange with iron salts, some of the zeolite powders were subjected to an 
alkaline treatment in order to generate mesoporosity. The powders were exchanged in a 
second step, in order to obtain the iron form. Experiments were conducted in glass bottles, by 
treating the zeolite powders at different temperatures with NaOH water solutions of different 
molarity. Specific conditions of the alkaline treatment will be reported in the chapter 4. Some 
systematic studies, in order to find the influence of parameters like temperature and time, on 
the degree of leaching of the zeolite powders, have been also conducted. After the alkaline 
treatment, the powders were exchanged to NH4- and, finally, to Fe-form as discussed above. 
The specific conditions used in the various experiments can be found in Table 37. Similar 
experiments have been conducted also on SiSiC/ZSM-5 monoliths (see Table 38). 
 
 

3.1.6 Dip-coating of ZSM-5 zeolite on SiSiC monoliths 
 
Some cardboard-derived SiSiC monoliths were dip-coated with ZSM-5 zeolite. These 
samples were prepared for two reasons. The first was to obtain Fe-ZSM-5 dip-coated 
monoliths for the comparison of the catalytic performances with the SST monoliths in the 
N2O Selective-Catalytic-Reduction with C3H8. The second aim was to compare the adhesion 
strength of zeolite coatings obtained with different coating techniques. Monoliths coated with 
zeolite by means of the dip-coating process will be called DC monoliths from now on. 
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The Fe-ZSM-5 of the parent SM-27 zeolite obtained via wet-ion-exchange under nitrogen 
atmosphere (IRON-1) was used to coat the surface of ceramic supports. 60 g of powder was 
ion-exchanged in one batch. Powders were dip-coated onto cardboard-derived SiSiC ceramic 
monoliths and one Cordierite honeycomb (400 cpi) for comparison. The zeolite powder and 
an alumina binder (Pural B, Sasol, South Africa) in a ratio 9:1 were mixed together in a 
mortar. Afterwards, a peptizing agent such as acetic acid (Sigma-Aldrich, Germany) was 
added into the bowl and the mixture was stirred vigorously for ca. 3 minutes. The slurry was 
carefully poured into the substrates channels. Samples were blown with pressurised air in 
order to remove excess-liquid in the pores after each coating step and dried in an oven at 373 
K for at least 2 h. This procedure was repeated several times. Finally, the dip-coated samples 
were treated at 823 K for 3 h in air. In order to compare the adhesion of SST and dip-coated 
SiSiC/zeolite composites, also H-form of the parent SM-55 zeolite powders were coated onto 
SiSiC substrates using the same technique. 
 
 

3.1.7 Hydrothermal crystallisation of ZSM-5 on SiSiC monoliths 
 
Morphology of the coating and the effects of the dissolution-crystallisation process of the SST 
technique were compared with those obtained by means of a conventional hydrothermal 
coating technique in the presence of an external Si-source in the precursor solution. For these 
experiments, the cardboard-derived SiSiC substrate was no longer the only Si-source in the 
batch. The adhesion of the layer obtained was also tested for comparison with cardboard-
derived monoliths coated via a dip-coating (DC) and a Support Self-Transformation (SST) 
technique. 
 
For a direct hydrothermal coating, a synthesis gel with the same molar composition as the 
standard one used for the SST technique was used. The silicon source was tetraethyl-
orthosilicate (TEOS, SiO4C8H20, > 98%, Sigma Aldrich). The TPABr, NaOH, TEOS and 
three quarters of the water were agitated for 4 hours. Then, the remaining water, together with 
the Al-nitrate, was added and the solution and stirred for another hour. The molar composition 
of the precursor solution was 1 SiO2 : 20 H2O : 0.01 TPA2O : 0.04 Na2O : 0.001 Al2O3. 
Crystallisation took place for 6 to 96 h at 448 K. SiSiC fragments and a specific amount of the 
synthesis mixture were put inside the autoclaves. Indeed, double the Si amount was present in 
the batch: half of it in solution as TEOS (in order to achieve homogeneous nucleation in the 
entire synthesis mixture) and half of it as a solid in the sample. However, the metallic silicon 
within the sample was not assumed to take part in the reaction in this case. The autoclaves 
were taken out of the oven, quenched in cold water and opened. The sample was removed, 
washed with de-ionised water and dried overnight. The excess zeolite powders were collected 
by filtering the synthesis liquids. The post-synthesis treatment in order to obtain the H-form 
of the zeolite coating was similar to the one used for SST monoliths (section 3.1.3). 
 
 

3.1.8 Seed-assisted secondary crystal growth of ZSM-5 on SiSiC monoliths 
 
For the same reasons explained above, also seed-assisted ZSM-5 growth onto cardboard-
derived SiSiC substrates was accomplished. The technique consisted of a two-step 
hydrothermal treatment: in-situ seeding and secondary crystal growth, similar to that 
discussed in [133]. 
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The in-situ seeding step was accomplished by the hydrothermal synthesis of Silicalite -1 type 
zeolite nano-crystals. A precursor solution with molar composition in the oxide form 1 SiO2: 
0.16 TPA2O : 29 H2O was prepared by stirring at room temperature for 90 min. For the 
seeding process, 20 g of the precursor solution were heated for 4 h in an autoclave together 
with SiSiC substrate at 398 K. After seeding, the SiSiC samples were rinsed with water and 
ethanol, in order to remove any loosely bound zeolite seeds from the substrate, and dried for 
12 h at 373 K in air.  

 
The secondary crystal growth process consisted of the hydrothermal growth of ZSM-5 zeolite 
crystals on the seeded SiSiC substrate. A synthesis solution with molar composition 1 SiO2 : 
0.056 TPA2O: 0.008 Al2O3 : 111 H2O (initial Si/Al = 62.5 in the gel) was prepared by initially 
stirring the TEOS and the TPAOH in H2O for 4 h at room temperature, followed by 1 h 
stirring after the addition of the Al2O3 precursor, and by stirring for 1 h. 20 g of the synthesis 
solution was heated in an autoclave together with the seeded SiSiC substrate at 448 K for 48 
h. After synthesis, samples were rinsed with water and ethanol. Excess ZSM-5 powder 
formed during the synthesis was collected from the bottom of the autoclave, washed with 
water and dried at 373 K in air. 
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3.2 Sample characterisation 
 
3.2.1 Physicochemical characterisation 
 
X-ray powder diffraction patterns (XRD) for the phase identification and calculation of the 
zeolite loading in the SiSiC/zeolite composites were performed on an X’pert Pro 
diffractometer (Philips Analytical), using CuKα radiation. Peak positions and heights were 
analyzed using the X’Pert Highscore software. For the analyses, the powders were back-
loaded in steel supports. The 2θ scanning range used was between 2 and 50°. Measurements 
were performed on ground samples after calcination. Crystallinity of the SiSiC/zeolite 
composites was calculated on the basis of the QAl value [497], using the peak intensity: 
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A Corundum sample was analysed at each measurement session. Corundum was used as an 
external standard reference in all the measurements, in order to calculate the QAl calculation. 
The same conditions used for the analysis of the zeolite powders were applied for the XRD 
analyses of the Corundum standard. 

 
The crystallisation kinetics has been obtained by fitting the following model equation (Toufar 
model) using a numerical iteration according to the Marquadt procedure [498]:  
 

( ) ( )( )( )IRmax ttktanh1tk
2
1

−⋅+⋅⋅−α⋅=α  

 
where αMAX = maximum crystallinity, kR = crystallisation rate, t = crystallisation time, tI = 
time at half the maximum crystallinity. 
 
Thermogravimetric analyses (TGA) were performed on a TG-DTA instrument (SDT 2960 
analyser, TA Instruments). About 10 to 30 mg of sample’s powder was heated at 10 K·min-1 
to 973 K in a 120 ml·min-1 nitrogen stream. The zeolite amount in the SiSiC/zeolite 
composites was calculated from the weight-loss in the region 573 - 873 K, which is 
commonly attributed to the template decomposition, using the following formula: 
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with wZeolite = zeolite loading (wt %), wTemplate = fraction of template in the sample (wt %), 
mSample = sample weight [g], NA = Avogadro number (mol-1), MTemplate = molar mass of the 
template (g·mol-1), MZeolite = molar mass of the unit cell of zeolite (g·mol-1), NTemplate = 
number of template molecules per unit cell (N = 4 for the MFI-framework [1]), aSi = number 
of Si atoms per unit cell. In order to establish the amount of zeolite present on the SiSiC 
substrate in relation to the excess powder produced, a dimensionless number named as 
coating efficiency (ηC) was used. ηC is defined as : 
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where ZC is the mass of zeolite on the support and ZE the amount of excess powder 
synthesised in the batch. ηC = 1 would be the ideal case where the crystallisation takes place 
solely on the substrate and not in the bulk phase.  
 
N2 adsorption/desorption analyses for the evaluation of the micropore volume and specific 
surface area of the samples were measured at 77 K with an ASAP 2010 setup (Micromeritics). 
Before the measurement, samples were pre-heated at 523 K for 2 h in high vacuum (10-5 
mbar). Micropore volume was obtained with the help of the t-plot method. BJH method was 
used for the calculation of the mesopores volume and size distribution. 
 
Density, porosity and distribution of the pore diameter of the bio-carbon preforms and SiSiC 
composites were determined by Helium pycnometry (Accu Pyk 1330, Micromeritics) and 
mercury intrusion (Porosimeter 2000, Carlo Erba).  
 
Scanning electron microscopy (SEM) analyses were used to determine the quality and 
homogeneity of the zeolite coating (vertical cross-section along the channels direction), and 
the zeolite layer thickness (horizontal cross-section). Information about the size and 
morphology of crystals or aggregates were also obtained by analyses of the SEM 
micrographs. Energy Dispersive X-ray (EDX) analyses were performed in order to obtain 2D 
element mappings of the samples cross-section. These analyses were carried out in an 
Environmental Scanning Microscope (Quanta 200, FEI) equipped with an EDX detector 
INCA Energy 200 (Oxford Instruments Analytical Ltd), available at the Institute of Materials 
Science (WW3) of the Erlangen-Nuremberg University. Samples for the cross-section SEM 
analyses and EDX studies were prepared by embedding the SiSiC/zeolite samples in epoxy 
resin, drying under vacuum, cutting and polishing. There exist two possible perspectives of 
the sample’s cross-section, one along the main length of the monolith (see Fig. 93, case B) by 
cutting  the cylinder along the z axis, and one from the top (see Fig. 93, case C), by slicing the 
monolith on the XY plan. The latter will be called top-view cross-section, whereas the former 
will be named longitudinal cross-section view. 
 

 
Fig. 93. Sketch of the different views used for the SEM analyses of the SiSiC (bare and coated) monoliths (A): 

longitudinal cross-section view (B) and top-view cross-section (C) 
 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) analyses of the 
filtrate solution after synthesis were performed on a Plasma 400 (Perkin Elmer), in order to 
monitor the concentrations of Si and Al in the mother liquor. ICP-OES was also employed to 
calculate the percentage of Si and SiC in the SiSiC/zeolite composites. Ten SiSiC samples 
were treated in 250 ml acid (16 ml HF, 4 ml HCl and 4 ml HNO3) for 24 h, in order to leach 
the Si in the solution and the filtrates were analysed by ICP-OES. For some samples, the Al 
content in the zeolite coating was also measured with ICP-OES. 
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Ammonia Temperature-Programmed Desorption (TPD) experiments were carried out using 
an AMI-100 (Altamira Instruments Company) equipped with a TCD detector. Ammonia TPD 
measurements were utilised to characterise the concentration of acid sites in the zeolite. The 
framework Si/Al ratio was also calculated under the assumption that only one NH3 molecule 
is adsorbed on each Al site. For the quantitative estimation of the acidity, only the high 
temperature peak (ca. 573 to 773 K), corresponding to the chemisorbed ammonia, was utilised 
(see Fig. 94). The acidity can be given in terms of µmol NH3 adsorbed per unit mass 
composite (total/overall acidity) or only normalised to the zeolite amount in the SiSiC/zeolite 
composite (normalised acidity). Peak deconvolution was carried out using the Peak Fitting 
function of the Origin 7.5 software (OriginLab Corporation).  
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Fig. 94. Typical NH3-TPD curve of the H-form of ZSM-5 (specifically ALSI PENTA SM-55 with Si/Al = 22 

after ion-exchange to H-form). 
 
The area below the peak depends on the amount of acid sites in the sample, whereas the 
position of the peaks is directly dependent on the strength distribution of the acid sites. In this 
study, only the amount of ammonia adsorbed on the sample was calculated. The position of 
the peaks can also be affected by other factors, such as re-adsorption phenomena, influence of 
diffusion, heating profile in the catalyst bed, as well as inhomogeneities in the catalyst bed 
height and packing. Before measurement, the NH4-ZSM-5 zeolite powders were pre-
conditioned with a helium flow (50 ml/min) at 827 K for 120 minutes. Then a gas mixture of 
10 % ammonia in helium (50 ml/min) was passed over the loaded sample for 30 minutes at 
373 K. The catalyst was then flushed with helium for 30 min, in order to remove the 
physisorbed ammonia. Each TPD measurement was conducted under helium flow 
(25 ml/min). After10 min holding time at 373 K, samples were heated up to 1073 K with a 
heating rate of 10 K·min-1. The TCD detector was set at 100 mA current intensity and gain 
100. The selected resolution was 10 sec per point. A flow-chart of the setup used is shown in 
Fig. 95. 
 

 
Fig. 95. Setup for the NH3-TPD measurements. 

The cellular microstructure of the SiSiC ceramic supports was examined using an X-ray 
Microtomograph µCT40, Scanco Medical AG, Bassersdorf, Switzerland. The X-ray tube was 
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equipped with a tungsten target and operated at 60 kV and 130 µA and acquisition time 300 
ms. A CCD line array detects the transmitted intensity through the sample. X-ray source and 
detector are covered with slit collimators. The object was rotated through 360° with one step 
per degree and the raw data were recorded as sinugrams. In this case, two-dimensional 
reconstructions of the slices were calculated from the sinugrams by Radon back-
transformation using a Compaq DC10 Alpha workstation. From the 2D images the fractional 
density was calculated as the ratio of transmitted material in the measured slice to the 
complete slice. 3D reconstructions using the same software were also obtained. The analysis 
of the cardboard-derived SiSiC comprised 500 slices, whereas the one for the Rattan-derived 
ceramic consisted of 300. Threshold and volume of interest (VOI) were manually set, using 
the software available. 
 
Coating adherence was qualitatively evaluated by thermal shock test. One sample prepared by 
support self-transformation (SST), one by seeded ZSM-5 growth (SED), one by conventional 
hydrothermal synthesis (HT), each with a synthesis time of 96 hours, and one sample 
prepared by dip-coating (DC) were tested for the weight-loss of the zeolite coating layer due 
to thermal shocks. All samples were free of template and dried, when weighed for the first 
time. Specimens were put in a preheated muffle furnace (873 K) for at least one hour, 
subsequently quenched in 200 ml of cool water (room temperature), dried over night at 373 K 
and weighed again. This procedure was repeated 5 times in total. The samples were also 
analysed by SEM after the thermal shock test. 
 
Pressure-drop tests where carried out using the reactor setup described below (paragraph 
3.2.2.3) after some partial modifications. The two openings of the reactor chamber which 
were normally used for hosting the top and bottom thermocouples were connected by means 
of two flexible tubes to a U-tube manometer filled with water. The difference in the height of 
the water columns at the two sides of the U-tube was utilised to calculate the pressure-drop 
along the catalyst-bed. Cardboard-derived SiSiC monoliths were tested and the results 
compared with the pressure-drop generated by a fixed-bed consisting of quartz glass beads (2 
and 4 mm in size). 
 
 

3.2.2 Catalytic tests 
 
3.2.2.1 n-Hexane cracking 
 
The n-hexane cracking was used as a test reaction to study the catalytic behaviour of Rattan-
derived SiSiC/zeolite composites. A smaller SiSiC monolith with a diameter of 0.96 cm and a 
length of 2.86 cm was used for the test. The SiSiC/ZSM-5 monolith was loaded into a quartz 
glass reactor (diameter 1.03 cm), just above the glass frit, and fixed and sealed from reactants 
by-pass with quartz glass fibre mets. Finally, the glass tube was connected to the reactor setup 
for the cracking of n-hexane. One thermocouple was fixed just above the monolith. 
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Fig. 96. Sketch of the glass tube reactor used for the catalytic test of Rattan-derived SiSiC/ZSM-5 monolith for 

the n-hexane cracking. 
 
n-Hexane cracking experiments were carried out in the apparatus shown in Fig. 97. The 
reactor setup mainly consisted of three main parts:  
 

 reactant dosing (MFCs and saturator) 
 glass reactor 
 analytics (GC) 
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Fig. 97. Setup for the n-hexane cracking. 

The reaction was carried out at three different temperatures (723, 773, 823 K) for 150 min 
time-on-stream (TOS). All pipelines downstream of the saturator were heated. For the 
reaction, the carrier gas (Helium 5.0) flow was set to 80 ml/min and passed through the n-
hexane (Merck, Germany, >99 %) saturator (308 K). Before every measurement the 
SiSiC/ZSM-5 monolithic catalyst was activated/regenerated in oxygen at 823 K for 4 h. 
About 0.5 g of catalyst was used resulting in a weight hourly space velocity of ca. 10 h-1. First 
by-pass readings were taken until the feed composition had stabilised. Then the feed stream 
was switched to the quartz glass reactor and GC measurements taken at 30 min intervals 
between 15 and 150 min time on stream (TOS). The gas chromatograph used was a DANI 
8521-a, equipped with FID and connected to a SP 4270 Integrator (Spectra-Physics) for the 
data evaluation. The temperature program of the GC oven was the following: 5 min at 373 K, 
10 K min-1 ramp to 493 K and holding this temperature for 3 min. Helium was used to purge 
the apparatus before introducing air for catalyst regeneration. The catalyst was preconditioned 
or regenerated at 873 K in a 1:1 He/O2 stream for 12 h. MFCs (Bronkhorst Hi-TEC, 
Netherlands) were used for the gas dosing. 
 
The following formulas were used for the evaluation of the data of the catalytic tests: 
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where Xi = conversion of reactant i, Yk,i = yield of product k to reactant i, Sk,i =selectivity of 
reactant i to product k, mi = mass flow-rate of reactant i, mi,0 = initial mass flow-rate of 
reactant i, mk = mass flow-rate of product k, mk,0 = initial mass flow-rate of product k. 
 
Tests for the comparison of the catalytic performances were carried out using a commercial 
SM-55 zeolite catalyst in the H-form. The catalyst was pressed into tablets, carefully crushed 
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and sieved into 500-800 µm pellets. The same mass of SM-55 catalyst (ion-exchange to H-
form) as for the Rattan-derived SiSiC/zeolite composite was used. The pellets were diluted 
with quartz beads in order to obtain the same volume of the SiSiC/zeolite monolith. During 
the catalytic tests, same conditions as for the SiSiC/zeolite monolith were applied. 
 
 

3.2.2.2 Nitrous oxide decomposition  
 
The reactor setup for the nitrous oxide catalytic decomposition is shown in the Fig. 98 and has 
been extensively described in [67]. The glass tube reactor is the same shown in the previous 
paragraph for the n-hexane cracking setup (Fig. 97). Typically, the reactor comprised the 
following parts: 
 

 reactant dosing (MFCs) 
 glass reactor 
 analytics (IR detector) 

 
MFCs (Bronkhorst Hi-TEC, Netherland) were used for gas dosing. The reactant gas consisted 
of 1000 ppm N2O in He (Linde). For the analyses of the product gas and by-pass, a Infrared 
Gas Analyser (BINOS) Uras 10 E (Hartmann & Braun) was utilised, working in continuous 
mode. By-pass measurements with pure He once and the reactant gas (1000 ppm N2O) in a 
second time were conducted before each catalytic test, in order to calibrate the infrared 
detector. 
 

 
Fig. 98. Setup for the nitrous oxide catalytic decomposition. 

For the catalytic tests, the zeolite powders were pressed into pellets, crushed and sieved to a 
particle size of 800 to 1000 µm. The beads were loaded in the quartz glass reactor tube and 
fixed on the top with quart glass fibres, as the reactants gas flow is from the bottom to the top. 
The catalyst was activated in the glass tube reactor for 2 h at 823 K before each test. 
Measurements were taken after steady state conditions were reached, from 823 to 523 K each 
25 K. At least 3 measurements for each condition were taken. The conversion was calculated 
using the formula below: 
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where c represents the concentration of N2O at different temperatures, either in by-pass or in 
reactor mode. This number is exactly the reading on the IR detector display. For the data 
evaluation also the TOF was used: 
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where λ rate of converted N2O molecules per second and σ the number of Fe atoms in the 
0.150 g of catalyst loaded in the reactor at each run (obtained from the ICP-OES 
measurements). Unfortunately, σ doesn’t represent the real number of active sites, but only an 
estimation. In fact, the speciation of Fe obtained via wet-ion-exchange processes is normally 
too heterogeneous and not all the Fe-species participate equally in the N2O decomposition 
(see subchapter 2.5.1.5). 
 
 

3.2.2.3 Nitrous oxide Selective-Catalytic-Reduction with propane 
 
The reactor setup for the nitrous oxide Selective-Catalytic-Reduction (SCR) with propane has 
been built in the partial fulfilment of the tasks of this PhD study. The setup comprised the 
following parts: 
 

 reactant dosing (MFCs and evaporator) 
 stainless-steel reactor 
 analytics (GC) 

 
For safety reasons the reactor was built in an exhaust fume hub and connected to a turbine for 
the efficient removal of the flues. The scheme of the reactor setup is in Fig. 99.  
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Fig. 99. Scheme of the setup for the N2O SCR with C3H8.  

 

3.2.2.3.1 Reactant Dosing and Piping 
 
Double-distilled water was pumped from a customary storage bottle into an evaporator unit 
(Fig. 100) by a double plunger pump (HPLC, K-120, Knauer, Germany). This type of pump 
provided exact volumetric metering and pulsation free flows. The evaporator itself consisted 
of a glass-bead-filled metal tube. The water was pumped into it through a 1/16” capillary, 
underneath a frit carrying the beads. The temperature profile inside was set to reach the 
boiling temperature of the water (373 K). The maximum temperature reached inside the 
evaporator was 403 K, in the upper part. 
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Fig. 100. Drawing of the evaporator unit. 

Nitrous oxide, propane, helium, oxygen and methane (as the internal standard for the gas 
chromatography apparatus) were dosed in gaseous form by means of flow controllers (MFC, 
Bronkhorst HI-TEC, Netherlands) consisting of a control unit and a throttle valve for each 
gas. Before starting the catalytic tests, the MFCs of the reactor setup had been calibrated with 
ten different flow-rates each, using a bubble flow meter. The helium supply was split into two 
discrete feed pipes, one before and one after the water evaporator unit. This allows for a 
constant carrier gas flow through the evaporator, independent of the required total amount of 
helium. Methane was added behind the reactor chamber into a glass-wool-filled mixing 
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chamber, equipped with a 7 µm sintered-stainless-steel filter. Methane was used as internal 
reference for the quantitative analyses of the GC results. Reactor pipelines were heated up by 
resistive heating coils (Horst, Germany) attached longitudinally on both sides of the tube with 
high-temperature tape (Horst). For regulating the power, controllers from FG Elektronik 
(Germany) were used. In addition, the pipelines were thermally insulated using two layers of 
spirally-wrapped quartz-wool bands and pressed quartz-fibres mets 2-3 cm in thickness (Fig. 
101). All the tubing were heated up to at least 473 K and the temperatures monitored by Ni-Cr 
thermocouples (Rössel Messtechnik, Germany) placed all over the reactor, on each section of 
the tubing, mixing chamber, junction, reactor inlet and outlet, GC inlet, etc. The pipelines 
before the reactor inlet were kept at 673 K, in order to reach the desired temperature in the 
reactor tube, at the position where the monolith was fixed. The gas from the evaporator 
exhaust and the product gas coming from the mixing chamber were led into a set of two 
washing flasks, which contain n-methyl-pyrrolidone (NMP). Consequently, the cleaned gases 
were drawn-off by the extractor hood. A small fraction of the product gas was split-off and 
led through the analytics by a 1/16” capillary and successively sent through two washing 
flasks to the fume hub.  

 

    
Fig. 101. Insulation bands for the reactor’s pipelines. 

In order to perform blank value or reference measurements without sending the reactants 
through the catalyst, the setup made use of a by-pass line, leading directly into the mixing 
chamber and afterwards to the exhaust and the analytics. All pipes behind the vaporizer were 
insulated and heated to 493-503 K, in order to help the heating of the gas before the reactor 
chamber. The gases used for the reactor setup operation are the following: He (Linde) 4.6, O2 
(Linde) 5.0, medical N2O (Linde) 5.0, C3H8 (Linde) 2.5 and CH4 (Linde) 2.5. 
 
 

3.2.2.3.2 Reactor Chamber 
 
The reactor chamber was a flanged DIN 4571 stainless-steel tube, 275 mm in length and 39.3 
mm inner diameter (Fig. 102).  
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Fig. 102. Digital picture of the reactor tube: un-mounted but still connected to the upper flange (left) and 

connected to the reactor setup tubing during operation, without (central) and with (right) the customised heating 
jacket (Horst). 

 
The walls had a thickness of 5.45 mm. The two flanges (DIN 4571) were sealed to the reactor 
by means of graphite rings and tightly closed with 4 M12x50 stainless-steel screws (WASI, 
Switzerland) each. Extra resistive heating coils from Horst were used to ensure a fast and 
optimal heating of the gas inlet and in order to help maintaining the reactor temperature 
profile constant for a sufficient length even at high temperatures. Swagelock VCR-sealing 
were used to connect the inlet and outlet of the flanges to the setup. The reactor tube is heated 
by a customised electrically-powered heating jacket (Horst, Germany) with three independent 
coils and temperature controllers. The temperature profile in the reactor had been measured 
without reaction at every centimetre along the main length for several times under different 
flow-rates and settings. This was done in order to calibrate the settings of the heaters, for 
having the desired temperature in the reaction zone. Two manometers, placed right before and 
after the reactor tube, allowed for the monitoring of the pressure during reaction. 
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Fig. 103. Drawing of the reactor tube of the N2O SCR with C3H8 setup. 
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Two 0.5 mm Ni-Cr thermocouples protected by steel capillaries, one from the bottom and one 
from upper part of the reactor, were used to monitor the temperature before and after the 
catalyst. The sealing of the capillaries for the thermocouples was achieved by means of 
conical Swagelock Teflon sealing rings. Stainless-steel packings were inserted in the reactor 
before and after the catalyst to fill the remaining space in the reactor tube (Fig. 104). This was 
done to ensure mixing of the gases and homogeneous radial temperature and composition 
profiles. 
 

    
Fig. 104. Stainless-steel packings mounted inside the reactor tube before and after the monolith (left) and 

Unifrax XPE®-NV mets (right). 
 
Monoliths were fixed by means of a Unifrax XPE®-NV (Unifrax, New York, USA) 
intumescent catalytic support mat (Fig. 104), in order to ensure no reactant by-pass of the 
catalyst. The mat consisted of alumina-silica fibres (30-40 wt %), Vermiculite (50-60 wt %) 
and binder (5-9 wt %). Due to the presence of vermiculite in the structural support matrix of 
Fibermax®, the met expands at temperature above 598 K, producing a tight leak-free 
insulation layer. Sealing rings of XPE®-NV (ca. 4000 g·m-2, 0.6 g·cm-3) with thickness of 0.6 
cm and 1 cm height were cut and used for each run. Once mounted inside the reactor, together 
with the ceramic monolith and before starting the catalytic test, the mats had to be treated at 
723 K in air in order to remove the organic binder. This step process carried out with open 
flanges, in order to avoid the contamination of the reactor lines and the analytics. 
 
Monoliths were positioned 130 mm from the reactor upper part, in order to ensure a 
isothermal axial temperature profile in the catalyst under the reaction conditions used. A 
stainless- steel case with a steel ring-cap and a metal-grid on the bottom part were used in 
order to help introducing, mounting and fixing the monolithic catalyst inside the reactor tube 
and, at the same time, press the intumescent mat band (Fig. 105 and Fig. 106). 
 

    
Fig. 105. Digital pictures of the stainless-steel case used to fix and mount the monoliths inside the reactor tube. 

The bottom part of the cylindrical case was also filled with a thin layer of quartz wool, in 
order to avoid any solid particle being transported into the stream through the pipelines up to 
the GC. Quartz wool was also used to fix the monoliths inside the case and avoid the by-pass 
of the reactants. The same case was used to fix the pellets catalyst for the comparison of the 
catalytic performances of zeolite-coated monolithic catalysts and zeolite pellets/beads. 
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Fig. 106. Drawing of the stainless-steel case used to fix and mount the monoliths inside the reactor tube. 

In Fig. 107, an overview of the reactor setup for the nitrous oxide Selective-Catalytic-
Reduction (SCR) with propane is shown. The upper-right corner of the box hosts the MFCs. 
At the lower-left part, the pump can be seen behind the tubing. The reactor chamber with the 
heating jacket is on the right side of the picture. The evaporator can be noticed slightly on the 
left side from the picture’s centre. 
 

 
Fig. 107. Digital picture of the setup for the N2O SCR with C3H8.  

 

3.2.2.3.3 Analytics 
 
As already mentioned, a small amount of the gas was led from the mixing chamber to the 
analytics. The GC was a Perkin-Elmer 8500. The GC featured two sample loops (100 µl 
volume), which were instantly flushed with product gas. These loops were connected to the 
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separating columns via a ten-port valve (Fig. 108). In stand-by mode (A), the product gas was 
lead back to the wash-bottles and the columns were flooded with carrier gas (He). In order to 
take a measurement, the valve was automatically switched to the other position (B), so that 
the sample loop’s content could be forwarded to the columns. 
 

 
Fig. 108. Sample loop 10-port valve. 

Each of the columns was connected to one sensor (Fig. 109):  
 

 a hot wire or thermal conductivity detector (TCD) for the detection of inorganic 
gases 

 a flame ionization detector (FID) for the identification of all organic 
components.  

 
The capillary column used leading to the TCD was a Molecular Sieve 5A (Hewlett Packard, 
25 m length and 0.53 outer inner diameter), whereas the FID detector was connected to a Pora 
Plot Q (Chromapack, 29 m length and 0.53 internal diameter). The Molecular Sieve 5A 
allows for the separation of methane, nitrous oxide, nitrogen and oxygen, whereas the Pora 
Plot Q serves for the detection of propane and methane. 
 

 
Fig. 109. Settings and programme of the GC (oven and valve switching). 

The signal of the detectors was forwarded to a 2-channel integrator (Model 1020, Perkin 
Elmer Nelson), which automatically identified the components in dependency of the retention 
times and ascertained their concentration in terms of dimensionless areas. For the GC, in 
addition to He, also synthetic air and H2 (Linde) 5.0 were used. Since the detectors exhibited 
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different sensitivity for each component, it was necessary to normalize the integrated areas by 
means of the relative molar response coefficient (RMR value). The area for methane, which 
was kept at a constant flow of 10 ml/min, was used as the reference for converting the 
integrated areas back to flows in ml/min or moles/min, respectively. The RMR could be 
determined graphically by plotting the integrated area against the given concentration of each 
component in a series of by-pass calibration tests. 
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where Ai and As are the areas below the peaks of the substance i and standard s, and ni and ns 
are the molar quantities of the product i and the standard s. Once the RMR values had been 
calculated for each product, the quantification of the substance i could be obtained with the 
following formula: 
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The determination of the retention times of the different substances and their RMR values in 
comparison to methane were obtained by sending binary mixtures of He and the desired gas 
in 5 different relative ratios to the GC using the by-pass line, and measuring the ratios of the 
areas below the peaks obtained from the GC analyses. RMR and retention time (RT) for the 
substances of interest values are reported in the Appendix (Table 32). 
 
 

3.2.2.3.4 Ideal behaviour of the reactor  
 
Reactor temperature profile  
 
An axial isothermal temperature profile was achieved for a length superior to the monolith’s 
size. The monolith was therefore mounted in this zone of the reactor tube, ca. 13 cm from the 
reactor upper opening. Temperatures profiles under different conditions were measured. 
 
 
Axial dispersion 
 
The Bodenstein dimensionless (Boax) number describes the ratio between the forced 
convection and the dispersion along the reactor, and defines the residence time distribution of 
the plug-flow reactor: 
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where Pe is the Peclet number, LR the reactor length and v the velocity of the gas in the 
reactor tube. When the following criterion is fulfilled:  

 
 100Boax >  
 
then ideal plug-flow conditions are obtained with no axial back-mixing. 
 
For the dispersion coefficient, N2O was used as the track-element. To ensure constant flow 
through the TCD detector, two 3-ways valves were connected via flexible 6 mm PVC tubes to 
2 MFCs, one sending He and one nitrous oxide (as they have different heat capacities and 
give different signals at the TCD). The 3-ways valves allowed for the generation of a real 
pulse with constant flow-rate throughout the whole test inside the TCD. In one configuration, 
He is sent to the TCD and N2O to the exhaust. In the second configuration, nitrous oxide 
(with the same flow-rate as the He gas) was sent to the TCD and He to the exhaust. Both the 
valves were switched manually at the same time. Several measurements were taken in order to 
ensure reproducibility. The measurements were conducted at room temperature, in the 
absence of any catalytic material in the reactor volume. The raw data were analysed with the 
help of Excel and the cumulative function F(θ) plotted, in order to get the Bo number through 
the equation [499]: 
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where Ө = t/τ and τ is defined as the ratio between the volume of the reactor divided by the 
volume flow-rate. 
 
 

3.2.2.3.5 Catalytic test conditions and data evaluation 
 
Specific reaction conditions will be given below. In general, the reaction was carried out at 
temperatures between 523 K 823 K. Measurements were taken each 25 K, after waiting at 
least 30 min for steady-state conditions. Different modified residence times or GHSV were 
used.  
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The modified residence time is defined as the ratio between catalyst mass and volume flow-
rate of the reactant, whereas the GHSV is defined as the ratio between the total gas flow-rate 
and the catalyst volume.  
 
For the nitrous oxide Selective-Catalytic-Reduction with propane, different N2O and C3H8 
concentrations were used, although most of the tests were carried out at 1000 ppm N2O and 
C3H8 in He. Water vapour was also added to the feed to analyse the influence of different 
reaction parameters on the catalyst activity. Although specific conditions will be given in the 
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results-and-discussion section and in the Appendix (from Table 44 to Table 55), a general 
expression of the feed in volume percent can be written as: 
 
 x He : y N2O :w C3H8 : z H2O : k O2 
 
where, as already discussed, in most of the cases is y = w = 1000 ppm and z,k = 4-6 % of the 
total flow-rate. Between two successive runs, the catalyst was regenerated above 723 K with a 
mixture of oxygen and helium for at least 2 h. The conversions of nitrous oxide and propane 
were calculated with the following equations:  
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where the i

.
n  represent the molar flow-rate of N2O and C3H8 as detected by the Gas-

Chromatography in the blind test and in the run with the catalyst. More precisely, the GC 
detects peaks and the area is proportional to the molar flow-rates through the RMR values. 
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3.3 Summary 
 
In order to summarise the entire experimental work done in a concise manner, two process 
flow-charts are reported in Fig. 110 and Fig. 111. The first scheme (Fig. 110) describes the 
work done for the development and the characterisation of the zeolite coatings on SiSiC 
monoliths obtained via the Support self-Transformation. The second diagram (Fig. 111) 
shows the experiments conducted on the Fe-exchange commercial zeolite powders and the 
preparation of SiSiC/zeolite composites via dip-coating using the same powder catalyst.  
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Fig. 110. Flow-chart of the SST monoliths preparation and characterisation. 
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Fig. 111. Flow-chart of the Fe-zeolite powders and DC monoliths preparation and characterisation. 
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4 Results and discussion  
 
This chapter is conceptually divided into two main sections, one dealing with the synthesis, 
post-synthesis modification and characterisation of the zeolite coatings on monolithic 
substrates and the second with the catalytic tests of the above-mentioned monolithic catalysts. 
The main discussion will focus on the development of zeolite coatings on SiSiC structured 
substrates via the above-mentioned Support Self-Transformation technique. 
 
Initially, a brief discussion on the preparation and characterisation of the SiSiC supports via 
Liquid Silicon Infiltration will be presented in the subchapter 4.1. Two types of bio-
derived/biomorphic supports (corrugated cardboard and Rattan-stem) were used for the LSI. 
The SiSiC ceramic monolithic substrates were prepared in large batches under standard 
conditions in order to achieve a good reproducibility of results. A comprehensive 
characterisation of the supports was necessary for the successive coating of the same with 
MFI-type zeolite via the Support Self-Transformation technique.  
 
In the section 4.2, the one-step hydrothermal synthesis (Support Self-Transformation or SST) 
method for the functionalisation of the SiSiC monoliths’ surface with zeolite will be 
discussed. In the section 4.2.1 and 4.2.2, the mechanism of Si dissolution from the SiSiC 
substrate in simulated reaction-mixtures was studied. Particular attention was given to the 
influence of the reaction-mixture’s parameters on the dissolution process of Si from the SiSiC 
substrates and the reactivity of different Si-sources in simulated reaction-mixtures (section 
4.2.1 and 4.2.2). The reproducibility of results and the influence of the different synthesis 
parameters on the crystallisation kinetics and properties of the zeolite coatings will be also 
studied in detail, in the section 4.2.3 and 4.2.4. In addition, a comparison between different 
conventional zeolite coating techniques and the Support Self-Transformation method 
developed in this study will be discussed (cardboard-derived SiSiC monoliths were used for 
this purpose). The comparison will focus particularly on the microstructural differences and 
on the coating adherence to the support. The functionalisation via the Support Self-
Transformation method of cardboard-derived SiSiC monoliths up to 4.5 cm length and 2.6 cm 
diameter with ZSM-5 zeolite is presented in the section 4.2.9. These monoliths were used for 
the catalytic tests and the results will be given in the section 4.3. The preparation of ZSM-5 
coating on similar cardboard-derived SiSiC monoliths and cordierite honeycombs via dip-
coating (wash-coated monoliths) will be introduced in the section 4.2.9. The functionalisation 
of ceramic monoliths with zeolite via dip-coating is considered a state-of-the-art technique or 
conventional process. It was therefore important to compare the characteristics and properties 
of the SiSiC/zeolite monoliths obtained via the Support Self-Transformation method with 
those prepared by dip-coating techniques. Furthermore, at the end of the subchapter 4.2 a 
theory on the Support Self-Transformation zeolite crystallisation mechanism will be 
presented. The post-synthesis modification of the SiSiC/ZSM-5 monoliths to obtain the 
catalytically-active form of the zeolite (in this case the Fe-form for the N2O Selective-
Catalytic-Reduction (SCR) with C3H8) is also discussed in the section 4.2. The optimisation 
of the Fe-exchange process was carried out using a couple of industrial MFI-type zeolites as a 
standard references (ALSI PENTA SM-27 and SM-55 powder zeolite). This was done in 
order to minimize the number of variables in the screening of the most favourable conditions 
for the post-synthesis modification process. 
 
In subchapter 4.3, the catalytic tests of the above mention catalysts will be presented. The 
catalytic tests of the Rattan-derived SiSiC/ZSM-5 for the n-hexane cracking will be examined 
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in a section 4.3.1. Successively, the results on the Fe-exchange of commercial ALSI PENTA 
SM-27 and SM-55 by Wet Ion Exchange with iron-salts under different conditions will be 
discussed (section 4.3.2). The catalytic performances of the above in the N2O decomposition 
will be also examined, in order to find the optimal wet Fe-exchange conditions for the 
successive functionalisation of the SiSiC/ZSM-5 composites. In the subchapter 4.3.3, the 
catalytic performances of the industrial (ALSI PENTA SM-27) ZSM-5 zeolite (Fe-exchanged 
by Wet-Ion-Exchange) in the N2O Selective-Catalytic-Reduction (SCR) with C3H8 will be 
presented (section 4.3.3.2). In 4.3.3.3, the catalytic performances of the dip-coated 
SiSiC/ZSM-5 catalyst (using the above-mentioned Fe-ZSM-5 zeolite) will be discussed. In 
the section 4.3.3.4, the catalytic performances of different cardboard-derived SST 
SiSiC/ZSM-5 monoliths (obtained via the Support Self-Transformation method) for the N2O 
Selective-Catalytic-Reduction (SCR) with C3H8 will be also examined. For comparison, the 
performances of a commercially-available cordierite monolith dip-coated with Fe-ZSM-5 
zeolite will be also shown and commented (4.3.3.5). Finally, in the last part of subchapter 4.3, 
a comparison between Support Self-Transformation (SST) and Dip-Coated (DC) ZSM-5 
coated monoliths and commercial SM-27 ZSM-5 zeolite pellets in the Fe-form will be drawn 
(section 4.3.3.6). 
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4.1 SiSiC ceramic monoliths 
 
SiSiC ceramic monoliths have been prepared following the Liquid Silicon Infiltration (LSI) 
technique discussed in chapter 3 and widely described in literature [352,361,362]. Uniquely 
the specific conditions mentioned in chapter 3 have been used, in order to obtain a batch of 
samples with good reproducibility. Scope of the work was the study of the crystallisation 
process of MFI-type zeolite on Si-containing supports and for this reason, the number of 
variables during synthesis had to be reduced as much as possible. One of the variables during 
the SST crystallisation process was represented by the chemistry of the support. Therefore, 
the SiSiC ceramic supports had to be prepared in a reproducible way, in order to limit the 
variations of the chemistry and structure/geometry. Two types of bio-derived SiSiC supports 
were prepared, from Rattan stems and cellulose-derived cardboard monoliths.  
 
The entire preparation of the SiSiC substrates was done with the support of the Materials 
Science Department (WW3) of the University of Erlangen-Nürnberg (Prof. Greil). The 
ceramisation process was carried out in IKTS (Fraunhofer-Institut für Keramische 
Technologien und Sinterwerkstoffe, Dresden), utilising a procedure developed by Greil et al. 
[362,386] for the production of SiSiC ceramics via LSI. The whole preparation of the SiSiC 
supports for this research work was done under the constant support and guidance of the 
Department of Materials Science in Erlangen (WW3). The results displayed in the next 
subchapter, concerning the preparation of the SiSiC substrates via LSI for the successive 
zeolite coating process, have been obtained uniquely in the frame of this PhD research work 
at the Chemical Reaction Engineering Department of the Erlangen-Nürnberg University.  
 
 

4.1.1 Rattan-derived SiSiC monoliths 
 
Rattan (Calamus rotang L.) is a tropical climbing palm (subfamily Calamiodeae of the family 
Arecaceae) without branches or seasonal rings and characterised by a multimodal pore 
distribution with straight channels up to ~ 500 µm in diameter [500]. The total porosity of the 
Rattan stems, measured by mercury intrusion, was between 55 and 68 %. 
 

    
Fig. 112. Digital picture of the Rattan plant (left side) and a piece of the stem (right). 

Initially, native stems of Rattan monoliths (57 mm length and 36 mm size) were pyrolysed in 
argon at 1023 K for 4 h. A linear shrinkage of ~ 24 % in the axial and radial directions was 
observed, yielding monoliths with a length of 44 mm and a diameter of 27 mm (Fig. 113).  
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Fig. 113. Picture of the pyrolysed bio-carbon (CB) preform of Rattan. 

The pyrolysis yielded a weight-loss of 62 %, ascribed to the decomposition of the 
biopolymers of the bio-template [361]. The total porosity of the Rattan-derived bio-carbon 
preforms (CB-preform), measured by mercury intrusion, was 70 - 80 %, ~ 12 - 15 % higher 
than for the native Rattan (measurements performed at the Materials Science Department 
(WW3) of the University of Erlangen-Nürnberg). Despite the marked shrinkage occurring 
during pyrolysis, the micro- and macro-structural characteristics of the original template were 
preserved in the bio-carbon preforms (CB-preform). The pyrolysed preform was X-ray 
amorphous.  
 
Subsequently, Rattan-derived bio-carbon preforms were infiltrated with liquid Si at 1823 K, 
yielding a pseudo-morphous SiSiC replica. No macroscopic changes in size or shape of the 
monoliths were observed from the pyrolysed sample to the Si-infiltrated one (Fig. 114). 
According to literature [362], the liquid Si spontaneously infiltrates into the pyrolysed Rattan 
char, reacts at the interface with carbon to form β-SiC and forms an interconnected SiC-
structure. Depending on the amount of melt-Si used, metallic Si in excess can solidify inside 
the voids and smallest cavities and pores of the carbon preform, as reported by many authors 
[352,358,361,373].  
 

 
Fig. 114. Picture of the SiSiC replica of Rattan. 

The XRD patters of the final ceramic product exhibited the typical reflections of Si and SiC. 
The weight increase during LSI was 535 %. As observed by SEM analyses, the smallest 
channels and pores in the Rattan char were filled with the Si-melt (see Fig. 115). A residual 
amount of Si was found solidified inside the voids, within the voids and on the surface of the 
SiC-network, as observed by SEM pictures in back-scattered mode (see Fig. 115).  
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Fig. 115. SEM micrographs in back-scattered (BSE) mode at two different magnifications (SiC = dark grey, Si = 

light grey, pores = black regions).  
 
A comparison of the microstructure of the Rattan and its pseudo-morphous CB-template and 
SiSiC replica is given at the end of this paragraph, where the SEM micrographs of the 3 
stages of the Liquid Silicon Infiltration process (LSI) are reported.  
 
The LSI process finally led to a cellular SiSiC ceramic composite with two interpenetrating 
phases (Si and SiC), as observed by SEM and EDX analyses and confirmed by XRD. The 
final size of the monoliths was ca. 44 mm length and 27 diameter. In addition, using the same 
process, smaller Rattan-derived SiSiC monoliths were prepared (at the Materials Science 
Department (WW3) of the University of Erlangen-Nürnberg), for the catalytic tests in the 
glass tube reactor (28.6 mm length and 9.6 mm diameter).  
 

 
Fig. 116. Digital picture of a (a) native Rattan stem cylinder, (b) the pyrolysed bio-carbon  preform (CB template) 

and (c) the SiSiC ceramic monolith after LSI. 
 
By stereoscopic analyses (see Fig. 117), it was observed that the average pore size decreases 
from ~ 450 µm in the native Rattan stem sample to ~ 300 µm in the SiSiC bio-morphous 
ceramic. Therefore, the LSI process led to a reduction of the total pore volume and a shift in 
the pore size distribution for the SiSiC ceramic in comparison to the starting biological 
template. 
 

 200 µm  400 µm 
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2.5 cm 
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Fig. 117. Pore channel diameter distribution from stereological image analyses of (1) the native Rattan plant 

tissue, (2) the Si infiltrated SiC template (measured at the Materials Science Dept., Erlangen University). 
 
After the LSI process, the SiSiC ceramic support derived from Rattan exhibited an open 
porosity between 20 - 40 vol.%, depending on the structure of the original bio-template, with 
unidirectional parallel micro-channels in the range of ~ 100 - 300 µm in diameter. As 
observed by SEM analyses, smaller channels surrounding the bigger ones, few micrometers in 
size, were left open after the Si infiltration. The SiSiC ceramic support showed negligible 
micropore volume and surface area (< 1 m2·g-1), as measured by N2 adsorption/desorption 
analyses. 
 
Micro-Computed Tomography (µ-CT) was used to measure the pore and solid volume of the 
Rattan-derived SiSiC ceramic monolith, as well as its Open Frontal Area (OFA). A monolith 
(28 mm length and 9.6 mm diameter) was scanned for 10 mm length in the central part of the 
body, with a resolution of 30 µm and a total number of 300 slices. The so-called Bone-
Volume to Total-Volume ratio (solid volume fraction of the monolith) was used to determine 
the pore volume and the solid volume, by averaging the values for each of the 300 slices. 
Calculated porosity was 33 %. Nevertheless, the maximum resolution used was bigger than 
the minimum size of the open channels (compare SEM results in Fig. 119) in the Rattan-
derived ceramic. For this reason it is difficult to state whether the value obtained by 
Computed Tomography (CT) represented the effective void volume of the sample or just an 
under-estimation of the real value. 
 

 
Fig. 118. 2D image (slice) obtained by µ-Computed Tomography. 

After LSI, the sample consisted of ~ 1-2 wt % of un-reacted carbon, about 58 wt % of SiC and 
40 wt % of solidified Si. This numbers have been obtained by ICP-OES analyses of Rattan-
derived SiSiC ceramics dissolved in a mixture of acids, as discussed above (section 3.2.1). 
TGA analyses of the SiSiC ceramic showed negligible weight-loss of the sample up to 
1023 K, when heated up at 10 K/min in air. This confirmed therefore the absence of 
significant amounts of un-reacted C in the ceramic. If any consistent amount of residual C 



4 Results and discussion                                                                  4.1 SiSiC ceramic monoliths 
 

  149 

would have been present in the SiSiC sample, it would have been burnt out within this 
temperature window and a corresponding weight-loss would have been observed.  
 
Considering the weight increase of the SiSiC ceramic after infiltration, it is possible to 
crosscheck the results obtained by ICP-OES concerning the chemical composition of the 
above, using the following formula:  
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where W is the weight percentage increase from the C-preform to the SiSiC, ρC, ρSiC, ρSi, are 
the densities of C, SiC and Si respectively and ψ the corresponding fractional volume. The 
formula can be written also in terms of weight percentage ξ and molar masses M, knowing 
that ξC + ξSiC  + ξSi = 1. If we suppose that all C reacts to SiC (ξC ~ 0), then only 333 % weight 
increase (W) should be observed after Si-infiltration, due to the difference in the molar mass: 
12 g·mol-1 (carbon) to 40 g·mol-1 (SiC). That means that the remaining 201 % weight increase 
is due to solidified Si in the ceramic. This translates into ca. 38 wt %  of the overall SiSiC 
mass (metallic Si), the remaining 62 wt % being SiC. Results are very close to the data 
obtained by ICP-OES analyses. Considering a solid volume of 67 % (from the CT analysis), 
the density for the SiSiC composites resulted 2.7 g·cm-3, corresponding to an apparent density 
of 1.73 g cm-3. As the theoretical density of Si (2.33 g·cm-3) and SiC (3.21 g·cm-3) and the 
composition of the SiSiC ceramic given above (38 wt % Si and the rest SiC), strut density of 
2.9 g·cm-3 was obtained by using the following formula [388,389]: 
 
 SiSiSiCSiCCCSiSiC ψρ+ψρ+ψρ=ρ  
 
The small difference between the theoretical value and the one obtained by using the volume 
calculated by µ-CT, is likely due to the higher porosity of the ceramic replica than that 
obtained by tomography.  
 
It is worth mentioning that some samples exhibited strongly different density, likely due to 
differences in the infiltration of Si, or in the Rattan stem microstructure and morphology (see 
Table 20). Several authors reported about the different behaviour of melt-Si infiltration, 
depending on the bio-template type and process parameters [371,373]. In this case, a scarce 
control of the reproducibly in the preparation of biomorphic Rattan-derived SiSiC ceramics 
was observed, with fluctuation of Si content above ± 20 %. As can be seen in the SEM 
micrographs of Fig. 119, the difference in the infiltration process can heavily influence 
porosity and pore-size distribution of the biomorphic ceramics (compare pictures “e” and “f” 
with “g” and “h”). Higher content of solidified silicon (e.g samples G,F in Table 20) led to the 
filling of all the smallest pore, leaving open only the major channels between 100 and 300 µm 
in diameter. Smaller Si amounts in the sample led to ceramics with open pore channels down 
to a size of few tens of micrometer. 
 
Table 20. Chemical composition of different Rattan-derived SiSiC monoliths. 

Monoliths 
 A B C D E F G H I 
Si content (%) 36.9 31.2 46.7 36.6 45.5 41.4 43.1 43.5 33.6 

SiC content (%) 62.0 67.6 51.5 61.7 52.5 56.7 55.0 54.0 65.1 

C content (%) 1.2 1.2 1.8 1.6 2.0 1.8 1.9 2.6 1.3 
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All the samples used for the zeolite crystallisation were chosen amongst those with similar Si 
and SiC content. The influence of the different Si content in the ceramic monoliths on the 
zeolite crystallisation on the SiSiC supports via LSI will be discussed in the next subchapter. 
From now on, the Rattan-derived SiSiC monoliths will be called RT SiSiC monoliths. 
 

    

    

    

    

Fig. 119. SEM micrographs of the native Rattan stem (a,b), bio-carbon preform (c,d), SiSiC replica with lower 
(e,f) and higher solidified Si content (g,h) (top views and vertical cross-section along the longitudinal channels, 

respectively). 
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4.1.2 One-side corrugated cardboard-derived SiSiC monoliths 
 
Cardboard-derived SiSiC monoliths were prepared in the following way. Initially, recycled 
cellulose-derived one-side corrugated stripes were rolled and glued to form cellular monoliths 
(~ 34 mm diameter and 56 mm length). Afterwards, these preforms were subjected to 
pyrolysis and melt-Si infiltration. Process and conditions used were the same used for the 
pyrolysis and LSI of Rattan stems, which has been discussed in the paragraph 4.1.1. The 
cardboard monoliths obtained, all with the same size and geometry, consisted of ~ 370 cells, 
equivalent to ~ 420 cpi (average values). The thickness of the pressed sheets was ~ 230 to 300 
µm and roughly twice as thick in the lower sheet (Fig. 120). The average height of the 
corrugations was ~1.6 mm. As can be seen from the SEM micrographs in Fig. 120, the porous 
struts of the corrugated paper sheets consisted of pressed fragments of cellulose fibres. 
 

       
Fig. 120. SEM micrographs of the cellulose-derived cardboard struts at three different magnifications. 

During pyrolysis, as can be noted in Fig. 121, cardboard monoliths underwent an anisotropic 
shrinkage: ~ 20 % axial and 22 % radial (compare Fig. 121 a and b). This step did not 
compromise the structural integrity of the samples. The average weight change during 
pyrolysis was quite drastic. In this case, 75 wt % of the initial bio-template weight was lost.  
 

 
Fig. 121. Digital picture of the 3 stages of the ceramisation process via LSI: (a) cardboard-derived cellular 

monoliths, (CB preform), SiSiC ceramic replica. 
 
SEM analyses of the pyrolysed monolith (see Fig. 122) showed that the microstructure of the 
original bio-derived template was retained (compare to Fig. 120 and Fig. 122). Between the 
cellulose fibres, more open cavities and voids were observed, in comparison with the paper 
monolith before carbonisation. Most likely, this effect is due to the decomposition of the 
biopolymers, which also produced a strong weight-loss, as mentioned above. The average cell 
size changed to 2-2.2 mm broad and 1.2 mm high. 
 

(a) (b) 

(c) 

25 mm 

2 mm 500 µm 100 µm 

a b c 
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Fig. 122. SEM micrographs of the carbon template after pyrolysis of the cardboard monolith: top view (left) and 

longitudinal cross-section view of one strut of the carbon preform. 
 
Monoliths with 26.5 mm average diameter and 45 mm length were obtained after the LSI, all 
regular in size and shape and preserving the morphology of the CB preform (see Fig. 121). 
Owing to the shrinkage during pyrolysis, the volume reduction was almost 200 %. The cross-
sectional area was 1.8 times smaller than for the initial cardboard monolith. As the result of 
that the final ceramic monolith had ~ 430 cpi. XRD analyses of the sample showed, like for 
the Rattan-derived ceramic, the presence of the typical reflections for Si and SiC (see Fig. 
123). Therefore, it was confirmed that the LSI process successfully yielded SiSiC ceramic 
replicas From now on, the cardboard-derived SiSiC monoliths will be called CB SiSiC 
monoliths.  
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Fig. 123. XRD patterns of the 3 stages of the ceramisation process via LSI: (a) card-board-derived cellular 

monoliths, (CB preform), SiSiC ceramic replica. 
 
The LSI step led to a weight uptake of ~ 500 %. From ICP-OES and gravimetric 
measurements of the filtrate after dissolution of the SiSiC ceramic in a mixture of acids, the 
following composition of the ceramic substrate was calculated: 49-51 wt % Si, 47.5 wt % SiC 
and less than 1 wt % C. ICP-OES of the filtrate, on the other side, showed only small traces of 
carbon. ICP-OES measurements of the sample after dissolution in the acidic mixture showed 
the presence of some traces of Al in the SiSiC ceramic (0.28 wt %). EDX analyses (Fig. 124) 
of the ceramic strut composition confirmed the presence of some small clusters containing Al 
and additionally showed the presence of small fractions of Ca. 
 

1 mm 100 µm 
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Fig. 124. SEM-EDX micrograph of the SiSiC strut: (a) BSE picture, (b,c,d) element mapping for Si, Al and C 

respectively. 
 
Careful visual analyses of the monoliths, supported by microscopy and tomography, revealed 
that most of the samples had open channels with no plugging due to solidification of Si. The 
samples were quite homogeneous in composition, with a maximum fluctuation of ± 7 % in the 
Si content of the SiSiC support (compared to the average value). SEM micrographs showed a 
very compact structure of the ceramic struts/walls. The struts were joined to each other at the 
contact points between corrugated sheets, due to silicon solidification (Fig. 125). Channels 
were quite regular in size and geometry. 
 

          
Fig. 125. SEM micrographs of the CB SiSiC composite: top-view (a), longitudinal cross-section of the strut 

fracture surface (b) and internal channel surface (c) in secondary electron mode. BSE mode top-view micrograph 
of one strut of the SiSiC ceramic replica (d). 

 
The back-scattered electron mode SEM micrograph of the SiSiC strut cross-section (Fig. 
125), showed the distribution of the two phases, Si (brighter areas) and SiC (dark grey 
regions). No microporosity was observed from nitrogen adsorption measurements. 
 

 

Fig. 126. Average cell geometry of the CB-derived SiSiC ceramic. 

Considering a simplified cell design with triangular shape, the geometrical surface area per 
unit volume was estimated to be ~ 38 cm2·cm-3 monolith, corresponding to ~ 3800 m2·m-3 or  
3.8 m2·l-1 (7.6 m2·Kg-1). Apparent density was ~ 0.5 g·cm-3, whereas strut density was 
approximately 2.5 g·cm-3. The void volume measured via the Archimedes’ method was ~ 80 
% of the total monolith volume. Evaluation of the data obtained with µ-CT analyses (Fig. 
127), indicated a void volume fraction value of 72 %, which was in agreement with the 
calculations above.  
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5 mm
 

Fig. 127. µ-CT 3D reconstruction of the cardboard-derived SiSiC ceramic monolith. 

 

4.1.3 Conclusions 
 
In the two precedent paragraphs, the results of relatively large-scale (ca. 60 samples) 
preparation of SiSiC monoliths via Liquid-Silicon-Infiltration of bio-derived templates 
(Rattan and cellulose-derived corrugated cardboard) was presented. A comprehensive 
characterisation of the composition and structure/geometry of the samples has been given. A 
systematic study of the infiltration process, as already mentioned, was not the scope of this 
thesis. Because of their properties (see chapter 2.4), SiSiC ceramic were chosen as supports 
for the deposition/growth of zeolite coatings. This part will be discussed in detail in the 
following section. With its fine channel structure, Rattan-derived SiSiC monoliths (RT SiSiC) 
were expected to allow for the development of monolithic microreactors, after coating with an 
active zeolite catalyst phase. Cardboard-derived SiSiC monoliths (CB SiSiC) were expected 
to be monolithic supports of technical interest for catalytic applications, due to their 
physicochemical properties and their open cellular structure. Full conversion of the carbon 
perform to SiC was achieved with the above-mentioned conditions of the melt-Si infiltration 
process. Large amounts of residual Si were found in the samples after infiltration, in 
agreement with [361]. Very reproducible results in terms of strut density and Si content were 
achieved with the CB SiSiC monoliths. The chemical composition of the RT SiSiC monoliths 
was less reproducible for a large batch of samples. The Rattan-derived SiSiC monoliths 
showed strong deviations in the average Si content and overall composition. This affected 
also the microstructure and the porosity of the samples. The differences in the chemical 
composition of the RT SiSiC monoliths could depend on the heterogeneities in the 
microstructure of the different specimens of Rattan stem used as starting materials for the 
pyrolysis and LSI process.  
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4.2 Functionalisation of SiSiC ceramic monoliths with MFI-type zeolite 
 
This subchapter deals with the functionalisation of the above-described SiSiC ceramic 
monoliths with MFI-type zeolite. In order to coat the internal surface of the cellular SiSiC 
ceramic supports with MFI-type zeolite (Silicalite-1 and ZSM-5), a novel direct hydrothermal 
technique (Support Self-Transformation - SST) was developed in the frame of this PhD 
research project. Systematic variations of the synthesis parameters of the SST zeolite coating 
technique were performed and will be discussed next. Conventional zeolite coating 
techniques, such as dip-coating, and direct and seed-assisted hydrothermal growth were also 
utilised on similar ceramic supports for a direct comparison with the Support Self-
Transformation method. The general procedures for the preparation of the different zeolite 
coating types are given in chapter 3. 
 
For the Support Self-Transformation technique, no external Si-sources were employed in the 
precursor solution apart from the SiSiC substrate. The SST method required the partial 
dissolution of Si from the SiSiC support. In the next subchapter (section 4.2.1 and 4.2.2), 
preliminary experiments on the dissolution of Si from the SiSiC support will be presented. 
The influence of different Si-sources will be also discussed (section 4.2.2). Afterwards, the 
results of the SST crystallisation of MFI-type zeolite onto Rattan (section 4.2.3) and 
cardboard-derived (section 4.2.4) SiSiC supports will be presented. Systematic variations of 
the synthesis parameters and their influence on the crystallisation process will be also 
discussed in detail for each substrate type (4.2.3.1-4.2.3.7 for RT SiSiC monoliths and 
4.2.4.1-4.2.4.11 for CB SiSiC monoliths). For the Rattan-derived SiSiC substrates, systematic 
variations of the following synthesis parameters during the synthesis of SST zeolite coating 
were analysed (4.2.3.1-4.2.3.7): 
 

 template amount in the reaction mixture 
 synthesis time 
 Al content in the synthesis mixture 
 synthesis temperature 
 NaOH concentration in the reaction mixture 
 support to solution ratio. 

 
For the cardboard-derived SiSiC substrates, systematic studies were conducted in order to 
better understand the following aspects of the synthesis of SST zeolite coatings (4.2.4.1-
4.2.4.11): 
 

 reproducibility of the results of zeolite synthesis on SiSiC substrates via SST 
 synthesis temperature 
 template concentration and type 
 Al concentration and Al precursor type in the reaction mixture 
 solution-to-support ratio 
 fluoride media 
 additions of MFI-type zeolite seeds in the synthesis mixture 
 optimisation of the zeolite loading and monolith activity in view of catalytic 

applications by simultaneous change of several synthesis parameters (based on 
know-how and observations from previous experiments) 
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In the subchapter 4.2.4.12, a model theory for the Support Self-Transformation mechanism 
for the zeolite crystallisation on SiSiC substrates is also discussed. Concrete examples of 
alternative Si-containing (reactive) monolithic supports which were functionalised with 
zeolite using the SST process are given in section 4.2.5. 
 
In addition, the characterisation of the full-size (25 cm3 volume, for the catalytic test in the 
monolithic reactor) cardboard-derived SiSiC monoliths will be discussed. This represent an 
attempt to up-scale the SST synthesis of MFI-type zeolite on SiSiC substrate, from the small-
scale (used to study the crystallisation kinetics) to the middle-scale (used for the catalytic test 
in the monolithic reactor setup).  
 
In the section 4.2.6, the results of the post-synthesis alkaline treatment of the ALSI-PENTA 
SM-27 and 55 parent zeolites and of the ZSM-5 coated SiSiC monoliths are reported. These 
experiments were carried out, in order to understand the effect of alkaline treatments on the 
microstructure and properties of the SST zeolite coatings on SiSiC substrates. The industrial 
ALSI-PENTA SM-27 and 55 zeolites were used as references for preliminary experiments. 
Such tests were conducted in order to study the influence of the alkaline treatment conditions 
on the textural properties of zeolite and select the suitable parameters for the successive 
treatment of the SiSiC/ZSM-5 monoliths. 
 
In the section 4.2.7, the results of the post-synthesis wet-ion-exchange (to Fe-form zeolite) of 
the SiSiC/ZSM-5 monoliths will be discussed. Once more, industrial ALSI-PENTA SM-27 
and 55 zeolites were used as references for preliminary experiments, in order to study the 
influence of the WIE treatment conditions and select the suitable parameters for the treatment 
of the SiSiC/ZSM-5 monoliths. The achievement of the Fe-form of MFI-type zeolite was 
necessary for the catalytic test in the N2O Selective-Catalytic-Reduction with C3H8 (see 
subchapter 4.3). 
 
Finally, the scaling-up of the dip-coating process to full-size (25 cm3 volume) SiSiC 
monoliths will be discussed in the section 4.2.9. This was done in order to compare the 
catalytic performances of SiSiC/ZSM-5 monoliths obtained via the Support Self-
Transformation process with those obtained via a conventional dip-coating technique. 
 
In the next chapters, the zeolite coating obtained via Support Self-Transformation will be 
labelled as SST, whereas those deposited over a monolithic support via Dip-Coating will be 
named as DC. The exact compositions of the standard precursor solutions, both for the SST 
zeolite synthesis on RT (Rattan-derived) and CB (cardboard-derived) SiSiC monoliths are 
reported in Table 33. All the experiments and the results (obtained from the most important 
physico-chemical characterisation techniques) concerning the growth of MFI-type zeolite on 
SiSiC substrates via Support Self-Transformation are listed and summarised in tables at the 
end of the Appendix section. For the SST experiments using Rattan-derived SiSiC supports, 
the reader should refer to Table 80 - Table 86 in the Appendix. For the SST zeolite syntheses 
using CB SiSiC supports, Table 87 - Table 96 should be consulted. 
 
 
4.2.1 Si dissolution from the SiSiC substrate 
 
In the Support Self-Transformation process (developed and used in this work for the coating 
of SiSiC substrates with MFI-type zeolite), the dissolution of Si from the substrate 
represented a crucial point for the whole zeolite crystallisation process. In fact, at the 
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beginning of the synthesis, no Si-source is present in the reaction mixture apart from the 
SiSiC substrate. In particular, the concentration of Si in the mother liquor after 6 and 12 h was 
important for the achievement of a super-saturation level, which had to be reached for the 
crystallisation to start. In order to understand the dependency of the initial  Si concentration in 
the precursor solution on the synthesis conditions, experiments were carried out using the 
Rattan-derived SiSiC substrate (RT monoliths) as the Si-source. Experiments were run for 
relatively short time, in order to avoid the consumption of Si from the liquid phase due to the 
crystallisation of zeolite (see section 4.2.3). Tests were carried out for 6 and 12 h. The 
synthesis mixture was prepared exactly like that used for the zeolite crystallisation kinetics 
studies (see section 4.2.3), and experiments carried out with different conditions: temperature, 
and Al and NaOH concentration in the reaction mixture. The reaction mixture after 6 and 12 h 
was collected and filtered. Afterwards, the Si and Al concentration in the filtrate were 
measured by ICP-OES. The general composition of the reaction mixture was: 
1 SiO2 : x Al2O3 : 0.038 TPA2O : y Na2O : 75 H2O, with x = 0.005 - 0.01 and y = 0.037 - 
0.45. The solution to support ratio in terms of mass ratio was ca. 19.7. As for all other 
crystallisation kinetics studies, the samples were disks with a diameter of ca. 2.5 cm and a 
thickness of 4-5 mm. 
 
The Si concentration in the solution after 6 and 12 h was found to be temperature dependent. 
The concentration of Si in the reaction mixture after 6 and 12 h at T above 400 K decreased 
slightly (Fig. 128), likely due to the start of the crystallisation process and/or gel formation.  
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Fig. 128. Concentration of Si in the synthesis mixture after 6 and 12 h at different temperatures. 

The Si concentration in the synthesis mixture after 6 and 12 h showed a strong linear 
dependency on the NaOH (or OH) concentration in the precursor solution: the higher the 
alkalinity the more important the dissolution process was (Fig. 129). Al presence in the 
synthesis mixture showed a very strong inhibiting effect towards the dissolution of Si from 
the Rattan-derived SiSiC ceramic support (Fig. 129). In [329], authors reported that even 
traces of Al could inhibit the process of dissolution of the Si-source during zeolite 
crystallisation. 
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Fig. 129. Concentration of Si in the synthesis mixture after 6 and 12 h at different NaOH concentrations (left) 

and Al (right) concentrations. 
 
In conclusion, the process of Si dissolution and in particular the Si concentration in the 
reaction mixture strongly depended on the temperature, pH, Al concentration and, as will be 
seen in the next paragraph, also on the Si-source type and its specific surface area. This 
implies that, the amount of Si available in the synthesis mixture for zeolite crystallisation was 
strongly dependent on the synthesis conditions.  
 
 
4.2.2 Si-sources for the synthesis of MFI-type zeolite 
 
The Si-source generally has a important impact on the crystallisation kinetics and on the 
properties of the final product [10,12,1,14]. Higher specific surface areas of the Si-source 
generally reduce the incubation period for the zeolite crystallisation [1]. The reactivity of the 
Si-precursor can also influence the yield of the final product or even direct the synthesis 
process towards the formation of a specific phase [1]. 
 
As discussed before, the SiSiC ceramic substrates utilised in this work mainly consisted of 
two phases: Si and SiC. Initially, experiments have been carried out in order to determine the 
reactivity of different Si-sources. SiC powder could not be dissolved even at 423 K for a time 
of 96 h in a reaction mixture with the following composition: 1 Si : 0.067 TPAOH : 45 H2O 
(pH = 13.3). No crystallisation was observed using SiC as the Si-source.  
 
Then, the studies focussed on the behaviour of Si in the reaction mixture. Fumed silica 
Aerosil 200 (Degussa), metallic Si powder and Rattan-derived SiSiC were used as Si-sources. 
All experiments were conducted using the following reference composition: 
1 SiO2 : 0.005 Al2O3 : 0.038 TPA2O : 0.15 Na2O : 75 H2O, with synthesis temperature of 448 
K. The Rattan-derived SiSiC ceramic was used as such (monolith) and in the form of fine 
powder (after grinding). This was done in order to see the influence of the specific surface 
area on the process of Si dissolution and on the zeolite crystallisation. The use of metallic 
silicon as Si-source was demonstrated first by Gao et al. [501]. The synthesis of giant crystals 
of MFI-type zeolite was achieved by using F- as mineralising agent and a slowly-dissolving 
source of nutrients (Si wafer) for the crystallisation process.  
 
Si powder was initially used in the reaction mixture as the only Si-source for the MFI-type 
zeolite crystallisation. The results obtained with the Si powder were compared to those 
obtained with other Si-sources for the zeolite crystallisation. The experiment was also used as 
a preliminary test, in order to test the possibility of utilising the metallic Si of the SiSiC 
substrate for growing a sufficient amount of zeolite on the surface of the ceramic support. 
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Fig. 130. Crystallinity (left) and Si concentration (right) in the synthesis mixture at different synthesis time for 

various Si-sources. 
 
In Fig. 130, it can be seen that the fumed silica had the fastest crystallisation curve (shortest 
incubation period and steepest slope), likely due to the colloidal nature of the Si-source, 
which allowed for fast dissolution and gelation. The metallic Si powder produced MFI-type 
zeolite with similar crystallinity to that obtained with the fumed silica. The crystallisation rate 
was lower, most likely because of the different mechanism of dissolution. The metallic Si 
particles were much bigger than the ones obtained with the fumed silica source. Moreover, 
metallic Si required the OH- mediated leaching of the Si particles.  
 
The difference in the crystallisation curves between the SiSiC powder and the monolith could 
only be attributed to the different specific surface area. From this difference, the influence of 
the specific surface area (or accessibility) of the Si-source on the SST crystallisation process 
was shown. Van Bekkum et al. [502] reported similar results on the crystallisation kinetics of 
Si-sources with different surface to volume ratios. The SEM micrographs of the Si powder 
before and after crystallisation (48 h synthesis time) are shown in Fig. 131. The zeolite 
crystals obtained with the above-mentioned conditions using the Si powder as raw material 
for the synthesis are rather large, with hexagonal morphology. The weight of the powder 
collected from the bottom of the autoclaves after 48 and 96 h synthesis was ca. twice that of 
the Si powder used for the synthesis. Considering the molar weight of Si and of the zeolite (as 
a first approximation the molar weight of SiO2), a conversion of the initial Si into MFI-type 
zeolite above 94 wt % was calculated. As the crystallinity of the samples was ca. 0.7, we 
could conclude that part of the final product consisted of un-converted Si and/or an 
amorphous phase. Nevertheless, already after 24 h synthesis the XRD analyses of the samples 
displayed no typical reflections of Si. 

 

    
Fig. 131. SEM micrographs of the starting Si powder (left) and the MFI-type zeolite crystals obtained after 48 h 

crystallisation (right). 
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As mentioned in the chapter concerning the preparation of the RT SiSiC substrate, the Si 
content of the monoliths changed quite significantly from sample to sample. The effect of the 
Si content on the SST zeolite crystallisation behaviour is shown in Fig. 132. 
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Fig. 132. Crystallinity (left) and Si concentration (right) in the synthesis mixture at different synthesis time for 2 
Rattan-derived SiSiC ceramics with different Si content, in the form of monoliths and ground to fine powders. 

 
As can be noted from Fig. 132, higher Si content in the SiSiC ceramic support allowed for 
higher amount of zeolite. This effect was found not only when the RT SiSiC substrate was 
ground to powder, but also when the monolithic SiSiC was utilised. Higher amounts of Si in 
the SiSiC matrix seemingly didn’t affect the dissolution behaviour and the concentration of Si 
in the synthesis mixture (see Fig. 132), but resulted in very different relative zeolite loading. 
For this reason, only monoliths with similar Si content were utilised for all the experiments 
conducted with RT SiSiC substrates, which will be discussed in the following subchapters. In 
conclusion, the zeolite crystallisation process (kinetics and zeolite yield) strongly depended 
on the specific surface area and nature/type of the Si-source. Metallic Si was less reactive than 
the colloidal Si-source (fumed silica). When SiSiC monoliths were used instead of finely-
ground SiSiC powders, the crystallisation kinetics was considerably slowed-down. In 
addition, the zeolite yield was significantly reduced, likely due to the low accessibility of Si 
(bulky Si-source with low specific surface area) during the dissolution and crystallisation 
process. 
 
 
4.2.3 MFI-type zeolite coatings on Rattan-derived SiSiC ceramics via SST 
 
In the section 4.2.1, it was concluded that the Si of the SiSiC substrates could be dissolved in 
alkaline media, under hydrothermal conditions which are typical for zeolite crystallisation. In 
the section 4.2.2, it was shown that, the Si dissolved from the SiSiC substrates under certain 
conditions was sufficient to synthesise MFI-type zeolite. The large content of Si (40 wt %) in 
the RT SiSiC ceramic composite allowed therefore for the use of the above-mentioned zeolite 
coating method, named Support Self-Transformation (SST). A clear synthesis mixture was 
employed, containing the template (TPABr), water and a mineralising agent (NaOH). No 
external Si-source was added in the precursor solution. For the synthesis of ZSM-5, the 
second framework builder (Al) was supplied into the synthesis mixture, in the form of Al-
salts. Systematic variations of the synthesis parameters (TPA2O/SiO2

 ratio, crystallisation 
time and temperature, SiO2/Al2O3 ratio) were introduced, in order to study the influence on 
the crystallisation process and the properties of the final SiSiC/zeolite composites. Table 80 in 
the Appendix reports the identification number for the different synthesis runs and for the RT 
SiSiC/ZSM-5 samples, together with the specific synthesis conditions used. The results of the 
characterisation of the RT SiSiC/ZSM-5 samples for the different synthesis runs can be found 
in Table 81-Table 86 in the Appendix. 
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4.2.3.1 Variation of the template amount 
 
In general, the presence of a template or structure directing agent or SDA (generally organic 
cations) in the precursor solution for the MFI-type zeolite synthesis is not always required. 
Under specific conditions (usually low Si/Al ratio), template-free synthesis of MFI-type 
zeolite can be achieved [1]. The template doesn’t only have a function as structure directing 
agent during the zeolite synthesis. Increasing the amount of template can improve the gel 
dissolution process and also modify the gel chemistry [1]. Higher template amounts in the 
precursor solution normally lead to lower incorporation of Al in the zeolite framework. The 
increase in the Si/Al ratio is the result of the presence of the large SDA cations in charge 
balancing position in the zeolite structure. This would result in the inhibition of the 
incorporation of larger quantities of Al in the zeolite framework [1]. Already during 
crystallisation, especially at relatively high temperatures, a time-dependent partial 
decomposition of the template (Hoffman degradation) generally takes place [1].  
 
At first, the influence of the template amount on the crystallisation of MFI-type zeolite on RT 
SiSiC substrates via the SST technique was investigated. The following conditions were used 
for the synthesis: molar composition of the mixture 1 SiO2 : 0.0025 Al2O3 : y 
TPA2O : 0.15 Na2O : 75 H2O with y = 0 - 0.38, 448 K, 4 days. The synthesis time was set to 
96 h based on some preliminary experiments under similar conditions (see also section 
4.2.3.2). These experiments showed that the crystallisation of zeolite under the above 
conditions is generally finished between 48 and 96 h synthesis. The samples have been 
labelled as follows (see Table 80): 
 

 RT 41 (TPA2O/SiO2 = 0.0010) 
 RT 42 (TPA2O/SiO2 = 0.0019)  
 RT 38 (TPA2O/SiO2 = 0.038) 
 RT 44 (TPA2O/SiO2 = 0.076) 
 RT 45 (TPA2O/SiO2 = 0.19) 
 RT 46 (TPA2O/SiO2 = 0.38) 

 
The XRD analyses on the SiSiC/zeolite composites after synthesis showed the presence of 
MFI structures for all the samples. By increasing the template amount, the crystallinity 
increased rapidly until it reaches a plateau, for TPA2O/SiO2 ratio above 0.038 (see Fig. 133).  
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Fig. 133. Crystallinity (left) and Si concentration (right) in the synthesis mixture for different template to silica 

ratios (TPA2O/SiO2). 
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Relatively low concentrations of template in the synthesis mixture led to very poor zeolite 
loadings in the final composite. The absence of template in the synthesis mixture led to no 
zeolite formation (Fig. 134). A TPA2O/SiO2 ratio of 0.038 reliably produced a high zeolite 
amount. Hence, a TPA2O/SiO2 ratio for the zeolite synthesis on RT SiSiC monolithic 
substrates was chosen to be 0.038 for further studies on the SST crystallisation kinetics. ICP-
OES analyses of the filtrate after 96 h synthesis (Fig. 133) showed a decrease in the Si 
concentration of the filtrate by increasing template amounts. It is generally accepted that, 
higher template amounts usually enhance the crystallisation rate and the utilisation of 
nutrients [1]. 
 

    
Fig. 134. SEM micrographs of the zeolite coating with TPA2O/SiO2 ratio of 0.019, 0.076, 0.38 respectively. 

By increasing the template concentration, the size and morphology of the zeolite 
agglomerates changed significantly. No crystals were observed for the synthesis with the 
lowest template amount (sample RT 41, TPA2O/SiO2 ratio of 0.001). For increasing template 
amounts, round-shaped agglomerates of highly-intergrown crystals were observed (Fig. 134). 
The size of the agglomerates increased considerably from ~ 20-30 µm to ~ 50-60 µm. For a 
TPA2O/SiO2 ratio of 0.38, the surface was covered with single or twinned crystals up to ~ 50-
60 µm in size (Fig. 134). Under the conditions used for the above experiments, higher 
template amount apparently let to more compact and denser zeolite layer. 
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Fig. 135. Framework Si/Al ratio for the zeolite coatings over RT SiSiC ceramics synthesised under different 

TPA2O/SiO2 ratios. 
 
The framework Si/Al ratio of the zeolite framework and the acidity were calculated from the 
data obtained with the NH3-TPD analyses (Fig. 135). Higher template concentration led to 
lower Al content in the zeolite framework. The normalised acidity (per unit mass zeolite) was 
the highest (ca. 250 µmol/gZEO) for a TPA2O/SiO2 molar ratio of ca. 0.019 (sample RT 42), 
and decreased till ca. 130 µmol/gZEO for TPA2O/SiO2 = 0.19 (sample RT 45). The overall 
acidity (per unit mass SiSiC/zeolite composite) was the highest (ca. 60 µmol/g) for a 

100 µm 

a b c 
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TPA2O/SiO2 molar ratio of ca. 0.019 (sample RT 42), and decreased slightly by increasing the 
template amount to a value of ca. 50 µmol/g for TPA2O/SiO2 ≥ 0.19 (sample RT 45 and 46) 
(Fig. 136). At lower template concentrations, the Al incorporation in the framework was 
enhanced, whereas the crystallinity decreased. This was in agreement with the results reported 
in [1]. A decrease in the zeolite amount meant therefore a decrease in the amount of Si 
involved in the zeolite crystallisation, with the result that the normalised acidity increased at 
lower TPABr concentration (Fig. 136). The overall acidity was affected to a lesser extent, 
because of the lower zeolite loading at lower template concentrations in the synthesis mixture 
(Fig. 136). 
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Fig. 136. Acidity (left) and normalised acidity (right) for the zeolite coatings over RT SiSiC ceramics 

synthesised under different TPA2O/SiO2 ratios. 
 
 
4.2.3.2 Variation of the synthesis time 
 
A series of SiSiC samples was subjected to the above-mentioned SST hydrothermal treatment 
in different autoclaves, under similar conditions, for different synthesis times (6 - 192 h). For 
the study of the evolution of the crystallisation with time, a synthesis mixture with the molar 
composition 1 SiO2 : 0.0025 Al2O3 : 0.038 TPA2O : 0.15 Na2O : 75 H2O was used. The 
synthesis temperature was 448 K. These conditions were considered the standard ones. The 
synthesis run was named RT 38 (see Table 80 in the Appendix). 
 
The XRD analyses of the samples after synthesis showed the evolution of the zeolite 
crystallisation process with time (Fig. 137). The analysis of the bare SiSiC support before 
synthesis showed the presence of the two phases Si and SiC. The first typical reflections of 
the MFI-type zeolite structure, with two peaks at 2θ = 7.9 and 8.9 ° and a triplet in the range 
2θ = 23 - 24 °, were observed after 12 h synthesis time. The intensity of these peaks increased 
with the crystallisation time until 96 h. For longer synthesis time, the intensity slightly 
decreased, most probably due to a re-crystallisation process [1]. The QAl value was used for 
the evaluation of the crystallinity of the samples. Plotting this number versus the synthesis 
time an S-type curve was obtained (Fig. 137), which is typical for the hydrothermal 
crystallisation of zeolites. The curve could be well fitted by means of the Toufar model [498] 
with the following parameters: QAl,max 0.38 [-], kR = 6.34·10-4 [1/h], k = 0.037 [1/h], tl = 49.91 
[h]. The peaks corresponding to Si and SiC were observed in all the SiSiC/zeolite composites. 
The peaks corresponding to Si decreased in intensity with increasing synthesis time, while the 
intensity of the reflections of SiC remained almost constant (Fig. 137). Previous studies 
showed that SiC was completely inert and stable under the alkaline conditions of the synthesis 
medium (see section 4.2.2). The decrease of the intensity of the Si peaks was the result of the 
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dissolution process and consumption of Si from the SiSiC matrix and further crystallisation to 
form zeolite.  
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Fig. 137. XRD patterns (left) and crystallinity (right) of the RT 38 series at different synthesis time. 

At the beginning of the RT 38 synthesis, the support weight decreased (Fig. 138). ICP-OES 
measurements of the filtrate showed a drastic increase in the Si concentration after 6 h, 
confirming that the mass loss in the support was related to the dissolution of Si from the 
support. With increasing synthesis time (after 12 h), the weight of the composite raised, due to 
the increase in the amount of zeolite on the support.  
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Fig. 138. Weight change in the SiSiC substrate (left). Degree utilisation (XSi), mass of Si dissolved in the 

reaction mixture from the SiSiC substrate (mSi,Diss) and  mass of Si used for the zeolite synthesis (mSi,Zeo) of the 
dissolved Si (right) at increasing synthesis time for the RT 38 series. 

 
The maximum Si concentration (~ 7 g/l), measured by ICP-OES, was reached within less than 
6 h (Fig. 139). Owing to the involvement of Si in the formation of the zeolite framework, its 
concentration in the solution decreased after 12 h (resulting in the above-mentioned increase 
of weight). This phenomenon corresponded to the presence of the first zeolite seeds the 
support surface, as confirmed by XRD (Fig. 137) and SEM analyses (Fig. 147).  
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Fig. 139. Si and Al concentration (left) and pH value (right) in the filtrate at different synthesis time for the 

RT 38 series. 
 
Finally, the maximum zeolite loading was reached after ca. 96 h, resulting in an overall 
weight increase of ~ 26 %. Except for the weight decrease in the beginning of the synthesis, 
the weight change showed the same behaviour as the crystallinity plot (Fig. 138). ICP-OES 
analyses of the filtrate after synthesis showed a continuous decrease of the Si concentration in 
the liquid after 6 h synthesis, indicating that the rate of Si dissolution from the support was 
lower than the rate of Si consumption due to crystallisation.  
 
A comparison between the amount of Si incorporated in the zeolite framework at different 
synthesis times (mSi,Zeo) and of the corresponding Si dissolved in the solution (mSi,Diss), 
showed that the leaching process proceeded up to ~ 96 h even during crystallisation (Fig. 
138). The amount of Si used for the crystallisation (mSi,Zeo) was derived from the zeolite 
weight in the final composites. The weight decrease in the support due to the loss of Si 
(mSi,Diss), was calculated by subtracting the weight of the zeolite in the final composites to 
overall mass of the SiSiC/zeolite composite after synthesis, and by comparing this to the 
weight of the SiSiC before synthesis: 
 

AS,SiSiCBS,SiSiCDiss,Si mmm −=  
 

where the mSiSiC,BS is the mass of the ceramic substrate before synthesis and mSiSiC,AS is the 
mass of the sole SiSiC ceramic substrate after synthesis. The mSi,Diss was calculated under the 
assumption that the support could loose weight only because of the Si dissolution, as 
preliminary experiments showed that SiC is inert and insoluble under the conditions used for 
the synthesis. The sample after synthesis consisted of the two phases SiSiC and zeolite and its 
mass was labelled as mSiSiC/Zeo,AS. This was the mass which could be measured at the end of 
the synthesis, before calcination. The weight of the SiSiC support at the end of the synthesis 
could be calculated from the overall mass of the sample (mSiSiC/Zeo,AS), by subtracting the 
amount of zeolite, template and water. Therefore, in order to obtain the weight of the SiSiC 
support alone after synthesis (mSiSiC,AS), the following equation had to be utilised: 

 
( )Template,Zeo/SiSiCOH,Zeo/SiSiCZeoAS,Zeo/SiSiCAS,SiSiC mmmmm

2
++−= . 

 
where the OH,Zeo/SiSiC 2

m  and Template,Zeo/SiSiCm  are the mass of water and template in the final 
SiSiC/Zeolite composite, measured by TGA analyses. The mass of zeolite in the final product 
after synthesis was: 
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( )Template,Zeo/SiSiCOH,Zeo/SiSiCAS,Zeo/SiSiCAlZeo mmmQm
2

−−⋅=  
 

with QAl being the crystallinity of the MFI-type zeolite in the sample. The mass of Si in the 
zeolite was calculated under the simplifying assumption that the zeolite framework was 
entirely made of Si and O and no Al was present (Silicalite-1 type zeolite with an ideal SiO2 
structure): 
 

60
28m

M
Mmm Zeo

SiO

Si
ZeoZeo,Si

2

⋅=⋅=  

 
where the SiM  and 

2SiOM  are the molar masses of Si and SiO2 respectively. This assumption, 
was not too far from reality in the case of the RT 38 samples. Depending on the synthesis 
time, the Si/Al ratio in the zeolite coating was between 60 and 100 (see section 4.2.3.3). This 
meant an overestimation of the Si amount in the zeolite of ca. 1-2 %. 
 
As mentioned above, the comparison between the two values (mSi,Zeo and mSi,Diss) for different 
synthesis times confirmed that the dissolution process continuously proceeded until ~ 96 h 
(see Table 35 and Fig. 138). The degree of Si utilisation (XSi) for the crystallisation was 
calculated with the following formula:  
 

Diss,Si

Zeo,Si
Si m

m
X =  

 
The Si utilisation during the synthesis is shown in Fig. 138 and in Table 35. As can be easily 
noticed, almost the entire Si dissolved from the substrate was utilised for the crystallisation 
(up to ~ 77 wt % in 96 h). At this time, the remaining 23 wt % was left un-reacted in the 
solution, whereas a residual amount of 0.117 g of Si (28 wt % of the initial amount of Si in 
the SiSiC support) was left in the SiSiC substrate (Fig. 139 and Table 34). This observation 
could eventually explain the negligible amount of excess powder found in the reaction 
mixture at the end of the crystallisation. After 48 h synthesis time, 53 wt % of the dissolved Si 
was used for the zeolite crystallisation process, corresponding to a zeolite loading of 17 wt % 
(calculated as the weight of zeolite compared to the overall weight of the RT SiSiC/zeolite 
composite). After 72 h synthesis, already 72 wt % of the Si dissolved was used for the zeolite 
crystallisation, yielding a zeolite loading of 33 wt % (Fig. 138). After 96 h synthesis, the 
maximum zeolite loading was reached (~ 36 wt %). This proved that, during this time window 
(between 48 and 96 h synthesis), supplementary Si had to be dissolved from the support (see 
also Fig. 138). Calculations based on the XRD and ICP-OES analyses and on the weight of 
the samples showed that the Si present in the solution after 48 h synthesis would have not 
been sufficient to produce such an increase in the zeolite mass (from 17 to 36 wt %). 
Therefore, more Si had to be dissolved between 48 and 96 h synthesis in order to provide a 
sufficient amount of nutrients for the zeolite synthesis. A maximum amount of ~ 20 wt % of 
Si was leached from the RT SiSiC support (overall chemical composition of the RT SiSiC 
composites: 40 wt % Si, 59 wt % SiC), corresponding to ~ 50 % of the total Si content in the 
ceramic substrate.  
 
To prove the correctness of the above calculations, the mass balance for the zeolite 
crystallisation process in synthesis run RT 38 was calculated. The Si-source for the zeolite 
synthesis was uniquely represented by the Si dissolved from the SiSiC substrate in the 
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alkaline reaction mixture (mSi,Diss). At the end of the synthesis process, principle of mass 
conservation in a closed system had to be verified. The sum of the amount of Si that was 
present in the substrate (un-dissolved), in the zeolite and in the mother liquor (dissolved but 
un-reacted) had to be the equal to the mass of Si present in each autoclave before synthesis, 
which was represented by the fraction of metallic Si present in the RT SiSiC monolith. The 
details of the calculations are reported in the Appendix (Table 35). The formula utilised and 
the meaning of the different terms are reported in the next paragraphs. The mass balance for 
Si (ΥSi) was expressed as the ratio between the mass of Si found in the different phases 
(substrate, zeolite and reaction mixture) at the end of the crystallisation (ΣSi) and the mass of 
Si in the SiSiC substrate at the beginning: 
 

 
BS,SiSiC,Si

AS,SiSiC,SiDiss,SiZeo,Si

BS,SiSiC,Si

Si
Si m

mmm
m

Y
++

=
Σ

=  

 
where: 
 

 Zeo,Sim  is the above-mentioned amount of Si in the zeolite (from the amount of 
zeolite measured by XRD times the molar mass fraction of Si/SiO2 = 28/60 in 
the zeolite framework) 

 AS,SiSiC,Sim  is the amount of Si left in the SiSiC support after synthesis (from the 
weight difference between the sample before crystallisation and after 
crystallisation, once the contributions of the zeolite, water and template have 
been removed) 

 Diss,Sim  is the mass of Si left un-reacted in the solution at the end of the 
crystallisation (from ICP-OES analyses) 

 BS,SiSiC,Sim  the mass of Si in the RT SiSiC ceramic support at the beginning of the 
synthesis (corresponding to the initial mass of the SiSiC support used multiplied 
by the Si content of the monolith calculated by ICP-OES analyses: 40 wt %).  

 
The initial mass of Si in the support ( BS,SiSiC,Sim ) was defined as: 
 

%40mxmm BS,SiSiCBS,SiSiC,SiBS,SiSiCBS,SiSiC,Si ⋅=⋅=  
 
where BS,Support,Six is the mass fraction of Si in the RT SiSiC support before synthesis 

(40 wt %). The mass of Si left in the SiSiC support after synthesis ( AS,SiSiC,Sim ) was defined 
as: 
 

)mm(mm AS,SiSiCBS,SiSiCBS,SiSiC,SiAS,SiSiC,Si −−=  
 

which, using the above equations, can be re-written as: 
 

( )( )[ ]Template,Zeo/SiSiCOH,Zeo/SiSiCZeoAS,Zeo/SiSiCBS,SiSiCBS,SiSiC,SiAS,SiSiC,Si mmmmmmm
2

++−−−=

 
For a perfect mass balance in the system, Y must be equal to one. From Table 35, it can be 
noted that the calculations of the mass balance for Si (ΥSi) were affected by a maximum error 
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of ca. 2-3 %. Table 21 shows the mass percentage of Si (relative to the initial mass of Si in the 
SiSiC support) in the solution at different synthesis times, in the zeolite and in the SiSiC 
substrate after synthesis for the RT 38 series. 
 

Table 21. Mass balance YSi and relative percentage of Si in the zeolite, SiSiC substrate and reaction mixture 
after synthesis, for the RT 38 series: more details can be found in Table 35. 

Synthesis time 
(h) 

Si in Zeolite AS 
(%) 

Si in Solution AS 
 (%) 

Si in SiSiC AS 
 (%) 

Mass Balance YSi 
(%) 

6 0 31 69 100 
12 0 30 71 101 
18 5 30 67 102 
24 10 28 63 101 
48 20 22 59 102 
72 44 23 31 98 
96 49 21 28 97 
144 44 21 31 96 
192 41 21 36 98 

 
The data from Table 21 and Table 35 are organised in diagrams for a cleared overview (Fig. 
140 and Fig. 141). The partition of Si after synthesis (AS) for the series RT 38 is given in Fig. 
140, in terms of the weight percentage of Si (related to the initial Si mass in the SiSiC 
substrate) in the zeolite coating, in the solution and in the SiSiC substrate. 
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Fig. 140. Partition of Si after synthesis (AS) for the series RT 38: weight percentage of Si (related to the initial Si 
mass in the SiSiC substrate) in the zeolite, in the solution and in the SiSiC substrate. 

 
The distribution of Si in the system after synthesis (zeolite, solution and SiSiC support) are 
given as functions of the synthesis time, both in terms of absolute mass and percentage 
(relative to the Si mass in the SiSiC substrate before synthesis). 
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Fig. 141. Amounts of Si (left) and percentages of Si (right) in the SiSiC substrate before synthesis (BS) and in 

the zeolite, solution and SiSiC substrate after synthesis (AS) for the series RT 38. 
 
In Fig. 142, the intensity of the XRD reflections corresponding to Si and to the MFI-type 
zeolite in the SiSiC/zeolite composites are reported for different synthesis times. In this 
diagram, the trend of the Si dissolution and crystallisation to form zeolite on the SiSiC 
supports is clearly shown.  
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Fig. 142. Intensity (measured by XRD) of the Si (2θ=28°) and MFI (2θ=23°) peaks in the SiSiC/zeolite 

composites at different times during synthesis. 
 
Experiments in the absence of TPABr (template) in the synthesis mixture showed that, once 
the Si concentration reached the maximum value after 6 h, almost no further changes were 
observed in the composition of the liquid. This means that a saturation threshold was reached 
and that there existed no further driving force for the leaching of Si from the SiSiC matrix. In 
this specific case, no more Si was dissolved from the support after 6 h. In the presence of 
TPABr molecules, the crystallisation consumed the Si dissolved in the reaction mixture and 
shifted again the equilibrium of the solution, allowing for a further leaching of Si from the 
SiSiC substrate.  
 
With increasing synthesis times, more zeolite crystallised onto the substrate. This resulted in a 
decrease of the accessible surface for the further leaching of Si, which was believed to be 
responsible for the reduction of the dissolution rate with time. Indeed, after 96 h synthesis, the 
dissolution process apparently stopped, likely due to the complete coverage of the substrate 
with a compact and thick zeolite layer. The presence of a zeolite layer between the alkaline 
mother liquor and the Si in the SiSiC substrate might have led to the inhibition of the 
dissolution process. It is also possible that the leaching of Si from the SiSiC monolith stopped 
because of the drastic decrease of the alkalinity (see Fig. 139) of the reaction mixture with 
increasing synthesis times. The alkalinity, as already seen in the section 4.2.1 is the driving 
force for the process of Si dissolution. 
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Negligible amounts of excess powder were found in the reaction mixture after synthesis. 
Likely, the crystallisation process took place close to the surface of the support, where the 
nutrients amount could be higher, due to the localised dissolution process (due to the fact that 
a geometrically-confined Si-source is used) taking place at the SiSiC/solution interface. The 
existence of a boundary layer, which confined the crystallisation close to the surface substrate 
(reducing the crystallisation in the bulk of the solution) was therefore proposed, in order to 
explain the above observations regarding the Support Self-Transformation process. A more 
complete discussion of the SST crystallisation mechanism is given in the subchapter 4.2.4.13. 
Finally, a residual concentration of ~ 4 g·l-1 was detected in the synthesis mixture after 96 h 
and the crystallisation did not proceed anymore. As seen before, this value changed in 
function of the concentration of template in the synthesis mixture, indicating that the 
crystallisation stopped when a critical minimum amount of template molecules was reached. 
It is also possible that the crystallisation stopped due to the relatively low concentration of Si 
in the solution. 
 
A different behaviour was observed for the second zeolite framework builder (Al). ICP-OES 
analyses of the filtrate (Fig. 139) indicated that the amount of Al in the solution phase 
deceased rapidly. Rauscher et. al [193], adopted a similar coating technique for the fabrication 
of ZSM-5 containing glass beads. They postulated that the transformation of porous glass 
granules into ZSM-5 granules occurred in three stages: partial dissolution of porous glass 
granules up to the saturation of silicon in the solution phase, adsorption or complexation of Al 
onto the surface of porous glass granules and partial conversion of the support into zeolite.  
 
The pH measurement was also used to monitor the progress of the crystallisation and the 
results are shown in Fig. 139. At the beginning (within 6 h synthesis), the pH dropped from a 
value of ~ 13.6 to ~ 11.9. This decrease corresponded to the dissolution of Si and hydrolysis 
of the amorphous aluminosilicate. Between 6 and 48 h, the value remained constant, likely 
due to the progress of the crystallisation [1]. From 48 to 192 h synthesis the pH increased 
again. During the crystallisation process, OH- anions were released due to condensation 
reactions to form the crystalline Si96-xAlxO192 MFI-type zeolite framework. In this process, 
hydroxy-ligands are normally expelled due to the oxo (-O-) bridge formation between the Si 
and Al atoms in the zeolite framework [1,503].  
 
Part of the pH drop could also be due to the Hoffman degradation of the template [14,502]. 
For most of the experiments, an increase of the Si concentration in the synthesis mixture in 
the first 6 to 12 h corresponded to a decrease in the OH- concentration (measured by the pH 
drop) by a factor two. Given that the Si dissolution from the SiSiC support was mediated by 
OH- anions, the average coordination between Si and OH- had to be close to 2. The 
monomeric unit Si(OH)4 has 4 OH- per Si atom. This means that, in the pH range 
investigated, the Si species formed in the solution were organised into polymeric chains, as 
confirmed by Szostak et al [1]. In fact, for a higher degree of polymerisation, the coordination 
of OH- anions to the Si atoms reached values close to ca. 2 (Fig. 143). In this pH region, Al 
species are present in the form of monomeric Al(OH)4

- and further deprotonated forms of the 
tetrahedral aluminium oxide anions AlO2

- [1]  
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Fig. 143. Silica species coordination in water solutions in dependency of the pH, adapted from [1]. 

TGA analyses on the SiSiC/zeolite were used in order to evaluate the zeolite loading from the 
amount of decomposed template (Fig. 144). The SiSiC support showed no weight-loss up to 
1273 K, whereas the SiSiC/zeolite composites showed a weight decrease in the region 573 - 
873 K, attributed to the decomposition of the TPA+ molecules (Fig. 144) [1]. The results are 
summarised in Table 34 in the Appendix.  
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Fig. 144. TGA curves of the RT SiSiC samples after different crystallisation times. 

The N2 adsorption/desorption measurements were carried out to evaluate the micropore 
volume and specific surface area of the SiSiC/zeolite composites (Fig. 145). The measured 
values were also related to the amount of zeolite in the final composites. Basically, the 
micropore volume of the SiSiC/zeolite samples was related to the ideal value for a pure MFI-
type zeolite framework. This ratio represented also the percentage of zeolite in the 
SiSiC/zeolite composite, as the SiSiC support itself exhibited no microporosity. Indeed, the 
SiSiC ceramic support and the samples synthesised for 6 and 12 h showed negligible 
micropore volume and surface area (< 1 m2·g-1). As can be seen in Fig. 145, the N2 
adsorption/desorption isotherms for synthesis times longer than 12 h were of type I, 
characteristic of microporous materials. The calcined ZSM-5 coated samples (96 h) showed a 
micropore volume of 0.069 cm3 g-1, a micropore area of 147 m2 g-1 and a BET surface area of 
163 m2 g-1. The isotherm of the SiSiC/ZSM-5 composites (Fig. 145) showed a step in the 
range p/p0 = 0.2 - 0.4. This small hysteresis in the range p/p0 = 0.2 - 0.4 is generally observed 
for larger zeolite crystals with Si/Al bigger than 30 [25,504,505]. For some authors, such 
phenomenon is related to the presence of inter-/intra-crystalline mesopores or defects left after 
the template decomposition [25,506]. The presence of intersection between two pore systems 
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might also be responsible for this behaviour of the MFI-type zeolite during nitrogen 
adsorption. Definitely, the effect cannot be related to capillary condensation. As this step is 
mainly observed in Silicalite-1 zeolites and ZSM-5 with rather high Si/Al ratio, it is clear that 
the Al in the zeolite framework plays a major role. Argon adsorption measurements generally 
show no step/hysteresis in this region of the relative pressure. For this reason, some authors 
are convinced that this effect is the result of different packing densities of nitrogen molecules 
depending on the relative pressure. Alternative explanations involve the occurrence of 
different interactions (quadrupole-quadrupole interactions for nitrogen molecules) or 
orientation effects of the molecules [504]. On the other side, this would not explain the reason 
why this phenomenon is generally not observed for MFI-type zeolites with very low Si/Al 
ratios. Considering an ideal micropore volume of ~0.175 cm3 g-1 [507] for a Silicalite-1 
framework (the Al-content of the RT 38 samples was rather low: Si/Al between 60 and 100), 
the amounts of ZSM-5 in the final SiSiC/zeolite composites were estimated. The results are 
shown in Table 34 in the Appendix.  
 

0,0 0,2 0,4 0,6 0,8 1,0
0

10

20

30

40

50

60
192 h
96 h

24 h

48 h

18 h

12 h6 h

A
ds

or
be

d 
vo

lu
m

e 
(c

m
3 /g

)

Relative pressure p/ps (-)  
Fig. 145. N2 adsorption/desorption of the RT SiSiC samples after different crystallisation times. 

The calculation of the relative zeolite amount in the SiSiC/zeolite composite after SST 
crystallisation was done via: 
 

 the QAl value (XRD measurements),  
 the comparison of the micropore volume with the theoretical value for a pure 

crystalline MFI-type zeolite framework (N2 adsorption analyses)  
 the amount of template decomposed (TGA analyses).  

 
As can be noted in Fig. 146, the results of the estimation of the zeolite loading on RT SiSiC 
monoliths by means of the three above-mentioned methods were in rather good agreement.  
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Fig. 146. Evaluation of the zeolite amount in the SiSiC/zeolite composites via three different methods. 

 
The progress of the crystallisation and the zeolite loading in the final composites were almost 
identical, on the basis of the N2 adsorption/desorption measurements, and the QAl value or 
TGA measurements (Table 34). The estimation of the zeolite loading in the final SiSiC/zeolite 
composites can therefore be derived equivalently from one of the three techniques, with 
negligible variation of results (correction factor of 1.06 and 1.13). The weight change in the 
samples after synthesis could not be used to estimate the amount of zeolite grown on the 
substrate, due to the complex behaviour (dissolution and growth of zeolite crystals) during 
crystallisation.  
 
SEM micrographs of the SiSiC/zeolite composites after 6 and 96 h synthesis are shown in Fig. 
146. Spherical nano-particles could be observed on the SiSiC surface after 6 h synthesis. At 
this stage, the particles were X-ray amorphous. Therefore, it was not possible to establish if 
they represented zeolite seeds or simply sol-gel particles. After 12 h crystallisation, similar 
particles were observed by SEM analyses on the SiSiC surface. The population was 
seemingly higher and, with long-time X-ray analyses, typical reflections of the MFI-type 
zeolite were detected. This indicated the presence of zeolite crystals or seeds (particles were 
below 300 nm in size), on the surface of the ceramic substrate. Longer crystallisation times 
yielded arbitrarily oriented, hexagonal zeolite crystals that covered completely the inner 
surface of the channels of the SiSiC support, and organised themselves into round 
agglomerates of highly-intergrown crystals. This particular morphology of the crystals was 
associated (by van Bekkum et al. [502]) to the crystallisation of zeolite in clear synthesis 
solutions or in heterogeneous reaction mixtures with highly dispersed or low-density gel 
forms. In this case, the driving force for the crystallisation is equal in all directions and 
produces intergrown crystalline agglomerates [502], similar to those in Fig. 147. In the case 
of a crystallisation in the presence of a dense gel phase, crystals are generally more defined 
(cubic shape) and preserve their identities, as the crystallisation proceeds into the gel. 
Morphologies of the zeolite crystals like that in the SEM micrograph in Fig. 147 are 
associated also to low concentration of the SiO2 nutrients [502]. 
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Fig. 147. SEM micrographs of the SiSiC surface (series RT 38) after 6 h (left) and 48 h (right) synthesis time. 

The morphology of the layer appeared to be similar to the one observed by Komarneni 
[202,336], who used a similar technique for the coating of mullite/silica glass honeycombs. 
SEM micrographs in back-scatter mode of the polished cross-sections (Fig. 148) showed the 
presence of three different phases in the final SiSiC/zeolite composites (Si = white, SiC = 
bright grey, zeolite = dark grey). The starting SiSiC supports exhibited a dense strut structure 
consisting of Si and SiC. It can be seen from the Fig. 148 that the Si dissolution process 
taking part in the early stages of the synthesis created voids in the struts, especially in the 
auxiliary (minor) channels of the biomorphic support. The crystallisation preferentially 
occurred in this environment. The inhomogeneity in the distribution of the crystallisation rate 
within different channels can be clearly observed in Fig. 148. Every channel reached a 
different state of crystallisation, indicating that every pore represented a singular isolated 
crystallisation environment. From Fig. 148, it is also clear that the Si dissolution process 
apparently continued in the last stages of the crystallisation as well. These results confirmed 
the calculations based on the Si concentrations in the filtrate compared to the progress of the 
crystallisation, which showed a continuous dissolution of Si until 96 h of synthesis (see Fig. 
138). In the latest stages of the crystallisation, the SiSiC support exhibited an extremely 
complex structure, which differed strongly from the one of the starting material, due to the 
active role of the substrate during synthesis.  
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Fig. 148. SEM (Back-scattered electron mode) of the channels of RT SiSiC/ZSM-5 composites (polished cross-
sections) after (a) 0 h, (b) 6 h, (c) 12 h, (d) 18 h, (e) 24 h, (f) 48 h, (g) 72 h, (h) 96 h, (i) 144 h, (j) 192 h synthesis 

time. 
 
The Si phase, initially filling the voids of the SiC scaffold, was partly dissolved, especially in 
the regions close to the external surface of the struts. It was already mentioned above that 
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fractions of Si up to 50 wt % of the initial Si amount in the SiSiC substrate were dissolved 
within the first 96 h synthesis. The voids left by the Si dissolution were filled with MFI-type 
zeolite. The zeolite crystals and the SiSiC substrate formed a well-intergrown structure. The 
SiSiC and the zeolite at the end of the crystallisation process were two interpenetrating 
phases. The zeolite coating resulted in a continuous phase, well attached to the substrate and 
not merely deposited on the surface. The good adherence of the zeolite coating was confirmed 
by thermal shock tests. Samples heated up to 873 K and quenched in cold water showed no 
weight-loss. SEM analyses of the samples after the thermal-shock tests confirmed the good 
adherence of the zeolite coating. Advantages of the final SiSiC/zeolite composites in terms of 
heat conductivity, mechanical stability and adherence of the zeolite coating are therefore 
expected.  
 
The mechanical strength of the samples was not tested. A decrease in the mechanical 
resistance of the SiSiC after synthesis was expected due to the introduction of porosity and 
defects in the structure, caused by the dissolution Si from the SiSiC substrate. Mehan et al. 
[508] showed that the strength of SiSiC composites has a linear dependency from SiC-
content. At any instance, the SiSiC samples after zeolite crystallisation exhibited sufficient 
mechanical stability to be handled, calcined and utilised in the reactor setup under severe 
temperatures and heating cycles, without showing significant damages.  
 
 
4.2.3.3 Variation of the Al content 
 
Generally, an increase of the Al concentration in the precursor solution is reported to slow 
down the ZSM-5 crystallisation rate and lead to longer incubation periods [1]. This is in direct 
contrast with the behaviour of other zeolite systems known [1]. 
 
Systematic variations of the Al amount in comparison to the standard series (no aluminium, 
and two and four times higher concentration in the starting solution) were studied. The scope 
was to examine the effects of Al concentration in the reaction mixture on the crystallisation 
and on the properties of the final composites. For the study of the evolution of the 
crystallisation with time, 3 synthesis mixtures with the following molar composition was 
used: 1 SiO2 : 0.00 - 0.01Al2O3 : 0.038 TPA2O : 0.15 Na2O : 75 H2O. The synthesis 
temperature was 448 K in all experiments. As can be seen in Table 80 (Appendix), the Si/Al 
ratio in the starting reaction mixture was respectively 200 (RT 38, standard series, see section 
4.2.3.2), 100 (RT 32), 50 (RT 33) and unlimited (RT 40). The samples were named as follows 
(Table 80): 
 

 RT 38 (SiO2/Al2O3 = 400) 
 RT 32 (SiO2/Al2O3 = 200) 
 RT 33 (SiO2/Al2O3 = 100) 
 RT 40 (SiO2/Al2O3 = ∞) 

 
An increase in the Al concentration slowed down the crystallisation rate by increasing the 
incubation period and decreasing the crystal growth rate (Fig. 149).  
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Fig. 149. Crystallinity of the SiSiC/zeolite samples synthesised with various Al concentrations in the synthesis 

mixture. 
 
In addition, the maximum crystallinity decreased and less Si was dissolved from the support 
(Fig. 150). The decrease of the solubility of a Si-source in the presence of Al is a well known 
effect [138,329]. Al is also considered to promote the formation of a gel layer onto the 
support, in conventional hydrothermal coating processes [329].  
 

Table 22. Parameters obtained with the Toufar model. 
 RT 32 RT 33 RT 38 RT 40 
QAl,max [-] 0.38 0.23 0.36 0.42 
kR [1/h] 5.97·10-4 2.04·10-4 6.34·10-4 - 
k [1/h] 0.020 0,018 0.037 0.082 
tl [h] 127 118 50 18 

 
EDX analyses of the samples in the early stages of crystallisation showed the presence of Al 
on the surface of the SiSiC support. The Al-complexes adsorbed on the surface or involved in 
the formation of a gel phase over the substrate, were believed to contribute to hindering the Si 
dissolution process.  
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Fig. 150. Si (left) and Al (right) concentrations in the filtrate after synthesis for the SiSiC/zeolite samples treated 

with different Al concentrations in the synthesis mixture. 
 
Compared to the standard series (RT 38), a lower weight-loss was recorded at the beginning 
(6 h synthesis) for RT 32 (twice the Al amount in the reaction mixture) and even a weight 
gain was observed at the same time when the Al concentration was increased to four times 
(RT 33) in the starting reaction mixture (Fig. 151). 
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Fig. 151. Relative weight change of the sample (left) and pH values in the filtrate (right) for the SiSiC/zeolite 

samples synthesised with different Al concentrations in the synthesis mixture. 
 
This observation, together with the fact that no Al was found in the filtrate already after 6 h 
synthesis (measured by ICP-OES), confirmed that the aluminium complexes adsorb rapidly 
onto the support surface. SEM-EDX measurements confirm the presence of aluminium on the 
support surface after 6 h. Particularly interesting is the fact that, in the zeolite layer, 
aluminium was concentrated in the lower part, close to the SiC phase on the support surface 
(Fig. 152). This signifies that aluminium was predominantly incorporated at the beginning of 
the crystallisation process. This likely led to the establishment of a gradient of Al along the 
zeolite coating. EDX measurements of cross-sections of the SiSiC/zeolite composites 
confirmed the presence of a concentration gradient for Al across the zeolite coating. The 
zeolite coating was richer in Al in the lower part, directly in contact with the SiSiC support 
and poorer on the outer side of the layer. The resulting zeolite layer consisted therefore of a 
hydrophobic Al-poor MFI-type zeolite layer on the outer part and a hydrophilic Al-rich ZSM-
5 in the inner part, close to the substrate. In the absence of Al, a faster crystallisation (shorter 
incubation period) was observed for the synthesis of Silicalite -1, confirming the role of Al in 
slowing/hindering the synthesis process [1]. 
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Fig. 152. (a) Back-scattered electron mode micrograph and (b-d) EDX mapping of the (RT 32) SiSiC/ZSM-5 

sample (1 SiO2 : 0.01 Al2O3 : 0.038 TPA2O : 0.15 Na2O : 75 H2O, 8 days synthesis at 448 K,): (b) Si, (c) O and 
(d) Al. 

 
The yields of Si utilisation (XSi) or the series with different Al concentrations in the precursor 
solution are plotted in Fig. 153. The Si dissolved was utilised to a large extent for the 
crystallisation of zeolite inside the channels of the Rattan-derived SiSiC substrate at all 
instances. At higher Al concentrations in the synthesis mixture, the yield of Si utilisation (XSi) 
in the zeolite crystallisation process decreased. The synthesis RT 40 (no Al in the reaction 
mixture) exhibited a lower Si utilisation (XSi) compared to the RT 38 series. In all cases, the 
Si was utilised to a lesser extent during the early crystallisation stage and increasingly 
consumed during the evolution of the crystallisation. High Si utilisation yield meant that the 
most of the Si dissolved was utilised for the formation of the zeolite coating and only to a 
minor degree for the growth of zeolite crystals in the bulk (excess powder). 
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Fig. 153. Yield of Si utilisation for the series with different Al concentrations in the precursor solution. 

 
NH3-TPD analyses of the H-form of the samples confirmed the observations reported above. 
For all the three series with different Al concentrations in the precursor solution, the Si/Al 
ratio in the zeolite coating was smaller at the early crystallisation stages. As can be noted 
from Fig. 154, the Si content in the zeolite framework increased with increasing synthesis 
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time. The increase in the Al concentration in the initial synthesis mixture produced a 
significant increase in the Al amount in the zeolite framework. For the standard synthesis (RT 
38) the Si/Al ratio was around 100 for the maximum zeolite loading. A similar value was 
found for the sample with double the Al concentration in the synthesis mixture (RT 32) 
compared to the standard series (RT 38). At the maximum crystallinity (288 h synthesis), the 
sample (RT 33) synthesised with four times the Al concentration in the precursor solution (in 
comparison to the standard synthesis) exhibited a Si/Al ratio of ca. 40. The starting theoretical 
Si/Al ratios in the precursor solution (considering the whole amount of metallic Si in the 
SiSiC substrate) were respectively 200, 100 and 50 for the three kinetics studies. 
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Fig. 154. Si/Al ratio in the zeolite coating after different synthesis times for the SiSiC/zeolite samples obtained 

with different Al concentrations in the precursor solution. 
 
The normalised acidity (relative to the weight of the ZSM-5 zeolite coating) of the samples 
follows the same trend of the Al amount in the zeolite framework, decreasing with the 
synthesis time and depending on the Al concentration in the precursor solution (Fig. 155). As 
an effect of the reduction in the zeolite loading at increasing crystallisation times, the values 
of the maximum overall acidity (relative to the weight of the SiSiC/ZSM-5 composite) of the 
SiSiC/ZSM-5 monoliths were closer for the 3 series: 40 µmol/g (standard series), 60 µmol/g 
(RT 32), 80 µmol/g (RT 34). 
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Fig. 155. Acidity (left) and normalised acidity (right) in the zeolite coating after different synthesis times for the 

SiSiC/zeolite samples obtained with different Al concentrations in the precursor solution. 
 
In Fig. 156, the ratio of relative Si/Al ratio is plotted against the relative aluminium 
concentration. The samples with the longest crystallisation time for the three syntheses are 
compared: standard series RT 38 and the series with 2 (RT 32) and 4 times (RT 33) the Al 
concentration in the reaction mixture. The y-axis represents the Si/Al ratio in the three 
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samples normalised to the value for the standard series. The x-axis represents the Al 
concentration in the synthesis mixture normalised to the value for the standard series. 
Basically, the diagram in Fig. 156 shows how effective the sole addition of Al-salt in the 
precursor solution has been in rising the Al content of the zeolite framework. The relation is 
not linear. An increase (factor 2) of the Al concentration in the precursor solution (RT 32) led 
to no increment in the framework Al content in the zeolite. An increase of 4 times the Al 
concentration in the synthesis mixture (RT 33) led to an increase of 2.5 times the Al content 
in the crystalline product after synthesis. The reason of this could be that the overall alkaline 
in the three reaction mixtures decreased by increasing Al content, as the addition of Al-nitrate 
partially reduced the pH of the solution. As reported in [1], the hydroxide concentration is 
extremely important for the incorporation of Al in the zeolite framework. 
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Fig. 156. Relative Si/Al ratio in the zeolite at the maximum crystallinity (series RT 32, RT 33 and RT 38) in 
comparison to the value for the standard synthesis (RT 38) vs. the relative aluminium concentration in the 

reaction mixture at the beginning of the synthesis. 
 
Crystal size and characteristics of the zeolite coating depended strongly on the presence of Al 
and on its concentration in the synthesis mixture (see SEM micrographs in Fig. 157). The 
Silicalite-1 coating (RT 40) consisted of extremely large twinned crystals (~ 100 µm in size). 
With the addition of Al in the synthesis mixture, the morphology of the layer changed 
drastically. Round-shaped agglomerates of smaller crystals formed a well-intergrown zeolite 
layer. The size of the agglomerates decreased with the addition of Al in the reaction mixture: 
~ 23 (RT 38), 44 (RT 32) and 32 µm (RT 33) respectively. 
 

   ´  
Fig. 157. SEM micrographs of the zeolite agglomerates in the channels of the RT SiSiC support: RT 40 (a), RT 

38 (b), RT 32 (c), RT 33 (d). 
 
 
4.2.3.4 Variation of the synthesis temperature 
 
The systematic variation of the synthesis temperature was studied, in order to examine the 
effects on the crystallisation and on the properties of the final composites. The synthesis 
temperature generally reduces the incubation period and boosts the crystallisation rate [1,503] 

20 µm 

a b c d
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by a factor 2 every 10 K difference (as the zeolite crystallisation normally has EA = 60 KJ/mol 
[509]). An increase in the crystallisation rate is generally associated to an enhancement of the 
crystal size of the MFI-type zeolite [1,10,12,14]. 
 
For the study of the evolution of the crystallisation with time, a synthesis mixtures with the 
following molar composition (standard series RT 38) was utilised: 
1 SiO2 : 0.0025 Al2O3 : 0.038 TPA2O : 0.15 Na2O : 75 H2O. The synthesis temperature was 
varied between 398, 423 and 448 K. Synthesis runs and samples were labelled as follows (see 
Table 80): 
 

 RT 34 (T = 398 K) 
 RT 35 (T = 423 K) 
 RT 38 (T = 448 K) 

 
The temperature was found to have great influence on the SST zeolite crystallisation on RT 
SiSiC substrates, as the incubation period increases from ~ 18 h at 448 K (RT 38) to ~ 80 h at 
423 K (RT 35) and even to ~ 260 h at 398 K (RT 34) (see Fig. 158). In addition, the slope of 
the crystal growth period declined with decreasing temperature.  
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Fig. 158. Crystallinity vs. synthesis time for the crystallisation kinetics at different temperatures. 

The crystallisation rate, corresponding to the slope of the curve in the crystal growth region, 
varied from 0.037 at 448 K to 0.017 at 423 K and 0.014 at 398 K. The decrease of the 
crystallisation rate is generally observed in conventional hydrothermal syntheses [1,502,503]. 
On the other side, the maximum zeolite loading was independent from the synthesis 
temperature. All three series reached a QAl value of ~ 0.36, although at different 
crystallisation times. 
 

Table 23. Parameters obtained with the Toufar model. 
 RT 34 RT 35 RT 38 
QAl,max [-] 0.37 0.36 0.36 
kR [1/h] 6.54·10-4 6.34·10-4 6.34·10-4 
k [1/h] 0.017 0.037 0.037 
tl [h] 153 50 50 

 
Interestingly, the maximum Si concentration in the solution didn’t depend on the temperature 
(Fig. 159). After 6 h, the Si concentrations in the filtrates were comparable. For longer 
crystallisation times, the decrease of the Si concentration was faster at higher temperature, 
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because the rate of zeolite formation was temperature dependent (higher crystallisation rates 
at higher temperatures, see Fig. 158). The Al concentration in the mother liquor exhibited a 
slower decrease with time at lower synthesis temperature. This indicated that the 
adsorption/complexation of Al species on the surface or their participation in the process of 
gel/zeolite formation were also temperature dependent phenomena.  
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Fig. 159. Si (left) and Al (right) concentrations in the filtrate of the synthesis mixture for the series with different 

crystallisation temperatures. 
 
All three series led to a complete coating of the channels of the RT SiSiC composites with 
agglomerates of zeolite crystals (Fig. 160). After 8 days synthesis, at 448 K the size of the 
agglomerates was ~ 28 µm (RT 38), at 423 K ~ 38 µm (RT 35) and at 398 K ~ 43 µm 
(RT 34). 
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Fig. 160. SEM micrographs at lower (left column) and higher (right column) magnifications for the samples 

synthesised at 398 K (RT 34) for 384 h (a,b), 423 K (RT 35) for 288 h (c,d), 448 K (RT 38) for 96 h (e,f). 
 
The yields of Si utilisation or the series with different crystallisation temperatures are plotted 
in Fig. 161. For the series at 398 K, the low yield observed was just the result of the long 
incubation period for the crystallisation process to start. The temperature seemed to have no 
effect on the maximum yield of Si utilisation (XSi).  
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Fig. 161. Yield of Si utilisation for the series with different crystallisation temperatures. 

 
The Si/Al ratio for the three series was found to depend, as discussed above, on the synthesis 
time (Fig. 162). At the maximum zeolite loading for each series, the Si/Al ratio was found to 
be around 100 for the syntheses at 423 (RT 35) and 448 K (RT 38) after 192 h synthesis time, 
and 130 for the series at 398 K (RT 34) after 384 h crystallisation. 
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Fig. 162. Framework Si/Al ratio in the zeolite coating at synthesis times for the three series with different 

crystallisation temperature. 
 
The normalised acidity decreased at increasing synthesis times (Fig. 163). The maximal 
overall acidity for the three series was found to be ca. 45 µmol/g composite for the syntheses 
at 423 and 448 K (192 h synthesis time), and 40 for the series at 398 K (384 h crystallisation). 

50 µm 300 µm 

f e 



4 Results and discussion          4.2 Functionalisation of SiSiC monoliths with MFI-type zeolite 
 

  185 

 

50 100 150 200 250 300 350 400
0

50
100
150
200
250
300
350
400
450
500

 RT 34
 RT 35
 RT 38

N
or

m
al

is
ed

 a
ci

di
ty

 (µ
m

ol
/g

)

Synthesis time (h)
50 100 150 200 250 300 350 400

0

10

20

30

40

50

60
 RT 34
 RT 35
 RT 38

A
ci

di
ty

 (µ
m

ol
/g

)

Synthesis time (h)  
Fig. 163. Dependency of the normalised (left) and overall (right) acidity on synthesis time and temperatures for 

the three series. 
 
 
4.2.3.5 Variation of the NaOH concentration 
 
The systematic variation of the concentration of the mineralising agent (in this case NaOH) 
was studied, in order to examine the effects on the crystallisation and on the properties of the 
final composites. The mineralising agent is basically a catalyst for the gel dissolution [1]. OH- 
anions represent the mineralising agent, which is responsible for the depolymerisation of the 
amorphous aluminosilicates particles to monomeric silica species (nucleophilic condensation 
mechanism involving Si-O- and Si-OH units) [1,503]. The OH- ions are also important for 
reaching the supersaturation state, which is defined as the ratio between the actual 
concentration and the equilibrium concentration of the nutrients [12,503]. Alkalinity is known 
to influence the crystal size and morphology (aspect ratio) and the Si/Al ratio in the final 
product. In addition, the alkalinity of the synthesis mixture can also affect the kinetics of 
crystallisation [502,503].  
 
Usually higher pH means lower incubation period, faster crystallisation rate and smaller 
crystal size. The smaller crystal size and different aspect ratio are the result of a significant 
increase in both nucleation and crystal growth rate. Crystals are morphologically not well-
defined and sometimes they are re-dissolved in the synthesis mixture to a certain extent. The 
Si/Al ratio is generally lower at higher pH. The AlIII is generally present in the solution as 
Al(OH)4

- and its condensation rate with silicate is less influenced by the alkalinity. The 
condensation rate of the silicate species is lower at higher pH. As a result of that, the Al 
incorporation in the zeolite framework is enhanced at higher pH levels [503]. Szostak [1] 
reported that increasing hydroxide concentrations usually lead to a decrease in the 
crystallisation yield and consequently in the crystalline mass of the product after synthesis. 
 
The Na+ cations, as well as other inorganic ions (alkali and alkaline earth cations), usually act 
as counter-ions to balance the framework charge and are therefore indispensable for the 
zeolite crystallisation process. In addition, they can act as SDAs (coordination of water 
molecules) and they can influence the crystallinity and yield of the final product [1,12]. Na+ 
cations can also enhance the rate of crystallisation [1]. 
 
For this study, four synthesis mixtures with the following molar composition were utilised: 
1 SiO2 : 0.0025 Al2O3 : 0.038 TPA2O : 0.037 - 0.3 Na2O : 75 H2O. The synthesis temperature 
was kept constant at 448 K. The synthesis runs and samples were named as follows (see Table 
80): 
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 RT 38 (Na2O/SiO2 = 0.15, pH = 13.6)  
 RT 37 (Na2O/SiO2 = 0.30, pH = 13.8) 
 RT 15 (Na2O/SiO2 = 0.075, pH = 13.1) 
 RT 16 (Na2O/SiO2 = 0.0375, pH = 12.81) 

 
The two series RT 15 and RT 16 with the lowest NaOH concentrations in the starting 
precursor solution led to no zeolite crystallisation over the investigated synthesis time (0 -
 192 h). The maximum crystallinity for the series with two times the NaOH initial 
concentration (RT 37) was 0.15, which meant about half the value for the standard series RT 
38 (Fig. 164). 
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Fig. 164. Crystallinity of the samples for the four series with different Na2O/SiO2. 

The two series RT 15 and RT 16 were characterised by a very low concentration of Si in the 
filtrate of the synthesis mixture. Most likely, the level of supersaturation of the Si species was 
never achieved in the synthesis mixtures of the RT 15 and RT 16 series. For this reason, no 
crystallisation was observed in the investigated synthesis time window. The low level of Si 
dissolution was the consequence of the low pH value in the initial precursor solution (starting 
pH = 12.8): the role of the pH in the Si dissolution was already discussed in the section 4.2.1. 
Increasing the NaOH concentration in the reaction mixture by a factor two (RT 37) compared 
to the standard synthesis mixture (RT 38) led, as expected, to double the concentration of Si 
in the precursor solution. The lower zeolite amount in the final SiSiC/zeolite composites 
observed for the synthesis mixture RT 37 could be the result of an excessive pH value leading 
to competitive re-dissolution of the crystals [12,503]. The results are in agreement with those 
reported in [1], where a decrease of the crystallinity of the final product was observed at 
increasing alkalinities of the synthesis mixture. Generally, at very caustic levels higher 
amounts of un-reacted silica species can be found in the solution [1]. In [1], it is also reported 
that increasing the Si concentration in the synthesis mixture for the ZSM-5 crystallisation 
normally produces more viscous solutions and slows down the crystal growth. In the SST 
process, a higher NaOH concentration (compare series RT 37 and RT 38) in the precursor 
solution produced higher Si concentrations in the mother liquor (Fig. 165). Such higher 
concentrations might have been responsible for the lower zeolite loading obtained in the final 
SiSiC/ZSM-5 composite, when using a synthesis mixture with twice the NaOH concentration 
(RT 37) compared to the standard synthesis mixture (RT 38). 
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Fig. 165. Si and Al concentrations in the filtrate after synthesis for the four series with different Na2O/SiO2 

ratios. 

The Si/Al ratio of the zeolite coating (Fig. 166) for the standard series (RT 38) was more than 
3 times higher than that of the RT 37 series, with double NaOH concentration in the precursor 
solution. The increase of the NaOH concentration in the precursor solution led therefore to a 
significant increase in the framework Al of the zeolite coating, as expected from [503]. 
Results are also in agreement with [331]. The overall acidity for the standard series was found 
to be 50 µmol/g composite. The value found for the RT 37 series with double NaOH 
concentration in the precursor solution was 70 µmol/g. 
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Fig. 166. Si/Al ratio (left) and acidity (right) of the two kinetics series: standard RT 38and RT 37. 

SEM micrographs showed no significant differences in the size and shape of the zeolite 
crystals for the standard series (RT 38) and the experiments (RT 37) with double NaOH 
concentration in the reaction mixture (figure not shown). For the samples of the RT 37 series, 
an incomplete coverage in some positions along the channels was observed: large portions of 
the internal surface of the channels in the RT SiSiC monoliths were not covered by any 
zeolite coating. A further increase (series RT 23) of the NaOH concentration in the solution (3 
times compared to the standard synthesis) led to an additional decrease of the zeolite mass on 
the SiSiC support and the development of a denser crystobalite phase, in agreement with the 
literature [1]. 
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4.2.3.6 Simultaneous variation of TPABr, NaOH and water amount 
 
The ratio between the mass of the synthesis mixture and of the support is called “feed to 
support ratio”. Changing the feed to support ratio means keeping constant the concentration of 
the different components in the solution and changing only the relative amount of the reaction 
mixture and substrate. Using a conventional hydrothermal synthesis this is generally possible, 
without altering the chemistry of the system. Generally, a higher feed to support ratio 
produces higher degree of coverage of the support, as reported by [341,98]. In the case of the 
SST crystallisation, changing the relative amount of substrate and reaction mixture means 
altering the dissolution process, and therefore the entire equilibrium and chemistry of the 
system. For this reason, systematic variations of the feed to support ratio were not possible. 
Template and NaOH concentrations and the water amount were varied in a methodical way in 
order to examine the effects produced on the crystallisation and on the properties of the final 
SiSiC/zeolite composites.  
 
For the study of the evolution of the crystallisation with time, three synthesis mixtures were 
prepared. One precursor solution (RT 36) had half the water and NaOH amounts as compared 
to the standard recipe (RT 38). The standard recipe (RT 38), as already reported above had the 
following composition: 1 SiO2 : 0.0025 Al2O3 : 0.038 TPA2O : 0.15 Na2O : 75 H2O. One 
further series had double the water and NaOH amount (RT 30) as compared to the standard 
recipe (RT 38). The last precursor solution (RT 39) had double the water, the NaOH and 
TPABr amount as compared to the standard recipe (RT 38). All the experiments were carried 
out at 448 K. The synthesis runs and samples were named as follows (Table 80): 
 

 RT 30 (Na2O/SiO2 = 0.30, H2O/SiO2 = 150, TPA2O/SiO2 = 0.038)  
 RT 36 (Na2O/SiO2 = 0.07, H2O/SiO2 = 37, TPA2O/SiO2 = 0.038)  
 RT 38 (Na2O/SiO2 = 0.15, H2O/SiO2 = 75, TPA2O/SiO2 = 0.038)  
 RT 39 (Na2O/SiO2 = 0.30, H2O/SiO2 = 150, TPA2O/SiO2 = 0.076) 

 
The crystallinities of the samples of these four kinetics studies are shown in Fig. 167. The 
series RT 36 exhibited the highest crystallisation rate and zeolite amount. Most likely, a 
decreased reaction volume allowed the system to reach faster the supersaturation level and 
start the crystallisation process. The highest zeolite loading could be the result of a better 
contact between the Si-species in the solution and the support, due to the reduced reaction 
volume (Fig. 167). The series RT 30 had a longer incubation time compared to the standard 
synthesis, likely the result of the longer time to reach the supersaturation level [1,12]. The 
series RT 39 was characterised by a reduced incubation time. 
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Fig. 167. Crystallinity vs. time for the syntheses with different water, NaOH and TPABr contents. 
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In Fig. 168, it can be seen that the series RT 36, obtained with the reaction mixture with the 
highest NaOH and H2O contents, exhibited the highest weight-loss. The higher pH in the 
RT 36 series led to higher dissolution of Si from the SiSiC ceramic substrate, when compared 
to the standard RT 38 series. 
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Fig. 168. Si concentration in the filtrate and weight change in the SiSiC substrate for the four syntheses with 

different water, NaOH and TPABr contents. 
 
The Si/Al ratios of the samples of the standard series RT 38 were found to be lower than those 
of the series RT 36 obtained with a precursor solution characterised by less water and NaOH. 
Due to the different amount of Si dissolved from the SiSiC substrate, the composition of the 
reaction mixtures of the series RT 36 and RT 38 were also different. This resulted in 
dissimilar values of the Si/Al values and acidity in the zeolite coating (Fig. 169). 
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Fig. 169. Comparison of the Si/Al ratio (left) and acidity of the SiSiC/ZSM-5 composites for the standard series 

(RT 38) and the one with half the NaOH and H2O amount (RT 36). 
 
The simultaneous increase of NaOH, H2O and template (series RT 39) led to higher acidity 
values of the SiSiC/zeolite composites and lower Si/Al ratios in the zeolite crystals (see Fig. 
170). 
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Fig. 170. Comparison of the Si/Al ratio (left) and acidity of the SiSiC/ZSM-5 composites for the standard series 

(RT 38) and the one with twice the NaOH, TPABr and H2O amount (RT 39). 
 
All four series led to the complete coverage of the channels of the Rattan-derived SiSiC 
support. The size of the zeolite crystals became bigger with decreasing SiO2/H2O values while 
keeping the ratio H2O/Na2O constant to ensure equal pH values in the synthesis mixture. The 
size of the agglomerates was ~39 µm, ~28 µm, ~22 µm respectively. In the series RT 39, 
double the template amount was utilised compared to the synthesis mixture of the RT 30 
(double amount of NaOH, TPABr and H2O compared to the RT 38 standard series). This led 
to a further increase of the crystal size (agglomerates size ~44 µm), in agreement with the 
observations of subchapter 4.2.3.1. 
 
 
4.2.2.7 Full-size monoliths 
 
All the above-mentioned experiments were carried out on small slices of the cylindrical SiSiC 
monoliths. In order to test the feasibility of the Support Self-Transformation method for 
technical applications, experiments with full-size monoliths (diameter of ~ 2.5 cm and a 
length of ~ 4.6 cm) were carried out. Small-size monoliths with a diameter of 0.95 cm and 3 
cm length were also coated with MFI-type zeolite using the SST process, in order to test the 
applicability of the RT SiSiC/ZSM-5 monoliths in catalytic processes. The cracking of n-
hexane in a glass reactor was used as the test reaction. 
 
The coating of the inner channels of the small-size monoliths was successful for all three 
experiments conducted at 448 K for 192 h with the following composition: 
1 SiO2 : x Al2O3 : 0.038 TPA2O : 0.15 Na2O : 75 H2O (with x = 0.0025, 0.005, 0.01). The 
three syntheses correspond respectively to the standard RT 38, RT 32 and RT 33 series 
studied above (see Table 80 and Fig. 59). All three samples exhibited full coverage of the 
surface with MFI-type zeolite crystals. The presence of MFI-type zeolite in the samples after 
the SST synthesis was confirmed by XRD. The zeolite amount of the three samples was 30 to 
50 wt % lower than that of the corresponding samples used for the kinetics studies. Kinetic 
studies with such monolithic samples are required to find if the lower amount of zeolite on the 
SiSiC supports was the consequence of a longer crystallisation rate in a bigger reaction 
volume. The monolith obtained using the synthesis mixture with the molar composition 
1 SiO2 : 0.01 Al2O3 : 0.038 TPA2O : 0.15 Na2O : 75 H2O (RT 32) was utilised for the n-
hexane cracking test reaction. 
 
A full-size monolith (22.5 cm3 volume) was coated using the standard recipe (RT 38) for the 
SST zeolite crystallisation (synthesis time 96 h). After synthesis, the weight increase of the 
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monolith was 23 wt % which was a slightly less than that of the corresponding (treated under 
the same conditions) sample from the RT 38 series mentioned above (26 wt %). The zeolite 
amount calculated from TGA and XRD measurements was 29 and 28 wt %, respectively, 
while it was 42 wt % and 38 wt % for the small-scale experiment under comparable 
conditions. This corresponds to a zeolite loading of 0.32 g·cm-3 or 320 Kg·m-3 for the full 
monolith. The coating of full monoliths was successfully achieved, without plugging of the 
channels of the SiSiC support and with a zeolite loading of ~ 9 g in a monolith volume of ~ 
22.5 cm3. The sample was cut along the main axis in order to perform SEM analyses and to 
observe the coating in the channels of the SiSiC support. The zeolite coating of the monolith 
consisted of large intergrown crystals (> 20 µm) and was complete and homogeneously 
distributed (see Fig. 171). Differently from the samples of the kinetic series, only few large 
zeolite agglomerates could be observed on the internal surface of the SiSiC supports.  
 

    
 

    
Fig. 171. SEM micrographs of the top-view (a,b) and vertical cross-section (c,d) of the full-size RT SiSiC 
monolith after 96 h synthesis. The un-polished outer surface of the monoliths is shown in (a), whereas the 

polished internal top-view cross-section is displayed in (b).  
 
The zeolite crystals are generally bigger in size, compared to the results obtained with small 
starting supports. The crystal size shows a dependency on the location within the channels 
along the main axis (see Fig. 171). This might be caused by the diffusion limitation of 
nutrients within such a restricted environment, due to the big aspect ratio (ratio 
length/diameter above 100) of the Rattan channels. No pore plugging was observed and a 
negligible amount of excess powder was collected from the mother liquor after the synthesis. 
This observation indicated that the crystallisation took place mainly in a boundary layer close 
to the substrate surface. At this position, the dissolution process was responsible for an 
enhanced concentration of the framework builders until the supersaturation was reached. 
 
 
 

a b 

c 

100 µm 500 µm 

300 µm 300 µm 
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4.2.3.7 Conclusion on Rattan-derived SiSiC/zeolite composites 
 
MFI-type zeolite coatings were successfully obtained via the Support Self-Transformation 
method on Rattan-derived SiSiC ceramic supports. The metallic Si in the SiSiC support was 
leached from the substrate and utilised for the crystallisation of zeolite directly onto the 
support. The Al supplied by the precursor solution was incorporated in the zeolite framework. 
An interpenetrating SiSiC/zeolite framework was observed after synthesis, as the result of the 
Si dissolution and of the crystallisation of zeolite in the voids left by the leaching process. 
Even channels up to 45 mm in length and 100 - 300 µm in diameter were fully covered with 
zeolite crystals without being affected by any pore plugging. Crystals were relatively big in 
size (20 - 100 µm) and intergrown to form agglomerates. Attempts to significantly reduce the 
crystal size were not successful. The tuning of the acidity and zeolite loading in the 
biomorphic ceramic monoliths was accomplished by varying the conditions of the synthesis, 
such as the Al, NaOH and template concentration in the reaction mixture and the synthesis 
temperature. Information on the influence of the different reaction conditions on the 
properties of the zeolite coating is reported in Table 24. 
 
Table 24. Influence of the different synthesis mixture parameters on the crystallisation kinetics and on the 
properties of the zeolite coating. 

 Zeolite 
amount 

Crystal 
size 

Acidity Si/Al Incubation 
period 

Crystal. 
rate 

Si  
dissolution 

Al  
consumption 

Time ↑ ↑ ↑ ↑ - - dual ↑ 
Tempe
rature ↑ ↓ ↔ ↔ ↓ ↑ ↓ ↓ 

Al 
amount ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↓ 

H2O 
amount ↑ ↔ ↓ ↓ ↓ ↑ ↓ ↔ 
NaOH 
amount ↓ ↑ ↑ ↓ ↑ ↓ ↑ ↔ 
TPABr
amount ↑ ↑ ↓ ↑ ↓ ↑ ↔ ↔ 

Si 
amount ↑ ↔ ↑ ↓ ↔ ↔ ↑ ↔ 
 
A tentative theory to explain the dissolution-crystallisation process of the SST method is 
reported in the section 4.2.4.13, on the basis of the results obtained with the experiments 
above. A local temperature-activated dissolution process (mediated by the OH- ions) most 
likely led to a gradient of nutrients’ concentration in a boundary layer next to the surface of 
the substrate (either in the form of a gel or as a clear synthesis mixture). For this reason, high 
efficiencies in the utilisation of the dissolved Si were accomplished. The high yield of Si 
utilisation, especially for synthesis mixtures with low Al concentration, was related to a 
relatively low amount of excess powder. Under these conditions, the crystallisation in the 
bulk was almost suppressed, likely due to the presence of a concentration gradient of the 
nutrients in the reaction mixture. Such concentration gradient could be the result of the 
localised dissolution of Si from the SiSiC substrate.  
 
Systematic studies on the influence of the different synthesis parameters in the SST process 
allowed for a better understanding of the crystallisation mechanism. Nevertheless, it resulted 



4 Results and discussion          4.2 Functionalisation of SiSiC monoliths with MFI-type zeolite 
 

  193 

almost impossible to change only one synthesis parameter at a time, keeping all the others 
fixed. As mentioned above, the change in the concentration of one nutrient per time or of the 
synthesis temperature produced drastic changes in the Si dissolution process, which resulted 
in extremely different composition of the precursor solution during crystallisation. The 
decoupling of the process of Si dissolution and zeolite crystallisation for the SST process was 
not possible. Moreover, changes in the composition or geometry (specific surface area, 
volume of the reaction environment) led to significant changes in the crystallisation process 
and in the properties of the zeolite coating. This could pose severe limitations to the 
applicability of the SST crystallisation method on a technical scale. Additionally, it has been 
shown that each channel represents a separate reaction environment, due to the local 
dissolution-crystallisation process. This produced differences in the properties of the zeolite 
coating characteristics within different channels of the same RT SiSiC sample (see section 
4.2.3.7)  
 
 
4.2.4 MFI-type zeolite coatings on cardboard-derived SiSiC ceramics via SST 
 
Similar experiments to those conducted on the RT SiSiC supports were carried out also on 
cardboard-derived SiSiC support (CB SiSiC monoliths). Once more, most of the experimental 
work was devoted to the study of the influence of the synthesis parameters on the 
crystallisation of MFI-type zeolite via the Support Self-Transformation process. In order to 
avoid repetitions, most of the overlapping experiments (with those discussed above with the 
RT SiSiC monoliths) dealing with the influence e.g. of temperature or Al-concentration will 
be only shortly discussed. On the other side, those series which effectively produced new set 
of information or additional understanding of the SST crystallisation mechanism will be 
discussed more extensively. CB SiSiC/zeolite monoliths were also used as catalysts for the 
N2O Selective-Catalytic-Reduction with C3H8. For this reason, an optimisation of the 
synthesis parameters was required in order to obtain high acidity values and high zeolite 
loadings in the final SiSiC/zeolite composites. The nomenclature of the different synthesis 
runs and the results of the experiments of the SST crystallisation of MFI-type zeolite on CB 
SiSiC monoliths are reported in the Appendix (Table 87 - Table 96). 
 
 
4.2.4.1 Preliminary experiments 
 
The composition of the starting synthesis mixture for the preliminary experiments was: 
1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 0.078 Na2O : 39 H2O. The crystallisation took place at 
448 K for times between 6 and 192 h under static conditions and autogeneous pressure. These 
conditions were set as standard and the kinetic series was identified as CB 7. In Fig. 172, the 
XRD patterns of the samples obtained after different synthesis times are shown. The first 
reflections typical of MFI-type zeolite were observed after 36 h synthesis time. Their 
intensity grew until 96 h and remained constant until 192 h synthesis.  
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Fig. 172. XRD patterns at different crystallisation times time for CB SiSiC monoliths (standard conditions). 

 
As already discussed above for the case of RT SiSiC/zeolite composites, the Al disappeared 
from the solution already after 6 h synthesis. Also the Si concentration increased rapidly in 
the initial period (6 h treatment). The Si was quickly consumed between 6 and 72 h synthesis, 
due to the nucleation and crystallisation processes. The weight decreased in the first 24 h 
treatment due to the Si dissolution from the SiSiC ceramic substrate. After 36 h, the weight 
quickly increased, as a result of the growth of zeolite crystals on the surface of the support 
(compare curves in Fig. 173). 
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Fig. 173. Si and Al concentration in the mother liquor (left) and weight change of the samples during 

crystallisation (right) in comparison to the crystallinity curve (standard series CB 7). 
 
The coating efficiency (ηC) was defined as [98]: 
 

EC

C
C ZZ

Z
+

=η  
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where ZC is the mass of zeolite on the support and ZE the amount of excess powder 
synthesised in the batch. A coating efficiency ηC = 1 represents the ideal case, where the 
crystallisation takes place solely on the substrate and not in the bulk phase. Shan et al. [98] 
used the direct hydrothermal crystallisation to coat stainless-steel monoliths with ZSM-5 
zeolite. A coverage of about 25 gZSM-5/m2

packing surface was achieved in a single-step synthesis 
and a zeolite loading of ca. 200 kgZSM-5/m3

packing volume was recorded in four synthesis steps. By 
tuning the conditions of the synthesis and the composition of the precursor solution, ηC = 0.84 
were recorded. On the other side, most of the experiments exhibited ηC values of ca. 0.6-0.7. 
In Table 25, the zeolite loading and coating efficiency of the standard CB 7 series are 
reported. 

 
Table 25. Properties of the CB 7 series. 

Synthesis time (h) 6 12 24 36 48 96 192 

Initial weight (g) 1.9445 1.5474 1.3341 1.8814 2.5399 1.7002 1.8646 

Final weight (g) 1.5202 1.8437 1.2218 1.8048 2.7821 2.0394 2.3557 

Loading (TGA) (%) 0.0000 0.0000 2.51 22.87 32.66 43.88 40.46 

Zeolite (g) 0.0000 0.0000 0.0307 0.4127 0.9087 0.8949 0.9531 

Zeolite loading (wt %) 0 0 0 0 33 44 40 

Su
bs

tr
at

e 

Zeo. load (KgZEO/mMON
3) 0 0 12 172 189 278 278 

Weight (collected) (g) 0.0000 0.0000 0.0000 0.1284 0.3210 0.1383 0.5624 

Purity (TGA) (%) - - - 92.53 92.38 91.84 94.00 

E
xc

. P
ow

de
r 

Zeolite (g) - - - 0.1188 0.2965 0.1270 0.5287 

Z
eo . Zeolite on sample (%) - - 100.00 77.65 75.40 87.57 64.32 

 

Zeo = ratio of the zeolite crystallised on the substrate and the overall amount (coating + excess powder) 

 
As can be easily noted from Table 25, high coating efficiencies were achieved until 96 h 
synthesis. Afterwards, the value decreased considerably. Due to the excessive Si dissolution, 
broken fragments of the sample might have acted as nucleation centres in the mother liquor, 
promoting further crystallisation in the bulk. The coating efficiency values for the CB series 
were smaller than for the RT SiSiC samples. This might indicate a dependency of the 
crystallisation process on the pore structure and geometry, as discussed above. The smaller 
size of the monolith’s channels might limit the migration of the dissolved Si-species to the 
bulk of the reaction mixture and increase the contact of the same with the substrate. This 
might promote the crystallisation of zeolite directly on the substrate and suppress or inhibit 
the nucleation and growth of crystals in the bulk phase.  
 
The growth of zeolite on the support produced, as expected, a drastic increase of the 
micropore volume and micropore surface area of the CB SiSiC monoliths. The effect for the 
standard CB 7 kinetics series can be seen in Fig. 174. 
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Fig. 174. Increase of the micropore volume (left) and surface area (right) with the crystallisation time for CB 

SiSiC monoliths (standard synthesis conditions: CB 7 series). 
 
Some experiments (CB 27 series) were also carried out using the same conditions of the CB 7 
kinetics series, but without adding the template to the precursor solution. The scope of this set 
of experiments was to observe the Si dissolution of the SiSiC ceramic support in the presence 
(CB 7) and in absence (CB 27) of any zeolite crystallisation process. Under the specific 
conditions used for the CB 7 series, no crystallisation took place if no template was added to 
the synthesis mixture. The curves of the Si concentration and relative weight change of the 
samples with and without template in the precursor solution are reported in Fig. 175. 
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Fig. 175. Si concentration and relative weight change for CB SiSiC substrates treated at 448 K for different times 

with a precursor solution with (CB 7) and without template (CB 27). 
 
From Fig. 175 it is clear that, in the absence of any crystallisation (CB 27 series), the Si 
dissolution from the SiSiC substrate was inhibited, even at the same pH level or OH- 
concentration used for the CB 7 series (similar conditions but in the presence of template). 
After the initial dissolution (initial 6 h treatment), negligible amounts of Si were leached from 
the SiSiC substrate. In the absence of an SDA in the precursor solution, no Si was utilised for 
building the zeolite framework. Therefore, the dissolved Si could not be removed from the 
mother liquor. Without Si consumption (for the zeolite crystallisation), the equilibrium 
concentration of Si in the solution was likely reached and no more driving force was available 
for the dissolution process. This result confirmed what discussed in the section 4.2.3.13, 
concerning the theory of the SST crystallisation mechanism. The SST process required both 
continuous dissolution and crystallisation to proceed. As soon as one of the two above 
processes (dissolution or crystallisation) was inhibited, the other one could not proceed 
further. No crystallisation meant no re-equilibration of the Si concentration in the solution. 
This consequently meant the total inhibition of the Si dissolution process. No dissolution 
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meant, of course, no nutrients for the zeolite synthesis. Therefore, each of the two processes 
(dissolution and crystallisation) was indispensable for the other, in order to create the right 
conditions to proceed further. In this sense, the above definition of the SST crystallisation as a 
continuous dissolution-crystallisation process was rather exhaustive and correct.  
 
For the CB 7 series, the SEM micrographs of the samples obtained after 6 and 12 h synthesis 
at 448 K, showed the presence of a layer of X-ray amorphous spherical particles around 200 
µm in size (Fig. 176). The layer was cracked in many positions, most likely due to the 
tensions created during the calcination process. These particles could have been zeolite seeds, 
but no confirmations came from the XRD analyses. At present, it cannot be excluded that 
these particles were gel spheres like those observed by Koegler et al. [166]. If this was the 
case, it would mean that the formation of a gel-layer on the surface of the support would 
represent the initial step of the SST crystallisation process. 
 

   
Fig. 176. SEM micrographs of the inner channels’ surface of the CB SiSiC supports before synthesis (a) and 

after 12 h synthesis (b,c) with the standard conditions (CB 7). 
 
SEM micrographs of the SiSiC samples after 48 h synthesis showed the presence of tightly 
intergrown agglomerates of zeolite crystals. The agglomerates were similar to those observed 
on the RT SiSiC/zeolite composite described above. The size of the crystals was around 20-
30 µm, whereas the agglomerates exhibited a diameter of ca. 40-50 µm (see Fig. 177). 
 

   
Fig. 177. SEM micrographs of the zeolite coating on CB SiSiC supports after 96 h synthesis with the standard 

conditions (CB 7). 
 
 
4.2.4.2 Reproducibility 
 
The reproducibility of the SST crystallisation process was tested by repeating the standard 
synthesis two times: CB 3 (SST run 1) and CB 7 (SST run 2) under the same conditions and 
measuring the crystallinity by XRD. As can be seen in Fig. 178, rather good reproducibility of 
results was obtained.  
 

50 µm 200 µm 500 µm 

 2 µm 10 µm 100 µm 

a b c

a b c
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Fig. 178. QAl value for the two series of the standard SST crystallisation of ZSM-5 on CB SiSiC monoliths: CB 7 

and its repetition CB 3. 
 
 

4.2.4.3 Synthesis temperature 
 
As already seen for the case of Rattan-derived SiSiC samples, the synthesis temperature 
played a major role on the incubation time and the crystallisation rate. The composition of the 
starting synthesis mixtures for all experiments was: 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O (standard recipe for the SST process on CB SiSiC monoliths). The 
crystallisation took place at different temperatures for synthesis times between 6 and 384 h 
under static conditions and autogeneous pressure. The series were labelled as follows: 
 

 CB 6 (T = 398 K) 
 CB 7 (T = 448 K, standard series) 
 CB 11 (T = 473 K) 
 CB 15 (T = 423 K) 

 
The results of the XRD analyses on the samples from the different series reported in Fig. 179.  
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Fig. 179. Crystallisation kinetics at four different temperatures using a precursor solution with the following 

composition: 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 0.078 Na2O : 39 H2O. 
 
The NH3-TPD analyses of the samples of the four series with the maximum crystallinity 
(longest synthesis time) were carried out (figure not shown). The framework Si/Al ratio in the 
zeolite coating was found to have inverse proportionality to the crystallisation temperature. 
For the series CB 6 (T = 398 K) the Si/Al ratio was found to be ca. 120 after 384 h synthesis. 
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The sample of the series CB 7 synthesised at 448 K for 192 h displayed a Si/Al ratio of 110. 
The sample of the series CB 11 synthesised at 473 K for 96 h had a much lower Si/Al of 34 
(for zeolite loading 35 wt %). Between 398 K (CB 6) and 448 K (CB 7) the acidity in the 
zeolite coating was quite similar (134 and 120 µmol/g zeolite), confirming the results 
obtained with the Rattan-derived samples. For the series CB 11 synthesised at 473 K, the 
acidity showed a drastic increase from 120 µmol/g to 435 µmol/g. No synthesis at 473 K was 
performed using Rattan-derived SiSiC substrate. Therefore, no direct comparison of the 
results was possible. The synthesis temperature likely influenced either the solubility of the 
Al-species in the mother liquor or their incorporation in the zeolite framework. 
 
 

4.2.4.4 Template concentration and type 
 
An increase of the template concentration in the precursor solution by 5 times (CB 22) 
compared to the standard conditions (CB 7) produced a similar zeolite loading on the CB 
SiSiC substrate. On the other side, a shift towards shorter crystallisation times was observed, 
when the higher template concentration was used in the reaction mixture (CB 22).  
 

0 48 96 144 192
0,00
0,05
0,10
0,15
0,20
0,25
0,30
0,35
0,40
0,45
0,50

 CB 22
 CB 7 

Q
Al
 (-

)

Synthesis time (h)  
Fig. 180. Crystallinity against time for the series with 5 times the template concentration (CB22) as compared to 

the standard composition (CB 7). 
 
The NH3-TPD analyses (figure not shown) showed a significant increase of the Si/Al from ca. 
110 to 160, when a higher template concentration was utilised in the synthesis mixture, in 
agreement with the results obtained with the Rattan-derived SiSiC supports. 
 
When TPAOH was utilised as SDA for the synthesis (CB 25) instead of TPABr, faster 
crystallisation was observed, coupled with higher level of crystallinity/loading in the final 
SiSiC/zeolite composite. Crystals in the CB 25 samples were bigger in size (80 µm), forming 
agglomerates, similar to the morphology of the zeolite coating in the standard CB 7 series. It 
is worth mentioning that the OH- concentration in the two synthesis mixtures was not the 
same, due to the contribution of the TPAOH template. In this case, the template type (TAPBr 
vs. TPAOH) was found to influence both the amount of zeolite on the substrate, as well as the 
crystal size. The Si/Al ratio in the zeolite framework changed from 110 (CB 7) to ca. 60 (CB 
25). Most likely, the higher OH- concentration in the synthesis mixture with TPAOH favoured 
the incorporation of Al in the zeolite framework, as already discussed above. 
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Fig. 181. Crystallinity against time for the series with TPAOH as SDA (CB25), compared to the standard series 

(CB 7) with TPABr. 
 
 

4.2.4.5 Influence of Al concentration and Al precursor in the synthesis mixture  
 
Experiments were conducted with increasing Al-salt concentration in the synthesis mixture. 
Synthesis were carried out with the following precursor solution: 1 SiO2 : x Al2O3 : 0.019 
TPA2O : 0.078 Na2O : 39 H2O, where x = 0, 0.001, 0.002, 0.004, 0.008, 0.012 and 0.020. The 
series were named  as follows: 
 

 CB 5 (SiO2/Al2O3 = 1000, x = 0.001) 
 CB 7 (SiO2/Al2O3 = 500, x = 0.002, standard series) 
 CB 8 (SiO2/Al2O3 = 250, x = 0.004) 
 CB 9 (SiO2/Al2O3 = 125, x = 0.008) 
 CB 10 (SiO2/Al2O3 = ∞, x = 0.000) 
 CB 23 (SiO2/Al2O3 = 83, x = 0.012)  
 CB 24 (SiO2/Al2O3 = 50, x = 0.020) 

 
As already observed for the Rattan-derived SiSiC samples, the increase in the Al 
concentration in the synthesis mixture led to a small decrease of the pH and a drastic decrease 
of the dissolution of Si. The result was that, with x = 0.012 (CB 23) and 0.020 (CB 24), no 
crystallisation was observed in the synthesis mixture and very low Si concentrations were 
measured by ICP-OES analyses of the reaction mixture even after long synthesis times. By 
changing the value of x from 0.002 (CB 7) to 0.004 (CB 8) and 0.008 (CB 9), the 
crystallisation rate decreased and the incubation period increased (Fig. 182). 
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Fig. 182. Crystallinity plotted against the synthesis time (left) for the CB SiSiC samples synthesised under 

different Al concentration in the precursor solution. Crystallinity of the same samples after 192 h synthesis as a 
function of the initial Al/Si ratio (right). 
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In the range x = 0.002 - 0.008 (CB 7, CB 8 and CB 9), both the normalised and total acidity 
increased (Fig. 183), by utilising synthesis mixtures with increasing Al-concentration. 
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Fig. 183. Normalised acidity of the zeolite coating (left) and overall acidity of the SiSiC/ZSM-5 composites after 

192 h synthesis as a function of the initial Al/Si ratio (right) 
 
The starting Si/Al ratios in the precursor synthesis mixture for CB 7, CB 8 and CB 9 were 
500, 250 and 125 respectively (considering the whole Si amount in the SiSiC substrate). The 
final framework Si/Al ratios in the zeolite coating were 110, 37and 31 in that order (CB 7 
after 192 h synthesis, CB 8 after 192 h and CB 9 after 240 h). The reason is that, for these 
three syntheses, only a part of the Si contained in the SiSiC substrate was leached out. Only a 
part of the Si dissolved was actually used for the zeolite crystallisation: 43 % (CB 7), 38 % 
(CB 8) and 25 % (CB 9) and the rest was found in the solution as un-reacted nutrients. 
 
In general, the presence of Al in the synthesis mixture affected the acidity and the loading of 
zeolite onto the CB SiSiC support. In addition, the presence of Al (in combination with NaOH 
as mineralising agent) seemed to be responsible also for a change in the crystallisation 
mechanism, which was reflected in a drastic alteration of the coating morphology (Fig. 184).  
 

    
Fig. 184. MFI-type zeolite crystals obtained via SST crystallisation onto CB SiSiC supports in the absence (left) 

and presence (right) of Al and NaOH in the starting synthesis mixture. 
 
As can be clearly noted from the figure above, the absence of Al and NaOH in the precursor 
solution led to a coating with randomly oriented coffin-shaped crystals (ca.20-50 µm in size) 
which preserved their identity. Jansen et al. [7] reported that when Na+ ions are present in the 
precursor solution, discrete sol particles aggregate into a discontinuous phase, from which 
nucleation and crystallization starts in all directions and produces randomly oriented crystals. 
In the above-mentioned synthesis mixture without Al, TPAOH was used as template, with no 
additional NaOH. The addition of Al and Na+ in the precursor solution led to the formation of 
a bumpy layer consisting of agglomerates of crystals densely packed and intergrown. Crystals 
didn’t preserve their identity and less external surface of the zeolite crystals was exposed as a 
result of the higher degree of intergrowth. Similar effects were also observed by Komarneni et 
al. [202,336]. One series of experiments was conducted using the same conditions used for 

   100 µm   50 µm 
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CB 7 but without Al (CB 10). In these experiments, the same TPABr and NaOH 
concentrations were used. As can be observed in the SEM micrographs below (Fig. 185), the 
crystals were intergrown, but didn’t not form any agglomerates and partly preserved their 
identity. Therefore we can conclude that, not only the simultaneous addition of Al and NaOH 
to the synthesis mixture altered the morphology of the crystals, but also the sole presence of 
Al had an effect on the crystallisation mechanism and zeolite crystals’ morphology. The 
absence of Al (series CB 10) led to a drastic increase of the crystal size (up to 200 µm), as 
compared to the standard series CB 7 (20-30 µm). 
 

       
Fig. 185. SEM micrographs at three different magnifications of MFI-type zeolite crystals obtained via SST 
crystallisation onto CB SiSiC supports. No Al-source was used in the starting synthesis mixture (CB 10). 

 
The influence of the Al-precursor (Al-source) on the SST crystallisation over CB SiSiC 
substrates was also studied. A crystallisation kinetics experiment was carried out using the 
same molar ratio and synthesis conditions as for CB 9, but utilising Al-isopropoxide instead 
of Al-nitrate (CB 41 series). The maximum zeolite loading reached was similar for the two 
series (ca. 30 wt %), but the incubation period for the synthesis resulted ca. 72 h shorter for 
the CB 41 series. It is possible that, depending on the Al-source and its solubility or 
complexation behaviour, different conditions were established in the reaction mixture during 
the dissolution and crystallisation process. In fact, the Si dissolution process was not hindered 
by the presence of Al, in the synthesis with Al-isopropoxide (see the results of the ICP-OES 
analyses in Fig. 186).  
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Fig. 186. Comparison between the crystallinity (left) and the Si concentration in the filtrate (right) for two 

syntheses with different precursor salts as Al-sources. 
 
The normalised acidity of the CB 41 sample with the highest crystallinity (192 h synthesis) 
was 853 µmol/g, corresponding to a framework Si/Al = 17 in the zeolite coating (Fig. 186). 
For the CB 9 series, the sample treated for 240 h exhibited a normalised acidity of 465 µmol/g 
and a framework Si/Al = 31. Therefore, the type of Al-source played an important role in the 
incorporation of Al in the MFI-type zeolite framework. It is possible that a higher pH (like in 
the case of Al-isopropoxide) in the synthesis mixture promoted the assimilation of Al in the 
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zeolite framework, as observed in the experiments conducted with the Rattan-derived 
samples.  
 
 

4.2.4.6 Solution-to-support ratio 
 
Four crystallisation kinetics series with different relative weight ratios solution-to-support 
were carried out. Changing the solution-to-support ration, as already mentioned above means 
changing the relative amount of Si in the synthesis mixture and not simply modifying the 
reaction volume as for conventional hydrothermal zeolite coating techniques. Experiments 
were conducted with different relative solution amounts (weight ration) in comparison to the 
support weight (and therefore in comparison to the Si amount in the system). The series were 
labelled as follows: 
 

 CB 7 (solution to support ratio = 13, standard series) 
 CB 17 (solution to support ratio = 52) 
 CB 18 (solution to support ratio = 6.5) 
 CB 19 (solution to support ratio = 130) 

 
With ten times higher solution amount (CB 19) compared to the standard CB 7 synthesis, no 
crystallisation was observed within 8 days synthesis. The concentration of Si in the solution 
was found to be relatively low (ca. 4 g/l), probably below the saturation level, so that the 
nucleation process couldn’t start. 
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Fig. 187. Crystallinity against synthesis time for series with different solution-to-support ratios. 

With four times higher amount (CB 17), the crystallisation curve was shifted towards longer 
times by almost 24 h, most likely because the higher solution amount led to longer times for 
the accomplishment of supersaturation conditions in the synthesis mixture (Fig. 187). With 
lower solution-to-support ratio (CB 18 series) compared to the CB 7 series, the crystallisation 
resulted faster, likely due to the shorter time needed for the dissolution process to re-
equilibrate the Si concentration in the solution. On the other side, the maximum crystallinity 
was reached already after 48 h and was rather smaller compared to the standard CB 7 series. 
In this case, a lower absolute amount of solution (CB 18 series) led to a lower overall amount 
of nutrients in the solution (concentration were similar to the CB 7 series). This denoted a 
smaller “reservoir” of nutrients for the further crystallisation, once the dissolution rate started 
decreasing, due to the complete surface coverage with the zeolite coating. In general, no 
significant differences in size and morphology of the zeolite crystals were observed by SEM 
analyses (figure not shown). The Si/Al ratio in the framework of the samples synthesised for 8 
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days was found to decrease crease with higher solution-to-support ratios: Si/Al = 110 (CB 7), 
Si/Al = 56 (CB 17) and Si/Al = 98 (CB 18). 
 
 

4.2.4.7 Fluoride media 
 
The influence of HF as alternative mineralising agent on the SST crystallisation process was 
also studied. The aim was to investigate the influence of the fluoride ions especially on the 
zeolite crystal size, in order to gain knowledge about the crystal size tuning. Gao et al. [501] 
found a drastic increase in the size of zeolite crystals, when synthesised in fluoride media. 
The reason was ascribed to the reaction of Si with the F- ions and the gradual formation of 
complex SiF6

2-. Gao et al. proposed that the complex fluoride might be slowly hydrolysed to 
less fluorinated species. Such a process would allow for the gradual supply of the nutrients for 
the crystallisation process. This would remarkably reduce nucleation and crystallization rates 
and lead to the formation of giant zeolite crystals (above 1 mm in size) [1,12,501,503].  
 
Two synthesis mixtures were prepared using TPAOH as template in the attempt to emulate 
the synthesis conditions reported in [501]. In the specific case, the crystallisation process was 
not carried out in pure fluoride media, because of the presence of TPAOH (pH = 13.8). All 
experiments were carried out at 448 K. The molar ratios were respectively:  
 

 CB 39 (1 SiO2 : 0.002 Al2O3 : 0.03 TPA2O : 77 H2O) 
 CB 40 (1 SiO2 : 0.002 Al2O3 : 0.086 HF: 0.03 TPA2O : 77 H2O) 
 CB 45 (1 SiO2 : 0.000 Al2O3 : 0.086 HF: 0.03 TPA2O : 77 H2O) 

 
The CB 39 and CB 40 series presented similar compositions. The only difference was that CB 
40 also had HF as a mineralising agent and CB 39 did not. The series CB 45 was similar to 
CB 40 but without Al-source in the reaction mixture. The crystallisation kinetics of CB 40 
was significantly affected by the presence of the HF in the precursor solution (Fig. 188). This 
trend was in agreement with the results of Gao et al. [501], although the time-scale differed 
significantly. 
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Fig. 188. Crystallinity vs. synthesis time for the two kinetics studies with (CB 40 and CB 45) and without HF 

(CB 39) as mineralising agent. For the series with HF, the comparison is done between a synthesis mixture with 
(CB 40) and one without (CB 45) an Al-source. 

 
The absence of Al in the synthesis mixture of the CB 45 series led to a significant reduction of 
the incubation period, compared to the series CB 40. The high pH of the reaction mixture (ca. 
13.8) was probably responsible for the extremely high crystallisation rates and low incubation 



4 Results and discussion          4.2 Functionalisation of SiSiC monoliths with MFI-type zeolite 
 

  205 

times, even when using HF as mineralising agent. In this case, the Al in the synthesis mixture 
was mostly responsible for the longer crystallisation times observed for the CB 40 series. The 
presence of fluoride ions retarded the crystallisation process by ca 140 h. Despite this, the 
crystal size was not significantly affected by the presence of HF in the synthesis mixture. 
Crystal size was found to be, for both experiments, in the range of 80 - 150 µm (Fig. 189). 

 

    
Fig. 189. SEM micrographs of the CB 39 (left) and CB 40 (right) samples (8 days synthesis). 

 

4.2.4.8 Use of MFI-type zeolite seeds 
 
The use of zeolite seeds is known to yield shorter incubation periods, as the nucleation period 
can be by-passed. Seeds can also broaden the crystallisation window of a specific zeolite 
structure [1,10,12,503], allowing for the synthesis of a desired phase even under conditions 
which would normally favour the formation of other products. One synthesis mixture was 
prepared, identical to the standard series (CB 7), with the addition of 5 wt % Silicalite -1 
seeds, with respect to the Si amount in the SiSiC ceramic (CB 28). The Silicalite -1 seeds 
synthesised exhibited an average size of 0.23 µm and a QAl-value of 0.83. According to the 
observations made, the presence of seed crystals drastically decreased the time for nucleation, 
while removing nutrients from the liquid phase. The maximum crystallinity of the CB 28 
series was reached after 48 h, whereas 72 h were needed by the standard CB 7series, without 
the presence of seeds in the synthesis mixture. 
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Fig. 190. Zeolite loading for the standard CB 7 series and the CB 28 series with addition of 5 wt % Silicalite -1 

seeds. 
 
Addition of MFI-type zeolite seeds to the synthesis mixture (CB 28 series) not only 
accelerated the crystallisation kinetics, as discussed above, but allowed for the synthesis of 
SST coatings under conditions which, in the absence of seeds, would have not led to any 
crystallisation. In fact, an increase in the Al concentration of 6 times (CB 23 series) in 

   200 µm    200 µm 
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comparison to the standard recipe led to a drastic inhibition of the partial dissolution process 
of the SiSiC ceramic, to the extent that no crystallisation of zeolite was observed in 192 h 
synthesis. Correspondingly, a decrease (6 times lower) of the Si concentration in the mother 
liquor after 6 h synthesis was observed for the CB 23 series. No crystallisation took place 
under these conditions at least until 192 h, likely due to the low concentration of nutrients in 
the synthesis mixture. Addition of ex-situ synthesised Silicalite -1 seeds to a similar synthesis 
mixture (CB 20 series) led to almost 12 wt % zeolite relative mass over the SiSiC (measured 
by XRD analysis). As the seeds amount in the solution was only 5 wt % of the Si amount in 
the SiSiC monolith, it was believed that further Si dissolution from the substrate and 
crystallisation over the surface had taken place and not a mere deposition of the seeds in the 
mother liquor. The SEM micrographs of the channels of the CB 20 monoliths are reported 
below (Fig. 191). 
 

       
Fig. 191. SEM micrographs of the channels’ cross-section (vertical view): (a) later view of the strut and the 

coating, (b,c) view of the coating perpendicular to the channels at 2 magnifications. 
 
As could be observed by SEM, the crystals exhibited unusual platelet-type morphologies, 
with a thickness of less than 500 nm. Crystals were randomly oriented and preserved their 
identity, yielding a coating with extremely high specific surface area and accessibility, and 
high intra-crystalline void volume. The NH3-TPD analysis of the CB 20 sample showed an 
acidity value of 73 µmol/g (with respect to the monolith mass) and 629 µmol/g (with respect 
to the zeolite mass), which corresponds to a framework Si/Al ratio of 25. 
 
In conclusion, the presence of seeds in the synthesis mixture decreased the nucleation time 
and promoted the Si dissolution, by reducing the inhibiting effect of Al. In combination with a 
high Al concentration in the precursor solution, the use of seeds influenced the morphology of 
the crystals. Under these conditions, coatings with very high accessibility and preserved 
individuality of the zeolite crystal could be achieved. 
 
 

4.2.4.9 Optimisation of the zeolite loading and monolith activity 
 
Up to this point, it has been showed that, the properties of the SST zeolite coatings (amongst 
all acidity and zeolite loading) could be tuned by changing the synthesis conditions 
(temperature, synthesis time and composition of the reaction mixture). Systematic variations 
were performed on the synthesis conditions, in order to isolate/decouple the contribution of 
each parameter on the SST crystallisation process. In this paragraph, further knowledge was 
collected on the SST process, by applying less systematic variations to the crystallisation 
parameters. In this case, more than one parameter of the synthesis conditions was changed at 
a time, in the attempt of optimising simultaneously the acidity and loading of the MFI-type 
zeolite on the CB SiSiC substrates. This step was fundamental for the successive stage, which 
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consisted in the development of full-size monoliths for the catalytic tests in the monolithic 
reactor setup described above (see chapter 3.2.2.3). 
 
In the previous three subchapters, the following conclusions were reported. If the Al 
concentration in the precursor solution was increased to a certain extent (SiO2/Al2O3 = 0.008), 
the acidity of the zeolite coating was increased. This increase was unfortunately accompanied 
by a drastic decrease of the zeolite mass on the CB support, as the result of an inhibition of 
the Si dissolution process. This inhibition was triggered by the increasing Al-salt 
concentration in the mother liquor. To a certain extent, increasing the crystallisation 
temperature led to a significant increase of the zeolite coating acidity, but resulted in a slight 
decrease of the maximum zeolite loading achievable. In any case, temperatures above 448 K 
were not a viable solution, due to problems related to the autoclaves available for the 
experiments. Increasing the SiO2/Al2O3 value above 0.008 (SiO2/Al2O3 = 0.012, SiO2/Al2O3 = 
0.02) resulted in a complete inhibition of the Si dissolution and zeolite crystallisation 
processes. The use of Silicalite -1 seeds in the synthesis mixture led to zeolite crystallisation 
even with a value of SiO2/Al2O3 = 0.012 (CB 20). A synthesis mixture with the same 
composition but no addition of seeds led to no crystallisation of zeolite (CB 23), due to the 
almost complete inhibition of the Si dissolution process. The Si/Al ratio in the zeolite coating 
was ca. 25, with small platelet-type crystals which preserved their individuality. On the other 
side, the zeolite loading was only 12 wt % of the monolith weight after synthesis. The change 
of the Al-source from Al-nitrate to Al-isopropoxide allowed for a significant increase in the 
zeolite acidity, from 465 µmol/g to 853 µmol/g, with similar zeolite loading onto the CB 
SiSiC support. 
 
Two experiments (CB 48 and CB 49) were carried out with twice the template and NaOH 
amount compared to CB 23 series. The synthesis mixture compositions for the CB 47 and CB 
48 experiments are reported below (Fig. 192), in comparison to the standard CB 7 and CB 23 
series:  
 

 CB 7 (1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 0.078 Na2O : 39 H2O) 
 CB 23 (1 SiO2 : 0.012 Al2O3 : 0.019 TPA2O : 0.078 Na2O : 39 H2O) 
 CB 49 (1 SiO2 : 0.012 Al2O3 : 0.038 TPA2O : 0.156 Na2O : 39 H2O) 
 CB 49 (1 SiO2 : 0.024 Al2O3 : 0.076 TPA2O : 0.312 Na2O : 39 H2O) 
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Fig. 192 Crystallinity vs. synthesis time for the CB 48 and CB 49 series in comparison to the standard CB 7 and 

the CB 23 series. 
 
The synthesis temperature was set to 448 K, like for CB 7 and CB 23. For CB 23, no 
crystallisation was observed up to 192 h. For CB 48, the increase in the NaOH and template 
concentrations was sufficient to yield 30 wt % zeolite in 48 h synthesis and 45 wt % in 4 days 
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synthesis (Fig. 192). The framework Si/Al ratio was equal to 18 (811 µmol/g normalised 
acidity and 285 µmol/g overall acidity) and 14 (1040 µmol/g normalise acidity and 440 
µmol/g overall acidity) respectively for CB 48 and CB 49, with crystals relatively small in 
size: ca. 10 µm (see Fig. 193). 
 

   
Fig. 193. SEM micrographs of the zeolite coating after 192 h synthesis for the series CB 48. 

A further increase in the template and OH- concentration in the synthesis mixture (CB 37) 
was accomplished by preparing a precursor solution with the following oxide molar ratio: 1 
SiO2 : 0.002 Al2O3 : 0.1 TPA2O : 0.078 Na2O : 39 H2O. The template used was TPAOH, so 
that the Na content remained the same as for the CB 7 series, but the OH- and TPA+ 
concentrations were increased by 5 times.  
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Fig. 194. Crystallinity vs. synthesis time for the CB 37 series in comparison to the standard CB 7. 

In this case, the crystallisation was faster (Fig. 194) than for the standard series CB 7 and 
produced crystals smaller in size (ca. 10 µm) with higher acidity (250 µmol/g) and lower 
Si/Al ratio (ca. 60). The maximum zeolite loading achieved was ca. 50 wt %, after 96 h 
synthesis. 
 
Finally, experiments were conducted by doubling the Al and NaOH concentration compared 
to the CB 9 series and iterating the process for two more time, in order to obtain precursor 
solutions with four and eight times the concentration values for the species above (Al, TPABr 
and NaOH): 
 

 CB 9 (1 SiO2 : 0.008 Al2O3 : 0.019 TPA2O : 0.078 Na2O : 39 H2O) 
 CB 51 (1 SiO2 : 0.016 Al2O3 : 0.019 TPA2O : 0.156 Na2O : 39 H2O) 
 CB 52 (1 SiO2 : 0.032 Al2O3 : 0.019 TPA2O : 0.312 Na2O : 39 H2O) 
 CB 53 (1 SiO2 : 0.048 Al2O3 : 0.019 TPA2O : 0.468 Na2O : 39 H2O). 

 

20 µm 

c

100 µm 

b

 500 µm 

a



4 Results and discussion          4.2 Functionalisation of SiSiC monoliths with MFI-type zeolite 
 

  209 

For a direct comparison, the series above can be directly related to the CB 9 series: 
 

 CB 51 (2 Al2O3, 2 Na2O, compared to the CB 9 series) 
 CB 52 (4 Al2O3, 4 Na2O, compared to the CB 9 series) 
 CB 53 (8 Al2O3, 8 Na2O, compared to the CB 9 series) 

 
The synthesis CB 51, CB 52 and CB 53 were carried out at 448 K for a time of 8 days. The 
crystallinity was higher for the CB 51 sample than for CB 52. The CB 53 series exhibited the 
lowest value of crystallinity (Fig. 195). Most likely, the simultaneous increase of Al in the 
synthesis mixture, parallely to the NaOH concentration, led to partial inhibition of the 
dissolution and crystallisation rate.  
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Fig. 195. Comparison of the CB 51, CB 52 and CB 53 series with the CB 9 series: (a) crystallinity, (b) zeolite 
framework Si/Al, (c) overall acidity based on the SiSiC/ZSM-5 composite weight and (d) normalised acidity 

based on the ZSM-5 zeolite mass. 
 
From CB 9 to CB 51 series, the increase in normalised acidity was rather significant, from 
465 µmol/g to 930 µmol/g (Fig. 195 b-d). The Si/Al ratio changed from ca. 30 to 16. Double 
Al and NaOH concentrations in the reaction mixture compared to CB 51, led to a further 
increase in the normalised acidity value (961 µmol/g) and a corresponding decrease of the 
Si/Al ratio to 15. The CB 53 series exhibited even lower Si/Al ratio (ca. 10) and a much 
higher normalised acidity (1400 µmol/g). Considering the weight of the whole CB 
SiSiC/ZSM-5 composite, the differences in the values of the normalised acidity for CB 51, 
CB 52 and CB53 became less significant. Values of the overall acidities for the three samples, 
which also take into account the amount of zeolite loaded on the monolithic substrate, were 
found to be 290, 250, 300 respectively. At all instances, the improvements in zeolite loading 
and overall acidity compared to CB 9 were rather significant. It is worth mentioning that, 
since the early synthesis stages (6 h synthesis), the channels of the samples CB 52 and CB 53 
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were completely filled (for the whole length and cross-sectional area) with a thick gel layer. 
This gel could hardly be removed by repeatedly washing the samples in boiling distilled 
water. With increasing crystallisation times, the gel apparently didn’t decrease its thickness 
and zeolite crystallisation occurred inside the pores, and not only on the cell walls. As a result 
of that, most of the channels resulted plugged by zeolite deposits, at the end of the synthesis 
process. Likely, the thick gel layer was the result of the high Al and Na concentrations in the 
precursor mixture, and the high concentration of Si dissolved due to the elevated alkalinity of 
the solution.  
 

    
Fig. 196. SEM micrographs of the CB 51 sample at two different magnifications along the channels (vertical 

cross-section). 
 
SEM micrographs of the CB 51 sample showed the complete coverage of the SiSiC surface 
with a very thick and compact coating of intergrown zeolite crystals (Fig. 196).  
 

       
Fig. 197. SEM micrographs of the CB 52 sample at 2 different magnifications (a,b) in one location and (c) in a 

second position along the channels. 
 
The sample CB 52 exhibited strong heterogeneities of the zeolite coating morphology, 
depending on the investigated spot (Fig. 197). Although only reflections of MFI-type zeolite 
were detected from the XRD analyses, in some positions along the struts, crystal structures 
typical of Mordenite crystals were observed (see micrographs “a” and “b” in Fig. 197). This 
could be explained by the high Al concentration in the starting precursor solution. A local 
increase and inhomogeneities in the gel composition might have led to confined growth of 
Mordenite type crystals. Such structures were observed also in the CB 53 sample but not in 
the CB 51. Both the samples CB 52 and CB 53 presented irregular morphologies and 
thickness of the zeolite coating, with partial or complete plugging of some channels of the CB 
SiSiC substrate (Fig. 198). The irregular nature of the coating, with accumulation and 
intergrowth of the crystals until the complete obstruction of the monolith’s channels might 
have been the result of the formation of a thick gel inside the cells of the SiSiC substrate, 
which has been discussed in the previous paragraph. 
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Fig. 198. SEM micrographs of the CB 53 sample at two different magnifications. 

Due to the inhomogeneity of the coating composition and the blockage of part of the pores, 
the CB 52 and CB 53 series were not considered as optimal recipes for the further 
development of full-size monoliths for catalytic tests. 
 
 

4.2.4.10 Zeolite coating techniques 
 
Different zeolite coating techniques have been employed for the crystallisation of MFI-type 
zeolite on the SiSiC ceramic substrates: 2-steps in-situ seeding and secondary crystal growth, 
conventional direct hydrothermal crystallisation (HC), Support Self-Transformation (SST) 
and wash-/dip-coating (DC). The aim was to test the adhesion obtained by means of different 
coating technique in comparison to the SST method (see next paragraph). XRD and SEM 
preliminary analyses showed the presence of MFI-type zeolite on all samples prepared by 
means of the different above-mentioned techniques. 
 
The in-situ seeding led to a full coverage of the SiSiC surface with nano-crystals (< 1 µm) of 
Silicalite -1 zeolite. The secondary crystal growth yielded a fully intergrown dense film of 
MFI-type zeolite crystals (thickness ca. 20 µm) with no intra-particle voids and partial c-
orientation, due to the evolutionary growth of the seed population [207]. No excess powder 
was observed during the secondary crystal grow, in agreement with [207], due to the selective 
growth of the seeds and the low nucleation rate in the diluted precursor solution. The dip-
coating was characterised by the presence of large intra-particle voids. SEM micrographs 
clearly showed that the binder covers part of the surface of the crystals. The thickness of the 
coating was between 60 and 100 µm. 
 
The conventional HC (Hydrothermal Coating) and the SST (Support Self-Transformation) 
methods presented in this work are conceptually very similar and the comparison of the two is 
extremely interesting. It is worth mentioning that both the syntheses were conducted under the 
same conditions. The only difference was that, for the HC method an additional external Si-
source (TEOS) was used. For the SST, the metallic Si in the SiSiC matrix was the only Si-
source for the crystallisation of zeolite. For the HC coating technique, the crystallisation 
kinetic resulted much faster, likely due to the fact that the TEOS was readily available for the 
crystallisation, whereas the SST initially required the partial dissolution of the SiSiC 
substrate. After 24 h synthesis the amount of zeolite on the ceramic support didn’t increase 
further, in the case of the HC synthesis. The maximum loading of zeolite was ca. 18 wt % (96 
h synthesis), with a maximal coating efficiency ηC of ca. 31 %. For the HC coating method, 
most of the zeolite crystallised (ca. 69 wt %) was found in the synthesis mixture and not on 
the CB SiSiC support’s surface. As observed in the SEM micrographs (Fig. 199), no 
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dissolution of Si from the struts took place during the HC process, likely due to the low pH 
used (pH = 11.4). For the SST synthesis, the crystallisation curve showed a continuous 
increase until 192 h. The HC sample synthesised for 192 h exhibited a zeolite loading of ca. 
45 wt %, with ηC = 64 % and only 34 wt % of zeolite as excess product. The sample prepared 
by SST for 96 h showed a zeolite loading of ca. 37 wt %, with ηC = 84 %. This confirmed the 
hypothesis that, in the SST synthesis, the crystallisation took selectively place on the support, 
as mentioned before. In the case of the HC convention hydrothermal supported-synthesis of 
zeolite the nutrients were readily available and distributed over the whole synthesis mixture 
volume. For this reason the HC sample was characterised by a de-localised crystallisation 
process, which took place mainly in the bulk and led to lower coating efficiencies compared 
to the SST technique.  
 

 

    
Fig. 199. SEM micrographs of the HC CB SiSiC/zeolite composite: (a,b) cross-section in top view and (c,d) 

vertical cross-section. 
 
The morphology of the SST and HC coatings are also very different (see Fig. 199). Both 
presented similarly big crystals, but the crystals in the SST coating tended to grow inside the 
voids left in the SiSiC struts by the Si dissolution. In this case, an interpenetrating SiC/zeolite 
interface was created, which allowed for a very high adhesion/anchoring of the crystals on the 
substrate. In the case of the HC coating method, crystals were found attached onto the surface 
of substrate, because no Si dissolution took place. Already while cutting the samples, after 
impregnation in the resin (for the SEM characterisation), the crystals of the HC coating were 
broken and partially detached from the SiSiC support. The SST coating showed no cracks 
development or delamination of the coating upon sample preparation, likely owing to the 
improved anchoring and contact surface between crystals and substrate. 
 
In conclusion, the SST method allowed for a very high zeolite loading on the SiSiC substrate 
compared to the conventional HC method under the same synthesis conditions. Compared to 
the HC technique, the SST method was also characterised by a much lower excess product 
formation and better contact and anchoring of the crystals on the ceramic surface. This 
observation confirmed the theory of the SST mechanism discussed above. The partial 
dissolution process of the SiSiC substrate could induce a gradient of nutrients’ concentration 
in the reaction mixture. This likely meant a higher concentration in the vicinity of the support, 
where the dissolution process took place. This concentration gradient could direct the crystal 
growth process close to the substrate and allow for a selective/localised/confined 
crystallisation process with high coating efficiency. As a result of that, in the case of the SST 
coating technique the most of the zeolite would be formed on the SiSiC support and not in the 
bulk. When a distributed and readily available Si-source like TEOS was present in the 
reaction mixture (like in the HC method), the crystallisation took place mostly in the bulk 
phase and to a lesser extent onto the support. 
 
 

a b dc
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4.2.4.11 Zeolite coating adherence 
 
In order to test the coating adherence, MFI-type zeolite coatings have been prepared on CB 
SiSiC samples using different techniques (see section 4.2.4.11): 
 

 ex-situ 
 dip-/wash-coating,  

 in-situ  
 direct hydrothermal 

 conventional HC (external Si-source) 
 Support Self-Transformation SST 

 2-steps hydrothermal  
 in-situ seeding and secondary growth.  

 
Thermal shock tests were used to qualitatively evaluate the coating adherence onto the SiSiC 
support. The results are displayed in Table 36 in the Appendix.  
 
All the in-situ hydrothermal coating methods exhibited almost negligible weight-loss after the 
thermal shock test. Hydrothermal methods allowed for very high stability of the coating, most 
likely because of the nature of the bond between the zeolite crystals and the substrate. 
Amongst the three hydrothermal coating methods, the SST yielded slightly better results. On 
the other side, the differences between the weight-losses are extremely low and could be in 
the range of experimental error. The zeolite wash-coat on SiSiC substrates showed a weight-
loss of ca. 3 % after five thermal-shock cycles. SEM analyses of the surface of the zeolite 
coating obtained via SST, showed the presence of small intra-crystalline cracks after the 
thermal shock test (Fig. 200). On the other side, no loss of material was recorded via 
gravimetric analyses.  
 
For the SiSiC/zeolite composite obtained via dip-coating, SEM micrographs showed a drastic 
change in the surface morphology after the test, with huge cracks running along the coating 
surface and exfoliation of the zeolite layer. In this case, the week bonds between the wash-
coat and the substrate (van der Waals) were not sufficient to adsorb the thermal expansion of 
the support and the quick shrinkage during quenching. The rapid cooling of the sample most 
likely produced the shrinkage in the support and significant tensions in the coating (Fig. 200).  
 

     
Fig. 200. SEM micrographs of the: SST coating before (a) and after (b), and of the wash-coat before (c) and after 

(d,e) the thermal shock test. 
 

4.2.4.12 Conclusions: SST zeolite coatings on cardboard-derived SiSiC monoliths 
 
The SST crystallisation technique successfully yielded the complete coating of cardboard-
derived SiSiC ceramic monoliths with MFI-type zeolite. Systematic studies of the synthesis 
parameters were conducted in order to find the optimal conditions for high zeolite loading and 
high normalised and overall acidities, in view of the catalytic tests. High zeolite loading and 

  50 µm     20 µm    200 µm    2 mm   2 mm 
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acidities were in fact required in order to obtain high Fe-exchange degrees and high 
volumetric loading of catalyst in the monolithic reactor setup. Most of the trends and results 
obtained with the studies of the SST process on Rattan-derived SiSiC substrates were 
confirmed by the experiments carried out in the presence of CB SiSiC monolithic supports. 
 
Zeolite loadings up to 50 wt % and ca. 300 Kg·m-3 were achieved on the CB SiSiC monoliths. 
Overall acidities (per unit weight monolith/composite) up to 300 µmol·g-1, corresponding to a 
normalised acidity (per unit weight zeolite) of ca. 960 µmol·g-1 (CB 51) were achieved. The 
tuning of the zeolite loading, crystal size (to a certain extent, never below 10 µm), 
morphology and chemistry (Si/Al ratio) was accomplished by selective 
adjustment/modifications of the synthesis parameters. Very high coating efficiencies, up to ca. 
90 % were achieved, corresponding to a drastic reduction of the bulk crystallisation in 
comparison to conventional 1-step hydrothermal coating techniques. The stability of the SST 
coating to thermal shock was by far superior to zeolite wash-coats and comparable to that of 
conventional hydrothermal methods. In any case, under more severe conditions, the SST 
coatings are expected to behave better than those obtained via conventional hydrothermal 
synthesis, due to the unique attachment of the zeolite crystals on the SiSiC substrate 
(interpenetrating SiC/zeolite interface). The preparation of full monoliths for the catalytic 
tests will be given separately in the subchapter 4.2.8. The results of the catalytic tests will be 
given in the subchapter 5.3. 
 
 
4.2.4.13 A model theory for the SST crystallisation mechanism 
 
The model discussed in the next paragraphs for the Support Self-Transformation coating of 
SiSiC monoliths with MFI-type zeolite is based on the results obtained with both the Rattan-
derived (RT) and cardboard-derived (CB) SiSiC substrates and applies generally to both 
cases. Some of the specific data used (e.g. the SST rate of Si dissolution and of Si utilisation 
in Fig. 202 referred specifically to the data obtained with the RT substrates). As already seen 
above, consisted of two parallel processes: the dissolution of Si from the SiSiC support and 
the nucleation and growth of zeolite on the surface of the substrate. The dissolution started 
first and provided the solution with the main nutrient for the formation of the zeolite 
framework (Si). This step produced and initial loss in the support mass. During this time, Al 
species disappeared from the solution and were mainly found on the surface of the substrate, 
as confirmed by EDX analyses. After the supersaturation of Si in the solution was established, 
the crystallisation started. Gel formation was observed especially at high pH and Al content.  
 

Crystallisation

Dissolution

Time

Overall

I IIIII IV V

Mass

 
Fig. 201. Effects of the dissolution and crystallisation on the mass of the SiSiC samples (overall effect). 
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In Fig. 201, the effects of the dissolution and crystallisation on the mass of the SiSiC support 
during the SST process are displayed. The figure can be read as follows. The green line 
represents the overall mass of the SiSiC/zeolite composite at different stages of the zeolite 
SST synthesis process (I - V). The curve was obtained by summing the negative contribution 
of the dissolution process (mass loss due to Si leaching) and the positive effect of the 
crystallisation (mass gain due to zeolite deposition/growth). The leaching process dissolved Si 
(molecular weight 28) from the SiSiC substrate, whereas the crystallisation of zeolite 
deposited SiO2 (molecular weight 60) on the support. The ideal mass increase of the SiSiC 
substrate with increasing synthesis times is given by the blue line and simulated the mass 
decrease due to the dissolution process is given by the red curve. The dissolution generally led 
to a rapid decrease of the support weight during the initial phase (I and II). After this time, the 
mass loss due to dissolution became less significant (period III-V): this is due to the fact that 
the driving force for the further Si dissolution in the solution (given by the Si concentration in 
the mother liquor) decreases. In addition to this, the crystallisation started (between phase II 
and III) and reduced Si the area of the SiSiC substrate in direct contact with the alkaline 
solution, consequently decreasing the dissolution rate. After an initial period, during which 
the supersaturation level for the Si nutrient in the mother liquor was established via the partial 
dissolution of the SiSiC substrate (phase I and II), the zeolite crystallisation started (blue line). 
Nucleation eventually took place during phase I and II and the zeolite crystal growth on the 
SiSiC surface started between phase II and III. As an effect of the crystallisation of zeolite 
onto the SiSiC support, the overall mass of the latter generally increased during the period III, 
when the rate of deposition of SiO2 (in the form of zeolite) onto the substrate became the most 
dominant effect in comparison to the Si leaching. During phase III, the zeolite crystallisation 
rate reached its maximum value. During phase IV, the dissolution became very slow and the 
effect of the crystallisation on the mass of the substrate happened to be predominant. This 
resulted in a net weight gain due to the fact that the molecular weight of SiO2 is 
approximately twice as big as that of Si. In the period V, the system was in equilibrium. The 
surface of the SiSiC substrate was fully covered with zeolite crystals. For this reason, the 
dissolution process was completely hindered and the zeolite crystallisation rate dropped down 
to zero, because the nutrients in the mother liquor were almost extinguished. At the moment, 
which nutrient represented the limiting factor (Si, Na, OH, TPA) is not yet clear. In this phase 
(V), the weight of the sample remained stable and constant.  
 
The entire SST process strongly depends on the dissolution of Si from the SiSiC. The Si 
dissolution from structured SiSiC ceramic substrates was found to be dependent on the 
following parameter of the synthesis: 
 

 synthesis temperature 
 specific surface area and/or accessibility of the Si-source 
 Al concentration in the reaction mixture  
 solution amount relative to the substrate and/or relative amount of Si in the batch 
 pH/alkalinity of the synthesis mixture.  

 
The effects of different temperatures and Al concentrations on the rate of Si dissolution from 
the SiSiC substrate and Si utilisation for the crystallisation process are reported in Fig. 202. 
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Fig. 202. Rate of Si dissolution and of Si utilisation for the standard series RT 38 at 448 K (a), the RT 32 series 
with double Al concentration in the reaction mixture (b), the RT 33 series with four times the Al concentration in 

the reaction mixture (c), the RT 34 series at 398 K (d) and the RT 35 series at 423 K (e). 
 
An increasing Al concentration in the reaction mixture retarded and decreased the Si 
dissolution rate. Same effect was observed for decreasing synthesis temperatures. On the 
other side, these two synthesis (Al concentration and temperature) parameters affected the 
crystallisation rate, and therefore the rate of Si utilisation, at the same time. It can be noted 
that, a part from the initial stage (initial 6 h of the synthesis) a higher rate of Si utilisation 
corresponded always to a higher rate of Si dissolution. Most likely, the crystallisation 
produced a decrease in the concentration of reactants, allowing the further dissolution to take 
place. The dissolution produced a supersaturation of Si species in the solution, which 
seemingly inhibited further leaching of Si from the SiSiC substrate. The crystallisation 
utilised the Si in the solution, decreased its concentration and re-established therefore the 
driving force necessary for the dissolution process to continue. This is in agreement with the 
re-equilibration effect explained in the Lowe’s theory [12,510]. This phenomenon was 
explained in the model of Lowe, where the solubility of silica (Ks) was defined as a function 
of the silicic acid Si(OH)4 concentration [12]: 
 

)solut()OH(Si)l(OH)s(SiO 422 ↔+  
 

])OH(Si[K 4s =  

d 

e 
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A higher amount of base will shift the equilibrium towards the right, producing more 
dissolution of silicon . For high silica zeolite, the supersaturation (∆Ks) of the synthesis 
mixture is required for the crystallisation to start and the magnitude of this value will 
influence the crystal growth rate. The driving force for zeolite crystallisation was related to 
the ratio of the solubility constants for the gel and crystalline phases [12]. Generally the 
crystallisation should proceed till the SiO2/Na2O ratio reaches the value 3.5 [12]. 
 

 
Fig. 203. Concentration of Si in the precursor solution during crystallisation, from [12]. 

 
The theory of the gradient of concentration of the Si-species in the reaction mixture might 
explain the high yield of Si utilisation reported above (see Fig. 141 and Fig. 153 and Fig. 
161). The Si-species in the gel or in the precursor solution were consumed during synthesis by 
the zeolite crystallisation process. Because the dissolution process proceeded during the most 
of the crystallisation time, the highest concentration of Si-species was to be found most likely 
in the proximity of the substrate’s surface. In this position, the consumption of Si for the 
formation of zeolite crystals and the further dissolution of metallic Si from the support 
created, most probably, a local environment with higher concentration of species.  
 
If a gel was formed, like in the model proposed by Koegler et al. [166], than the consumption 
of species in the gel layer would have been rapidly compensated by further Si dissolution. The 
newly dissolved Si would have been released directly in the gel layer and utilised further for 
the crystallisation process. In this case, the gel layer would have acted as a sort of 
barrier/membrane which would have slowed down the passage of Si in the solution and limit 
the concentration of nutrients in the bulk solution. In fact, differently from conventional 
hydrothermal synthesis, the Si nutrient came directly from the support and not from the 
precursor solution (spatially localised Si-source in the reaction volume). Indeed, the entire 
crystallisation process can be seen as a zeolite growth process in the presence of a spatially 
confined or localised Si-source. The initial dissolution process might have served to promote 
the formation of a gel layer or the first nucleation in the clear synthesis mixture. Further 
zeolite growth took place only by addition of the Si dissolved from the support on the 
growing nuclei. A tentative scheme of the SST crystallisation process is shown in Fig. 204.  
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Fig. 204. Schematic representation of the SST dissolution-crystallisation process. The legend of the figure is 
given here above. The arrows pointing towards the SiSiC substrate are related to the crystallisation process, 
whereas the ones pointing in the reverse direction are correlated to the dissolution. The bigger the arrows the 
faster is the process described, the smaller they are and the slower is the process they describe. On the top, an 

overview of the time-scale of the SST crystallisation process is given. 
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In I, the Si dissolution process started and the Si concentration increased fast (II and III), 
while Al precipitated or was involved in a complexation process on the surface of the support 
(this might include the process of gel formation) (II). The local dissolution process created a 
gradient of nutrients in the bulk, with the highest concentration in a boundary layer (either 
clear-synthesis or gel) next to the substrate (III and IV). This gradient can be seen as a gel or 
as a simple inhomogeneity of composition in the volume of a clear synthesis mixture. 
Meanwhile, the support was partially dissolved and the surface became rougher and full of 
pits. During this time (II-IV), the higher concentration of Si in the bulk reduced the driving 
force for the dissolution process and the rate of Si dissolution decreased, as symbolised by the 
smaller arrow in figure II, III and IV. In V, the nucleation of zeolite started and the substrate 
reacted by increasing the rate of Si released in the solution. In VI, the nucleation and 
crystallisation rate increased and produced a heavier consumption of Si from the solution/gel. 
The dissolution rate of Si from the substrate was allowed to increase again, due to the fact that 
the driving force for the process increased (see Lowe’s theory mentioned above). In VII, the 
crystal growth led to the massive utilisation of Si from the solution, but simultaneously 
produced a second effect: the surface of the support was increasingly and largely covered by 
zeolite crystals. The dissolution process was therefore reduced, as a result of the lower 
free/accessible substrate’s surface (Si specific surface area) for the Si leaching process. The 
crystal growth could also proceed via the addition of simple Si(OH)4 or Al(OH)4 units, as 
reported by Cundy [10,12] or by addition of silica and alumina-based PBUs and SBUs. These 
nutrients could be readily available in the boundary layer next to the support’s surface, as the 
result of the local dissolution process. Eventually, the dissolved silica and alumina species 
could be rapidly consumed by the crystal growth process (by addition/incorporation in the 
zeolite crystals) in the vicinity of the support. In this case, these species wouldn’t have 
enough time to migrate in the bulk of the synthesis mixture and to be used for the 
crystallisation of excess powder in the mother liquor. Such an effect could explain the high 
coating yields achieved via the SST zeolite crystallisation process. In the last stages (VIII and 
IX), the whole surface of the support was covered with a dense zeolite layer. Consequently, 
the dissolution almost stopped. The crystallisation rate slowly reduced until equilibrium was 
reached, due to the extinction of the nutrients. The time-scale of the above-mentioned events 
during the SST zeolite crystallisation process can slightly change, depending on the synthesis 
conditions used (initial TPABr, Al or Na concentration, temperature, solution/support mass 
ratio) 

 
The process of Si dissolution and the zeolite crystallisation in the SST method are therefore in 
closely related and dependent on each other. A fast crystallisation process cannot proceed if 
the dissolution is not fast enough to feed the solution or the gel with the main nutrient for the 
synthesis. On the other side, a fast dissolution process cannot take place if the crystallisation 
rate is not fast enough to consume the reactants and “leave enough place in the solution for 
more framework-builder (Si) to be dissolved”.  
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• Si dissolution from the SiSiC monolithic 

support into the reaction mixture

• Function of: pH, surface area, solution amount, 

T, time, reactants concentration (SDA, NaOH, 

Al, H2O, SiSiC)

• Crystallisation of MFI-type zeolite on the 

SiSiC surface 

• Function of: surface area, solution amount, T, 

time, reactants concentration (SDA, NaOH, 

Al, H2O, SiSiC)  
Fig. 205. Inter-dependency of the Si dissolution and zeolite crystallisation process. 

The identification of the Rate Determining Step (RDS) is extremely complicated in the SST 
crystallisation process. This mechanism would also explain the reason of the scarce control 
over the crystal size during the SST crystallisation. In all the synthesis runs, MFI-type zeolite 
crystals on the RT and CB monoliths were above 20-30 µm in size, up to 100 µm. Almost all 
attempts to significantly reduce the size of the zeolite crystals failed. The overall SST 
crystallisation mechanism didn’t allow for high nucleation rates which are necessary for the 
synthesis of small crystals, because as soon as the supersaturation level was reached, the 
crystallisation started and consumed nutrients. These nutrients couldn’t therefore be readily 
replenished. The leaching and crystallisation processes underwent fluctuations. The 
crystallisation started and consumed nutrients until a certain extent, after which the driving 
force for more Si to be leached from the SiSiC substrate became significant again. At this 
point, the dissolution rate increased whereas the crystallisation rate most likely decreased. 
Each of the two processes had to “wait for the other one to create the right conditions in the 
system to proceed further”. This meant that the system was always operating under restricted 
reactants’ concentration, and this could have been the reason of the reduced nucleation rate. If 
fewer nuclei were formed, then there was less competitive growth. In this situation, each 
nucleus would have had enough nutrients available for its coalescence/growth. In conclusion, 
the SST mechanism was very complicated to control and describe, due to the fact that the Si-
source was not readily available in the reaction mixture. During the SST crystallisation, there 
was a very strong dependency of the Si dissolution and zeolite crystallisation process on each 
others. For this reason, the control of the synthesis parameter and the tuning of the zeolite 
coating properties were even less trivial than for conventional hydrothermal syntheses. 
 
 

4.2.5 Zeolite coatings on alternative monoliths via Support Self-Transformation 
 
Different monolithic structures were also coated using the Support Self-Transformation 
technique. In this paragraph, two examples of alternative Si-containing structured monoliths, 
which were coated with MFI-type zeolite, will be briefly presented. In general, experiments 
showed that any material containing metallic Si could be used as support for the SST coating 
technique. 
 
Commercial C-honeycombs (400 cpi) were infiltrated with melt Si under the same conditions 
used for the CB and RT ceramic substrates (see Fig. 206). The Si-melt infiltration was 
performed at the Department of Materials Science of the University of Erlangen (WW3) The 
Si-infiltration produced a weight gain (from C-preform to SiSiC) of 363 wt %. The Si content 
in the sample was 26 wt %.  
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Fig. 206. 400 cpi C-monolith preform (left) and SiSiC replica (right). 

The crystallisation took place in stainless-steel autoclaves at 498 K in a synthesis mixture 
with the following molar composition 1 SiO2 : 0.039 TPA2O : 0.015 Na2O : 0.004 Al2O3 : 77 
H2O. After 48 h synthesis time, a relative amount of 4 wt % zeolite was measured. XRD 
analyses confirmed the presence of MFI-type zeolite on the SiSiC surface. In terms of 
absolute composition, the reaction mixture of the experiments with the SiSiC honeycombs 
was identical to that used for the series CB 7, which utilised the cardboard-derived SiSiC 
substrates. The two series are compared below (Fig. 207). 
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Fig. 207. Crystallinity curves for the SST synthesis of zeolite on cardboard-derived SiSiC monoliths (CB 7) and 

on the C-honeycomb-derived SiSiC substrates (HB). 
 
After 96 h synthesis, the crystallisation kinetics reached the plateau, with a maximal loading 
of ca. 16 wt %, corresponding to 200 Kg·m-3. The crystallisation behaviour was similar to that 
observed for the Rattan- and cardboard-derived SiSiC substrates, but with lower relative 
loading of zeolite.  
 

Table 26. Absolute amounts of zeolite synthesised in the series with CB 
SiSiC and in the series with HB (C-Honeycomb-derived) SiSiC 
substrates. 

 Absolute zeolite amount (g) 
Synthesis time 

(h) CB SiSiC HB SiSiC 

0 0.000 0.000 
6 0.000 0.000 
12 0.031 0.000 
24 0.413 0.000 
48 0.909 0.000 
96 0.895 0.183 
192 0.953 0.227 

 

12 mm 
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In this case, the two synthesis had the same composition of the synthesis mixture, but the 
absolute initial amount of Si in the batch was different, as the fraction of Si in the CB SiSiC 
was ca. 51 wt % and that of the C-honeycomb-derived SiSiC monolith was ca. 26 wt %. The 
same type of interpenetrating SiC/zeolite interface was observed by SEM analyses (Fig. 208) 
on the SiSiC/zeolite composite with honeycomb structure. A similar morphology of the 
crystals and aggregates was found for the above composites and the CB SiSiC samples. 
 

    
Fig. 208. SEM micrographs of the ZSM-5 coated SiSiC honeycomb at 3 different magnifications (a-c) and in 

BSE mode of a strut cross-section (d). 
 
At last, Si-filled polymer-derived ceramic foams (PDCFs) were utilised as supports for zeolite 
crystallization via the SST coating process. PDCFs were fabricated at the department of 
Materials Science (WW3) of the university of Erlangen-Nürnberg, using the conditions 
reported in [249]. 

 

   
5 mm5 mm

 
Fig. 209. Digital picture (left) and µ-CT 3D reconstruction (right) of a zeolite-coated PDCF. 

The characterisation of the specific PDCF substrates used for the coating with MFI-type 
zeolite was conducted in our laboratories. XRD diffractograms confirmed the presence of Si 
as the only crystalline phase in the PDCF substrates. The rest of the matrix consisted of SiOC 
amorphous black-glass [249]. By elemental chemical analyses, the following composition of 
the ceramic foam support was found: 55 wt % Si and 45 wt % SiOC. The µ-CT analysis of the 
uncoated PDCF showed an average value of porosity around 67 vol. % (Fig. 209). Pores were 
interconnected through windows with diameter between 100 and 500 µm and had an average 
diameter of 1.4 mm. 

 

     
Fig. 210. SEM micrographs of the fracture surface of a ceramic foam at 2 different magnifications (a,b) and of a 

broken strut at 2 different magnifications (c,d). 
 
The crystallization kinetic studies took place at 498 K in a synthesis mixture with the 
following molar composition 1 SiO2 : 0.033 TPA2O : 0.033 Na2O : 0.0033 Al2O3 : 33 H2O. 
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Zeolite amount up to 60 wt % and BET surface area up to 200 cm2·g-1 were achieved within 
48 h synthesis time (figure not shown). XRD confirmed the presence of MFI-type zeolite 
(figure not shown). As can be observed from the SEM analyses above (Fig. 210), the surface 
was completely covered with crystals between 50 and 100 µm in size. Crystals grew directly 
from the support, producing a seemingly good compatibility and bond between the substrate 
and the crystals.  

 
One series of experiments was carried out for different synthesis times at 498 K using 
following molar composition 1 SiO2 : 0.033 TPA2O : 0.033 Na2O : 0.0016 Al2O3 : 33 H2O. In 
terms of absolute composition, the reaction mixture was identical to that used for the series 
CB 7 with the cardboard-derived SiSiC substrates. The two series are compared below (Fig. 
211). 
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Fig. 211. Zeolite amount on the PDCF and CB SiSiC substrates (from the synthesis with the same reaction 

mixture composition) measured by TGA analyses 
 
XRD confirmed the presence of MFI-type zeolite (figure not shown). Zeolite amount up to 
ca. 70 wt % were obtained within 48 h synthesis time. The crystallisation rate was much faster 
for the PDCF substrate compared to the CB SiSiC, with a shorter incubation period and 
higher absolute amounts of zeolite synthesised in the batch (see Table 27). As the starting 
absolute amount of Si in the experiments with PDCFs (55 wt %) and CB SiSiC (51 wt %) 
substrates were similar, the difference in the absolute amount of zeolite synthesised in the two 
series with different supports could only lie on the different accessibility or specific surface 
area of the Si-source or on the microstructure of the same. 

 
Table 27. Absolute amounts of zeolite synthesised in the series with 
CB SiSiC and in the series with PDCF substrates. 

 Absolute zeolite amount (g) 
Synthesis time 

(h) CB SiSiC PDCF 

0 0.000 0.000 
6 0.000 0.027 
12 0.031 0.414 
24 0.413 0.723 
48 0.909 1.571 
96 0.895 1.610 
192 0.953 - 
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The ICP-OES analyses of the filtrates of the two above-mentioned series and the weight 
change in the supports during synthesis are reported in Fig. 213. The concentrations of Si and 
Al with time for both sets of experiments were similar. Owing to the higher rate of 
crystallisation and higher final zeolite loading, the series with the PDCF substrates showed a 
faster and larger weight gain as the series CB 7 with the CB SiSiC supports. 
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Fig. 212. Si and Al concentration in the mother liquor (left) and weight change of the samples during 

crystallisation (right) for the standard series CB 7 (CB SiSiC substrates) and the equivalent SST series with 
PDCF supports. 

 
In conclusion, different structures of SiSiC monoliths (biomorphic Rattan-derived, cardboard-
derived, honeycombs) and Si-containing ceramic composites (e.g. PDCFs) could be equally 
used for the SST method in order to produce MFI-type zeolite coatings with very high 
adherence. The behaviour during crystallisation was similar to all samples. Differences in the 
crystallisation kinetics for experiments with different substrates could be due to the different 
specific surface area and/or accessibility of the Si-source. 
 
 

4.2.6 Alkaline treatment of zeolites and SST zeolite coatings 
 
This subchapter deals with the alkaline treatment of zeolites and SST zeolite coatings. The 
post-synthesis treatment of zeolites with alkaline solution is generally accomplished in order 
to tune the acidity and porosity of the zeolite crystals (see section 2.1.8.8). Especially for 
dense and thick zeolite coating like those obtained on SiSiC substrates via the Support Self-
Transformation method, the creation of a meso-/macropore system with the partial leaching of 
Si from the zeolite framework, could improve the transport properties in the zeolite layer. 
This is a point of utmost interest in view of catalytic applications for the above SiSiC/zeolite 
composites. The parameters of the post-synthesis alkaline treatment were initially selected by 
means of systematic studies on commercial zeolite powders. The optimised alkaline treatment 
was then utilised for the post-synthesis modification of the SST zeolite coating on CB SiSiC 
monoliths. 
 
Two commercial zeolite types were used as reference zeolite powders: ALSI PENTA SM-27 
and SM-55. The powders in the NH4-form were treated in an alkaline solution under different 
conditions, in order to study the development of the microstructure in the zeolite powders. A 
procedure similar to that presented by [26,33,36] was used. It is well known [26] that post-
synthesis alkaline treatment of zeolites leads to formation of cavities in the mesopore range 
(see subchapter 2.1.1.8). The final aim was to check the effect of mesopores presence on the 
wet-ion-exchange process to obtain the Fe-form of zeolite and on the N2O decomposition. 
Finally, after setting the right parameter for the process, tentative experiments to exploit the 
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same optimised technique for the SiSiC/ZSM-5 composites were carried out. The following 
parameters were varied during the alkaline leaching in a NaOH/water solution: temperature, 
time, zeolite type and solution to zeolite ratio. For all tests, the concentration of the NaOH 
was always kept at 0.2 M, with a pH of 13.5. Ion-exchange to NH4-form was carried out twice 
in a 0.5 M ammonium nitrate solution at 353 K for 2h in total, with a ratio solution to solid 
equal to 30. The activation treatment was conducted at 823 K in air, with constant dwelling 
time of 6 h. A table with the experiments performed and the data from the XRD and N2 
adsorption/desorption analyses is given in Appendix (Table 37). 
 
The kinetics of zeolite dissolution in alkaline media was studied. As described in [33], 
alkaline treatment of zeolites at reasonable temperatures leads to partial desilication of the 
framework. ICP-OES measurements of the filtrate after the alkaline treatment showed a ratio 
of Si/Al above 500, indicating a selective Si leaching from the zeolite framework, as reported 
by [26].  
 
XRD analyses of the samples confirmed the presence of MFI-type zeolite for all the samples 
treated, with reflections decreasing in intensity at increasing treatment times. It can be easily 
observed from the Table 37 in the Appendix that the alkaline treatment produced a very rapid 
loss of crystallinity. At 353 K and with a solution to zeolite mass ratio of 30, a crystallinity 
loss up to 40 % was recorded for SM-27 after 4 h treatment. The degree of crystallinity loss 
(Fig. 213) seemed to be dependent on the texture of the zeolite. The SM-55 (Si/Al = 22) 
showed a larger decrease compared to the SM-27 zeolite (Si/Al = 12), likely due to the higher 
content of Si in the framework.  
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Fig. 213. Influence of the alkaline treatment time on the relative loss of crystallinity (left) and micro-/meso-

porosity (right), for SM-27 and SM-55 zeolites (T = 353 K, sol/zeo ratio = 30). 
 
N2 adsorption/desorption analyses (Fig. 214) of the powders after the alkaline treatment 
showed a drastic increase of the total pore and mesopore volume, and a significant decrease of 
the micropore volume. The mesopore volume was calculated as the difference between the 
single point total pore volume of pores below 143 nm at p/p0 = 0.99 and the micropore 
volume. Once again, the powder with the higher Si content (SM-55) showed a higher increase 
of the total porosity and of the mesopore volume, compared to the zeolite with the lower Si 
content in the framework (SM-27). After 2 h treatment time, SM-55 exhibited an increment of 
the total pore volume of ~ 170 %, the mesopore was five times the initial one for the parent 
zeolite and the micropore volume was reduced of ~ 25 %. Similar values were reached after 4 
h alkaline treatment using the SM-27 zeolite. The N2 adsorption/desorption isotherms for the 
parent SM-27 zeolite and the powder after 4 h alkaline treatment are reported in Fig. 214. 
SM-27 exhibited a typical type I isotherm, whereas the AT 5 zeolite (see Table 37) presented 
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a hybrid behaviour: in addition to the strong uptake at low relative pressure, a continuous 
increase of the adsorbed volume of nitrogen till p/p0 = 1 and a huge hysteresis loop were also 
observed. This confirmed the presence of mesopore cavities in the alkali-treated ZSM-5 
zeolite. 
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Fig. 214. N2 adsorption/desorption isotherms for the SM-27 and AT 5 zeolite powders. 

SEM analyses (Fig. 215) of both the zeolite samples before and after the treatment (both for 
SM-27 and SM-55), didn’t show significant changes in morphology and size of the 
particles/agglomerates, in contrast with what presented in [36]. Melián-Cabrera et al. [36] 
were the first who applied this alkaline treatment to the ALSI PENTA SM-27 zeolite, with 
conditions slightly different from those used in this work. In their work [36], they reported a 
more significant loss of crystallinity even at shorter times, likely due to the higher solution to 
zeolite ratio utilised. Authors suggested a dissolution mechanism based on the dislodgement 
of the crystal agglomerates, by removal of the amorphous parts or weakest spots. Following 
this theory, the mesopore formation has to be understood as a breakdown process of the 
crystals, leading predominantly to inter-crystalline porosity. In our case, the SM-27 reference 
powder exhibited an absolute crystallinity (QAl value) of ca. 70 %, which is slightly lower 
than normally expected for this industrial zeolite powder. The differences between the batch 
used in this work and the one of [36], could explain the differences in the relative 
crystallinity-loss after the alkaline treatment and in the textural properties. Moreover, it must 
not be overseen that the treatment were carried out under slightly differing conditions. 
 

    
Fig. 215. SEM image of the untreated (left) and alkaline treated (right) SM-27 powder. 

The ICP-OES analysis of the powder AT 5 (SM-27 after 4 h treatment) reported a Si/Al ratio 
of 9, which confirmed the selective leaching of Si from the zeolite framework. Results by 
Melián-Cabrera et al. [36] slightly differed from the observations above. Authors reported 
smaller changes in the Si/Al ratio and a non-selective dissolution process of both Si and Al 
from the zeolite framework [36]. NH3-TPD of the same sample before and after the alkaline 

10 µm 10 µm 
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treatment (Fig. 216) showed a very similar behaviour, with the AT 5 zeolite exhibiting an 
overall acidity of 800 µmol·g-1 instead of the 860 µmol·g-1. By comparison of the acidity of 
the AT 5 catalyst with the reference SM-27, a Si/Al ratio of 8 was found, which is in good 
agreement with the results obtained with the ICP-OES analysis. 
 

873573 773673473
Temperature (K)

 AT 5
 SM-27

 
Fig. 216. Ammonia TPD of the SM-27 parent zeolite and the alkali-treated AT 5. 

As can be noted from Table 37 in the Appendix, higher temperatures for similar duration of 
the treatment resulted in a higher volume of mesopores, likely due to a faster dissolution of Si 
from the zeolite framework. When a solution to solid ratio 100 was used, higher values of 
mesopore and total volume were obtained, indicating a strong dependence of the leaching 
process on the solution to solid ratio. This was probably due to equilibrium effect of the Si 
and Na concentration in the solution. Higher solution to zeolite ratio meant higher levels of 
silicon solubility (higher saturation levels) in the solution and/or a too consistent pH decrease, 
which would reduce the driving force for the dissolution process. In general, according to the 
results presented in [33], we found that the post-synthesis alkaline treatment could be 
successfully used on MFI-type zeolites in order to selectively remove Si from the framework. 
Tuning of the mesopore size and volume could be achieved by modifying the treatment 
conditions, without significantly altering the acidity of the zeolite. 
 
The AT 5 sample has been chosen for further Fe-exchange and for comparison of its catalytic 
activity with the parent Fe-form SM-27 zeolite (see subchapter 4.2.7 and 4.3.2). 
 
After studying the influence of the alkaline-treatment conditions on the textural properties of 
commercial powder catalysts, the above procedure was exploited for the treatment of SST 
zeolite coatings on CB SiSiC supports. CB SiSiC ceramics coated with zeolite using the 
conditions of the CB 9 series (Table 38) were subjected to post-synthesis alkaline treatment 
for different times. Conditions used were the same for all samples: T = 363 K, solution to 
monolith weight-ratio 20, and initial pH = 13.9 (obtained by preparing a 0.2 M solution with 
NaOH). 
 
XRD analyses of the SiSiC/ZSM-5 composites showed that the crystallinity decreased 
strongly with increasing treatment duration, and dropped down to 0 after 4 h alkaline 
leaching. Moreover, the alkaline treatment of the CB 9 samples for 4 h time produced a very 
strong decrease of the mechanical stability of the SiSiC/ZSM-5 composites. The SiSiC/zeolite 
monolith resulted very fragile and hard to handle, likely due to an excessive chemical attach 
of the ceramic substrate. After 3 h alkaline treatment, the QAl value was reduced to ca. 40 % 
of the value of the untreated sample.  
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ICP-OES analyses of the filtrate showed concentrations of Si 100 times higher than those of 
Al, suggesting once more that the dissolution process had selectively leached/dissolved the Si 
of the zeolite framework. This was in agreement with the results published in [26,33]. 
 
N2 adsorption/desorption analyses of the samples, showed that, by carefully increasing the 
treatment time, increasing of the mesopore volume could be achieved. After 3 h treatment, a 
decrease of the total porosity up to 40 % was observed. In the same time, the mesopore 
volume grew of ca. 30 %, yielding a drastic reduction of the micropore volume to ca. 20 % of 
the initial value. The pore volume reduction followed the loss in mass and crystallinity of the 
samples (see Table 38). 
 
SEM pictures of the sample treated for 3 h are reported in Fig. 217 and compared to the 
micrographs of the untreated SiSiC/zeolite sample. The morphology of the agglomerates of 
the zeolite coating underwent strong modifications during the alkaline treatment. The leaching 
occurred mainly at the intersection between crystals in the agglomerates, yielding an unusual 
acicular aspect of the agglomerates in the coating. From a comparison of the samples before 
and after treatment, it is clear that a higher surface area of the zeolite crystals was obtained. 
Higher specific surface area generally means higher accessibility of gas molecules to the 
crystals. Qualitative EDX spot-analyses of the crystallites covering the surface of the SiSiC 
supports after the alkaline-treatment confirmed the presence of both Si and Al in the crystals. 
 

    
Fig. 217. SEM micrographs at 2 different magnifications of the SST zeolite coating on SiSiC ceramic supports 

before (a,b) and after (c,d) an alkaline treatment of 3 h. 
 
From this study we could conclude that it was generally possible to selectively leach Si from 
zeolite coatings, using a post-synthesis alkaline treatment similar to that applied for zeolite 
powders. The process allowed for a significant increase in the mesoporosity and change in the 
morphology of the coating. Similarly to what observed for the ALSI PENTA SM-27 and SM-
55 zeolite powders, the crystallinity of the samples decreases significantly with the time of the 
post-synthesis alkaline-treatment. 
 
The alkaline treatment of zeolite coatings could be interesting for catalytic applications with 
strong diffusion limitation, especially for the case of in-situ grown zeolite coatings with 
intergrown crystals, compact morphology of the layer and low accessibility for the reactant 
molecules. Further studies in order to optimise the leaching process are required, in order to 
limit the excessive loss of crystalline material. One possibility would be reducing the solution 
to solid ratio used for these experiments. The solution to solid weight-ratio has a strong 
influence on the amount of Si dissolved, as showed by the results obtained with the SM-27 
zeolite. The same conditions used for the 3 h treatment of the SiSiC/ZSM-5 composite was 
utilised for a similar full-size (25 ml volume) SiSiC/ZSM-5 monolith obtained via SST 
(recipe CB 9). The above zeolite-coated monolith was exchanged to iron form in a successive 
step and tested for the N2O SCR with hydrocarbons. The results will be discussed in the 
chapter 4.3.3. 

100 µm 100 µm 20 µm 20 µm 

a b c d
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4.2.7 Fe-ZSM-5 preparation 
 
Two commercial zeolite types were used as reference powder: ALSI PENTA SM-27 and SM-
55. The powders in the NH4-form were subjected to wet-ion-exchange with Fe-salts under 
different conditions, in order to find a suitable exchange process for the SiSiC/ZSM-5 
composites. N2O was used as test reaction (see chapter 4.3.2), in order to evaluate the quality 
and efficiency of the wet-ion-exchange (WIE) process.  
 
The following parameters were varied during the WIE process and the successive heating 
treatment (activation): temperature, atmosphere, time, pH, Fe-salt, activation temperature, 
time and atmosphere. For all tests, the ratio solution/zeolite was kept constant and equal to 10, 
the molarity of the Fe-salt was always kept at 0.2 M. The activation treatment was conducted 
at 823, 973 and 1173 K, with constant dwelling time of 3 h. Activation atmosphere was 
chosen between He and air. Exchange time was varied for some experiments between 3 and 
24 h. WIE temperature was varied between 333 and 353 K. The wet-ion-exchange process 
was conducted either under air circulation or under N2 flow (120 ml/min). Fe-sulphate, Fe-
nitrate and Mohr’s salt were used as precursors for the exchange. A table with the results is 
reported in the Appendix. Part of the results will be discussed in the chapter 4.3.2, together 
with the catalytic tests. The experiments conducted and the ICP-OES characterisation of the 
elemental composition are reported in Table 39 in the Appendix. 
 
Samples were characterised also by XRD, and some of them by SEM and 
N2 adsorption/desorption analyses. For all experiments carried out, the XRD measurements 
showed no significant losses in the crystallinity of the samples after the WIE to Fe-form. No 
hematite was detected in any of the samples, although the colour of the probes after ion-
exchange could give some indications with respect to the presence or absence of iron oxide 
clusters on the catalyst surface [410]. Generally, the zeolite powder exchanged to Fe-form 
under nitrogen atmosphere were yellowish, almost white in colour, whereas the ones 
exchanged in air turned-out orange or reddish, indicating the presence of bulky oxides on the 
catalyst surface (see Fig. 218), as reported by [410].  
 

    
Fig. 218. Pictures of the IRON-1 (left) and IRON-15 (right) zeolite powders formed/pressed into pellets. 

Feng et al. [444], found similar results and supposed that, under reducing atmosphere the 
oxidation of Fe2+ to Fe3+ is almost suppressed. Fe2+ is easily oxidised in aqueous media in the 
presence of oxygen traces, leading to the formation of iron hydroxide species. These species 
are believed to be intermediate for the formation of hematite [410]. Different authors reported 
that, in the presence of oxygen traces iron is rapidly oxidised, promoting the formation of iron 
oxide clusters on the surface of the zeolite crystals/agglomerates [36]. Pieterse and Melián-
Cabrera [36,410], found that the catalyst obtained under reducing atmosphere had higher iron 
exchange degree and correspondingly higher activity for the nitrous oxide decomposition. 
Authors stated that, suppressing the oxidation of Fe2+ to Fe3+ led to better accessibility of the 
Fe-species to the zeolite micropores and to the exchange sites. After calcination in air, also 
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the samples exchanged under reducing atmosphere (e.g. IRON-1) turned to a slightly orange 
colour. The Fe-exchanged SM-27 zeolite calcined under He did not exhibit significant 
changes.  
 
The kinetics of ion-exchange for the Fe(NO3)3 precursor-salt under nitrogen and air are 
reported in Fig. 219. The iron content in the zeolite powder under reducing atmosphere was 
reached after almost 3 h and kept constant until 24 h exchange treatment. For the wet-ion-
exchange in air, the Fe-loading in the zeolite kept on increasing in the whole 3 - 24 h time 
window. As can be seen in Table 39 in the Appendix, the iron content of the catalyst was 
superior for the WIE process in air. 
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Fig. 219. Fe-loading in SM-27 zeolite at different WIE times for the ion-exchange in air and N2 atmosphere. 

Comparing the iron loading for the SM-27 (Si/Al = 12) and SM-55 (Si/Al = 22) powders for 
wet-ion-exchange, both under nitrogen and air, it can be noted the following. The Fe-loading 
in SM-55 was almost the same as in SM-27 (ca. 6 wt %) if the WIE was carried out in air, 
showing no direct proportionality between Fe and Al concentration in the zeolite (see Table 
39). When the wet-ion-exchange process took place in nitrogen atmosphere, then the SM-27 
exhibited a much higher (1.5 times higher) exchange level compared to SM-55 (see Table 39). 
This is expected if one considers the Fe to be located at the exchange position in the zeolite 
(as SM-27 exhibits almost double the framework Al concentration than SM-55). This 
confirmed that the wet-ion-exchange with iron-nitrate in nitrogen allowed for a reduced oxide 
formation, in agreement with the results found in [410].  
 
Higher wet-ion-exchange temperatures promoted a higher Fe-loading in the zeolite. As 
explained by [410], this might be the result of a smaller hydration sphere of Fe2+, which might 
improve the diffusivity of the same into the zeolite micropores. Mohr’s salt seemed to 
produce extensive iron oxide formation even for the wet-ion-exchange under nitrogen, 
differently from what reported in [410]. Repetition of the exchange cycle IRON-1 for two 
times (for a total of 48 h WIE) produced a slight increase in the Fe content of ca. 20 %. pH 
reduction in the precursor solution during exchange did not produce any difference in the Fe-
exchange level. Higher concentration of iron salts (0.4 M) and double the solution-to-solid 
ratio led to an increase of ca. 12 % of the Fe-loading in the SM-27 zeolite. 
 
N2 adsorption/desorption analyses of the SM-27 powders exchanged for 24 h showed a 
significant decrease of the Dubinin-Astakhov micropore volume (0.135 cm·g-1) after wet-ion-
exchange in air (Fe-exchanged zeolite powder IRON-2). The sample treated in nitrogen 
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atmosphere exhibited no remarkable change of the porosity compared to the parent zeolite 
(Dubinin-Astakhov micropore volume of 0.15 cm·g-1). In the case of IRON-2, oxide 
formation on the surface might have been responsible for the hindrance of part of the 
micropores. A micropore volume reduction up to 10 % was observed for the IRON-2 zeolite 
powder after wet Fe-exchange. SEM analyses (Fig. 220) of the parent zeolite and the IRON-1 
catalyst exhibited significant differences. The micrographs of the Fe-exchanged catalyst 
showed a decrease in the particles size, compared to the parent zeolite. Probably, the 24 h 
stirring of the powder during Fe-exchange, led to attrition and grinding of the zeolite powder, 
producing a decrease in the particle size. The presence of iron oxide clusters on the surface 
was not observable from the SEM analyses (Fig. 220). 
 

    
Fig. 220. SEM micrographs at 2 different magnifications of the NH4-form (a,b) and Fe-exchange (c,d) SM-27 

powder. 
 
The Fe-exchanged AT 5 mesoporous zeolite exhibited a higher Fe content compared to the 
IRON-1 zeolite in the Fe-form. Melián-Cabrera et al. [410] reported a similar effect. This was 
attributed to the better accessibility of Fe precursors during the wet-ion-exchange process 
[410]. 
 
The reproducibility of the wet-ion-exchange process was tested by ion-exchanging several 
times SM-27 zeolite and characterising the samples with ICP-OES analyses. Average iron 
content was found to be ca. 2.1 wt % (close to the theoretical full-exchange value), with 
minimal fluctuations amongst the different batches. The wet-ion-exchange conditions used for 
IRON-1, were chosen for the Fe-exchange of all the SiSiC/ZSM-5 monoliths for the catalytic 
tests: nitrous oxide Selective-Catalytic-Reduction with propane. Results and characterisation 
of the samples will be given in the chapter 4.3.3, together with the results catalytic of the 
catalytic tests. 
 
 

4.2.8 Fe-exchanged SST monoliths for the N2O Selective-Catalytic-Reduction  
 
In this paragraph, the scaling-up of the Support Self-Transformation zeolite coating technique 
from small fragments of SiSiC composites to full CB monoliths (25 ml volume) is presented. 
The monoliths were tested in the monolithic reactor setup for the nitrous oxide Selective-
Catalytic-Reduction with propane. The results of these tests will be given in the chapter 4.3.3. 
The recipes used for the SST zeolite crystallisation on the full CB SiSiC monoliths are the 
same used for the kinetics studies presented above (section 4.2.4). The nomenclature of the 
samples is also the same, with the only difference of the identification letter “B” at the end of 
the name, to distinguish the synthesis runs with the small samples from those with the full-
size monoliths. A table with the Fe-exchanged CB SiSiC/ZSM-5 monoliths prepared via SST 
is in Table 28. 
 
 

10 µm 

a b c d
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Table 28. Properties of the SST CB monoliths for the N2O SCR with C3H8 test reaction. 
Monoliths Zeolite  

loading  
(%) 

Si/Al 
Ratio 

(-) 

Fe  
Loading  

(%) 

Fe/Al 
Ratio 

(-) 
CB 7B 43 53 0.13 0.16 
CB 8B 46 55 0.12 0.17 
CB 9B 18 41 0.10 0.23 
CB 9B Meso - - 0.13 0.22 
CB 20B 26 17 0.23 0.15 
CB 51B 44 20 0.32 0.15 

 
The Si/Al ratio was obtained from the ICP-OES and XRD results. XRD analyses were used 
for the calculation of the zeolite amount and ICP-OES for the Al and Fe. From the zeolite 
amount, the Si content of the zeolite framework was estimated. After that, the Si/Al ratio was 
calculated using the Al amount calculated by ICP-OES measurements. The SiSiC (see 
subchapter 4.1.2) also contained a small amount of Al (0.28 wt %). All the ICP-OES results 
for the ZSM-5 coated SiSiC samples were corrected, considering the amount of Al contained 
in the SiSiC after crystallisation. Because of its anphotheric properties, even the Al of the 
SiSiC supports was supposed to be dissolved and eventually take part in the zeolite 
crystallisation. 
 
Comparing the results in Table 28 with the corresponding small-scale samples used for the 
kinetics studies, it can be noted that the zeolite loading per monolith mass was rather different 
in most of the cases. Likely, the use of a different autoclave volume and/or different air to 
solution ration during synthesis might have been responsible for the difference between the 
small-scale synthesis (fragments of monolith) and the synthesis on the full-size monolith. The 
aspect ratio of the monolith channel was also rather different when the full-size monoliths 
were utilised, instead of the small-scale samples used for the kinetics studies. Likely, changes 
in geometry of the monoliths’ channels could also produce different local gradients of 
composition of the reaction mixture, which might significantly affect the SST crystallisation 
process. 
 
Fe-exchanged CB 7B and CB 8B showed relatively high zeolite loading, close to 50 wt % but 
also high Si/Al ratio and low Fe content. The CB 9B monolith exhibited a significantly lower 
zeolite loading compared to the CB 8B sample. On the other side, slightly higher Fe content 
were found in the CB 9B sample, likely due to the thinner coating and lower Si/Al ratio 
compared to the CB 7B and CB 8B series. The SEM micrographs below (Fig. 221) show the 
well-intergrown morphology of the zeolite coating of the CB 8B and CB 9B monoliths. The 
CB 7B monolith exhibited much larger crystals than the other two samples, with less 
intergrown crystals. Preserving the individuality of crystals could be important for 
guarantying the good accessibility of the reactant molecules during catalytic reactions. 
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Fig. 221. SEM micrographs of the zeolite coating of the (a) CB 7B, (b) CB 8B and (c) CB 9B monoliths (vertical 

cross-section). 
 
The morphology of the CB 9B Meso coating was shown in the paragraph 4.2.6, together with 
the explanation of the preparation procedure. CB 9B Meso was obtained by post-synthesis 
alkaline leaching of the CB 9B SiSiC/ZSM-5 composite: the term “Meso” stands for 
“mesoporous”. Zeolite presence was proved by SEM-EDX analyses. The crystallinity 
measured by XRD analysis resulted so low that no estimation of the zeolite amount could be 
done. A mesopore volume of 0.026 cm3·g-1 was measured. Fe-loading was very similar to that 
of the parent CB 9B monolith.  
 
SEM micrographs of the CB 20B monolith are shown in Fig. 222. The CB 20B monolith 
presented morphologies of the crystals, which were very different from those obtained with 
the corresponding small-scale sample CB 20. Crystals were not as intergrown as for the other 
coatings synthesised in the absence of MFI-type zeolite seeds (e.g. CB 9B), but they didn’t 
display the platelet-type morphology that was observed in the small-scale synthesis (see 
section 4.2.4.8). On the other side, the zeolite crystals preserved their individuality. This 
would likely confirm the theory that the crystallisation process in the long channels of the full 
monoliths was rather different from that in the small-scale CB SiSiC samples for the studies 
of the crystallisation kinetics. This conclusion was also supported from the observation that, 
at different position along the channels the morphology of the zeolite coating and of the single 
crystals/agglomerates changed significantly (Fig. 222). 
 
 
 
 
 

       
Fig. 222. SEM micrographs of the CB 20B coating at three different magnifications (vertical cross-section). 

The average coating thickness of CB 20 was ~ 30 µm, with more intra-particle voids than for 
the coatings of the other monoliths, and therefore higher accessibility of the crystals. The 
zeolite loading was 26 wt %, corresponding to ca. 150 Kg·m-3. 
 
CB 51B exhibited a relatively high catalyst volume. A QAl value of 0.44, which corresponded 
to ca. 45 wt % zeolite, was obtained from the XRD measurements. Considering the entire CB 
SiSiC monolith’s volume (25 ml), this meant a zeolite loading of ca. 6.2 g, which 
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corresponded to 247 Kg·m-3 or 6.7 g·m-2, with an average coating thickness of ~ 60 µm. The 
average coating thickness was calculated as follows. The volume of the catalytic coating was 
given by the mass of zeolite on the monolith (6.2 g) divided by the zeolite density (~ 2 g/cm3). 
The thickness of the coating was defined as the ratio between the above volume occupied by 
the coating (~ 3.5 cm3) divided by the geometrical surface area of the monolith, including the 
outer surface (~ 540 cm2). The coating efficiency in the synthesis of the CB 51B monolith 
was ca. 80 %, which means that only 20 wt % of the zeolite synthesised in the autoclave was 
found in the mother liquor and on the autoclave walls, whereas the rest was attached on the 
surface of the SiSiC ceramic. Therefore, the crystallisation process is selectively taking place 
on the surface of the ceramic even for the synthesis in a much larger reaction volume 
(200 ml), like discussed above. This clearly showed that the zeolite crystallisation in a large 
synthesis volume was characterised by a high coating efficiency (like for the small-scale 
samples). The excess powder had a Si/Al ratio of 41, whereas the Si/Al ratio of the zeolite 
coating measured by ICP-OES was found to be 20. This indicated that Al was preferentially 
incorporated in the zeolite crystals growing on the support’s surface, instead of those 
crystallising in the bulk. SEM micrographs of the excess powder are shown in Fig. 223. 
Crystals were around 10 - 20 µm in size, intergrown to form agglomerates of tens of crystals 
up to 40 -50 µm in size. These agglomerates were also connected to each other.  
 

    
Fig. 223. SEM micrograph of the excess powder from the CB 51B synthesis batch. 

N2 adsorption/desorption analyses showed a micropore volume of 0.08 cm3·g-1. The isotherm 
exhibited a small hysteresis loop at relative pressure between 0.5 and 1, which generally 
indicates the presence of mesopores (0.027 cm3·g-1). Considering the ideal micropore volume 
of MFI-type zeolite (ca. 0.16 cm3·g-1) a zeolite loading of ca. 50 wt % was found, which was 
in very good agreement with the results obtained via XRD analyses. 
 

       
Fig. 224. Digital pictures in 3 different magnifications of a strut cross-section of the CB 51B catalyst (top-view). 

SEM micrographs in back-scattered mode of the monolith cross-section (top-view) were 
taken after the catalytic tests (Fig. 224). From the SEM analyses, it can be easily noted that 
the zeolite crystals grew inside the SiC network (penetration depth of ca. 40 µm). SEM 
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pictures of the (vertical cross-section) along the channels show a well-developed coating with 
tightly intergrown crystals which formed a bumpy layer (Fig. 225).The strut of the SiSiC 
ceramic presented very high levels of Si dissolution and low amounts of residual Si. The 
calculated amount of Si leached from the SiSiC composite was ca. 5.5 g, which meant around 
83 wt % of the Si content of the starting SiSiC ceramic substrate. Only 40 wt % of the Si 
dissolved was involved in the crystallisation of zeolite over the SiSiC surface. The rest was 
mainly left un-reacted in the reaction mixture. A small fraction of the dissolved Si was 
utilised for the synthesis of the excess powder. Despite the enormous amount of Si leached 
from the struts of the ceramic substrate, the mechanical stability of the samples was still good 
at the end of the synthesis and post-synthesis treatments. The monolith could be easily 
handled and fixed in the reactor setup without any problem. The zeolite layer was rather 
compact, due to the high degree of intergrowth of the zeolite crystal. The zeolite coating 
presented some visible cracks, running through the whole coating thickness. These cracks 
might have been caused by the heating treatments during operation or could have been 
generated during the catalyst calcination and activation. No catalyst loss was detected at any 
position in the examined monolith channels, confirming a very good adherence of the zeolite 
layer on the SiSiC substrate. 
 

       
Fig. 225. SEM micrographs of the vertical cross-section along the monolith channels at three different 

magnifications. 
 
After the ion-exchange to Fe-form (under the same conditions of the IRON-1 powder 
catalyst), the sample turned to a slightly brownish colour. The Fe-loading was found to be 
0.32 wt % of the overall SiSiC/ZSM-5 composite, corresponding to 0.73 % of the zeolite 
mass. Considering a framework Si/Al ratio of 20, a Fe/Al ratio of 0.15 was calculated. These 
values of Fe-loading and Si/Al ratio are very close to those of Fe-exchanged SM-55 (IRON-
15) zeolite. The overall Fe-loading of the SiSiC monolithic catalyst was 45 µg. 
 

    
Fig. 226. Digital pictures with two views of the (a) SiSiC monolithic support, and (b) the CB 51B and (c) the 

DC-1 monolithic catalysts (see section 4.2.9). 
 
In conclusion, the scaling-up the synthesis process for the SST coating of CB SiSiC monoliths 
was successfully accomplished. Results (in terms of zeolite loading and composition of the 
zeolite crystals) obtained with small-scale samples and the whole monoliths were slightly 
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different, likely due to changes in the local environment in the channels of the monoliths 
during synthesis. The wet-ion-exchange process to obtain the Fe-form zeolite using the 
standard conditions (like those utilised for the IRON-1 powder zeolite) proved to be feasible 
for the post-synthesis treatment of the in-situ synthesised SST zeolite coatings on CB SiSiC 
monoliths. The lower Fe/Al achieved, compared to the theoretical one, could have been the 
result of diffusion limitations of the Fe-species in the compact and thick zeolite layer during 
the wet-ion-exchange process. 
 
 

4.2.9 Fe-ZSM-5 wash-coats on ceramic substrates 
 
The IRON-1 catalyst powder (see section 4.2.7) was produced in a large batch (ca. 60 g) and 
applied on the surface of CB SiSiC and cordierite monoliths via dip-coating. The scope was to 
compare the nitrous oxide selective reduction over a pellet catalyst and over wash-coats of the 
same catalyst on structured monoliths. This represented a sort of intermediate step in the 
comparison of the catalytic behaviour/performances of the IRON-1 pellets and the CB 
SiSiC/ZSM-5 monoliths prepared via the Support Self-Transformation technique. 
 
As mentioned above, the wash-coat was prepared by pouring a slurry obtained by mixing 
acetic acid and a mixture of 10 wt % binder and the remaining 90% zeolite. Acetic acid was 
added until the viscosity of the slurry reached a reasonable fluidity. This ratio binder-to-
zeolite was chosen on the basis of previous experiments conducted by Hiemer et al. [86] 
regarding the influence of binder concentration on the coating adhesion. Increasing the 
number of dip-coating steps, produced an increase in the mass of zeolite deposited over the 
CB SiSiC substrate. After 3-6 of coating steps, the weight gain did not increase significantly 
anymore. After 3 coating steps the catalyst amount deposited over the SiSiC monolith was ca. 
2.5 g, whereas after 6 times it was 2.9 g. In the firs step almost 50 % of the overall weight 
gain obtained in 6 steps was achieved. For the two successive dip-coating steps, the 
cumulative weight uptake ranged between 14 and 20 %. Afterwards, a weight uptake of 18 % 
was achieved in the next three runs. After this iteration of coating and drying steps, the slurry 
tended to agglomerate and produce the plugging/obstruction of the channels of the CB SiSiC 
monolith (Fig. 227). By blowing air more energetically after each dip-coating step, in order to 
avoid the plugging of the pore, the slurry deposited on the surface of the channels in the SiSiC 
monolith was removed to a great extent, reducing the coating efficiency.  
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Fig. 227. Weight uptake for different dip-coating steps (measured after air blowing and drying for 2 h) utilising a 

CB SiSiC monolith. 
 
The sample coated with 2.5 g zeolite (DC-1) was chosen and used for the N2O SCR catalytic 
reaction, for the reason explained at the beginning of this paragraph. The calculated Fe 
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content per mass monolith was ca. 0.32 wt %. The calculation was based on the zeolite 
loading and the Fe content of the IRON-1 powder. It was not possible to obtain any 
information on an eventual leaching of Fe from the zeolite powder during the slurry 
preparation. The zeolite loading per unit volume was ca. 100 Kg·m-3, corresponding to a 
micropore volume of 0.015 cm3 g-1. 
 

    
Fig. 228. Digital pictures of the dip-coated CB SiSiC monolith (DC-1). 

Some few channels in the CB SiSiC monolith were plugged at the end of the process, as can 
be seen in Fig. 228. SEM investigations of a cross-section of the ZSM-5 dip-coated SiSiC 
showed that the zeolite was deposited rather homogeneously on the substrate, coating the 
entire internal and external surface of the monolith. The layer thickness was between 60 and 
100 µm. Accumulation of the slurry at the two sharp corners of each cell was also observed 
by SEM analyses (Fig. 229). In these positions, the thickness of the zeolite wash-coat was 
considerably higher. 
 

       
Fig. 229. SEM micrographs at 3 different magnifications of the DC-1 monolith cross-section. 

The SEM-EDX analyses reported below (Fig. 230) give a clearer view of the coating 
morphology and composition. As can be easily noted, cavities and pores in the micrometer 
range were present in the zeolite wash-coat. No cracks or delamination effects were observed 
at the interface between the wash-coat and the substrate. 

 
 

    
Fig. 230. DC-1 monolith cross-section: (a) SEM-BSE mode micrograph, (b,c,d) SEM-EDX mapping of Si, Al 

and O respectively. 
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N2 adsorption/desorption analyses of the dried slurry showed a Dubinin-Astakhov micropore 
volume of ca. 0.11 cm·g-1, which meant a difference of ca. 27 % with the value of the parent 
SM-27 zeolite. This consistent decrease in the catalyst porosity was attributed to the presence 
of the binder, which hindered the access to the micropores. SEM analyses of the dried slurry 
showed the presence of agglomerates of crystals, most likely kept together by the binder (Fig. 
231).  
 

    
Fig. 231. Zeolite crystals (IRON-1) agglomeration in the slurry at two different magnifications. 

Unexpectedly, the dip-coating of a 400 cpi cordierite honeycomb (Fig. 232) with the same 
volume of the CB SiSiC monolith (ca. 25 ml) led to a zeolite loading of 3.7 g (0.5 wt % Fe 
content per monolith mass). The difference in the coating efficiency or zeolite loading of the 
two monoliths could be only attributed to the different roughness and, possibly, chemistry of 
the two surfaces: on one side cordierite, on the other SiSiC. In fact, the volume of the two 
monoliths and the number of cells per square inch was similar. Another reason could have 
been the heavy deposition of slurry at the corners of the channels, forming the typical 
meniscus mentioned in the section 2.3.4.3 (compare figures “c” and “d” in Fig. 232). As can 
be seen in Fig. 232, the deposition of the coating was rather inhomogeneous and uneven along 
the cells’ perimeter, with maximum thickness in the corners up to 100 times that on the cell 
walls.  
 

 

    
Fig. 232. Digital pictures dip-coated 400 cpi cordierite honeycomb (a,b) and SEM micrographs of the cordierite 

honeycomb before (c) and after (d) dip-coating. 
 
In conclusion, wash-coats of Fe-ZSM-5 zeolite (IRON-1) on cellular ceramic substrates (CB 
SiSiC monoliths and cordierite honeycombs) were obtained by means of a dip-coating 
technique of a slurry (zeolite + water + binder). By increasing the number of coating steps, it 
was possible to control the increase in the mass of zeolite deposited on the ceramic substrate. 
By blowing air in the monolith cells after each dip-coating step, the pore plugging of the 
channels was avoided to a large extent. Only few channels of the CB SiSiC monolith were 
obstructed after multiple dip-coating steps. Although the viscosity of the slurry was very low, 
after 3-6 dip-coating steps the plugging of the channels occurred more significantly and the 
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dip-coating process had to be stopped. Wash-coats were deposited in an uneven way in the 
monoliths’ channels. The accumulation of slurry in the sharp corners of the channels led to a 
considerable reduction of the cell diameter and open-frontal-areas of the monoliths. The 
support type (geometry and composition) played a role in the deposition of the zeolite. It is 
not possible to exclude that the viscosity of the slurries utilised in the experiments with 
different monolithic substrates was always the same. The viscosity of the slurry can 
significantly influence the dip-coating process [6]. The binder used for improving the coating 
adhesion led to a considerable decrease of the micropore volume of the zeolite powder. As 
direct consequence, the accessibility to the active sites inside the micropores of the zeolite 
crystals was also reduced. The wash-coat adhered rather well on the substrate and exhibited 
the presence of interconnected cavities and pores. Such inter-particle porosity can positively 
affect the accessibility of reactants to the active sites in the zeolite crystals (by reducing the 
characteristic intra-particle diffusion length inside the zeolite coating) and is therefore very 
important and highly desirable in catalytic applications [105].  
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4.3 Catalytic tests 
 
In this chapter, the results of the catalytic tests of the bio-derived SiSiC/ZSM-5 composites 
will be discussed. The cracking of n-hexane was used as a test reaction to prove the 
applicability of the Rattan-derived SiSiC/ZSM-5 monoliths in catalytic processes. No in-
depth studies have been conducted on the catalytic performance of RT SiSiC/ZSM-5 in the 
cracking of n-hexane. The results of the catalytic tests RT SiSiC/ZSM-5 for the n-hexane 
cracking are reported in the section 4.3.1. The major part of the catalytic work has been 
conducted on the N2O SCR with C3H8 reaction, using CB SiSiC/ZSM-5 monoliths. For this 
reaction, cardboard-derived SiSiC/ZSM-5 monoliths ion-exchanged in the Fe-form have been 
preferred to the Rattan-derived because of their high OFA and structure, which are of higher 
interest for technical applications. The results of these tests are reported in the section 4.3.3. 
The N2O decomposition has been used as test reaction in order to select the optimal wet-ion-
exchange procedure for the ZSM-5 zeolite, utilising commercial powders as standard 
reference. The results of these tests are reported in the section 4.3.2. 
 

4.3.1 n-hexane cracking  
 
To test the catalytic activity of the SiSiC/ZSM-5 monoliths n-hexane cracking was used as a 
test reaction. A smaller SiSiC monolith with a diameter of 0.96 cm and a length of 2.86 cm 
was used for the synthesis (see section 4.2.2.7). The monolith was coated with ZSM-5 zeolite 
using a synthesis mixture with the following molar composition 1 SiO2 : 0.01 Al2O3 : 0.038 
TPA2O : 0.15 Na2O : 75 H2O (RT 32). The synthesis was carried out at 448 K for 192 h. By 
means of TGA analyses, the loading of the coated monolith was calculated to be 20 %, 
corresponding to 0.23 gZEOLITE·cm-3. The SiSiC/ZSM-5 monolith was loaded into a quartz 
glass reactor (diameter 1.03 cm) and connected to a reactor setup for the cracking of n-
hexane.  
 
Since the Si/Al ratio for the coated monolith was estimated to be between 12 and 50, 
comparisons were drawn with a commercial zeolite catalyst (SM-55, ALSI PENTA, 
Si/Al = 25) pellets (size of 500 - 800 µm), prepared with similar conditions of ion-exchange 
and activation treatments. The same catalyst weight and height (by diluting the pellets with 
quartz glass beads) were used for the two experiments with the monolith and the pellets. The 
progress of the conversion at different temperatures can be seen in Fig. 233.  
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Fig. 233. n-hexane (a) conversion and (b) selectivity of the products formed for the SiSiC/ZSM-5 monolith and 
ALSI PENTA SM55 pellets. 

 
For the ALSI PENTA SM-55 zeolite pellets the conversion remained nearly constant for all 
three temperatures. The conversion decreased slightly over time due to deactivation at 773 
and 823 K for the SiSiC/ZSM-5 monolith (Fig. 233). The higher activity of the ALSI PENTA 
pellets meant a lower density of active sites for the SiSiC/ZSM-5 monolith. In contrast to the 
conversion of n-hexane, the selectivities of the different carbon fractions remained constant 
over time, but they depended on the temperature. The C3 fraction was the predominant 
fraction followed by the C2 and C4 fractions. The C5 and C1 fractions were negligible. With 
increasing temperature more of the larger molecules (C3, C4 and C5) cracked and therefore 
the selectivity of the C2 fraction increased. Using the Arrhenius-plot, the calculated activation 
energies were 56 KJ mol-1 (SiSiC/ZSM-5 monolith) and 57 KJ mol-1 (ALSI PENTA SM-55 
pellets), which implied a similar reaction mechanism for those two cases (see Fig. 234).  
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Fig. 234. Arrhenius-plot for the calculation of the activation energies of the Rattan-derived SiSiC/ZSM-5 

monolith and of the ALSI PENTA SM-55 zeolite pellets. 
 
By comparison of the conversions of the two catalysts (ALSI PENTA SM-%% pellets and RT 
SiSiC/ZSM-5 monolith) and assuming a direct correlation between the n-hexane conversion 
and the number of active sites in the zeolite, a Si/Al ratio of ~ 31 was derived for zeolite in the 
SiSiC/ZSM-5 monolith.  
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The catalytic test showed the possibility of utilising Rattan-derived SiSiC/ZSM-5 monoliths 
prepared by the SST method in catalytic applications. The H-form of the zeolite coating was 
active for the n-hexane cracking. The test reaction was used to calculate the Si/Al of the 
zeolite coating. In conclusion, biomorphic Rattan-derived SiSiC/ZSM-5 composites 
demonstrated to have potentials for the development of monolithic micro-reactors. 
 
 

4.3.2 Catalytic N2O decomposition  
 
The catalytic decomposition of nitrous oxide was carried out in the setup described in 3.2.2.2. 
Exactly 150 mg zeolite powders (pellets between 800 and 1000 µm in diameter), 
corresponding to a packing volume of 0.2 ml were inserted in the glass reactor tube. 100 
Nml·min-1 were purged through the reactor, in order to operate under a GHSV = 30000 h-1 
with 1000 ppm N2O in He (τmod = 36 g·min·mol-1). The catalysts presented in the paragraph 
4.2.7 (see Table 39) were tested under similar conditions, in order to compare the effect of 
different wet ion-exchange procedures for the preparation of the Fe-form of the MFI-type 
zeolite. The results of the nitrous oxide decomposition under various conditions for the above 
Fe-ZSM-5 catalysts are given in the Appendix (Table 40, Table 41 and Table 42). In addition, 
the catalytic activity in the decomposition of nitrous oxide of the H-form SM-27 and SM-55 
powders was tested. In a pre-run, the empty reactor tube run showed no homogeneous 
decomposition of nitrous oxide in the temperature window under investigation (573-823 K). 
No conversion of nitrous oxide was observed when using only the empty glass tube and the 
quartz wool normally used to fix the zeolite pellets in the reactor tube.  
 
Initially, three different salts were used as Fe-precursor for the exchange and their efficiency 
for the wet-ion-exchange of ZSM-5 zeolite powders was tested using the N2O decomposition 
with a GHSV of 30000 h-1 as the standard test reaction. Fe-nitrate, Fe-sulphate and Mohr’s 
salt were used for the WIE of ALSI PENTA SM-27 and SM-55 zeolites. As can be seen from 
the Table 40 in the Appendix, Fe-sulphate led to the catalyst with the highest activity and 
TOFs and for this reason, further studied were carried out using this precursor. Results 
differed from those reported in [410], where the activity of the catalyst prepared with Fe-
sulphate and Mohr’s salt were similar. 
 
The run with IRON-1 catalyst was repeated twice with two batches of catalysts. A deviation 
of ± 5 % was obtained, indicating a very good reproducibility of the exchange process and of 
the results produced by the catalytic test and the reactor setup. Gas flow velocities were varied 
in order to achieve different Gas-Hourly-Space-Velocities (6000, 10000, 12000, 120000 h-1). 
The scope was to study the behaviour of the IRON-1 catalysts under different operating 
conditions of technical interest (Fig. 235). 
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Fig. 235. N2O decomposition curves for IRON-1 at different GHSVs. 

The conversion curves of catalysts prepared in our laboratories under similar conditions used 
in [410], exhibited slightly lower activities. The nitrous oxide conversion curves as a function 
of the temperature were shifted towards higher temperatures in comparison to those reported 
in [410]. It is generally accepted that reproducibility of results in the case of wet-ion-exchange 
processes is not optimal. In this case, small differences in the WIE procedure and catalyst 
batch cannot be excluded. 
 
Despite the higher Fe-loading observed by ICP-OES analyses, the IRON-2 catalyst exchanged 
in air exhibited lower activity (Fig. 236) and TOFs than the one (IRON-1) exchanged under 
N2. TOFs of the IRON-1 zeolite were found to be 3 to 10 times higher compared to the 
IRON-2 catalyst. A similar effect was found in the comparison of the Fe-form of SM-55 
exchanged in air and nitrogen. As already mentioned above, this might depend on the 
different speciation of Fe in the catalyst. The reduced accessibility of the micropores, due to 
hindering effects caused by the presence of Fe clusters on the crystal surface, could also be 
responsible for the above-described observations. Pieterse et al. [410] showed that, after 
removal of Fe2O3 particles with a mild treatment in HCl, the Fe-ZSM-5 catalysts obtained by 
WIE showed higher activity towards the N2O decomposition and SCR reactions. 
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Fig. 236. N2O decomposition curves for IRON-1 (WIE in N2) and IRON-2 (WIE in air) for GHSV= 30000 h-1. 

Increase of the calcination temperature up to 1173 K produced a drastic decrease in the 
catalyst activity, likely due to the partial loss in crystallinity and a difference in Fe-speciation. 
The comparison of IRON-1 and IRON-15 (SM-27 and SM-55 exchanged under similar 
conditions) showed that the lower the Si/Al ratio favours higher Fe-loading in the zeolite and 
activities towards the N2O decomposition. It is worth mentioning that, not only the Si/Al, but 
also the Fe/Al ratio for the two catalysts was different (0.33 for SM-27 and 0.17 for SM-55). 
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This suggested an influence of the zeolite type (likely composition and/or crystal size) on the 
wet-ion-exchange process and the resulting Fe exchange degree. 
 
Increasing the treatment time from 3 to 24 h for the wet-ion-exchange in N2 produced a slight 
increase in the Fe-loading and a corresponding increment in the catalyst activity. For the WIE 
treatment in air, from 6 to 12 and 24 h the Fe-loading increased significantly, but no changes 
in the catalyst activity were observed. This might indicate that, after 6 h treatment, 
deposition/formation of hematite predominantly occurred. Longer WIE treatments resulted in 
an increase in the Fe-loading, but no alteration of the catalyst activity towards the N2O 
decomposition. 
 
Activation inside the reactor tube under He atmosphere (IRON-21) led to a drastic 
improvement of the catalyst activity, likely due to the suppression of the iron-oxide formation 
and agglomeration during the heating treatment. Conversion curves were shifted towards 
lower temperatures by ca. 100 K, compared to the IRON-1 catalyst (Fig. 237). Analyses of 
the nature of the Fe-sites would be required to draw more conclusions about the catalyst 
performances. 
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Fig. 237. N2O decomposition curves for IRON-1 activated in air and helium (GHSV= 30000 h-1). 

The Fe-exchanged mesoporous AT 5 catalyst (IRON-16) showed higher degree of ion-
exchange and nitrous oxide conversion at lower temperatures (15 K), if compared to the SM-
27 catalyst exchanged under similar conditions (IRON-1). This effect can be seen in Fig. 238. 
The TOFs were similar for the two catalysts, indicating that the increase in the Fe 
concentration led to a proportional increase of the conversion of N2O. Melián-Cabrera et al. 
[36] reported that the use of mesoporous zeolite allowed for the full ion-exchange of the Al-
sites in the zeolite framework, because of the better accessibility of the Fe-species in the 
zeolite micropores during wet-ion-exchange. In that explanation, one factor might have been 
overseen. In the present work, the formation of mesopores led to a partially selective leaching 
of Si from the framework. Lower Si/Al ratios were found in the mesoporous catalyst 
compared to the parent zeolite (Si/Al = 9 instead of 11), which likely meant a higher 
concentration of Al sites per catalyst mass. This clearly translates into a higher capacity of the 
catalyst to host Fe in exchange positions per catalyst unit mass. The higher iron loading could 
therefore be ascribed to the higher Al concentration per unit mass of zeolite, and not to a 
diffusion improvement during WIE, as mentioned by [36]. 
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Fig. 238. N2O decomposition for IRON-1 and IRON-16 (mesoporous AT-5 zeolite), with GHSV= 30000 h-1. 

The H-form of the SM-27 and SM-55 zeolite powders was also tested. Conversion curves 
where shifted of about 80 K towards higher temperatures (figure not shown), when compared 
to the Fe-exchanged catalysts under nitrogen atmosphere. Differently from what reported in 
[67], no direct correlation was found between the acid sites concentration and the activity of 
the catalyst towards N2O decomposition. This might suggest that the conversion was also 
dependent on the presence of iron in both the parent zeolites (below 0.02 wt % for SM-27 and 
SM-55). Similar results have been reported by [470]. 
 
In the screening of the different catalyst, it became clear that the most effective WIE was the 
one utilising the Fe-sulphate in nitrogen atmosphere. The oxidation state of the Fe-sulphate is 
already two. Carrying out the wet-ion-exchange under reducing atmosphere limited the 
oxidation of FeII to FeIII and the formation of bulky iron-oxides on the catalyst surface. These 
oxides are inactive for the N2O decomposition and likely reduce the accessibility of reactants 
to the active sites by physically blocking part of the micropores. In the WIE under N2 flow, 
the dependency of the catalyst activity on the exchange time is limited. Almost full ion-
exchange was achieved within 3 h time. The optimisation of the WIE process was done using 
N2O as the test reaction and zeolite powder as standard reference for the experiments. The 
most effective WIE conditions (IRON-1) were then used for the Fe-exchange of the 
SiSiC/monoliths. The general statements and findings obtained for the powder were assumed 
to be valid also for the exchange of the zeolite coatings. The scope of this thesis was not the 
study of the WIE of zeolite coatings. In order to limit the number of variables, all monoliths 
have been treated under the same conditions during Fe-exchange. Using N2O as test reaction 
was done for practical reasons. Because of its configuration, the N2O decomposition reactor 
setup is more suitable for catalytic screening than the monolithic setup developed during this 
PhD work. The choice of the optimal ion-exchange process was based on the catalyst 
properties and performances in N2O decomposition. Accepting for N2O SCR with HC the the 
scavenging mechanism proposed by many authors [5], allows anyway for a more direct 
comparison of the results (in terms of catalyst screening) obtained with the N2O 
decomposition and the N2O SCR with C3H8. In this sense, an active catalyst for the N2O 
decomposition will also perform well in the N2O SCR with hydrocarbons. The only question 
remaining unsolved would be how active such a catalyst is for the propane oxidation and how 
selective towards CO/CO2 formation. 
 
The efficiency of the IRON-1 wet-ion-exchange process under nitrogen for the treatment of 
the SiSiC/zeolite coating was then tested. One CB SiSiC/ZSM-5 composite (series CB 9) was 
exchanged to the Fe-form using the same condition employed for powder zeoltie IRON-1. 
The Fe-exchanged CB SiSiC/ZSM-5 monolith was subjected to catalytic tests for testing its 
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activity in the nitrous oxide decomposition. The monolith was ground to powder and 
pelletised. An amount of 1 g of powder was used. This, under the conditions used for the 
catalytic test, corresponded to a τmod = 36 g·min·mol-1. The CB 9 monolith after ion-exchange 
exhibited the following characteristics: QAl = 0.18, Fe content 0.1 wt % of the whole 
SiSiC/ZSM-5 composite (0.56 wt % Fe-loading with respect to the zeolite mass). Considering 
a Si/Al ratio of 39 (by NH3-TPD) for the zeolite coating, a Fe/Al ratio of ca. 0.22 was 
estimated. The results of the catalytic test are summarised in the Appendix and reported in the 
diagram below (Fig. 239). The catalyst showed to be active for the nitrous oxide 
decomposition.  
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Fig. 239. N2O decomposition curves at three different modified residence times for the CB 9 monolith ground to 

powder after wet-ion-exchange under conditions similar to those used for the preparation of IRON-1.  
 
Comparison of the IRON-1 powder catalyst and the CB 9 monolith (ground and pelletised) 
under the same conditions showed that the latter exhibited less activity (shift of the 
conversion curves by ca. 50 K). The lower activity of the CB 9 monolith (Table 43 in the 
Appendix) compared to the IRON-1 catalyst can be ascribed to the lower Fe content of the 
catalyst (0.56 wt % against the 2.1 % for the SM-27 IRON-1 powder). The conversion-
temperature curve of the CB 9 monolith was shifted by ca. 10 K towards higher T compared 
to that of the IRON-15 (Fe-form of SM-55). Comparison of the TOFs showed a very similar 
behaviour of the CB 9 and IRON-15 catalyst (see Table 40 - Table 43 in the Appendix), due 
to their similar Si/Al ratio and overall Fe content of the two catalysts. It is worth mentioning 
that the Fe/Al ratio of the CB 9 monolith resulted much lower than the value for the IRON-1 
catalyst. As reported in [36], diffusion limitations of the Fe-species inside the zeolite crystals 
of the coating during the WIE process might have led to a lower degree of exchange. 
Diffusion limitations might have occurred, due to the large crystal size and the intergrown 
nature of the zeolite crystals (which provided low accessibility) of the SST CB 9 monolith. 
SM-55 crystals (5 µm average) were also bigger than for SM-27. On the other side, Turn-
Over-Frequencies (TOFs) for IRON-15 and CB 9 are 3-4 times higher than those of the SM-
27 IRON-1 powder. This might indicate a different nature of the Fe-species in the catalyst, 
depending on the composition of the zeolite powder. 
 
In general, it was proved that the wet-ion-exchange of the CB SiSiC/zeolite monoliths was 
possible and led to a catalyst with high activity towards the N2O catalytic decomposition. The 
WIE produced a lower degree of Fe exchange in the zeolite coating, compared to the one 
obtained in zeolite powders. This was likely the effect of limited accessibility and diffusion of 
the iron species inside the zeolite micropores, due to the bigger size and intergrowth of the 
zeolite crystals of the SST coating compared to the SM-27 powders.  
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4.3.3 N2O Selective-Catalytic-Reduction with C3H8 
 
Initially, the IRON-1 (pellets) catalyst mentioned above was tested as a reference catalyst 
(pellets, fixed-bed reactor configuration) and the results compared to the state-of-the-art in 
literature. The aim was to prove the reliability of results obtained with the above mentioned 
reactor setup for the N2O Selective-Catalytic-Reduction with C3H8 and study the influence of 
the operating conditions on the catalyst behaviour.  
 
In a second step, the same IRON-1 catalyst powder was dip-coated on a CB SiSiC monolith. 
The monolithic catalyst was also tested for the N2O SCR with C3H8 and the results compared 
to those obtained with the IRON-1 pellets. The scope was to experimentally identify eventual 
differences in the behaviour of the structured catalyst, such as temperature gradients and/or 
mass-transfer limitation effects. In order to allow the comparison of the two catalysts, the 
same amount of catalyst used for the catalytic test of the pellets was dip-coated on the SiSiC 
ceramic support. The pellets were diluted with quartz beads, in order to obtain the same 
reaction volume of the monolithic catalyst.  
 
Different CB SiSiC monoliths were coated via Support Self-Transformation with ZSM-5 
zeolite and exchanged with the same procedure used for IRON-1. The same monoliths were 
tested in the reactor setup for the N2O Selective-Catalytic-Reduction with C3H8 under 
similar/standard conditions. For some catalysts, a systematic variations of the reaction 
conditions were carried out, in order to obtain more information regarding the influence of the 
reaction parameters on the catalyst performances. Conditions used were those typical for the 
treatment of exhaust gases from Fluidised Catalytic Cracking (FCC) processes [278,325]. 
Amongst the many reducing agents available, propane was chosen for this work. Studies of 
Ruiz-Martínez-Martínez et al. [278,325] and of Kögel et al. [424] showed that propane was 
more active than methane and propene for the N2O Selective-Catalytic-Reduction with 
hydrocarbons. Moreover, it was shown that propane allowed for lower hydrocarbon residual 
emissions than the other two gases, especially in real-world combustion off-gases. From a 
technical point of view, propane is much cheaper, more readily available and more easily 
stored than propene [278]. Propane allowed for higher reduction efficiencies and conversion 
at lower temperatures compared to the methane [278]. Slip-off of un-reacted hydrocarbons 
(HC) has to be reduced as much as possible. In particular, methane emissions (one of the 
major greenhouse gases) are mostly unwanted [325]. As references for this work, the 
following contributions have been utilised [278,325,410,424]. Before presenting the results of 
the catalytic tests in the N2O Selective-Catalytic-Reduction with for the different catalysts, the 
ideal behaviour of the reactor setup was proved. An overview of all the catalytic tests 
performed and the results obtained on powder and monolithic catalysts are reported in the 
Appendix (Table 44 to Table 55). For more specific information and numbers, the reader 
should refer to these tables. 
 
The Fe-ZSM-5 catalyst (wet-ion-exchange of ALSI PENTA SM-27 zeolite) in the form of 
pellets (IRON-1) will be discussed in the section 4.3.3.2. The results of the catalytic tests of  
the dip-coated CB SiSiC/ZSM-5 monolith (DC-1) for the N2O SCR with C3H8 will be 
reported in the section 4.3.3.3. In the subchapter 4.3.3.4, the discussion will focus on the 
characterisation of the catalytic performances of the CB SiSiC/ZSM-5 monoliths obtained via 
Support Self-Transformation. The different catalysts will be compared to each other in the 
section 4.3.3.6 (see Fig. 240).  
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Fig. 240. Different catalysts tested in the following sections (4.3.3.2-4.3.3.5). The comparison of A with B and C 

can give information on the influence of the catalyst structure, as the zeolite powder used is the same for the 
three cases. The comparison between B and D should highlight the differences between different zeolite coating 

types (wash-coat and hydrothermal in-situ SST coating), as the monolithic support used is the same in both 
cases. 

 
 

4.3.3.1 Ideal behaviour of the reactor setup 
 
The ideal behaviour of the reactor was determined by means of criteria in the case of the  
catalytic tests with the pellets (IRON-1). In the case of the monoliths, the ideal plug-flow 
(PFR) behaviour of the reactor was proved by calculating the Bodenstein number from the 
measurement of the residence time distribution and by the isothermal temperature profile. The 
assumption of the ideal PFR will be used for the evaluation of the reaction kinetics for the 
different catalyst configurations in the section 4.3.3.6. 
 
 

4.3.3.1.1 Ideal isothermal temperature profile 
 
The temperature profile along the tube of the reactor (axial T-profile) without reaction is 
reported below (Fig. 241) for different gas (He) flow velocities and different settings of the 
three different heating zones in the heating jacket (see the legend of the graph in Fig. 241). 
The x-axis of the diagram reports the reactor coordinate z, which is the length of the reactor, 
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in terms of distance (in cm) from the bottom of the tube. The three heating zones are between 
0 - 9, 9 - 18 and 18 - 27 cm. In the central part of the reactor, ca. 12-13 cm from the top, an 
isothermal (± 3 K) zone was obtained, which varied in length between 5 and 8 cm, depending 
on the target temperature, the settings of the heating jacket and the velocity of the gas. 
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Fig. 241. Temperature profile in the reactor tube at different flow velocities of the gas and settings of the heating 

jacket. 
 
In general, in the position where the catalyst was fixed, almost ideal isothermal conditions 
could be achieved. The overall length of the monolith. was ca. 45 mm, which is less than the 
isothermal length in the reactor tube. 

 
 

4.3.3.1.2 Empty tube test 
 

A pre-test under the same operating conditions used for the catalytic tests, was carried out in 
order to check that there was no reactants’ conversion was induced by the SiSiC ceramic 
substrate, by the reactor wall or the metallic packings used for the mixing of the gas-flow 
before and after the catalyst bed. The run showed a conversion of both N2O and C3H8 below 
1 %, in the whole temperature 523 to 723 K, with a gas flow-rate of ca. 2.5 l·min-1. 

 
 

4.3.3.1.3 Ideal plug-flow reactor 
 
A very important characterisation of the reactor is the residence time curve, because it gives 
information about the mixing behaviour inside the reactor, which can affect conversion and 
selectivity. The cumulative function F(θ) for the RTD and Bo number calculations is reported 
in the Fig. 242. A Bo = 201 was calculated for the case in study. For Bo > 100, the presence 
of axial back-mixing in the reactor could be excluded (for reference see [67,86,511]). 
Bodenstein numbers above 100 describe an ideal plug-flow (PFR) behaviour. 
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Fig. 242. F(θ) for the calculation of the Bo number. 

In the case of the catalytic tests using the Fe-ZSM-5 pellets (IRON-1), the following criteria 
could be applied (for reference see [67,86]). The wall-effects can be generally neglected when 
the following expression is verified [512]: 
 

10
d
d

P

R >  

 
where dR is the reactor diameter (39 mm inner diameter) and dP the pellets diameter (maximal 
1 mm). For the reactor configuration used in this work, the above ratio was ca. 40. Therefore, 
the above-mentioned criterion was fulfilled. In order to avoid the influence of the reactor 
inlet, a last criterion for the evaluation of the ideal behaviour of the reactor, adapted from 
[513], is the following: 
 

100
d
L

P

R >  

 
where LR represents the length of the reactor (275 mm) and dP the diameter of the pellets (1 
mm). Using the dimensions reported above, this last criterion was also fulfilled (ratio equal to 
275). From the fulfilment of the above criteria, the reactor configuration with the pellets could 
be regarded as an ideal plug-flow (PFR) as well. 
 
A last important criterion is the pressure drop along the catalyst bed (related to the impulse 
balance). The value of the ∆p/p in the catalyst bed has to be below 5 % [512]. The 
calculations have been done in agreement with [511]. The pressure drop ∆p was calculated 
with the Ergun equation, considering the sum of the laminar and turbulent contributions: 
 

( )
( )

χ⋅⋅⋅⋅ρ⋅
ε

ε−
⋅+

χ⋅
⋅⋅ν

⋅
ε

ε−
⋅=∆ PR

2
0f32

P

R0
3

2

dLu175.1
d

Lu1150p  

 
where: 
 

 ε is the porosity of the catalyst bed: 0.256 (-) 
 ν is the kinematic viscosity of the gas: 4.7·10-4 (m2/s) 
 ρf is the density of the gas: 0.104 (Kg/m3) 
 χ is a coefficient used to define ideal spherical shape of the pellets: 1 (-) 
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 u0 is the gas velocity along the catalyst bed: 0.7 (m/s) 
 LR is the length of the reactor: 0.275 (m) 
 dP is the particle diameter: 0.001 (m) 

 
The data above where calculated for standard reaction conditions: 
 

 volume flow rate 
⋅

V : 5 (Nl/min) STP or ca. 12 l/min at 723 K 
 gas composition: 1000 ppm N2O, 1000 ppm C3 H8, 4 vol.% O2 in He 
 temperature T: 723 (K) 
 pressure p: 105 Pa 

 
Under these conditions, the ∆p/p ratio was below 0.5 %. The criterion was therefore fulfilled. 
The assumption of ideal PFR conditions in the catalytic tests (N2O SCR with C3H8) of the Fe-
exchanged zeolite was utilised. 
 
 

4.3.3.1.4 Pressure-drop 
 
The pressure-drop in the catalyst bed was measured at room temperature for the CB monolith 
and for spherical quartz beads. The results are plotted in Fig. 243 in terms of normalised 
∆P/length (mbar/m) versus the velocity of the gas v for the empty tube (m/sec). As can be 
noted, the pressure-drop of the monoliths was one order of magnitude lower than that of the 4 
mm pellets. Results for the spherical beads were in agreement with [232]. One has to keep in 
mind that the effective velocity in the catalyst bed (considering a open frontal area value of 80 
% for the CB SiSiC monolith and an average 0.3 for the pellets) are very different in the case 
of the monolith and the spheres, due to the different packing densities and porosities. 
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Fig. 243. Pressure-drop for spherical beads of two different sizes and the CB SiSiC monolith as a function of the 

gas velocity in the empty tube. 

 

4.3.3.2 Fe-ZSM-5 Pellets 
 
The IRON-1 catalyst was chosen as the reference powder catalyst for the N2O SCR with 
C3H8. The preparation and characterisation of IRON-1 pellets have already been explained in 
the previous subchapters (sections 4.2.7 and 4.3.2). The different conditions used in the N2O 
SCR with C3H8 and the results of the conversion of N2O and C3H8 at each temperature are 
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given in Table 44 and Table 45 in the Appendix. An amount of 2.5 g of IRON-1 catalyst (in 
pellets), corresponding to a packing volume of 3.34 cm3, were used for the catalytic tests. The 
catalyst pellets were uniformly diluted in quartz beads to obtain the same volume of the SiSiC 
monoliths (ca. 25 cm3), according to [514].  
 

    
Fig. 244. SEM micrographs of the IRON-1 zeolite binderless pellets at two different magnifications. 

Initially, a catalytic test was carried out using a gas feed composed of 1000 ppm N2O in He 
with τmod = 34 g·min·mol-1. Results were compared with those obtained using the same 
catalyst in the N2O decomposition reactor setup, in order to check the reproducibility of 
results in the newly-built reactor setup for testing both monoliths and pellets for the N2O SCR 
with C3H8. As can be seen in Fig. 245, very good reproducibility of results could be obtained. 
The two conversion-temperature curves obtained with the two reactor setups (sections 3.2.2.2 
and 3.2.2.3) differed by less than 5 K (Fig. 245). 
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Fig. 245. Comparison of the conversion curve (N2O decomposition at τmod = 34 g·min·mol-1 with 1000 ppm N2O 

in He) in the glass reactor (see section 3.2.2.3) (Reactor 1) and in the monolithic reactor (see section 3.2.2.3) 
filled with pellets (Reactor 2). 

 
Afterwards, the activity of the IRON-1 catalyst towards the N2O SCR with C3H8 was studied 
under different operating conditions. Initially, different gas flow velocities were applied, with 
a feed gas having the following composition: 1000 ppm N2O, 1000 ppm C3H8, 4 % O2. 
Modified residence times (τmod) from 11 g·min·mol-1 to 168 g·min·mol-1 were used.  
 

1 mm 20 µm 
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Fig. 246. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different modified residence times 

over the IRON-1 powder catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2). 
 
The conversion of N2O and C3H8 was strongly dependent on the modified residence time for 
values above 34 g·min·mol-1. For larger residence time values, the conversion-temperature 
curves were overlapping (Fig. 246). Complete conversion of nitrous oxide was reached at a 
temperature of 673 K, for τmod = 34 g·min·mol-1. Slip-off of propane was negligible at 
temperatures above 623 K and for residence times above 34 g·min·mol-1. At T = 723 K and 
modified residence time of 11 g·min·mol-1, the slip-off hydrocarbons was around 30 %. 
Similar effects and levels of nitrous oxide and propane conversions were reported by Kögel et 
al. [424]. The catalytic tests reported in [424] were carried out under similar conditions, but 
the Fe-form of SM-27 was obtained via solid-state ion-exchange. The only difference in the 
operating conditions was the additional presence of NO in the feed in some of the test 
reported [424]. Therefore, the IRON-1 catalyst showed high activity towards the removal of 
N2O from the gas feed, with correspondingly high C3H8 conversion. 
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Fig. 247. Conversion vs. residence time curves for N2O (left) and C3H8 (right) at different temperatures over the 

IRON-1 catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2). 
 
From Fig. 247, it can be noted that at low temperatures the residence time (τ) effect on 
conversion was higher than at high temperatures. This is in agreement with results reported in 
literature [5]. The influence of τ (which is proportional to the reactant’s contact time over the 
catalyst) and reaction temperature on the conversion of N2O and C3H8 could be explained as 
follows: at low temperatures, the reaction rate was slower, and this resulted in a longer time 
for the reaction of N2O to N2. Consequently, also the time for the oxidation of C3H8 and 
regeneration of the active sites by the scavenging mechanism (according to [5]) became 
longer. For this reason, the effect of τ was more pronounced at lower temperatures. As can be 
noted in Fig. 247, the temperature value where the residence time started to influence N2O 
conversion increased on decreasing contact time values.  
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The dependency on the residence time was more pronounced for the C3H8 conversion than the 
N2O one. Stronger inhibition of the propane conversion was found at low temperatures and/or 
higher gas flow-rates, compared to N2O. For instance (see Table 29), when the τmod changed 
from 34 g·min·mol-1 to 17 and 11 g·min·mol-1, the N2O conversions changed from 92 to 64 % 
and the C3H8 from 94 to 34 % at 623 K. 
 

Table 29. Changes in the N2O and C3H8 conversion with the residence time. 
τmod 

(g·min·mol-1) 
X (N2O) 
at 623 K 

Relative 
change (%)* 

X (C3H8) 
at 623 K 

Relative  
change (%)* 

X (C3H8) 
at 723 K 

Relative 
change (%)* 

34 92 - 94 - 98 - 
17 81 12 73 22 92 6 
11 64 30 34 64 76 22 

* change of the conversion with respect to the value at 34 g·min·mol-1 
 
Results partly differed from those presented in [5], where under certain operating conditions 
the conversion of propane was not influenced by the contact time. Propane was not only 
consumed by the Selective-Catalytic-Reduction reaction with nitrous oxide but also by other 
competitive reactions such as the hydrocarbon combustion and coke formation. In fact, in the 
presence of oxygen the partial combustion of hydrocarbons took place (partial hydrocarbon 
oxidation to CO/CO2). The presence of oxygen in the gas could induce the formation of coke 
with low water vapour concentration, during the partial oxidation of hydrocarbons [5]. Ruiz-
Martínez-Martínez et al. [325] reported that Fe-ZSM-5 showed low activity for hydrocarbon 
oxidation, so that carbonaceous deposits could build up on the catalyst surface at low 
temperature. The same authors also found that the Fe2O3 clusters, which were frequently 
formed during the Fe-exchange process (especially the WIE and solid-state) were particularly 
active for the hydrocarbons combustion. In any case, the same iron oxide clusters are inactive 
for the N2O decomposition, as already discussed above. Carbonaceous deposits could be 
formed by oligomerization of hydrocarbons over ZSM-5 to form hydrocarbons of higher 
molecular weight, such as coke. In addition, coke could be formed through disproportion of 
CO from the incomplete hydrocarbon combustion [325]. In general, coke was formed on the 
Fe2O3 sites and not on the active sites involved in the N2O decomposition. Such carbon 
deposits were reported to be readily oxidised at T 650 K. In the IRON-1 catalyst the presence 
of Fe2O3 clusters couldn’t be excluded. This might explain the high levels of propane 
conversion observed. One catalytic test under standard conditions was repeated after one full 
day catalyst operation, without regeneration. Similar level of nitrous oxide conversion were 
observed, but the conversion of propane was lower. This confirmed the theory reported in 
[325], which claimed that coke deposition generally takes place on the Fe2O3 clusters. These 
cluster are not active for the N2O decomposition. Without regeneration, the catalyst turned to 
a dark grey colour. This was a clear indication of coke presence. The fact that no influences 
on the nitrous oxide decomposition were observed  
 
The stronger decrease in the propane conversion at higher gas velocities and lower residence 
times might have been the result of a too low contact time, which didn’t allow for coke 
building on the catalyst surface, as reported by [5,325]. At higher temperatures, the oxidation 
of the hydrocarbon and carbon monoxide to CO2 were enhanced. The deposition of 
carbonaceous compounds, which inhibited the oxidation active sites, was generally decreased. 
As can be noted from the Table 29, by further increasing the temperature from 623 to 723 K, 
the residence time had less influence on the propane conversion. This could be due to an 
increase in the consumption of C3H8 by the SCR and partial oxidation reactions. 
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The influence of the propane presence and concentration on the nitrous oxide and propane 
conversions is displayed in Fig. 248.  
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Fig. 248. Conversion vs. temperature curves for N2O (left) and C3H8 (right) with different HC concentrations 

over the IRON-1 catalyst (1000 ppm N2O, 0-2000 ppm C3H8, 4 % O2, τmod = 34 g·min·mol-1). 
 
The presence of C3H8 strongly influenced the conversion of N2O, by shifting the conversion - 
temperature curves towards higher temperatures by more than 125 K. The N2O to C3H8 ratio 
was varied between 0.5 and 2. The highest N2O conversion was achieved with a ratio 1:1, the 
lowest with a ratio 2:1. Most likely, working with lower amounts of propane, led to a more 
inefficient removal of the oxygen from the active site (scavenging). The oxygen removal from 
the active site is considered to be the limiting step in the N2O decomposition and SCR 
reactions. In the case of a 1:1 ratio, under the conditions used, the hydrocarbons’ slip-off was 
found to be negligible above 623 K. Working in excess of propane led to slightly lower N2O 
conversions and significantly higher propane emissions (see figure Fig. 249), likely because 
of the lower contact times between the reactant and the catalyst. Results were in very good 
agreement with the literature [278].  
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Fig. 249. Conversion vs. C3H8 concentration curves for N2O (left) and C3H8 (right) at different temperatures over 

the IRON-1 catalyst (1000 ppm N2O, 0 -2000 ppm C3H8, 4 % O2, 0 % H2O, τmod = 34 g·min·mol-1). 
 
As can be noted in Fig. 249, the dependency of the conversion on the propane concentration 
(in the range 500 - 2000 ppm) did not affect significantly the nitrous oxide conversion, but 
resulted in different outlet concentrations of propane. Once more, the temperature increase 
reduced the effect of propane concentration on the N2O conversion levels. Because of the 
higher nitrous oxide conversion and low propane slip-off, further experiments were carried 
out with a N2O to C3H8 ratio equal to 1:1. Because of economical reasons, the ratio 1:1 is the 
most used in technical processes also.  
 
Simultaneous variations of the N2O and C3H8 concentrations in the carrier gas (He), keeping 
their ratio fixed at 1:1, produced strong changes in the conversion levels of both reactants. 
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Significant changes were observed, with a τmod = 34 g·min·mol-1, with concentrations of 2000 
and 4000 ppm. Stronger effects were recorded in the case of propane, where conversion levels 
dropped down to less than 80 % at 723 K. At any instance, almost complete nitrous oxide 
conversion was achieved, the latest at ca. 673 K, with a maximal output concentration of 
propane of 80 % of the inlet value (800 ppm slip-off). The decrease in the conversion levels 
could be attributed to the lower contact times. 
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Fig. 250. Conversion vs. temperature curves for N2O (left) and C3H8 (right) with different N2O and HC 

concentrations (ratio 1:1) over the IRON-1 catalyst (500-4000 ppm N2O, 500-4000 ppm C3H8, 4 % O2, τmod = 34 
g·min·mol-1). 

 
The effect of oxygen presence and concentration on the nitrous oxide and propane 
conversions is displayed in Fig. 251.  
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Fig. 251. Conversion vs. temperature curves for N2O (left) and C3H8 (right) with different O2 concentrations over 

the IRON-1 catalyst (1000 ppm N2O, 1000 ppm C3H8, 0-8 % O2, τmod = 34 g·min·mol-1). 
 
As can be noted from the plots above, the presence of oxygen was required for an efficient 
removal of hydrocarbons from the stream. As already mentioned above, oxygen generally 
promotes the propane combustion. This can be clearly seen from the Fig. 251. By decreasing 
the oxygen amount down to 0 vol.%, the propane slip-off increased significantly, with the 
conversion dropping down to 40 % at 623 K. With 4 vol.% oxygen in the gas feed, the 
conversion of N2O reached 90 %. As the nitrous oxide conversion was not affected so heavily 
by varying the oxygen content in the feed, we can assume that the decrease in the C3H8 
conversion was due to the absence of the parallel hydrocarbon combustion reaction and coke 
formation.  
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Fig. 252. Conversion vs. oxygen concentration curves for N2O (left) and C3H8 (right) at different temperatures 

over the IRON-1 catalyst (1000 ppm N2O, 1000 ppm C3H8, 0 - 8 % O2, 0 % H2O, τmod = 34 g·min·mol-1). 
 
In terms of N2O conversion, the catalytic behaviour of IRON-1 was not significantly altered 
by the increment in the oxygen concentration in the gas feed, within the investigated range. 
From similar results, Ruiz-Martínez-Martínez et al. [5,278] concluded that active compounds 
based on partially oxidised C3H8 adsorbed onto the catalyst reacted with N2O even in the 
presence of high oxygen concentrations. 
 
Ruiz-Martínez-Martínez et al. [5] reported that the activating effect of oxygen over the nitrous 
oxide reduction could be explained by the formation of partially oxidised hydrocarbons. In the 
presence of oxygen, hydrocarbons could be partially oxidised to CxHyOz reaction 
intermediates, which are more reactive than the CxHy ones. As reported in literature [325], the 
coke deposition generally increases in the presence of oxygen, because of the accumulation of 
carbonaceous compounds, such as CxHyOz and CxHy. This leads with time to the saturation of 
the active sites for hydrocarbon consumption. As discussed above, oxygen activates the 
hydrocarbon partial oxidation, which partially enhances the nitrous oxide decomposition 
because of the higher reactivity of the partially oxidised intermediates. On the other side, the 
higher reactivity of the CxHyOz intermediates for nitrous oxide, compared to oxygen, is 
responsible for their accumulation over the catalyst surface, with subsequent coke formation 
and catalyst deactivation for the hydrocarbon conversion [5]. 
 
The effect of water presence and concentration on the nitrous oxide and propane conversions 
is displayed in Fig. 253.  
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Fig. 253. Conversion vs. temperature curves for N2O (left) and C3H8 (right) with different H2O concentrations 

over the IRON-1 catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 0-8 % H2O, τmod = 34 g·min·mol-1). 
 
Nitrous oxide conversion decreased with increasing water vapour concentration, due to 
competitive adsorption of water on the active sites, as found in [5]. A great difference in the 
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conversion levels was observed switching from a feed with no water to one with 4 vol.%. 
Further increment of the water vapour concentration to 8 vol.% produced a further decrease in 
the activity of the IRON-1 catalyst. This decrease in the nitrous oxide conversion between 4 
and 8 vol.% H2O was less significant compared to the difference observed between 0 and 4 
vol.% H2O in the feed. Ruiz-Martínez-Martínez et al. [5] and Kögel et al. [424] found a 
similar behaviour for the N2O SCR with C3H8 over Fe-ZSM-5. The activity of the catalyst for 
the nitrous oxide Selective-Catalytic-Reduction with propane remained almost constant at 
water contents above 6 vol.%, due to the saturation of the catalyst surface.  
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Fig. 254. Conversion vs. water concentration curves for N2O (left) and C3H8 (right) at different temperatures 

over the IRON-1 catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 0 - 8 % H2O, τmod = 34 g·min·mol-1). 
 
At higher temperatures, the effects of water presence and content in the feed were less 
significant, in terms of influence on the conversion of N2O and C3H8. With increasing 
temperatures, the adsorption of water on the Fe-sites is generally less favoured, and its 
inhibiting effect towards the nitrous oxide decomposition decreased [5].  
 
With respect to propane conversion, water had a very strong inhibiting effect. The 
conversion-temperature curve was shifted towards higher temperatures by ca. 60 K from 0 to 
4 vol.% H2O in the feed. To a lesser extend, a further shift (ca. 15 K) was found by increasing 
the water in the feed from 4 to 8 vol.%. It is well know that, the addition of water vapour to 
the feed reduces the formation of carbonaceous deposits. In addition, water can react with 
these deposits forming carbon monoxide [278].  
 
In general, the results obtained on the dependency of N2O conversion with the water vapour’s 
level in the feed where similar to those in [5,325], whereas a slight difference in the behaviour 
of the C3H8 conversion was found. The differences in propane conversion with respect to the 
water content could be due to the different combustion activity of the two catalysts, which 
depended on the diverse preparation procedure and operating conditions used. 
 
In conclusion, the IRON-1 catalyst showed very high activity towards N2O decomposition in 
the presence of C3H8, together with low levels of propane slip-off. The influence of the 
different operating conditions has been presented and discussed, including the effect of the 
residence time, temperature, oxygen, water and propane concentrations in the feed. Results 
have been compared to those found in some recent publication [5,278,325]. 
 
Under the conditions used, the catalyst should operate at temperatures above about 723 K in 
order to achieve an efficient removal of N2O and low levels of hydrocarbons’ slip-off, under 
real-world conditions of the feed gas (presence of high levels of O2 and H2O and low contact 
times), which generally produced strong inhibition of the catalyst activity. There are different 
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positions where a catalyst could be positioned in FBC installations (see chapter 2.5.1.6) 
[278,417]. The location depends on the temperature that the catalyst requires in order to 
achieve the almost full conversion of N2O. According to [278,417], the catalytic system could 
be also located at the air pre-heater exit (position “d” in the scheme of subchapter 2.5.1.6), 
where the temperature is about 500-600 K. These temperature levels don’t generally allow for 
high N2O conversions under technical operating conditions. Preheating of the gas feed would 
be required, with significant impact on the costs of the process After the dust removal systems 
(position “c”), the gas temperature is 800-1100 K. At these temperature levels, the IRON-1 
catalyst showed very high activity towards N2O SCR with C3H8, even under inhibiting 
conditions. Placing the catalyst in this position generally leads to plugging of the catalyst bed 
and high pressure-drop. In order to avoid the above mentioned problems, monolithic 
configuration of the catalyst would be preferred [278,325,417]. As already mentioned above, 
the CB SiSiC monoliths developed in this research work exhibited pressure-drops up to one 
order of magnitude lower than in a fixed-bed packing of ideal spherical pellets.  
 
Finally, the IRON-1 catalyst prepared in this work was compared to a Fe-exchanged reference 
catalyst obtained via solid-state ion-exchange (Fe/Al = 0.75) [95,424]. The scope was to have 
a direct comparison of the catalyst used as reference in this work (IRON-1) with the current 
state-of-the-art Fe-exchanged zeolite catalysts. As can be seen in Fig. 255, the activity of the 
catalyst from Kögler et al. [95,424] was significantly higher than that of the IRON-1 catalyst. 
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Fig. 255. Comparison of the performances of the IRON-1 pellets with the Fe-ZSM-5 prepared by Kögler et al. 
[95,424]. Conversion vs. temperature curves for N2O (left) and C3H8 (right) over the two catalysts measured 
under similar conditions. IRON-1: 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 0 % H2O, τmod = 11 g·min·mol-1; 

Reference from Kögel et al.: 1000 ppm N2O, 800 ppm C3H8, 4 % O2, 0 % H2O, τmod = 11 g·min·mol-1. 
 
 

4.3.3.3 Fe-ZSM-5 dip-coated SiSiC monolith 
 
The above-described IRON-1 catalyst powder was dip-coated over the CB SiSiC monolith. 
The monolithic catalyst was tested in the same setup used for the IRON-1 pellets, for the N2O 
SCR with C3H8, under various operating conditions. The results were compared to those 
obtained with the pellets. The same catalyst amount was tested in the reactor setup in the case 
of the pellets (IRON-1) and the zeolite dip-coated SiSiC monolith (DC-1). The aim was to 
experimentally determine the influence of the reactor and catalyst design/configuration on the 
catalyst performance. In fact, the same IRON-1 zeolite powder and in the same amount was 
utilised for the comparison of the two tests. The dip-coated DC-1 monolithic catalyst had the 
same amount of IRON-1 zeolite powder that was tested in the fixed-bed reactor configuration. 
This allowed for the use of the same operating conditions (gas flow-rates and feed 
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composition) and for a direct comparison of the two catalyst’s configurations. The only 
difference between the two catalysts was the catalyst shape/structure. 
 
The effect of the residence time on the nitrous oxide and propane conversion over the SiSiC 
monolith dip-coated with the IRON-1 catalyst powder is displayed in Fig. 256. 
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Fig. 256. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different modified residence times 

(τmod = 4 - 66 g·min·mol-1) over theDC-1 monolithic catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2). 
 
Results are similar to those found for the IRON-1 pellets, with a shift of the conversion-
temperature curves to higher temperatures for decreasing residence or contact times. The 
direct comparison with the results obtained for the pellets is shown in Fig. 257. The 
conversion curves for N2O and C3H8 obtained for the pellets and the DC-1 monolithic catalyst 
under similar operating conditions (gas feed and contact time) are compared for two residence 
times in Fig. 257. The shift in the conversion-temperature curves for τmod = 11 - 33 g·min·mol-

1 was ca. 25 K for N2O and ca. 50 K for C3H8 towards lower temperature for the DC-1 
catalyst, compared to the IRON-1. For τmod shifts from 6 to 33 g·min·mol-1, the change in the 
conversion of N2O was 65-70 K and ca. 125 K for C3H8. This implies that the change in the 
residence time affected the propane conversion more than the nitrous oxide one. This could be 
the result of slower diffusion of propane in the MFI-type zeolite framework, compared to 
nitrous oxide. Slower molecular diffusion, in fact, would affect the conversion more 
significantly at higher flow-rates and lower contact times, which is exactly the type of effect 
we see from the curves below. 
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Fig. 257. Conversion vs. temperature curves for N2O (left) and C3H8 (right) with 2 different modified residence 
times: comparison of the DC-1 monolithic catalyst and IRON-1 pellets (1000 ppm N2O, 1000 ppm C3H8, 4 % 

O2, 0 % H2O, τmod = 6 - 11 g·min·mol-1). 
 
The N2O conversion for the IRON-1 and DC-1 catalysts were very similar for the two 
catalysts. A slightly higher catalyst activity was found for the monolithic catalyst at 
decreasing residence times, but the change wasn’t significant. Conversion levels of C3H8 were 
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also quite similar for the two catalysts, although in this case a slightly higher propane 
conversion at higher contact times was observed for the IRON-1 powder catalyst.  
 
One has to bear in mind that the catalyst amount was the same for both runs, but the SiSiC 
monolith was dip-coated with IRON-1 powder by means of 10 wt % binder. This led to a 
reduction of ca. 27 % of the catalyst porosity as discussed in the previous subchapter 4.2. 
Considering this, the conversion curves should also be affected and some difference between 
the DC-1 catalyst and the pellets would be expected. On the other side, the pellets had a 
diameter of ca 1 mm. The dip-coating had a thickness of ca. 60 - 100 µm in the channels, and 
some few hundreds micrometers at the cell corners. At any instance, the characteristic length 
for the molecule diffusion until the centre of the pellets was ca. 500 µm, whereas for the 
wash-coat it was around 100 µm average. For the pellets accessibility was from all sides, 
whereas for the coating it was only from the side in contact with the gas stream. The coating 
thickness represented therefore the characteristic length for the diffusion of the reactant 
molecules. This meant a better accessibility of the catalyst, because of a reduced penetration 
length, which might play an important role at low contact times. The catalytic tests showed 
indeed that the conversion was the same for the two catalysts. In this case, it is possible that, 
the decrease in micropore volume of the wash-coat, caused by the presence of the binder, had 
been fully compensated by the improved accessibility to the crystals resulted from the thin 
coating thickness. Considering the pellets like homogeneous spheres with a radius of 500 µm, 
the surface to volume ratio is 60 cm2·cm-3.  
 

 
Fig. 258. Wash-coat and pellet geometry and size. 

The surface to volume ratio for the bare SiSiC support, given in the subchapter 4.1, is ca. 380 
cm2·cm-3. If we consider this value to be, as a rough estimation, the same for the dip-coated 
monoliths, this speaks for a more than 6 times higher specific surface area in the case of the 
structured CB SiSiC/zeolite catalyst (DC-1), when compared to the zeolite pellets (IRON-1). 
 
The effect of the presence of water (4 vol.%) on the nitrous oxide and propane conversion 
over the DC-1 monolithic catalyst is displayed in Fig. 259. 
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Fig. 259. Conversion vs. temperature curves for N2O (left) and C3H8 (right) with different H2O concentrations at 
2 modified residence times over the DC-1 monolithic catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 0-4 % 

H2O, τmod = 6 - 11 g·min·mol-1). 
 
The presence of water inhibited the catalyst’s activity towards the nitrous oxide and propane 
conversion. Similar results were found for the IRON-1 pellets and were discussed above. 
After ca. 24 h operation in the presence of water in the feed, the zeolite dip-coated CB SiSiC 
monolith (DC-1) was tested once more under the standard conditions which had been used on 
the fresh catalyst, in order to test its hydrothermal stability. As can be seen in Fig. 260, the 
nitrous oxide and propane conversion plots for the two tests are almost overlapping. This 
indicated good hydrothermal stability of the catalyst. In general, the MFI-type zeolite in the 
Fe-form is known to exhibit good hydrothermal stability under such conditions [410]. 
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Fig. 260. Conversion vs. temperature curves for N2O (left) and C3H8 (right) for 2 similar runs (GHSV = 12000 h-

1, τmod = 11 g·min·mol-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2) over the DC-1 monolithic catalyst before (A) 
and after (B) the tests in presence of water. 

 
In conclusion, the dip-coated monolithic catalyst (DC-1) exhibited similar conversion levels 
for nitrous oxide and propane, as observed for the powder catalyst (IRON-1). The comparison 
between the fixed-bed reactor and the monolithic catalyst showed that, under the operating 
conditions used, the two catalysts behaved in a similar way. Accessibility to the catalyst in the 
wash-coat was reduced by the presence of the binder, but simultaneously enhanced by the thin 
geometry of the coating, which allowed for very high specific surface areas, compared to the 
zeolite pellets. The catalyst was hydrothermally stable. Seemingly, the wash-coat adhesion 
was not affected by the presence of water vapour at high temperatures in the feed, nor by the 
repeated heating and cooling cycles and high gas flow-rates during operation. 
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4.3.3.4 Fe-ZSM-5 coated SiSiC monolith via Support Self-Transformation 
 
Different CB SiSiC monoliths coated with ZSM-5 zeolite via the Support Self-
Transformation technique had been initially tested for the N2O SCR with C3H8. The idea was 
to screen the different catalysts under the similar operating conditions (GHSV or modified 
residence time) in order to understand the relationship between the properties of the zeolite 
coating and the corresponding catalytic performances. The second aim of the catalyst 
screening was to find the most active/promising catalyst and to characterise it more in detail 
under different operating conditions. The performances of the chosen CB SiSiC/ZSM-5 
monolith were compared to the zeolite dip-coated monolith (DC-1) and some state-of-the-art 
catalysts reported in literature [278,325,410,424]. A table with the results of the screening of 
SST monolithic catalysts is reported in the Appendix (Table 48). 
 
Comparison different monoliths under the same GHSV (6000 h-1) are reported in the graph 
below (Fig. 261).  
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Fig. 261. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at similar GHSV (6000 h-1) over 

different SST CB monolithic catalysts (1000 ppm N2O, 1000 ppm C3H8, 4 % O2). 
 
The most active catalyst was the CB 51B, likely due to its higher zeolite and Fe content. 
CB 7B and CB 8B exhibited similar conversion curves, most likely due to the similar Fe 
content in the two catalysts. CB 9B had a lower Si/Al ratio, which allowed for a higher Fe/Al 
ratio, when compared to the other monoliths. Nevertheless, the zeolite loading of CB 9B was 
relatively low and therefore the overall Fe content per monolith volume was lower than for 
CB 7B and CB 8B. This clearly led to a shift of the conversion curves towards higher 
temperatures compared to the other catalysts, indicating poorer catalytic performances. The 
generation of mesoporosity (CB 9B Meso) led to slightly higher Fe-loading per zeolite mass 
compared to the parent CB 9B coating. Nevertheless, the loss in crystallinity was quite 
consistent and the benefits in the catalytic performance (compared to the CB 9B catalyst) for 
the N2O SCR with C3H8 were hardly noticeable. Only at higher temperatures, a minor 
improvement in the nitrous oxide conversion was observed, when compared to the CB 9B 
monolithic catalyst. The CB 20B showed a shift toward higher temperatures in the conversion 
curves (ca. 25 K) compared to the CB 51B monolith. This case will be discussed more in 
detail in the following pages. 
 
From the screening of the different catalysts, the following conclusions could be drawn for 
the optimisation of the coating preparation/properties on CB SiSiC monoliths obtained by 
means of the SST technique. The best catalytic performances could be achieved by 
combining: 
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 the highest packing of zeolite per reactor/monolith volume in order to increase 
the absolute amount of catalyst for a given reaction volume 

 the highest active sites’ accessibility possible in order to avoid strong diffusion 
limitations 

 the lowest framework Si/Al ratio in order to have the highest exchange 
capability per zeolite mass. 

 
If a drastic decrease of the catalyst loading per reactor volume was obtained (e.g. compare CB 
8B and CB 9B), while aiming to a decrease of the framework Si/Al in the zeolite (like for CB 
9B), then the benefits of the higher Fe-loading per zeolite mass were counterbalanced by the 
lower overall Fe content. This effect was observed with the CB 8B and CB 9B monoliths. The 
CB 51B represented a further example in this sense. The Si/Al ratio was higher than in CB 
20B (lower specific exchange capability per catalyst mass), but the overall Fe-loading per 
monolith volume was still greater than in CB 20B. As a result of that, at similar GHSVs, the 
CB 51B monolith was more active than CB 20B. 
 
A more direct comparison between the two most active catalysts, CB 51B and CB 20B A 
table with the properties of the two catalysts is reported below (Table 30), for an easier 
discussion of the results of the catalytic tests on CB SiSiC7zeolite monoliths. 
 
Table 30. Properties of the CB 20B and CB 51B monoliths. 

Sample Zeolite 
loading 

(g) 

Zeolite 
loading 

(%) 

Coating 
thickness 

(µm) 

Zeolite 
Si/Al 

Coating  
type 

Fe 
content 
(wt %)* 

Fe 
content 
(g)** 

Fe 
content 

(wt %)*** 

Fe/Al 
ratio 

CB 20 B 3.9 26 50 17 PI  0.23 44 0.87 0.15 
CB 51 B 6.1 44 80 20 IC 0.32 34 0.72 0.15 
* compared to the SiSiC/ZSM-5 monolith mass ** in the whole monolith volume *** compared to the zeolite mass 
PI = Partially-preserved individuality of the crystals’ morphology, IC = Intergrown crystals 

 
The comparison between the CB 51B and CB 20B is reported in Fig. 262, where the 
conversion of N2O and C3H8 are compared under the similar residence time and not GHSV. In 
fact, CB 51B exhibited twice the catalyst amount per reactor volume, compared to CB 20B. 
On the other side, CB 20B had a lower Si/Al ratio, which allowed for a higher Fe-exchange 
capacity per zeolite mass.  
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Fig. 262. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at similar modified residence time 

over the SST CB 51B and CB 20B monolithic catalysts (1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τmod = 28 - 32 
g·min·mol-1). 

 
As can be seen in the Table 30, the CB 51B monolith had a higher zeolite loading, but lower 
Fe content per zeolite mass, compared to CB 20B (0.72 against 0.87 wt %). From these data, 
one would expect, under the assumption of similar Fe speciation in the two samples, a lower 
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activity for CB 51B. This would have meant smaller conversion at similar temperatures for 
similar residence times. The Fe content per zeolite mass in the CB 51B monolithic catalyst 
was lower than in the CB 20B composite, because of the lower framework Si/Al ratio in the 
zeolite coating. From the Fig. 263, the opposite behaviour can be observed. On the other side, 
CB 51B exhibited a higher overall Fe-loading compared to CB 20B, because of the much 
higher zeolite amount. This explained the fact that CB 51B resulted more active than CB 20B 
for similar residence times, despite the lower Fe content per zeolite mass. The following 
elucidation could help explaining the higher activity of CB 51B. Compared to CB 20B, CB 
51B exhibited a thicker coating, with tightly intergrown crystals. During wet-ion-exchange, 
only the external part of the zeolite coating was most likely exchanged with Fe, owing to the 
diffusion limitations of the Fe-species inside the zeolite crystals [36]. Because of the coating 
morphology, this effect could have been more pronounced for the CB 51B coating than for 
the CB 20B one. The zeolite coating of the CB 51B sample was thicker and denser, with 
tightly intergrown crystals. The CB 20B catalyst exhibited a thinner coating with crystals 
preserving their individuality to a large extent and characterised by a relatively high external 
surface. In this case, the Fe distribution in CB 51B would be confined mostly on the outer 
coating layer, because of the difficult diffusion of the Fe-species during WIE inside the 
zeolite micropores. The CB 20B monolith allowed for a greater penetration depth of the Fe-
species, due to the smaller crystals and the higher accessibility (Fig. 263).  
 

 
Fig. 263. Hypothetical Fe-distribution in the CB 51B and CB 20B zeolite coatings. 

Assuming the presence of strong internal diffusion limitations of the reactants during the 
reaction (see section 4.3.3.6), then the reaction would take place exclusively on the outer layer 
of the catalytic coating (low Weisz modules and catalyst effectiveness). In this case, a higher 
Fe content per zeolite mass would not be as significant as the distribution of the Fe-species 
along the coating thickness for the catalyst performances. With the assumption that the Fe-
species were better dispersed in the CB 20B coating, then the most of the active sites would 
not have been reached by the reactant molecules and involved in the N2O SCR reaction, at 
relatively low contact times. In other words, the better dispersion and penetration depth of the 
Fe-species in the zeolite layer of the CB 20B monolith would have been counterproductive. 
The strong internal diffusion limitations of the reactants (N2O and C3H8) during reaction at 
low contact times could not allowed for the utilisation of the entire catalyst volume. In this 
case, most of the Fe active sites in the core of the crystals/coating, would have not been 
utilised during reaction.  
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Fig. 264. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at similar modified residence time 

over the SST CB 51B and CB 20B monolithic catalysts (1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τmod = 14 - 16 
g·min·mol-1). 

 
As can be noted in the conversion-temperature curves (Fig. 264), the CB 51B was more active 
than the CB 20B catalyst at all instances. Nevertheless, at smaller modified residence times, 
the gap between the conversion curves of the two catalysts was rather small. As the CB 20B 
coating exhibited crystals with preserved individuality and therefore higher accessibility, it is 
possible that the increase in the gas flow velocity produced a more drastic shift of the 
conversion-temperature curves for the CB 51B catalyst, due to stronger diffusion limitations. 
In fact, CB 51B exhibited a thicker and denser zeolite coating, which offered more resistance 
to the diffusion of the reactants (see section 4.3.3.6). The better accessibility of the CB 20B 
coating likely allowed for reduced diffusion limitations compared to the CB 51B catalyst. 
 
More data concerning the catalytic tests performed on CB 20B can be found in the Appendix. 
Because of its high activity towards the N2O SCR with C3H8, the CB 51B monolith was tested 
further under different reaction conditions. The effects of different GHSVs on the nitrous 
oxide and propane conversion over the CB 51B SiSiC monolith are displayed in Fig. 265. 
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Fig. 265. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different modified residence times 
(τmod = 14 - 56 g·min·mol-1) over the SST CB 51B monolithic catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2). 
 
As already reported for the dip-coated monolith and for the pellets, the conversion curves 
were shifted towards higher temperature by increasing the GHSV and reducing the contact 
time. The effect was, for the dip-coated SiSiC/zeolite monolith, more pronounced in the C3H8 
conversion than in the N2O. The shift in the conversion-temperature curves for τmod values 
from 14 to 56 g·min·mol-1 was 30 K for N2O and ca. 50 K for C3H8. For τmod = 14 - 28 
g·min·mol-1 was ca. 25 K for N2O and ca. 45 K for C3H8. As already mentioned above, the 
shift observed in the conversion-temperature curves of the dip-coated monolith DC-1, for τmod 
= 11 - 33 g·min·mol-1, was ca. 25 K for N2O and ca. 50 K for C3H8 (see section 4.3.3.3). 
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These values were similar for the two catalysts, indicating a similar catalytic behaviour of the 
dip-coated (DC-1) and in-situ grown zeolite layers (CB 51B). As the propane conversion 
didn’t increase as fast as the N2O conversion with increasing temperatures, we can suppose 
that, at higher temperatures, the N2O decomposition became increasingly more significant. 
The atomic O2 recombination to molecular O2, which is considered the RDS of the 
decomposition of N2O reaction, might have become more competitive at higher temperatures 
and could likely overcome the limitations posed by lower propane conversion. TOFs for 
nitrous oxide over the CB 51B monolith were in the range of 0.36 µs at 623 K with τmod = 28 
g·min·mol-1 (see Table 55 in the Appendix). 
 
The effects of oxygen presence and concentration on the nitrous oxide and propane 
conversion over the CB 51B SiSiC monolith are displayed in Fig. 266. 
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Fig. 266. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different oxygen concentrations 
over the SST CB 51B monolithic catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2, GHSV = 12000 h-1, τmod = 

28 g·min·mol-1). 
 
As observed for the pellets and the dip-coated SiSiC monolith, the oxygen presence 
influenced significantly the C3H8 conversion and to a lesser extent the N2O conversion. In this 
case, for the experiment with no oxygen in the feed, the propane conversion level was very 
low (X < 40 %) and didn’t increase further after 673 K. The corresponding N2O conversion 
increased further to 100 % at temperatures above 673 K. This confirmed what mentioned 
above. At higher temperatures, the N2O decomposition reaction became increasingly more 
important, and the N2O conversion depended less on the SCR scavenging mechanism. The 
difference in the propane conversion with and without oxygen was rather considerable. This 
result confirmed that the propane was also involved, in a significant way, in parallel reactions, 
such as the partial oxidation of hydrocarbons. 
 
The effects of water presence and concentration on the nitrous oxide and propane conversion 
over the CB 51B SiSiC monolith are displayed in Fig. 267. Water was found to inhibit the 
conversion of both propane and nitrous oxide in a significant way, as reported for the IRON-1 
and DC-1 catalysts. 
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Fig. 267. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different water concentrations 
over the SST CB 51B monolithic catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τmod = 28 g·min·mol-1). 

 
The comparison between the DC-1 (dip-coated) catalyst and the CB 51B (SST in-situ grown) 
monolith is reported in Fig. 268. The two catalysts were tested under similar conditions of gas 
feed composition and GHSV. In Table 31 some of the features of the two catalysts are 
reported for a better understanding of the comparison of the catalytic performances of CB 
51B and DC-1 monoliths. 
 
Table 31. Properties of the DC-1 and CB 51B monoliths in comparison. 
Monolith Zeolite 

loading 
(g) 

Zeolite 
loading 

(%) 

Monolith 
volume 

(ml) 

Coating 
thickness 

(µm) 

Intra-
particle 

voids 

Micropore 
volume  

(cm3·g-1.)* 

Iron 
content 
(wt %) 

Zeolite 
Si/Al 

Fe/Al 
ratio 

DC-1 2.5 15 24.8 60-100 yes 0.015 0.32 11 0.30 
CB 51 B 6.1 44 24.8 80 no 0.082 0.32 20 0.15 

 
The two catalysts (CB 51B and DC-1) exhibited similar Fe content per reactor volume, but 
very different morphologies and properties of the coating. On one side, the DC-1 presented 
intra-particle voids in the macropore range and a small overall microporosity, because of the 
binder and because of the relatively low zeolite amount (2.5 g). On the other hand, the 
CB 51B monoliths exhibited high micropore volume and zeolite loading, but a more compact 
and dense coating with no intra-particle voids. This meant a reduced accessibility to the active 
sites and only configurational diffusion regime for the reactants. From this point of view, the 
dip-coated DC-1 catalyst could count on a much higher exposure of the catalyst surface, with 
characteristic diffusion length in the range of 1 µm (the size of the zeolite SM-27 aggregate 
particles). The intra-particle voids in the macropore range allowed for molecular or Knudsen 
diffusion regime inside the wash-coat. The characteristic inter-crystalline diffusional length 
for the CB 51B monolith was the whole coating thickness: ca. 80 µm. 
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Fig. 268. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different GHSVs: comparison 

between the SST CB 51B and DC-1 monolithic catalysts (1000 ppm N2O, 1000 ppm C3H8, 4 % O2). 
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From Fig. 268, it can be easily noted that, at similar GHSVs, the conversion of nitrous oxide 
and propane was slightly higher for the CB 51B monolith than for the DC-1 at GHSV of 
12000 and 24000 h-1.In the comparison of the catalyst activity at similar GHSV one has to 
keep in mind that the same gas flow-rate is used for two catalysts. The two monoliths, on the 
other side, were characterised by huge differences in catalyst loading (see Table 31). This 
kind of comparison has more a technical than a scientific value, as it compares the ability of 
two monoliths with the same volume to convert the reactants. In this case, it is not anymore 
the activity of the catalyst which is directly compared, but more the ability to pack high 
amount of catalyst with high exchange capabilities in the same reactor volume. If we now 
compare the two catalysts at similar modified residence times, the comparable levels of 
conversion for both nitrous oxide and propane are achieved at lower temperatures for the DC-
1 than for the CB 51B catalyst (Fig. 269). 
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Fig. 269. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different modified residence time: 
comparison between the SST CB 51B and DC-1 monolithic catalysts (1000 ppm N2O, 1000 ppm C3H8, 4 % O2) 

with similar residence time. 
 
In this case, it is clear that the CB 51B catalyst was slightly less active than the DC-1 dip-
coated monolith. The question is: why did this happen, although the overall Fe-content (which 
is the active phase for the N2O SCR with C3H8) is the same in the two monoliths? First of all, 
it is very difficult to compare the two catalysts in a direct way, as the WIE process (same 
conditions were used for the two catalysts) could behave differently in the case of catalysts 
with different crystal sizes and Si/Al ratio. This effect was already observed for the IRON-1 
(SM-27) and IRON-15 (SM-55) zeolite powders. Fe speciation in the two catalysts could be 
different and could have led to different activity towards the N2O SCR with C3H8. The 
incomplete exchange of the Al sites in the CB 51B could also have also been caused by 
diffusion limitations of the Fe-species during the WIE, as mentioned in [36]. In fact, the DC-1 
zeolite wash-coat was characterised by a Fe/Al ratio of 0.30, whereas the SST zeolite coating 
of the CB 51B monolith exhibited a ration of 0.15. The thick coating of the CB 51B monolith 
with no intra-particle porosity might have offered rather strong resistance to the diffusion of 
the Fe-species inside the pores for the whole 80 µm thickness of the compact zeolite layer. 
Under the assumption that the Fe speciation is similar in the two monolithic catalysts, the 
difference in the catalytic performances of CB 51B and DC-1 could be explained by the 
presence of diffusion limitations. Because of the coating morphology and characteristics, the 
CB 51B catalyst was characterised by more significant diffusion limitations in the zeolite 
coating, compared to the zeolite wash-coats of the DC-1 sample (see section 4.3.3.6). 
 
In [95], the adiabatic temperature increase in the reactor was defined as: 
 

p

iR
ad c

xHT ⋅∆
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with 
 
 ∑ ν⋅=∆

i
iiR HH  

 
and  
 

)K298T(cH)T(H i,pifi −⋅+=  
 
where ∆HR is the reaction enthalpy, Hi the enthalpy of the single component, Hif the enthalpy 
of the single component for STP, νi the stoichiometric coefficient in the reaction, xi the molar 
fraction of reactant converted and cp,i the heat capacity of the gas [95]. The theoretical 
adiabatic temperature (∆Tad) increase in the reactor due to the nitrous oxide decomposition 
reaction and the propane oxidation has been calculated for one run using the data from the CB 
51B performance under the following operating conditions:  
 

 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
 modified residence time τ = 28 g·min/mol 
 GHSV of 12000 h-1 

 
The reactions taken into account were: 
 
 222 ONON2 +→     (nitrous oxide decomposition) 
 22283 CO3OH4O5HC +→+   (propane oxidation) 
 
The thermodynamic data of the single components for standard temperature and pressure 
were found in [95] and are reported in Table 58 in the Appendix. Using the formulas above 
and the data in the Table 58, the theoretical adiabatic temperature increase were calculated as 
functions of the reaction temperature and conversion (see Table 59). Values of the theoretical 
adiabatic temperature increase up to almost 100 K were found for the conversion levels of the 
catalyst CB 51B at 648 K. The adiabatic temperature increase was calculated under the 
assumption that no heat-exchange took place within the reactor volume. In the above-
mentioned catalytic test, a temperature increase of 2-3 K was detected at the monolith inlet 
and outlet. This temperature difference under similar conditions was higher for the IRON-1 
pellets (above 10 K). Due to the high thermal conductivity of SiSiC ceramics, it was expected 
that a faster dissipation of the heat from the reaction zone could be achieved. In this case, the 
use of monolithic support with relatively high thermal conductivity could yield a better 
temperature distribution within the catalyst volume. 
 
In Fig. 270, the conversions of N2O and C3H8 over the CB 51B catalyst are reported under 
different conditions of the feed composition (500 - 1000 ppm N2O, 500 - 1000 ppm C3H8, 6 
% O2, 6 % H2O). These tests were conducted because some of the catalysts in literature have 
been tested under such experimental conditions. For a direct comparison of the above with the 
catalysts developed and tested in this work, the performances of the CB 51B monolith had to 
be measured with these operating parameters. 
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Fig. 270. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different GHSVs (6000 and 12000 
h-1) over the SST CB 51B monolithic catalyst (500 - 1000 ppm N2O, 500 - 1000 ppm C3H8, 6 % O2, 6 % H2O). 

 
From the curve reported in Fig. 270, it can be concluded that, under the conditions used no 
influence of the N2O concentration in the range 500 - 1000 ppm could be observed. Because 
of the high water levels in the feed, the inhibition of the catalyst activity was rather 
significant. The change in the GHSV from 6000 to 12000 h-1 produced a further decrease in 
the N2O and C3H8 conversion levels. This difference was not observed for the standard 
experiments on the same catalyst with similar GHSV (1000 ppm N2O, 1000 ppm C3H8, 4 % 
O2). The catalyst appeared to be very active also under these operating conditions, with 
complete N2O conversion at 698 K and maximal C3H8 slip-off of less than 30 % for the test 
with the GHSV = 12000 h-1. 
 
The CB 51B catalyst was operated for at least 60 hours under water vapour presence in the 
feed. Afterwards, the CB 51B SiSiC/ZSM-5 monolith was tested once more under the same 
standard conditions which had been used on the fresh catalyst before, in order to test its 
hydrothermal stability. As observed for the dip-coated DC-1 monolith, the catalytic activity 
didn’t show any significant alteration: same levels of propane and nitrous oxide conversions 
were measured. This indicated a very good hydrothermal stability of the CB 51B monolithic 
catalyst. 
 
After the reaction, the monoliths removed from the reactor without catalyst regeneration were 
fully black in colour, indicating strong coke deposition. Again, the conversion of nitrous 
oxide did not change during a 12 h run with no catalyst re-activation, whereas the propane 
conversion dropped down significantly. Results were similar to those obtained with the pellets 
and in [325], possibly indicating the coke formation on Fe2O3 clusters. These clusters, as 
already mentioned above, are reported to be active for the hydrocarbon oxidation, but 
generally inactive for the nitrous oxide decomposition.  
 
The results obtained with the CB 51B monolith were compared to those of a monolithic 
catalyst found in literature (ECN) [278,325,5]. The term ECN stands for Energy Centre 
Netherlands, as this monolith was prepared in the above research facility. Before commenting 
the comparison of the performances of the two catalysts, a brief description of the ECN 
monolithic catalyst and its development will be given. The description of the catalyst 
preparation procedure can be found in [515,516]. The zeolite used was the same ALSI 
PENTA SM-27 used for the DC-1 catalysts, exchanged by means of WIE in air at 353K with 
Fe-sulphate The support consisted of a 400 cpi cordierite honeycomb. The coating process 
was very similar to that utilised for the dip-coating of the SiSiC performed in our laboratories. 
It consisted of a dip-coating technique using an alumina-based binder. The Fe-content 
reported in [5,325] was 2.5 wt % compared to the zeolite weight and 0.4 wt % of the overall 
monolith. No mention on the zeolite loading was given in [5,325]. 



4 Results and discussion                                                                                   4.3 Catalytic tests 

  273 

 
The two graphs in Fig. 271 report the nitrous oxide and propane conversions at GHSV = 6000 
and 12000 h-1 for the ECN monolith (from [325,5]) and for the CB 51B. The grey box 
highlights the temperature range where the ECN catalysts reached the complete N2O 
conversion. The ECN catalyst exhibited similar conversion levels for N2O at temperatures 
about 30-35 K lower than the CB 51 B monolith for a GHSV of 12000 h-1 and ca. 25 K lower 
for a GHSV of 6000 h-1. It is clear that, for the lower GHSV and higher residence time, the 
behaviour of CB 51B was closer to that of the ECN monolith and the complete N2O 
conversion was reached at the same temperature. The ECN catalyst seemingly reached a 
much lower degree propane conversion under the conditions examined (Fig. 271).  
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Fig. 271. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different GHSVs: comparison 

between the SST CB 51B and the ECN monolithic catalysts (500 ppm N2O, 500 ppm C3H8, 6 % O2, 6 % H2O). 
 
In conclusion, the SST techniques allowed for the preparation of ZSM-5 coating onto CB 
SiSiC ceramics, which exhibited reasonably high mechanical stability and high activity 
towards the N2O and C3H8 conversion. Tuning of the coating properties was possible by 
varying the synthesis conditions. The optimised WIE process which was utilised proved to be 
effective for the exchange of the zeolite coatings to the Fe-form.  
 
The most active monolithic catalyst produced via the Support Self-Transformation technique 
was the CB 51B. The zeolite amount that could be obtained in the case of the CB 51B 
monolith was around 6.1 g per monolith volume, against the 2.5 g obtained with the wash-
coat. The activity of the CB 51 B monolith is slightly lower than that of the dip-coated DC-1, 
most likely due to stronger internal diffusion limitations under the specific operating 
conditions used (for more details read section 4.3.3.6). Comparison with the a dip-coated 
monolith from the Energy Research Centre of the Netherlands (ECN) showed that the CB 
51B monolith was slightly less active but achieved the full nitrous oxide conversion at similar 
temperatures, with correspondingly lower levels of C3H8 slip-off (higher propane 
conversions). 
 
 

4.3.3.5 Fe-ZSM-5 dip-coated cordierite honeycomb 
 
In order to reproduce the results of [5,325], a wash-coat was prepared onto a 400 cpi 
cordierite honeycomb (DC-4) utilising the IRON-1 zeolite powder (see section 4.2.9). The 
aim was to reproduce in-house the results obtained in [5,325], in order to study the 
reproducibility and comparability of the results found in literature with those obtained with 
the reactor setup developed and built in this research project. This evaluation would possibly 
allow for a better comparison between the ECN and CB SiSiC monoliths. The cordierite 
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monolith dip-coated with zeolite exhibited a zeolite loading of 3.7 g in a volume of 24.9 ml 
(comparable to the SiSiC monoliths used in this work), corresponding to ca. 27 % of the 
overall monolith weight. The Fe-loading was found to be 0.4 wt % of the cordierite/zeolite 
composite monolith. The effects of different GHSVs on the nitrous oxide and propane 
conversion over the DC-4 wash-coated cordierite monolith are displayed in Fig. 272.  
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Fig. 272. Conversion vs. temperature curves for N2O (left) and C3H8 (right) at different GHSVs (GHSV = 6000 - 

24000 h-1) over the dip-coated honeycomb DC-4 catalyst (1000 ppm N2O, 1000 ppm C3H8, 4 % O2). 
 
The DC-4 catalyst had performances similar to those reported for the ECN monolith [5,325], 
as can be seen in the comparison below (Fig. 273), for a GHSV of 12000 h-1. The reason of 
the high conversion of the DC-4 monolith, compared to the CB 51B catalyst is to be ascribed 
to the elevated IRON-1 catalyst amount loaded in the ceramic honeycomb. Comparison 
between the dip-coated DC-1 monolith and CB 51B had already showed that the wash-coated 
DC-1 monolith was more active than the SST coatings. 
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Fig. 273. Conversion vs. temperature curves for N2O (left) and C3H8 (right): comparison of the dip-coated 

honeycomb DC-4 catalyst, the SST CB 51B and the ECN monolithic catalyst (500 ppm N2O, 500 ppm C3H8, 6 
% O2, 6 % H2O, GHSV = 12000 h-1). 

 
 

4.3.3.6 Comparison of the catalysts: structure and coating type  
 
In the previous sections 4.3.3.2-4.3.3.5, the catalytic performances of different zeolite-based 
(MFI-type: wet ion-exchanged Fe-ZSM-5) catalysts for the N2O SCR with C3H8 were shown. 
The effects of the catalyst structure were highlighted by comparing the Fe-ZSM-5 pellets 
(IRON-1 catalyst) and the cardboard-derived (CB) SiSiC monolith dip-coated with the same 
catalyst powder used for the pellets (DC-1). Successively, the effects of the zeolite coating 
configuration, morphology and microstructure were studied. The coatings obtained via in-situ 



4 Results and discussion                                                                                   4.3 Catalytic tests 

  275 

(Support Self-Transformation) hydrothermal growth of zeolite on the CB SiSiC monoliths 
(CB 51B and CB 20B) were compared to the zeolite wash-coat mentioned before (DC-1 
monolith). The evaluation was made based on the conversion curves of N2O and C3H8 for the 
CB 51B and DC-1 catalysts under similar operating conditions: GHSV and modified 
residence time. A more comprehensive comparison for the catalysts (structured monoliths vs. 
pellets, dip-coating vs. in-situ SST-type coating) was made based on their reaction kinetics, 
using the data collected under the same operating conditions (similar modified residence time 
values). The study of the kinetic parameters and effectiveness of catalysts (Weisz-Prater 
criterion) allowed for a more complete evaluation of the catalytic performances. 
 
In order to verify the presence of internal or external diffusion limitations under the operating 
conditions used, the Arrhenius plot for the activation energy of the SCR reaction was obtained 
for the four catalysts considered: IRON-1 (FE-exchanged ZSM-5 pellets), DC-1 (dip-coating 
on CB SiSiC), CB 51B and CB 20B (SST zeolite coating on CB SiSiC). A generic 
representation of the Arrhenius plot for chemical reactions is reported in Fig. 274. The 
diagram shows the kinetic-controlled and diffusion-controlled regimes, and their 
characteristic values of activation energy. The plot can be divided in four zones, depending on 
the limiting step in the overall reaction rate: kinetic regime, diffusion controlled (internal 
and/or external) and homogeneous regime. 
 

 
Fig. 274. Activation energy (Arrhenius–type) plot for heterogeneously catalysed chemical reactions. 

The calculations reported here below are not to be considered as a detailed study, but just an 
estimation of the transport effects in the different catalyst configurations under the operating 
conditions described above. The scope was to obtain a direct comparison of the catalysts. To 
accomplish this task, some assumptions or simplifications of the model were done. The 
assumption and simplifications can be considered rather extreme, but they were used in the 
same way to describe the behaviour of all the catalysts. For this reason, a direct comparison of 
the results obtained below can be done only in the frame of this work, under the simplifying 
assumptions made and for the specific operating conditions used. These values can be used 
only to compare the four catalysts (IRON-1, DC-1, CB 51B and CB 20B) and shouldn’t be 
considered as absolute values for reference and comparison to other works.  
 
The assumption of an ideal plug-flow integral reactor was used. This selection was based on 
the fact that the measured Bo number was above 100 and that all the criteria for the ideal PFR 
reactor behaviour were fulfilled. The general formula of the reactor balance for an ideal Plug-
Flow Reactor (PFR) can be written as follows [499]:  
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where xi is the molar fraction of the reactant i, z the axial coordinate, γij the stoichiometric 
coefficient and rj the reaction rate of the reaction j. The rate of formation/depletion Ri is given 
as:  
 

∑ γ=
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As stationary conditions are applied, the following simplification can be used [499]: 
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With the above condition, the general formula for the reactor balance translates into: 
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with 
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where τ is the modified residence time. The final balance for the PFR under stationary 
conditions becomes: 
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Assuming a simple power-law expression, the reaction rate in the expression above can be 
given as [499]: 
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with k being the reaction rate coefficient, xi the molar fraction and qi the partial order of 
reaction of the component i. For elementary reactions, the partial order of reaction qi 
corresponds to γi. In the case of the N2O SCR with C3H8, the PFR balance equation above 
could be written as: 
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According to the stoichiometry of the overall reaction in the presence of oxygen, one 
molecule of nitrous oxide reacts with one molecule of propane: 
 

N2O + C3H8 + 4.5O2 → N2 + 3CO2 + 4H2O 
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Therefore the partial order of reaction was qi=γi = 1. The N2O conversion was not dependent 
on the initial concentration of propane C3H8 in the range 500 - 2000 ppm. Similarly, the N2O 
conversion was not dependent on the initial O2 concentration in the range 4 - 8 vol.% (see 
section 4.3.3.2). In this case, under the specific conditions used the reaction rate can be 
considered independent from the propane and oxygen conversions [517]. As a result of that, 
the PFR balance equation above becomes: 
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Similar expressions could be derived for propane, under analogous assumptions. The integral 
formula is written as: 
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In general, for a first-order reaction the equation becomes: 
 

τ⋅−=− '
o kxlnxln  

 
whereas for a generic order m the expression is written as: 
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The data used for the following discussion are those collected for the different catalysts 
(IRON-1, DC-1, CB 51B and CB 21B) at different modified residence times (range 11 - 56 
g·min/mol) with the following gas feed composition: 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
in He. The reaction order was found by data fitting (trial and error), using the expression for 
the generic reaction order m and the one for the order 1.  
 

 
Fig. 275. Example (IRON-1 pellets) of the curves for the calculation of the reaction rate constant under the 

assumption of an order 1 reaction for N2O. 
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The order 1 gave the best fitting of the measured points (Fig. 275). It was therefore assumed 
that the reaction was a first-order reaction for N2O. The reaction order for N2O is rather close 
to that reported in [95,424]. The calculated reaction rates for the four different catalysts are 
reported in Table 76 - Table 79 in the Appendix (respectively IRON-1 pellets, DC-1 dip-
coated monolith, and CB 51B and CB 20B SST monoliths). The model used is a simple one-
dimensional one, with the assumption that the initial concentration of the reactants is equal in 
the entire cross-section of the monolith’s channels. 
 
Once the rate constant (k) values were found from the slope of the conversion-residence time 
lines, the Arrhenius plot (ln k vs. 1/T) was obtained. The results for the different catalysts are 
reported in Fig. 276. 
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Fig. 276. Arrhenius plot of the ln k vs. 1/T: measured points for the four catalysts (left side). Arrhenius plot of 

the CB 20B with the activation energies (EA) calculated from the slop of the interpolation lines (right side): light 
grey region = strong internal and external diffusion limitations, darker grey region in the middle= transition 

regime, darkest grey region = pore diffusion limitations. 
 

From Fig. 276, the activation energies were calculated as: 
 

RtgEA ⋅α−=  
 

where R is the universal gas constant, α the angle of the interpolation line and tgα the slope of 
the line. The activation energy values (EA) for the different catalysts are reported in Table 56 
and Table 57 in the Appendix. Two steps were observed in the Arrhenius plot (Fig. 276). 
From the following calculations, the step characterised by the highest activation energy was 
related to a regime controlled by internal diffusion limitations, due to the high Weisz modules 
calculated for the different catalyst in this temperature range (see Table 76 - Table 79). The 
step characterised by the lowest activation energy was related to a regime controlled by 
internal and external diffusion limitations. Seemingly, even at the lowest temperature, the 
catalysts were affected by significant diffusion limitations. 
 
In the following paragraphs, the study of the internal and external diffusion phenomena in the 
four above-mentioned catalysts will be discussed. Different gas flow-rates have been utilised, 
in order to measure the catalyst performances at different residence times (τ). Some of the 
operating conditions utilised in this work are reported in Table 60. Initially, the discussion 
focuses on the fluid-dynamic aspects of the monolithic configuration used (CB SiSiC 
monoliths). Concepts such as entry length, regime of the gas flow, and diffusion and 
convection in the channels of the above-mentioned CB SiSiC monoliths (Taylor’s dispersion) 
will be considered. Afterwards, the influences/limitations of external and internal diffusion on 
the reaction rate and catalyst performances will be examined for each of the above mentioned 
catalysts. 
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Under ideal conditions, the flow in the monolith’s channels has to be hydrodynamically fully 
developed [518,519]. When the gas is forced into a channel, as a result of the frictional forces 
and the convection, the flow-profile undergoes significant changes (Fig. 277), depending on 
the gas properties, the flow characteristics and the channel geometry. The entry region is 
defined as the channel length needed by the gas flow to become hydrodynamically fully-
developed. For a laminar regime, the entrance region/length can be calculated with the 
following equation: 
 

Re05.0
d

x

h

h,fd ⋅=  

 
which is valid for tubular geometries with a converging geometry at the inlet [518,519]. The 
entry length xfd,h is given as a function of the Re numbers and the hydraulic diameter of the 
monolith’s channels (dh). 
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Fig. 277. Schematic representation of the entrance-length (in order to obtain a hydrodynamically fully-developed 

flow-regime) for a tubular channel, adapted from [518]. 
 
The determination of the fluid-dynamic regime in the monolith channels was accomplished 
with the calculation of the Re number for at different temperatures and gas flow-rates, using 
the following expression [520]: 
 

ν
⋅

=
LvRe  

 
with ν being the kinematic fluid viscosity, L the characteristic length (hydraulic diameter) and 
v the mean fluid velocity through the monolith. The mean flow velocity v in the monolith 
channels was calculated as the ratio between the effective gas flow-rate at a specific 
temperature and the open cross-section area of the monolith (80 % of the area of the cylinder 
occupied by the monolith). The hydraulic diameter (dh) of the monolith’s channels was 
calculated as the diameter of a circular cross-section with the same area of the triangular 
channels of the cardboard-derived SiSiC monoliths used in this work.  
 
Reynolds numbers below 2000-3000 indicate a laminar flow (for tubular geometries), 
whereas values greater than 2000-3000 are typical of turbulent flow. The hydraulic diameter 
for the single channels of the CB SiSiC monoliths was ca. 0.85 mm (Fig. 278). 
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Fig. 278. Cylindrical channel equivalent to the corrugated-type channel: definition of the hydraulic diameter (dh). 
 
The data concerning the Re numbers, the entry length, the mean gas velocity in the channels 
are given for different gas flow-rates and temperatures in Table 65 in the Appendix. 
 
For the calculation of the kinematic viscosity, the following composition of the gas mixture 
above was utilised (case with no water vapour in the gas feed): 1000 ppm N2O and C3H8 and 
4 % O2 in He. The physical data (density ρi and dynamic viscosity µi) for the single “i” 
components have been taken from [520]. The ρi and µi data have been plotted as a function of 
the temperature t (in °C), with t (°C) = T (K) - 273.15. In this way, it was possible to easily 
derive the physical data of the gas mixture for any temperature of interest. The kinematic 
viscosity νi was calculated as: 
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for each species i as a function of the temperature. The effective volume flow-rate )t(Vi

⋅

 for 
each component of the gas through the reactor at each reaction temperature was given as: 
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where i,STPV
⋅

 is the volume flow rate of the component i at standard temperature and pressure 

conditions STP (298.15 K and 1 bar). The i,STPV
⋅

 for the single components was calculated as: 
 

 itot,STPi,STP xVV ⋅=
⋅⋅

 
 

where tot,STPV
⋅

 is the total gas flow rate through the reactor at STP and xi is the molar fraction 
of each component in the mixture. The temperature functions for the physical data of each 
component i in the gas mixture, which have been used for the calculation of the mixture’s 
properties, are reported in Table 61 in the Appendix. 
 
For the mixture, the following equations have been used to derivate the physical properties, 
starting from those of each component i [520].  
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where Si is defined as: 
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j
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with j being the remaining component in the gas mixture, apart from the specie i. In the 
formula above, Ωij is given as a function of the molar masses and kinematic viscosities of the 
single components involved: 
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The results of the calculation of the kinematic viscosity of the gas mixture at different 
temperatures are given in Table 65 in the Appendix. 
 
The diffusivities of the different gas molecules in the gas mixture were calculated with the 
following equation [499]: 
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where Di,j is the diffusion coefficient of the specie i when mixed with the specie j and Di,mixture 
is the diffusion coefficient of the specie i in a mixture composed of different j species with 
molar fractions xj (with xN2O = xC3H8 = 0.001, xH2O = xO2 = 0.04, xHe = 0.04). The calculations 
have been done using N2O as example. The molecular diffusion (DM in cm2/s) for the specie i 
in j was calculated by means of the Füller equation [86]: 
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where i and j are the two components (diffusivity of i in the mixture of i and j), T is the 
temperature in K, M the molar masses (mol/g), p the pressure in bar and θ the diffusion 
volumes found in [520]. These data were taken from [520], and are reported in the Table 62. 
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From the data in Table 62, the diffusivity of nitrous oxide and propane in the gas mixture 
were obtained (see Table 63 and Table 64). Once the physical properties of the gas mixture 
and the fluid-dynamic properties of the gas flow through the monolith had been calculated, 
the evaluation of the external and internal diffusion limitations could start. 
 
The performances of the catalyst can be usually limited by the catalyst’s activity itself or by 
phenomena that are related to its structure, microstructure, configuration and operation 
conditions. In the first case, we speak about kinetic regime. In the latter, influences of the 
diffusion phenomena outside or inside the catalyst dominate the entire process. Two situations 
are possible: 
 

 External diffusion limitations: 
 to the boundary layer 
 through the boundary layer 

 Internal diffusion limitations: 
 Inter-crystalline diffusion 
 Intra-crystalline diffusion. 

 
The next pages are dedicated to the study of these phenomena in the catalyst systems utilised 
in this work: on one side the pellets-packing configuration (IRON-1), on the other side the 
monolithic catalyst (DC-1, CB 51B and CB 20B).  
 
One important criterion in order to exclude outer-diffusion limitations in monolithic catalysts 
is the Taylor’s radial dispersion (Fig. 279). The movement of the molecules along the 
monolith’s channels happens mainly by convection. The time necessary for the convection 
along the monolith’s channels is given by a simple length/velocity ratio: 
 

v
l

t MON
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with the gas velocity in the channel (v in m/s) given at different temperatures in the Table 65 
(Appendix) and the length of the monolith lMON = 4.5·10-2 m. This time corresponds exactly to 
the residence time τ in the catalyst/monolith. The movement of the molecules in the radial 
direction: 
 

M
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rad D
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with the hydraulic diameter dh = 0.85·10-3 m and the molecular diffusion coefficient DM (in 
m2/s) given for both N2O and C3H8 at different temperatures in the Table 66 and Table 67 in 
the Appendix. The ratio between tax and trad decides if the reactant molecules have enough 
time, at the given gas flow-rate inside the channels, to be transported by diffusion in the radial 
direction to the monolith’s walls and enter in contact with the surface of the catalyst (coating). 
The longest way, from the centre of the channels to the borders is used as the characteristic 
diffusion length. Generally, this condition is satisfied when: 
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t
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Values of the ratio trad/tax above 0.1 might indicate a very low contact time between the 
reactant and the catalyst. In this situation, some of the reactant molecules don’t even reach the 
catalyst’s surface before exiting the monolith. 
 

 
Fig. 279. Graphical representation of the effect of radial molecular diffusion and axial transport of the reactant 

molecules in the channels of the monolith (Taylor’s dispersion), adapted from [86]. 
 
From Table 66 and Table 67, it can be noted that the ratio between the times for the radial and 
axial transfer were in the range of 0.03 - 0.04 for a gas flow-rate of 5 Nl/min (which 
corresponded to 12000 h-1 GHSV for the monoliths) and 0.07 - 0.09 for a gas flow-rate of 10 
Nl/min (which corresponded 24000 h-1 GHSV for the monoliths). Therefore, at gas-flow rates 
above 5 Nl/min, part of the reactant still had enough time to diffuse in the radial direction 
towards the surface of catalytic coating and enter in contact with the catalyst. On the other 
side, values were very close to 0.1, which is the threshold for external diffusion limitations. 
Below the threshold of 5 Nl/min, the gas velocity in the channels was slow enough to allow 
the interaction of the reactants with the catalyst’s surface. At higher gas-flow velocities the 
relatively high trad/tax ratio might have affected the conversion of the reactants.  
 
The above criterion (Taylor’s radial dispersion) gave information about the fluid-dynamics in 
the monolithic catalyst. The Taylor’s radial dispersion doesn’t consider the catalyst activity 
and the reaction rate. If the rate of depletion of the nutrients is much faster than the rate with 
which the nutrients reach the catalyst surface, then the overall reaction rate is affected by 
external diffusion. In order to exclude the influence of external diffusion limitations on the 
performances of the monolithic catalyst, a further criterion has to be utilised [86]: 
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where tr is the time constant for the reaction rate and tDiff is the time constant for the diffusion 
from the centre of the monolith channels to the catalyst’s surface [86]. The number tDiff 
corresponds exactly to the tax used above. In that case, the term trad was used to stress on the 
fact that the criterion compared the time for the radial diffusion to that for the axial 
convection: the terms were chosen in order to give a clear idea of the geometrical coordinates 
of the system. In this case, the definition tDiff is more appropriate, because the radial diffusion 
is the only process responsible for the movement of the molecules to the catalyst surface. In 
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other words, the previous criterion was two-dimensional (radial and longitudinal coordinates 
for the movement of the molecules), whereas this criterion is only one-dimensional (radial 
diffusion only). For this reason, the tDiff used herein corresponds exactly to the trad used 
before. The time constant for the reaction rate was defined as follows, according to [86,521]: 
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whereas, as already mentioned above, the time constant for the diffusion (of the reactant i in 
the gas mixture) had been defined as: 
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With the initial bulk concentration (for both N2O and C3H8) c0 = 4.4643·10-5 mol/l, the 
catalyst mass mcat equal to 2.5 g and a reactor volume VReactor of 0.025 l, the diffusion and 
reaction time constants for the DC-1 monolith were calculated (Table 68 in the Appendix).For 
the dip-coated SiSiC monolith (DC-1), external diffusion limitations were not present in the 
entire range of operating conditions used, as can be seen from the Table 68 in the Appendix. 
With the initial bulk concentration (for both N2O and C3H8) c0 = 4.4643·10-5 mol/l, the 
catalyst mass mcat equal to 6.1 g and a reactor volume VReactor of 0.020 l (VMON·ε, 
corresponding to the volume of the SiSiC monolith multiplied by the porosity which is the gas 
volume in the monolith channels), the diffusion and reaction time constants for the CB 51B 
monolith were calculated in a similar way. The results are displayed in Table 69. For the SST 
zeolite-coated SiSiC monolith (CB 51B), external diffusion limitations could be excluded, as 
can be seen from the Table 68. With c0 = 4.4643·10-5 mol/l, the catalyst mass mcat equal to 3.9 
g and a reactor volume VReactor of 0.0168 l, the diffusion and reaction time constants for the 
CB 20B monolith were calculated. Table 70 in the Appendix reports the results obtained for 
the CB 20B zeolite-coated SiSiC monolith. In the case of the SST zeolite-coated SiSiC 
monolith (CB 20B), no dominant effects of the external diffusion were found. The presence of 
external diffusion limitations is usually correlated to the decrease of the slope in the Arrhenius 
plot at higher temperatures. The fact that the Taylor’s radial dispersion for the monolithic 
catalysts showed relatively high numbers, resulted in rather dominant external diffusion 
limitations. This was especially valid  at higher temperatures, where the gas velocity in the 
channels increased due to the expansion of the gas volume. The calculations of the ratio 
between reaction and diffusion time constant showed values far below 0.1 for all the catalysts 
at all operating conditions. On the other side, the fact that the ratio between reaction and 
diffusion time constant were so lo, meant that the diffusion of the reactants towards the 
surface of the zeolite coating from the centre of the channels is much faster than the 
consumption of the nutrients by the reaction. Nevertheless, one has to bear in mind that 
concentration profile of the reactant along the monolith’s channels is not constant, due to the 
axial component (convection) of the gas velocity (see Taylor’s dispersion). Therefore, the 
above calculations can be considered in agreement with the form of the ln k - 1/T curves for 
the different catalysts in the Arrhenius plot (see Fig. 276). 
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In order to exclude the influence of external diffusion (film-diffusion) [86] for the pellets, the 
von Mears criterion is generally applied [522]: 
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where n is the reaction order (in this case n=1), rp is the diameter of the pellets, ci is the 
reactant initial concentration, reff is the effective reaction rate and β is the mass transport 
coefficient. In order to calculate β, Häfele et al. [511] utilised the following equation, adapted 
from [499]: 
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where, in this case, Dij is the diffusivity of the specie i in the mixture j, dp the particle 
diameter and Sh is the Sherwood number [499]: 
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where Re is the Reynolds number (see definition above) and Sc represents the Schmidt 
number [499]: 
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with ν being the kinematic viscosity of the gas feed. Similar expressions have been used also 
by Kögel [95]. 
 
The Re numbers have been calculated considering a free cross-section of 2.75 cm2, which has 
been obtained by using a porosity ε = 40 % in the catalyst packing (for an ideal packing of 
spherical pellets). The Γ number calculated for N2O is below 0.15 at temperature between 523 
and 623 K (see Table 71 in the Appendix). In this case, strictly speaking the calculations 
above showed no influences of external diffusion limitations on the IRON-1 catalyst 
performances. On the other side, numbers are rather close Γ = 0.15. The Arrhenius plot for the 
IRON-1 catalyst packing showed a bending of the curve at higher temperatures, which is 
generally ascribed to the presence of film-diffusion. For the case of C3H8, the Γ numbers at 
temperatures above 573 K are higher than 0.15, clearly indicating the presence of significant 
external diffusion limitations (see Table 72 in the Appendix). 
 
Up to now, the discussion was focussed on the investigations of external diffusion  limitations 
in the different reactor configurations (packing of pellets and SiSiC monoliths) under the 
operating conditions used. For a complete evaluation of the catalyst performance, the 
influence of internal diffusion limitations on the catalyst performances has to be considered. 
In the case of the pellets and of the dip-coated monoliths, the internal diffusion limitations  
comprised the intra-particle or intra-crystalline diffusion (in the micropores of the zeolite) and 
the inter-particle or inter-crystalline diffusion (in the macro-/meso-pores between particles, in 
the pellets and in the wash-coat). For the case of the SST zeolite-coated monoliths, the 
presence of inter-particle diffusion can be excluded (or at least considered as negligible), due 
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to the dense morphology of coating. The SST zeolite coating was made of tightly inter-grown 
crystals and presents therefore no inter-crystalline gaps, pores or voids. In the next pages, the 
influence of the internal diffusion on the catalyst performances will be studied.  
 
The following phenomena related to the internal diffusion will be taken into account for the 
different catalyst: 
 

 Intra-crystalline diffusion: 
 
 IRON-1 (pellets) 
 DC-1 (zeolite dip-coated SiSiC monolith) 
 CB 51 B (SST zeolite-coated SiSiC monolith) 
 CB 30 B (SST zeolite-coated SiSiC monolith) 

 
 Inter-crystalline diffusion: 

 
 IRON-1 (pellets) 
 DC-1 (zeolite dip-coated SiSiC monolith) 

 
The presence of inter-crystalline diffusion limitations can be evaluated using the Weisz 
module. The Weisz module (Φ) for the case of inter-crystalline diffusion was defined as 
[522,523]: 
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where Фozc is the Weisz module for the inter-crystalline diffusion (Фozc stands for Outside-
Zeolite-Crystals), Deff is the diffusion coefficient of the reactant i in the meso-/macro-pores of 
the pellets and of the wash-coat, ci is the reactant initial concentration (in this case the bulk 
concentration), reff is the effective reaction rate and rp

2 is the radius of the pellets or the 
thickness of the wash-coat (corresponding to the effective diffusion length). The Weisz-Prater 
criterion sets the limit for internal diffusion limitations in the catalyst for values of the Weisz 
module (Φozc): 
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1
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with n=1 for first-order reactions. Following the Weisz-Prater criterion for n=1, values of the 
Weisz module above 1 indicate internal diffusion limitations, whereas values below one 
indicate a kinetic controlled regime for the considered operating conditions of the catalyst The 
effective diffusion coefficient was calculated as follows: 
 

τ
ε

= iji,eff DD  

 
with the molecular diffusion coefficient Dij (for N2O and C3H8 at different temperatures) 
given in Table 73 in the Appendix, the porosity for the coating ε = 0.3 [86] and the tortuosity 
factor τ = 4 [86]. Previous data were taken from the PhD thesis of Hiemer [86], as the same 
coating process was used with similar conditions (e.g. binder-type and amount).  
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In Table 73, the Bosanquet’s diffusion coefficients are also reported. The Bosanquet’s 
diffusion coefficients considers the transition regime between Knudsen and molecular. The 
Bosanquet’s diffusion coefficient was defined as [95]: 
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where Dkn is the Knudsen diffusion coefficient and Deff the above-defined effective molecular 
diffusion coefficient. The Knudsen diffusion coefficient Dkn is defined as [499]: 
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with rmp the average pore diameter, T the temperature in K and M the molecular mass of the 
diffusing molecule. Kögel [95] utilised this expression for the calculation of the diffusion 
coefficient inside zeolite pellets (prepared with a procedure similar to that used for the IRON-
1 pellets used in this work), considering a pore diameter of 60 nm (from mercury intrusion 
analyses). Nevertheless, for the following calculations of the Weisz modules, the effective 
diffusion coefficient Deff,i was employed (Table 73). 
 
Considering the value bulk as the initial concentration of the reactants (both N2O and C3H8) c0 
= 4.4643·10-5 mol/l, the following values of the Weisz modules were calculated for the 
different catalysts at various operating temperatures. The reaction rate was converted from the 
unit (mol·g-1·min-1) to (mol·l-1·s-1), by translating the catalyst mass into catalyst volume A 
density of the zeolite catalyst of ca. 2 g/cm3 was utilised. This was done in order to obtain a 
dimensionless form of the Weisz module. The effective reaction rates were those calculated 
above (Table 76 - Table 79 in the Appendix). The effective diffusion coefficient were taken 
from Table 73. In the case of the IRON-1 zeolite pellets, the value of the rp was the average 
particle radius (0.45 mm). Definitely, the pellets were characterised by strong inter-particle 
diffusion limitations (see Table 74 in the Appendix), as the values of the Weisz module were 
easily greater than 0.1, even at lower operating temperatures (starting from T = 548 K for N2O 
and T = 523 K for C3H8). For the wash-coated DC-1 monolithic catalyst, the rp value 
represented the thickness of the coating and was set to 100 µm (data obtained from SEM 
analyses). From Table 75 in the Appendix, it is clear that the pellets were characterised by 
inter-crystalline diffusion limitations, especially in the case of the propane molecules. This 
was mostly due to the large size of the pellets (0.8 - 1.0 mm). On the contrary, the thin wash-
coat was characterised by very low values of the Weisz module for inter-crystalline diffusion. 
 
A tentative calculation of the Weisz module for the intra-crystalline diffusion was also done 
for the different catalysts (Table 76 - Table 79 in the Appendix,). Unfortunately, after an 
extensive survey no values for the diffusion coefficient of N2O in MFI-type zeolites were 
found in literature. For the sake of the discussion of the results obtained, some simplifying 
assumptions were utilised. Based on the observation of [73], we might expect that the slowest 
diffusing molecules might also slow down the other reactants in the micropores of ZSM-5 
zeolite (case of single-file diffusion). With the assumption that propane is the slowest 
diffusion molecule, due to its larger kinetic diameter (0.43 nm for C3H8 [524] and 0.33 nm 
[525] for N2O), we can assume that also the nitrous oxide molecule will diffuse with the same 
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velocity in the micropores of the zeolite crystals. Of course, this assumption doesn’t take into 
consideration that N2O could even be the slowest diffusing molecule if some interactions with 
the zeolite walls (adsorption/desorption) phenomena are involved. Anyway, because of the 
above simplifying assumptions, the values of the Weisz modules reported in Table 76 - Table 
79 in the Appendix for the different catalysts have to be considered with extreme care. The 
diffusion coefficient of propane (see Table 76) in MFI-type zeolite was extrapolated for the 
temperatures of interests from [526] (using the activation energy calculated for the 
experimental data found in literature). Results were in good agreement with [527,528]. 
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Fig. 280. Extrapolation of the diffusion coefficient of propane in the MFI-type zeolite for a broader temperature 

range, from [526,528]. 
 
The Weisz module (Φizc) for the intra-crystalline diffusion was defined as [522,523]: 
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where Φizc is the Weisz module for the intra-crystalline diffusion (Фizc stands for Inside-
Zeolite-Crystals), Deff is the diffusion coefficient of the reactant i in the micropores of the 
zeolite catalyst (configurational diffusion regime), ci is the reactant initial concentration, reff is 
the effective reaction rate and rCR

2 is the radius of the crystal/agglomerate in the pellet 
(corresponding to the effective diffusion length). The Weisz-Prater criterion sets the limit for 
internal diffusion limitations in the catalyst for values of the Weisz module (Φizc): 
 

 
n
1
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with n=1 for first-order reactions. Following the Weisz-Prater criterion for n=1, values of the 
Weisz module above 1 indicate internal diffusion limitations, whereas values below one 
indicate a kinetic controlled regime for the considered operating conditions of the catalyst 
529. 
 
Considering the value bulk as the initial concentration of the reactants (both N2O and C3H8) c0 
= 4.4643·10-5 mol/l, the effective reaction rate reff, the crystal size rCR of the SM-27 zeolite (1 
µm from SEM analyses) and a similar effective diffusion coefficient Deff for both propane and 
nitrous oxide, the Weisz modules at different temperatures for the intra-crystalline diffusion 
in the catalyst could be calculated. For the case of the DC-1 monolithic catalyst, the rCR 
represented the size of the crystals (from SEM analyses), which is the same as for the IRON-1 
pellets above (1 µm). For the CB 51B zeolite-coated SiSiC monolith, the rCR is given by the 
thickness of the coating (60 µm), as the zeolite layer is fully-dense. For such coating 
morphologies, the characteristic diffusion length, as already mention, is given by the entire 
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coating’s thickness. For CB 20B zeolite-coated SiSiC monolith, the rCR is given by the 
thickness of the coating (30 µm), as already discussed in the case of the CB 51B monolithic 
catalyst. 
 
The Weisz modules for the different catalyst (Table 76 - Table 79) showed that at all 
instances the presence of intra-particle diffusion limitations dominated the kinetics of the 
reaction. Values of the Weisz module were much higher than the unity for all catalysts at all 
temperatures. This signifies that the catalysts were operating under strong diffusion 
limitations for the reaction conditions used in the experiments. It is not surprising that the 
Weisz modules for the CB 51B and CB 20B catalysts were much higher than those obtained 
for the pellets (IRON-1). The characteristic diffusion length in the two SST zeolite-coated 
monolithic catalysts were respectively 60 and 30 times bigger than for the IRON-1 catalyst.  
 
It is clear that, a more precise definition of the diffusion coefficient of nitrous oxide in the 
ZSM-5 zeolite is required for a more precise evaluation of the calculations of the Weisz 
module. On the other side, in [530] the values of the intra-crystalline diffusion coefficient for 
NO in ZSM-5 zeolite during the SCR with C3H8 in the presence of water vapour were 
calculated to be in the range 6-9·10-11 cm2/s. These values were not so far away from the one 
used for N2O in this work. Considering the kinetic diameters of the two molecules, we could 
expect similar diffusion coefficients for the two molecules under rather similar conditions. 
 
From the calculations above, information on the possible ways for optimising the catalyst 
design can be obtained. The optimised catalyst for the N2O SCR with C3H8 should consist of 
smaller crystals, in order to decrease the diffusion path of the reactants. For the SiSiC 
monoliths coated with zeolite via Support Self-Transformation (CB 51B and CB 20B), this 
could mean creating larger diffusion path in the thick and dense zeolite layer (e.g. by alkaline 
post-synthesis treatment as discussed before). Another possibility would be to obtain zeolite 
coating where crystals are randomly oriented, preserve their and are not intergrown (forming 
dense zeolite layers). This kind of microstructure of the zeolite coating allows for high 
specific surface area and accessibility, high intra-crystalline void volume and reduced 
diffusion paths for the reactants (see section 4.2.4.8). A morphology of this type was obtained 
in the smalls-scale synthesis experiments using Silicalite-1 seeds in the reaction mixture (see 
section 4.2.4.8), but could not be reproduced in the experiments with the full-size CB SiSiC 
monoliths. Further experiments in order to reproduce these results on full-size CB SiSiC 
monoliths should be carried out. For a better utilisation of the catalyst volume, the thickness 
of the coating should be considerably reduced. The high Weisz modules calculated for the CB 
51B and CBB 20B monolithic catalysts correspond to a very low utilisation of the catalyst 
volume. This means that only the external portion of the zeolite coating, very close to the 
external surface, was used for the reaction. Due to the fast reaction and slow diffusion in these 
zeolite coatings, the concentration profile of the reactants, according to the Weisz module, 
would rapidly drop within a very thin layer in the external part of the zeolite coating. In any 
case, the ZSM-5 crystals should still have very high exchange capabilities, to guarantee high 
Fe-loading in the framework: this can be achieved by synthesising zeolites with high 
framework acidities. 
 
In [530], a criterion to determine which is the most dominant effect between internal and 
external diffusion limitations is given. The micropore or intra-crystalline diffusion is the rate-
determining step, if the ratio between the intra-crystalline diffusion coefficient (Dmi) and the 
crystal radius (rCR) is much smaller than the quotient between the diffusion coefficient in the 
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macropore (Dma) and the radius of the catalyst pellet (rP). The above criterion can be written 
as follows: 
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Applying this criterion for the case in study, considering all catalysts operating at the entire 
range of temperatures, it was found that the intra-crystalline diffusion is by far the most 
dominant of the two phenomena. Therefore, the catalyst optimisation has to focus on the 
improvement of the internal diffusion of the reactant. In any case, from the Taylor’s radial 
dispersion, it is possible to gain information in order to additionally improve the external 
transport phenomena in the monolithic catalyst. Definitely, a catalyst support which would 
allow for radial mixing (such as a ceramic foam) would represent a more favourable design. 
For the monoliths used in this work, with straight channel and no radial mixing, the only way 
for the reactant to reach the catalyst layer is through radial diffusion. In the case of very high 
flow-rates, the diffusion to the catalyst’s surface is too slow (see Taylor’s dispersion). In this 
case, part of the reactants would leave the catalyst un-converted, without even entering in 
contact with the zeolite coating. The improvement of the monolith’s design would require the 
use of channels with smaller diameter and/or with a longer aspect-ratio, in order to increase 
the contact time within the catalyst. 
 
 

4.3.3.7 Conclusions 
 
In conclusion, different catalytic tests (n-hexane cracking and N2O SCR with C3H8) showed 
the applicability of the SiSiC/ZSM-5 composites obtained by the Support Self-Transformation 
method for catalytic processes. The Rattan-derived SiSiC/ZSM-5 monolithic composite 
showed similar activity and behaviour in the n-hexane cracking as the commercial ALSI 
PENTA SM-55 zeolite. This proved the possibility of achieving high acidity levels and 
activity in the zeolite coating inside the micro-channel of the bio-derived RT SiSiC ceramic. 
The development of Rattan-derived SiSiC/ZSM-5 monolithic composite via combined LSI 
and SST methods could represent a promising route towards the realisation of microreactors. 
 
The SST cardboard-derived SiSiC/ZSM-5 monoliths could be efficiently exchanged with Fe 
by wet-ion-exchange. The influence of the different parameters on the WIE process was 
studied by using SM-27 and SM-55 zeolite powders as reference standards. The efficiency of 
the Fe-exchange was tested by evaluating the catalyst activity in the N2O decomposition in a 
fixed-bed reactor. The WIE process at 353K under N2 atmosphere, utilising Fe-sulphate as 
precursor salt, was found to be the most efficient. High activity of the catalyst and no 
reduction of the micropore volume due to deposition of Fe-oxide clusters on the surface of the 
zeolite crystals were observed. The activation in He was found to be, by far, the most efficient 
method. Such a process is anyway not feasible for technical applications. In addition, the 
long-term performances of the catalyst ion-exchanged in He were not tested. The above 
mentioned optimised conditions for the WIE were utilised further for the preparation of the 
Fe-form of the SST zeolite coatings on the CB monoliths. The Fe exchange level in the 
zeolite-coated CB monoliths was very far from the theoretical value (Fe/Al = 0.15 - 0.20). 
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This might indicate an incomplete exchange due to diffusion limitations of the Fe species 
inside the zeolite crystals during the wet-ion-exchange process, most likely because of the 
large crystals size and/or because of the presence of thick compact zeolite layer with low 
accessibility.  
 
CB monoliths coated with zeolite via the SST method showed activity towards the N2O SCR 
with C3H8.  The influence of the operating conditions on the catalyst performances was 
studied in detail. The optimisation of the synthesis parameters during the SST zeolite coating 
step led to drastic improvement of the catalytic activity, by increasing the catalyst loading, the 
framework Al content in the zeolite coating and, as a consequence, the ion-exchange 
capability of the zeolite. This clearly resulted in a higher overall Fe content (which is the 
active phase) per monolith volume after the wet-ion-exchange process. The CB monoliths 
obtained via SST showed activities towards the N2O SCR which were very close to the values 
obtained with the dip-coated CB SiSiC monolith. The dip-coated CB SiSiC monolith was 
used as reference catalyst. In addition, the performances of the two above-mentioned 
monolithic catalysts were compared to those of Fe-ZSM-5 pellets and to some  state-of-the-art 
results found in literature. On the other side, approximate calculations and comparison of the 
EA and Weisz modules, showed that the SST monoliths operated under relatively strong 
internal diffusion limitations. This likely happened because of the thick and dense zeolite 
coating obtained with the SST method and because of the low contact times used during the 
catalytic test. Typical conditions for the treatment of flue gases in technical FBC processes 
were used, which generally operate at very high GHSV and low modified residence time 
values. It is possible that, due to the low penetration depth of the Fe-species in the thick SST 
coatings during the WIE, a gradient of Fe concentration in the layer was formed. In this case, 
a very high Fe content could be present in the external part of the zeolite coating. The outer 
part of the catalyst was exactly the part of the catalyst used under conditions of strong 
diffusion limitations in the catalytic reaction. Unfortunately, no experimental observations 
could support this theory. Despite the activity of the SST monoliths was lower than that of 
dip-coated ones (compared CB 51B and DC-1), the SST coatings showed much higher 
mechanical and thermal shock stability. A higher adhesion of the coating might ensure a 
longer catalyst life-time. 
 
From the results obtained, it can be deducted that, SST zeolite coatings could be utilised for 
environmental catalytic processes, such as the N2O SCR with C3H8. The above calculations 
showed that the CB SiSiC/ZSM-5 monoliths obtained via SST operated under severe internal 
diffusion limitations. For a better utilisation of the catalyst volume, the thickness of the 
coating should be significantly reduced. In alternative, preserving the identity of the crystals 
(in order to expose more surface and allow for better accessibility) and creating inter-particle 
diffusion paths (meso-/macro-pores in the coating, e.g. via alkaline leaching treatment) could 
represent valuable solutions for the improvement of the SST SiSiC/zeolite monoliths 
developed in this work.  
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5 Conclusions 
 
This work involved the development of MFI zeolite coatings supported on bio-derived SiSiC 
monoliths, which offer technical advantages for applications in the field environmental 
catalysis over more commonly used monolithic catalysts The application of the above 
SiSiC/zeolite composite monoliths in catalytic processes, and in particular in the field of 
environmental catalysis, has been explored by using the N2O SCR with C3H8 as the model test 
reaction. 
 
According to the main motivation and aims described in the chapter 1 and more in detail in 
the section 2.6, the present work covered: 
 

 the preparation of MFI-type zeolite coatings on bio-derived (Rattan-stems and 
cellulose-cardboard) SiSiC ceramics, using the substrate as the only Si-source in  
the hydrothermal crystallisation process 

 the study of the zeolite growth mechanism and the influence of the synthesis 
parameters on the zeolite crystallisation process (Support Self-Transformation) 
and on the properties of the SiSiC/zeolite composites 

 the investigation of the applicability of the above SiSiC/zeolite ceramic 
composites in catalytic processes. 

 
More in detail, the catalysis-oriented part of this work dealt with: 
 

 the investigation of the performances of Rattan-derived SiSiC/ZSM-5 monoliths 
for the n-hexane cracking, in comparison to commercial ALSI PENTA SM-55 
zeolite pellets in the fixed-bed reactor configuration 

 the investigation of the propane-assisted nitrous oxide Selective-Catalytic-
Reduction in a conventional fixed bed and in monolithic reactor configuration, 
over different types of Fe-exchanged MFI-type zeolite coating (wash-coats and 
zeolite layers obtained in-situ via the Support Self-Transformation process) and 
monolithic supports (cardboard-derived SiSiC and cordierite honeycomb) 

 the systematic comparison of the performances of the above catalysts in the 
nitrous oxide Selective-Catalytic-Reduction with propane, based on the 
discussion of the reaction kinetics and the analysis of the internal/external 
diffusion limitations. 

 
As pre-requirements for the above work, the following activities were also carried out at some 
stage in this PhD work: 
 

 the preparation of reproducible cellular (Rattan-derived cardboard-derived) 
SiSiC ceramic monoliths, as support for the zeolite coating 

 the optimisation of the wet-ion-exchange process, in order to obtain the Fe-form 
of the MFI-type zeolite, with respect to the catalyst activity in the N2O 
decomposition (used as a test reaction) 

 the construction of a reactor setup for the nitrous oxide decomposition and the 
Selective-Catalytic-Reduction (SCR) with propane, in order to test the catalytic 
performances of the SiSiC/ZSM-5 composites  
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5.1 SiSiC ceramic monoliths preparation 
 
Rattan-derived and cardboard-derived SiSiC monoliths were successfully prepared via the 
Liquid Silicon Infiltration process. The LSI consists of two steps: pyrolysis of the bio-derived 
template and melt Si infiltration of the C-template. The SiSiC replicas resembled the 
morphology of the bio-derived templates. A comprehensive characterisation of the 
composition and structure/geometry of the samples has been given. A systematic study of the 
infiltration process, as already mentioned, was not the scope of this thesis. The full conversion 
of the carbon perform to SiC was achieved with the above-mentioned infiltration conditions. 
The Si contents of the Rattan-derived and cardboard-derived SiSiC ceramic monoliths were 
ca. 40 wt % and 50 wt % respectively. Both the ceramic supports were used as monolithic 
substrates for the development of structured zeolite-coated catalysts with bimodal porosity 
and biomorphic architecture. The Rattan-derived SiSiC monoliths showed strong deviations 
in the average Si content and overall composition, which affected the microstructure and the 
porosity of the samples. This might likely be the result of heterogeneities in the 
microstructure of different specimens of Rattan stem. The cardboard-derived SiSiC monoliths 
exhibited a very open-porous structure (ca. 80 % open frontal area) and very reproducible 
chemical composition. 
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5.2 SST-type zeolite coatings on SiSiC ceramic monoliths 
 
A novel coating technique (Support Self-Transformation) was successfully developed, which 
allowed for the in-situ crystallisation of MFI-type zeolite on the surface of Si-containing 
supports. The process consisted of a hydrothermal synthesis with no other Si-source present in 
the synthesis mixture except for the SiSiC support itself. The precursor solution provided only 
the Al-source, the template and the mineralising agent for the zeolite crystallisation. The Si 
for the zeolite framework was obtained by the partial dissolution of the SiSiC substrate in the 
alkaline synthesis mixture. The SST technique yielded very strong bond/interface between the 
zeolite crystals and the substrate. Negligible amounts of excess powder were formed during 
synthesis, as the result of the dissolution-crystallisation mechanism and of the presence of a 
localised Si-source. High efficiencies in the utilisation of the Si dissolved in the early stages 
from the SiSiC into the alkaline reaction mixture were observed. Very high zeolite loading 
per catalyst volume could be achieved, up to 280 Kg·m-3 on the cardboard-derived and 350 
Kg·m-3 on the Rattan-derived SiSiC substrates.  
 
Systematic studies were conducted in order to understand the influence of different synthesis 
conditions on the Si dissolution and zeolite crystallisation during the SST coating process. 
The role of synthesis time and temperature, and the concentration of the nutrients for the 
zeolite crystallisation in the precursor solution (e.g. Al, NaOH, template) were analysed. The 
Al concentration in the synthesis mixture affected the solubility of the SiSiC substrate, 
reducing the amount of zeolite crystallised on the ceramic support. Increasing Al 
concentration in the mother liquor drastically reduced the crystallisation rate and significantly 
increased the incubation time. On the other side, higher Al amount in the reaction mixture led 
to higher acidities and exchange capabilities of the zeolite coatings. The increase in the NaOH 
content of the reaction mixture allowed for higher zeolite loading on the monolith and more 
efficient incorporation of Al in the zeolite framework. The concentration of template in the 
reaction mixture influenced the reaction kinetics and the crystal size of the zeolite. The 
synthesis temperature strongly affected the Si dissolution and the kinetics of zeolite 
crystallisation. The SST crystallisation process allowed for scarce control of the size of the 
zeolite crystals. Crystals were mostly large in size and intergrown, likely the result of the 
relatively slow Si dissolution process. Drastic changes in the composition of the reaction 
mixture didn’t produce a significant reduction of the size of the zeolite crystals. Only when 
Silicalite-1 seeds (synthesised ex-situ) were used in the reaction mixture, a sensible reduction 
of the size of the crystals was achieved. In that case, high framework Al were obtained. 
Crystals had a platelet-type morphology and preserved their identities (low degree of crystal 
intergrowth), resulting in a zeolite coating with high surface area and improved accessibility.  
 
Based on the data collected, a theory on the mechanism of the SST dissolution-crystallisation 
mechanism over Si-containing substrates was formulated. Due to the interdependent nature of 
the Si dissolution and zeolite crystallisation processes, it was very difficult to ensure that one 
single parameter was changed during synthesis. As mentioned above, the change in the 
concentration of one nutrient per time or of the synthesis temperature produced drastic 
changes in the Si dissolution process. This resulted in extremely different composition of the 
precursor solution during crystallisation. The decoupling of the processes of Si dissolution 
and zeolite crystallisation for the SST process was not possible. Changes in the composition 
or geometry (specific surface area, volume of the reaction environment) led to significant 
changes in the crystallisation process and in the properties of the zeolite coating. This could 
obviously affect the reproducibility of the conditions during synthesis and of results of the 
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zeolite coating synthesis. Consequently, the above observations could pose severe limitations 
to the applicability of the Support Self-Transformation crystallisation method on a 
technical/industrial scale. 
 
The overall process (LSI for the preparation of the carbon performs and SST for the 
functionalisation of the substrates with zeolite) can be seen as a 3-step templating process: 
 

 from the bio-derived template to the C-preform via pyrolysis 
 from the C performs to the pseudo-morphous SiSiC, using the solid carbon as 

template  
 from the SiSiC to the pseudo-morphous SiSiC/zeolite composite, using the SiSiC 

as a template and also source of Si for the zeolite crystallisation. 
 
Zeolite coatings on full-size monoliths, both cardboard- and Rattan-derived, were successfully 
accomplished. Biomorphic monolithic SiSiC/ZSM-5 composites were tested as catalysts for 
technical process, after suitable post-synthesis modification to achieve respectively the H- or 
Fe-form of the zeolite coating. 
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5.3 Catalytic testing of the SiSiC/ZSM-5 monoliths  
 
The n-hexane cracking and N2O SCR with C3H8 catalytic tests showed the applicability of the 
SiSiC/ZSM-5 composites obtained by the SST method for catalytic processes. The Rattan-
derived SiSiC/ZSM-5 monolithic composite showed similar activity and behaviour in the n-
hexane cracking as the commercial ALSI PENTA SM-55 zeolite. The development of RT 
SiSiC/ZSM-5 monolithic composite via combined LSI and SST methods could represent a 
promising route towards the realisation of novel microreactors. 
 
The active form of ZSM-5 for the nitrous oxide Selective-Catalytic-Reduction with 
hydrocarbons is the Fe-ZSM-5. The optimal conditions for the wet-ion-exchange  process, in 
order to obtain the Fe-form of the zeolite coating were found using SM-27 and SM-55 zeolite 
powders as reference standards. The quality of the Fe-exchange was evaluated by measuring 
the catalyst activity in the N2O decomposition in a fixed-bed reactor. The wet-ion-exchange 
process at 353K under N2 atmosphere, utilising Fe-sulphate as precursor salt, led to the 
highest catalyst activity and no reduction of the micropore volume. This was likely the effect 
of the negligible deposition of Fe oxide clusters on the surface of the zeolite crystals and the 
accomplishment of very high exchange degrees (Fe/Al = 0.3).  
 
The optimised conditions for the wet-ion-exchange were utilised further for the preparation of 
the Fe-form of the SST zeolite coatings on the CB monoliths. The Fe exchange level in the 
zeolite-coated CB monoliths was very far from the theoretical value (Fe/Al = 0.15-0.20). This 
might indicate an incomplete exchange due to diffusion limitations of the Fe species inside 
the zeolite crystals during wet-ion-exchange, most likely because of the big crystals size 
and/or because of the presence of thick compact zeolite layer with low accessibility.  
 
After wet-ion-exchange to the Fe-form, the CB monoliths coated with zeolite via the SST 
method showed relatively high activity towards the N2O SCR with C3H8.  The influence of the 
operating conditions on the catalyst performances was studied in detail. Typical conditions for 
the treatment of flue gases in technical Fluidised-Bed-Combustion processes were used. Such 
processes generally operate at very high GHSVs and low modified residence times. The 
optimisation of the synthesis parameters during the SST zeolite coating step led to significant 
improvement of the catalytic activity, mostly by increasing the acidity of the zeolite 
framework and therefore the ion-exchange capabilities.  
 
Calculations of the Weisz modules for the different catalysts showed that the SST monoliths 
operated under relatively strong internal diffusion limitations, as the result of the geometry 
and microstructure of zeolite coating. High flow rates and low contact times during the 
catalytic reaction required shorter diffusional paths for the reactant molecules. For a better 
utilisation of the catalyst volume, the thickness of the coating should be reduced significantly. 
Preserving the identity of the crystals (in order to expose more surface and allow for better 
accessibility) and creating inter-particle diffusion paths (meso-/macro-pores in the coating, 
e.g. via alkaline leaching treatment) could also represent valuable solutions for the 
improvement of the catalytic performances of the SST SiSiC/zeolite monoliths developed in 
this work.  
 
The performances of the above CB SiSiC/ZSM-5 monolithic catalysts were compared to 
those of the Fe-ZSM-5 pellets (obtained by WIE of the commercial ALSI PENTA SM-27 
zeolite) and a dip-coated cardboard-derived SiSiC monolith (wash-coat with the same catalyst 
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used for the pellets). The CB monoliths obtained via SST showed activities towards the N2O 
SCR with C3H8 which were very close to the values obtained with the dip-coated monolith. 
The performances of the CB SiSiC/ZSM-5 catalyst were also promising in comparison to 
those reported by the ECN research centre, which utilised a dip-coated cordierite honeycomb 
catalyst. In general, it was shown that the CB SiSiC/ZSM-5 monolithic catalysts obtained via 
the SST could be successfully utilised for environmental catalytic processes, such as the N2O 
SCR with C3H8.  
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5.4 Outlook 
 
The potential of the Support Self-Transformation crystallisation technique, especially in 
combination with SiSiC supports prepared via Liquid Silicon Infiltration, was proved. Further 
studies should be conducted on the optimisation of the synthesis mixture, in order to finely 
tune the properties of the zeolite coating. Further attempts to control/reduce the crystal size 
and to preserve the individuality of the zeolite crystals in the coating should be made, in order 
to reduce the diffusion limitations within the catalyst layer. The potential of the post-synthesis 
alkaline leaching for introducing mesopores in the zeolite coating should be studied more in 
detail, in order to improve the diffusion of reactants and products in the dense SST zeolite 
coating.  
 
More information should be collected regarding the Fe-exchange process, in order to optimise 
the incorporation of Fe-species in the zeolite network. The existence of concentration 
gradients of Fe-species in the SST zeolite coating has to be proven and eventually 
investigated. Optimisation of the catalyst performance in the nitrous oxide Selective-
Catalytic-Reduction could also be obtained with a better design of the structure of the SiSiC 
support. Smaller channels would allow for higher geometrical surface area per monolith 
volume, which would allow for even higher catalyst loading per reactor volume or thinner 
zeolite layer with the same mass of zeolite per reactor volume. The SST crystallisation was 
successfully carried out in the 100 - 300 µm channels of the RT SiSiC monoliths without 
pore-plugging. Channels of 300-500 µm in size could be obtained in the cardboard-derived 
monolith, using a one-side corrugated cardboard sheet with thinner cells. Smaller channels in 
the SiSiC support would also improve the contact time within the catalyst, by decreasing the 
time for the radial dispersion. In alternative, SiSiC ceramic foams with the same compositions 
of the cardboard-derived monoliths could be used as supports for the in-situ growth of zeolite 
by means of the Support Self-Transformation technique. The tortuous porosity of the catalyst 
support would allow for better radial mixing and higher contact times in the catalyst. 
 
Finally, further studies should be conducted in order to understand the influence of the Si 
dissolution process on the mechanical resistance of the SiSiC monoliths. In addition, the 
evaluation of the heat-transfer between the zeolite crystals and the SiSiC substrate in the 
monoliths obtained via the SST process would be of utmost interest. Comparison should be 
done with monoliths coated via a dip-coating process or via conventional hydrothermal 
synthesis. The better adhesion of the zeolite coating obtained via the SST process was 
showed. The specific interpenetrating SiC/zeolite network created during the SST process 
might lead to an improvement in the heat transfer, due to the better contact between the 
zeolite crystals of the coating and the conducting SiC phase. This aspect would be of great 
importance for exo-/endo-thermic catalytic reactions (including the N2O SCR with C3H8), in 
order to control the product selectivity, the deactivation behaviour and the life-time of the 
catalyst. If this point could be experimentally confirmed, the Support Self-Transformation 
technique in combination with SiSiC substrates would represent an effective route towards the 
realisation of monolithic catalysts with improved performances. 
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Zusammenfassung 
 
Diese Arbeit beschreibt die Entwicklung von MFI-Zeolith Beschichtungen auf biologisch 
abgeleiteten SiSiC Monolithen, welche vor allem für die Anwendung in der Umweltkatalyse 
Vorteile gegenüber herkömmlichen Monolithreaktoren aufweisen. Die Anwendbarkeit der 
oben genannten SiSiC/Zeolith Monolithe in katalytischen Prozessen, und insbesondere im 
Feld der Umweltkatalyse, ist durch die selektive katalytische Reduktion von N2O mit C3H8 als 
die Modelreaktion untersucht worden. 
 
Entsprechend den in Kapitel 1 und 2.6 genannten Motivationen und Zielen wurden folgende 
Punkte in dieser Arbeit behandelt: 
 

 die Präparation von MFI-Zeolith Beschichtungen auf Rattan- und Wellpappe-
abgeleiteten SiSiC Keramiken, wobei das Substrat die einzige Si-Quelle für die 
Zeolithbildung darstellt. 

 die Untersuchung des Zeolith Wachstumsmechanismus und des Einfluß der 
Syntheseparameter auf zum einen den Kristallisationsprozess („Support Self-
Transformation“) und zum anderen auf die Eigenschaften der SiSiC/Zeolith 
Monolithe 

 die Untersuchung der Anwendbarkeit der oben genannten SiSiC/Zeolith 
Keramiken in katalytischen Prozessen. 

 
Der katalyse-orientierte Teil dieser Arbeit beinhaltete im Detail folgende Punkte:  
 

 die Untersuchung der katalytische Effizienz von Rattan-abgeleiteten 
SiSiC/ZSM-5 Monolithen für das n-Hexan Cracken im Vergleich mit 
kommerziellen ALSI PENTA SM-55 Zeolith Granulaten. 

 die Untersuchung der Selektiven katalytischen Reduktion von Lachgas mit 
Propan im konventionellen Festebettreaktor und in monolithischen 
Reaktorskonfigurationen. Hierfür wurden zum einen verschiedene Fe-
ausgetauschte Zeolithbeschichtungen (Wash-coat oder durch den SST Prozess 
in-situ kristallisiert) und zum anderen verschiedene monolithische Substraten 
(Wellpappe-abgeleitete SiSiC und Cordierit Honeycomb) getestet.  

 der systematische Vergleich der katalytischen Effizienz der oben-genannten 
Katalysatoren in Selektiven katalytischen Reduktion von Lachgas mit Propan 
durch Analyse und Diskussion der Mikro- und Makrokinetik. 

 
Als Vorraussetzungen für die genannten Arbeiten wurden zudem die folgenden Tätigkeiten in 
dieser Doktorarbeit ausgeführt:  
 

 eine reproduzierbare Herstellung der porösen  keramischen SiSiC Monolithe 
(Rattan- und Wellpappe-abgeleitete) als Substrate für die 
Entwicklung/Herstellung von Zeolith Beschichtungen. 

 die Optimierung des Nass-Ionenaustausches zur Herstellung der Fe-Form der 
MFI-Zeolithe, in Bezug auf die Katalysatoraktivität in der N2O Zersetzung.  

 den Aufbau einer Laboranlage für die Lachgaszerlegung und die selektive 
katalytische Reduktion mit Propan, um die katalytische Effizienz der 
SiSiC/ZSM-5 Monolithe zu testen. 
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5.1 Herstellung von keramischen SiSiC Monolithen  
 
Rattan- und Wellpappe-abgeleitete SiSiC Monolithe wurden erfolgreich über den flüssigen 
Siliziuminfiltrationsprozess hergestellt. Der LSI besteht aus zwei Schritten: Pyrolyse des 
biologisch abgeleiteten Templat und flüssige Si-Infiltration des Kohlenstoff Templats. Das 
SiSiC Replikat weist eine ähnliche Morphologie wie die biologisch abgeleiteten Template 
auf. Eine umfassende Charakterisierung der Zusammensetzung und Struktur/Geometrie der 
oben-genanten Proben ist gegeben worden. Eine systematische Studie über den 
Infiltrationsprozess war nicht der Umfang dieser Doktorarbeit. Die komplette Umwandlung 
des Kohlenstoff Templats zu SiC wurde mit den oben erwähnten Infiltrationsbedingungen 
erreicht. Der Si-Inhalt der Rattan- und Wellpappe-abgeleiteten keramischen SiSiC Monolithe 
war ca. 40 wt % und 50 wt %. Die beiden keramischen Substrate wurden als monolithische 
Träger für die Entwicklung von strukturierten Zeolithbeschichteten Katalysatoren mit 
bimodaler Porosität und biomorpher Architektur verwendet. Die Rattan-abgeleiteten SiSiC 
Monolithe zeigten starke Abweichungen im durchschnittlichen Si-Gehalt und in der 
Gesamtzusammensetzung, welche die Mikrostruktur und die Porosität der Proben beeinflußte. 
Dieses Ergebnis ist zurückzuführen auf Heterogenitäten in der Mikrostruktur der 
ursprünglichen Rattan Pflanzen. Die Wellpappe-abgeleiteten SiSiC Monolithen zeigten eine 
sehr offenporige Struktur (ca. 80% Porosität) und eine sehr gut reproduzierbare chemische 
Zusammensetzungen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Zusammenfassung       5.2 SST-Typ Zeolith Beschichtung auf SiSiC keramischen Monolithen 
 

  301 

5.2 SST-Typ Zeolith Beschichtungen auf SiSiC keramischen Monolithen  
 
Es wurde eine neuartige Beschichtungstechnik (Support Self-Transformation) entwickelt, 
welche die in-situ Kristallisation von MFI-Zeolithen auf der Oberfläche Si-haltiger Substrate 
ermöglicht. Der Prozeß besteht aus einer Hydrothermal Synthese, wobei in der 
Synthesemischung keine weitere Si-Quellen zugegeben wird und das SiSiC Substrat daher die 
einzige Si-Quelle darstellt. Die Synthese Lösung liefert somit nur die Al-Quelle, das Templat 
und das Mineralisierungsagens für die Zeolithkristallisation. Das Silizium, welches für die 
Bildung des Zeolithgerüsts nötig ist, wird durch die partielle Auflösung des SiSiC Substrats 
durch die alkalische Syntheselösung erhalten. Die SST Technik ermöglicht eine mechanisch 
sehr stabile Verbindungen zwischen den Zeolith Kristallen und dem Substrat. Auf Grund des 
Auflösungs-Kristallisationsmechanismus wurden vernachlässigbare Mengen an 
Überschußpulver während Synthese erhalten. Dies ist auf die lokalisierte Si-Quelle 
zurückzuführen. Zudem wurde eine effiziente Nutzung des zu Beginn des 
Kristallisationsprozesses vom Substrat gelösten Si beobachtet. Es konnten sehr hohe Zeolith 
Beladungen pro Katalysatorvolumen erreicht werden (bis zu 280 Kg·m-3 auf den Wellpappe-
abgeleiteten und 350 Kg·m-3 auf den Rattan-abgeleiteten SiSiC Substraten). 
 
Systematische Studien wurden durchgeführt, um den Einfluß verschiedener 
Synthesebedingungen auf die Si Auflösung und die Zeolith Kristallisation zu untersuchen. 
Die Rolle der Synthesezeit, der Temperatur und der Konzentration der Ausgangsstoffe für die 
Zeolithkristallisation in der Syntheselösung (z.B. Al, NaOH, Templat) wurden analysiert. Die 
Al Konzentration in der Synthesemischung beeinflußte zum einen die Löslichkeit des SiSiC 
Substrats und reduziert zum anderen die erreichbare Zeolithbeladung. Eine steigende Al 
Konzentration in der Syntheselösung reduzierte die Kristallisationsrate drastisch und 
verlängerte zudem signifikant die Inkubationszeit. Jedoch führen höhere Al-Anteile zu einer 
höheren Azidität und Austauschfähigkeiten der Zeolithschicht. Die Zunahme des NaOH 
Anteils der Reaktionsmischung ermöglicht eine Steigerung der Zeolithbeladung und zudem 
eine effizientere Inkorporation von Al ins Zeolithgerüst. Die Konzentration des Templat in 
der Reaktionsmischung beeinflußt die Reaktionskinetik und die Kristallsgröße der Zeolithe. 
Die Synthesetemperatur beeinflußt stark die Si- Auflösung sowie die Kinetik der 
Zeolithkristallisation. Es stellte sich heraus, daß eine Steuerung der Kristallgröße mit dem 
SST Kristallisationsprozess nur begrenzt möglich ist. Die Kristalle waren meist groß und 
stark verwachsen. Dies ist wahrscheinlich auf den relativ langsamen Si Auflösungsprozesses 
zurückzuführen. Auch drastische Änderungen in der Zusammensetzung der 
Reaktionsmischung führten zu keiner bedeutsamen Reduzierung der Kristallgröße. Nur bei 
der Zugabe von Silicalite-1 Keimen (die ex-situ synthetisiert wurden) zur Reaktionsmischung 
konnte die Kristallgröße signifikant reduziert werden. Zudem konnte ein hoher Al-Anteil im 
Zeolithnetzwerk erhalten werden. Die Kristalle hatten eine plättchenförmige Morphologie und 
waren nur vergleichsweise schwach verwachsen. Dies führte zu einer Zeolithbeschichtung mit 
hoher Oberfläche und verbesserter Zugänglichkeit. 
 
Auf der Grundlage der in dieser Arbeit gesammelten Erkenntnisse konnte eine Theorie über 
den Auflösungs-Kristallisationsmechanismus des SST Prozesses für Si-haltige Substrate 
formuliert werden. Aufgrund der gegenseitigen Abhängigkeit von Si-Auflösung und 
Zeolithkristallisation war es nur sehr schwierig sicherzustellen, dass nur ein einzelner 
Parameter während Synthese geändert wurde. Wie bereits erwähnt wurde, resultierte aus der 
Änderung in der Konzentration eines Reaktanden pro Zeit oder der Synthesetemperatur 
drastische Änderungen im Si Auflösungsprozess. Dies führte zu sehr unterschiedlichen 
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Zusammensetzungen der Prekursorlösungen während der Zeolithkristallisation. Eine 
Entkopplung der Si-Auflösung und der Zeolithkristallisation für den SST Prozess war nicht 
möglich. Änderungen in der Komposition oder Geometrie des Substrats führten zu 
signifikanten Änderungen im Kristallisationsprozess als auch in den Eigenschaften des 
Zeolithschicht. Somit ist ein direkter Vergleich der Zeolithbeschichtungen nur bedingt 
möglich. Dies schränkt auch die technische Anwendbarkeit der SST Kristallisationsmethode 
ein.  
 
Der gestammte Herstellungsprozess (LSI für die Präparation der SiSiC Substraten  und SST 
für die Funktionalisierung der Substraten mit Zeolith) kann als ein 3-Stufen Templat-
unterstützter Prozeß beschrieben werden: 
 

 von der biologisch abgeleiteten Struktur zum Kohlenstoff Templat durch Pyrolyse 
 vom Kohlenstoff Templat zum pseudomorphen SiSiC-Struktur  
 vom SiSiC zum pseudomorphen SiSiC/Zeolith Komposit, wobei das SiSiC Substrat 

sowohl als Templat als auch als Si-Quelle für die Zeolithkristallisation genutzt wird.  
 

Die SST Kristallisationsmethode wurde ebenfalls erfolgreich auf größere Monolithe (sowohl 
Wellpappe- als auch Rattan-abgeleitet) angewendet. Die erhaltenen biomorphen SiSiC/ZSM-
5 Monolithe wurden nach geeigneter Nachbehandlungen (z. B. Ionenaustausch) als 
Katalysatoren getestet. 
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5.3 Katalytische Untersuchungen mit den SiSiC/ZSM-5 Monolithen  
 
Sowohl das n-Hexan Cracken als auch die N2O SKR mit C3H8 zeigten die Anwendbarkeit der 
durch die SST Methode hergestellten SiSiC/ZSM-5 Materialien für katalytische 
Anwendungen. Der Rattan-abgeleitete SiSiC/ZSM-5 Monolith zeigte eine ähnliche Aktivität 
im n-Hexan Cracken wie der ALSI PENTA SM-55 Zeolith. Die Entwicklung der RT 
SiSiC/ZSM-5 Monolithe durch LSI und SST könnte ein wichtiger Schritt für die Herstellung 
neuartiger Mikroreaktoren darstellen. 
 
Die aktive ZSM-5-Form für die selektive katalytische Reduktion von Lachgas mit 
Kohlenwasserstoffen ist der Fe-ZSM-5. Die optimalen Bedingungen für den Nass-
Ionenaustausch wurden zunächst durch Ionenaustauschversuche an pulverförmigen 
Referenzstandards (SM-27 und SM-55) festgelegt. Die Qualität des Ionenaustauschprozesses 
wurde durch Testung der katalytischen Aktivität in der N2O Zersetzung in einem 
Festbettreaktor bewertet. Der Nass-Ionenaustausch bei 353 K in N2 Atmosphäre mit Fe-Sulfat 
führte zu der höchsten Katalysatoraktivität und geringsten Reduktion des 
Mikroporenvolumens. Dies ist wahrscheinlich auf eine vernachlässigbare Abscheidung von 
Eisenoxid Clustern auf der Kristalloberfläche und auf einen hohen Austauschgrad (Fe/Al = 
0,3) zurückzuführen. 
 
Die optimierten Bedingungen für den Nass-Ionenaustausch wurden schließlich für die 
Herstellung der Fe-Form der SST Zeolithbeschichtungen auf den CB-Monolithen verwendet. 
Der Fe-Austauschgrad in den Zeolithschichten wich stark vom theoretischen Wert 
(Fe/Al=0,15 - 0,20) ab. Dies zeigt einen nur unvollständigen Austausch an, auf Grund von 
möglichen Diffusionshemmungen der Fe-Spezies in den Zeolith Kristallen. Ursachen für 
diese Diffusionshemmungen könnten zum einen die Kristallgrößen oder aber die Dicken der 
Zeolithschichten sein.  
 
Nach dem Ionenaustausch (zur Herstellung der Fe-Form) zeigten die  CB SiSiC/Zeolith 
Monolithe eine relativ hohe Aktivität bei der N2O SKR mit C3H8. Der Einfluß der 
Reaktionsbedingungen auf die Katalysatorleistungen wurde im Detail untersucht. Die 
typischen Bedingungen für die Behandlung von Rauchgasen in technischen FBC Prozessen 
wurden bei den Laborversuchen verwendet. Diese Prozesse werden in der Regel bei sehr 
hohem GHSVs und kleinen Verweilzeiten durchgeführt. Die Optimierung der 
Syntheseparameter während des SST Beschichtungsprozess führte zu bedeutsamer 
Verbesserung der katalytischen Aktivität vor allem durch die Steigerung der Azidität des 
Zeolithgerüsts und somit der Ionenaustauschfähigkeit. 
 
Die Berechnungen des Weisz Moduls für die verschiedenen Katalysatoren zeigten, daß die 
SST Monolithe aufgrund der Geometrie und der Mikrostruktur durch die Zeolithbeschichtung 
unter relativ starken internen Diffusionshemmungen liefen. Hohe Durchflussraten und 
niedrige Kontaktzeiten während der katalytischen Reaktion erforderten kürzere 
Diffusionspfade für die Edukte. Für eine bessere Verwendung des Katalysatorvolumens sollte 
die Dicke der Beschichtung optimiert werden. Die Modifizierung der Schichtstruktur und 
Morphologie (Verwachsung/Identität der Kristalle) oder eine Verkürzung der Diffusionspfade 
in den mikroporösen Kristallen durch das Einbringen von (Meso-/) Makro-poren in der 
Beschichtung (z.B. über alkalische Nachbehandlung) könnten auch wertvolle Lösungsansätze 
für die Verbesserung der katalytischen Effizienz der in dieser Arbeit entwickelten SST 
SiSiC/Zeolith Monolithe darstellen. 
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Die Effizienz der oben-genanten CB SiSiC/ZSM-5 monolithischen Katalysatoren wurden 
zum einen mit denen der ZSM-5 Granulate (Fe-ZSM-5 durch Nass-Ionenaustausch eines 
kommerziellen ALSI PENTA SM-27 Zeolith) und zum anderen mit denen des SiSiC 
Monolith mit einem ZSM-5 Wash-Coat (gleiches Material wie bei den Granulaten) 
verglichen. Die oben-genanten CB SiSiC/Zeolith Monolithe (die durch den SST Prozeß 
hergestellt wurden) und die monolithische Katalysatoren die im ECN hergestellt wurden 
zeigten vergleichbare Aktivitäten für die N2O SKR mit C3H8. Im Allgemeinen konnte gezeigt 
werden, daß durch die SST Methode hergestellte CB SiSiC/ZSM-5 Monolithe erfolgreich für 
Umweltkatalytische Prozesse wie das N2O SKR mit C3H8 verwendet werden können. 
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5.4 Outlook 
 
Das Potential der „Support Self-Transformation“ Prozess besonders in Verbindung mit SiSiC 
Substraten, die über flüssige Siliziuminfiltration präpariert wurden, konnte bewiesen werden. 
Weitere Arbeiten sollten auf einer Optimierung der Synthesemischung erfolgen, um die 
Eigenschaften der Zeolith Beschichtung weiter zu verbessern. Um die Diffusionshemmungen 
innerhalb der Katalysatorschicht zu reduzieren sollten weitere Versuche für eine Reduzierung 
der Kristallgröße und eine Kontrolle der Individualität der Zeolithkristalle in der 
Beschichtung durchgeführt werden. Das Potential der alkalischen Nachbehandlung für das 
Einführen von Mesoporen in der Zeolithschicht sollte im Detail untersucht werden, um dir 
Diffusionslimitierung der Edukte und Produkte in der dichten SST Zeolith Schichten zu 
verbessern.  
 
Weitere Erkenntnisse sollten bezüglich des Fe-Ionenaustauschs gesammelt werden, um die 
Integration von Fe-Spezies in den Zeolith Mikroporen zu optimieren. Die Existenz von 
Konzentrationsgefällen von Fe-Spezies in der SST Zeolith Beschichtung muß bewiesen und 
schließlich untersucht werden. Optimierung der Katalysatoreffizienz bei der selektiven 
katalytischen Reduktion Lachgas könnte auch mit einem besseren Entwurf der Makrostruktur 
der SiSiC Substrate erhalten werden. Kleinere Kanäle würden höhere spezifische Oberflächen 
erzeugen, was noch höhere Katalysatormengen pro Reaktorvolumen ermöglichen würde und 
oder dünnere Zeolith Schichten bei identischer Zeolithmasse pro Reaktorvolumen. Die SST 
Zeolith Kristallisation wurde erfolgreich in den 100 - 300 µm Kanälen von den RT SiSiC 
Monolithen durchgeführt, ohne eine Verstopfung in den Poren zu erzeugen. Mit dünneren 
Zellen könnten Kanäle von 300-500 µm Größe in den Wellpappe-abgeleiteten Monolithen 
erhalten werden. Kleinere Kanäle in den SiSiC Substraten würden auch die Kontaktzeit 
innerhalb des Katalysators verbessern. Als Alternative könnten auch keramische SiSiC 
Schäume der gleichen chemischen Zusammensetzung als Substrate für das in-situ 
Kristallwachstum von Zeolith durch den SST Prozeß verwendet werden. Die tortuose 
Porosität der Katalysatorträger würde eine verbesserte radiale Durchmischung (Dispersion) 
ermöglichen und eine höhere Kontaktzeit im Katalysator erlauben. 
 
Um den Einfluß des Si Auflösungsprozesses auf die mechanischen Eigenschaften der SiSiC 
Monolithe zu verstehen sollten weitere Arbeiten durchgeführt werden. Außerdem wäre die 
Auswertung des Wärmeübergangs zwischen den Zeolith Kristallen und den SiSiC Substraten 
von großer Bedeutung. Hier sollten Vergleiche mit Monolithen die durch Dip-Coating oder 
konventionelle hydrothermale Synthese mit Zeolith beschichtet wurden angestellt werden. 
Die bessere Haftfähigkeit der Zeolithbeschichtung auf dem SiSiC Monolith hergestellt durch 
den SST Prozeß konnte bewiesen werden. Der verbesserte Kontakt der direkt aufgewachsenen 
Kristalle und dem Substrat könnte eine wesentliche Verbesserung der Wärmeübertragung 
erzielt werden. Dieser Aspekt wäre für stark exo-/endotherme katalytische Reaktionen (z.B. 
N2O SKR mit C3H8) von großer Bedeutung. Durch eine bessere Wärmeabfuhr könnte eine 
Steigerung der Produktselektivität und der Katalysatorstandzeit (Reduzierung der 
Deaktivierung)erreicht werden. Wenn dieser Punkt experimentell bestätigt werden könnte, 
wäre der SST Prozeß in Verbindung mit SiSiC Substraten ein effektiver Weg für die 
Realisierung hoch effizienter monolithischer Reaktoren. 
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Appendix 
 
The Appendix is organised as a collection of tables giving additional and more detailed 
information, which couldn’t be inserted in the main text of the thesis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 32. Gas chromatography settings and properties. 
Substance Retention time (min) RMR value Detector 

CH4 1.7 (*) and 1.8 (**) 100 TCD (*) and FID (**) 
N2O 8.6 140 TCD 
C3H8 4.5 247 FID 
O2 0.8 - TCD 
N2 1.3 - TCD 
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Table 33. Composition of the standard reaction mixtures for the RT 38 and CB 7 series. 
Rattan-derived  
SiSiC support▼ 

  Cardboard-derived 
SiSiC support▲ 

 

Chemicals for the 
precursor solution 

Amount *  
(g) 

 Chemicals for the 
precursor solution 

Amount * (g) 

Si ** 0.400  Si ** 0.510 

TPABr 0.289  TPABr 0.192 

H2O 19.187  H2O 12.791 

NaOH 0.173  NaOH 0.116 

Al-nitrate 0.027  Al-nitrate 0.027 
* for each gram of SiSiC support placed in the autoclave 
** contained in the ceramic SiSiC matrix 
▼ for the standard recipe: 1 SiO2 : 0.0025 Al2O3 : 0.038 TPA2O : 0.15 Na2O : 75 H2O 
▲ for the standard recipe: 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 0.078 Na2O : 39 H2O 
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Table 34. Properties of the crystallisation kinetics series RT 38. 
Synthesis 

time 
[h] 

Weight 
variation 

[%] 

Zeolite 
amount 

[%]a 

Zeolite 
amount 

[%]b 

Zeolite 
amount

[%]c 

BET 
Surface 
[m2·g-1] 

Micropore 
Volume 
[cm3·g-1] 

0 0 0 0 0 0 0 
6 -11 0 1 0 0 0.001 
12 -10 0 1 1 2 0.001 
18 -6 5 5 4 17 0.006 
24 -3 9 11 8 35 0.014 
48 7 17 23 18 82 0.032 
72 22 33 41 38 157 0.066 
96 26 36 42 40 163 0.069 

144 22 34 40 38 159 0.067 
192 21 32 39 36 149 0.063 

a by XRD, b by TGA, c by N2 adsorption/desorption 
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Table 35. Evaluation of the mass balance for the synthesis run RT 38 for the zeolite 
crystallisation process using the Si from the SiSiC substrate (split in two parts). 

Synt. 
time 
(h) 

mSiSiC,BS 
 

(g) 

mSiSiC,AS 
 

(g) 

mSi,SiSiC,BS
 

(g) 

QAl 
value

(-) 

Si conc. 
in sol. 
(mg/l) 

Mass of 
solution

(g) 

mSi,sol 
by ICP 

(g) 

mSi,Diss 
 

(g) 
6 0.9427 0.843 0.000 0.000 6290 18.571 0.117 0.118 

12 0.9382 0.849 0.377 0.000 6029 18.483 0.111 0.107 
18 1.0607 0.995 0.375 0.048 6019 20.896 0.126 0.139 
24 0.9679 0.940 0.424 0.088 5638 19.068 0.108 0.140 
48 0.9477 1.018 0.387 0.172 4528 18.670 0.085 0.146 
72 1.0102 1.234 0.379 0.334 4642 19.901 0.092 0.248 
96 1.0381 1.304 0.404 0.359 4188 20.451 0.086 0.264 
144 1.0475 1.277 0.415 0.335 4256 20.636 0.088 0.260 
192 1.1536 1.394 0.419 0.316 4314 22.726 0.098 0.267 

 
Synt. 
time 
(h) 

mSi,SiSiC,BS 
 

(g) 

mSi,Zeo 
 

(g) 

mSiSiC,AS-mSiSiC,BS 
(g) 

mZeo 
 

(g) 

mSi,SiSiC,AS 
 

(g) 

XSi 
 

(%) 

Sum 
Σ 
(g) 

Balance 
Υ 

(%) 
6 0.377 0.000 0.118 0.000 0.259 0 0.376 100 
12 0.375 0.000 0.107 0.000 0.268 0 0.380 101 
18 0.424 0.022 0.139 0.047 0.284 16 0.432 102 
24 0.387 0.037 0.140 0.080 0.245 27 0.389 101 
48 0.379 0.078 0.146 0.166 0.224 53 0.386 102 
72 0.404 0.179 0.248 0.383 0.126 72 0.397 98 
96 0.415 0.202 0.264 0.433 0.117 77 0.404 97 
144 0.419 0.185 0.260 0.397 0.129 71 0.402 96 
192 0.461 0.191 0.267 0.409 0.164 72 0.453 98 

BS = before synthesis, AS = after synthesis, Σ = sum of the weight of Si in the zeolite + SiSiC substrate 
+ synthesis mixture at the end of the synthesis, Υ = ratio between Σ and the amount of Si in the sample 
before synthesis (mass balance of the zeolite crystallisation in the autoclave), mSi,Sol = amount of Si in 
the reaction mixture calculated via ICP-OES analyses, mSi,Diss = mass of Si dissolved calculated as the 
difference of the sole SiSiC weight after the synthesis (excluding the weight of zeolite, water and 
template) and the weight of the SiSiC support at the beginning  
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Table 36. Results of the thermal shock test for zeolite coatings obtained via different methods. 
 Support Self-

Transformation 
Direct  

Hydrothermal 
Seeded Growth 

(2-step)  
Dip-/Wash- 

Coating 
 

 Weight-loss 
(%) 

Weight-loss  
(%) 

Weight-loss 
(%) 

Weight-loss  
(%) 

1. T-Shock -0.00 -0.00 -0.12 -0.00 
2. T-Shock -0.04 -0.26 -0.21 -0.00 
3. T-Shock -0.21 -0.40 -0.34 -2.23 
4. T-Shock -0.07 -0.62 -0.29 -2.61 
5. T-Shock -0.25 -0.68 -0.46 -2.86 
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Table 37. Experiments and results concerning the alkaline leaching of commercial type MFI 
zeolites (split in two parts. 

Sample 
name 

Parent 
zeolite 

Temp 
(K) 

Time 
(h) 

Sol/zeo 
ratio 

Rel. loss 
crystallinity 

(%) 

Total 
pore vol. 
(cm3/g) 

Surface 
area BET 

(m2/g) 
Parent A SM-27 - - - - 0.18 320 
Parent B SM-55 - - - - 0.20 381 

AT1 SM-27 353 0.25 30 10.7 0.21 352 
AT2 SM-27 353 0.5 30 17.5 0.22 348 
AT3 SM-27 353 1 30 20.7 0.23 349 
AT4 SM-27 353 2 30 25.9 0.25 345 
AT5 SM-27 353 4 30 42.8 0.30 370 
AT6 SM-27 313 1 30 25.3 0.14 228 
AT7 SM-27 323 1 30 2.5 0.21 359 
AT8 SM-27 343 1 30 6.5 0.21 338 
AT9 SM-27 363 1 30 26.4 0.21 289 

AT10 SM-27 333 0.25 30 15.4 0.19 312 
AT11 SM-27 333 0.5 30 0.3 0.20 332 
AT12 SM-27 333 1 30 16,9 0.19 344 
AT13 SM-27 333 2 30 10.5 0.21 328 
AT14 SM-55 353 0.5 30 25.2 0.22 395 
AT15 SM-55 353 1 30 34.8 0.27 405 
AT16 SM-55 353 2 30 37.6 0.34 418 
AT17 SM-27 353 1 100 8.6 0.28 330 

 
Sample 
name 

Mesopore  
vol. 

(cm3/g) 

BJH ads. 
pore Ø  
(nm) 

BJH des.  
pore Ø  
(nm) 

Surface  
area BET 

(m2/g) 

Micropore  
surface area  

(m2/g) 

Mesopore  
surface area  

(m2/g) 
Parent A 0.03 7.4 5.0 320 292 28 
Parent B 0.03 6.7 4.2 381 361 20 

AT1 0.08 5.7 4.4 352 303 49 
AT2 0.09 7.0 5.1 348 292 56 
AT3 0.10 7.1 5.3 349 288 61 
AT4 0.14 6.3 4.6 345 248 97 
AT5 0.19 6.5 4.7 370 249 121 
AT6 0.04 7.5 5.4 228 203 25 
AT7 0.07 6.5 4.8 359 315 44 
AT8 0.09 6.2 4.7 338 279 59 
AT9 0.11 6.4 4.6 289 212 77 

AT10 0.06 7.2 5.4 312 273 39 
AT11 0.07 6.9 5.1 332 292 40 
AT12 0.06 4.7 3.9 344 293 51 
AT13 0.09 5.9 4.6 328 263 65 
AT14 0.06 6.2 4.4 395 356 39 
AT15 0.13 5.5 4.2 405 305 100 
AT16 0.22 6.1 4.6 418 269 149 
AT17 0.17 6.7 5.0 330 219 111 
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Table 38. Experiments and results of the alkaline post-synthesis treatment of CB SiSiC/ZSM-5 
monoliths (split in two parts). 

Sample 
name 

Time 
(h) 

Total Pore Vol. 
(cm3/g) 

Micropore 
vol (cm3/g) 

Mesopore  
vol (cm3/g) 

BET surface 
area (m2/g) 

Meso 0 0 0.057 0.037 0.020 84 
Meso 1 0.5 0.055 0.027 0.028 67 
Meso 2 1 0.049 0.023 0.027 59 
Meso 3 2 0.034 0.007 0.026 25 
Meso 4 3 0.033 0.007 0.026 18 
Meso 5 4 0.039 0.009 0.031 28 

 
Sample 
name 

Time 
(h) 

Total Pore Vol. 
(cm3/g) 

Micropore 
vol (cm3/g) 

Mesopore  
Vol (cm3/g) 

BET surface 
area (m2/g) 

Meso 0 0 0.057 0.037 0.020 84 
Meso 1 0.5 0.055 0.027 0.028 67 
Meso 2 1 0.049 0.023 0.027 59 
Meso 3 2 0.034 0.007 0.026 25 
Meso 4 3 0.033 0.007 0.026 18 
Meso 5 4 0.039 0.009 0.031 28 
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Table 39. Experiments and results of the Fe-exchange (WIE) of commercial zeolite powders (split into two 
parts). 

Sample Iron exchange treatment Activation 

Sample 
name 

Parent 
zeolite 

Metal 
salt 

Temp. 
(K) 

Time 
(h) 

Atm Sol/zeo Fe conc. 
(M) 

pH Act.  
temp 
(K) 

Act.  
time 
(h) 

Atm. 

Iron-1 1 S 353 24 N2 10 0.2 3.1 823 3 A 
Iron-2 1 S 353 24 Air 10 0.2 3.1 823 3 A 
Iron-3 1 S 353 24 N2 10 0.2 3.1 973 3 A 
Iron-4 1 S 353 6+6 Air 10 0.2 3.1 823 3 A 
Iron-5 1 S 353 6 Air 10 0.2 3.1 823 3 A 
Iron-6 1 S 353 12 Air 10 0.2 3.1 823 3 A 
Iron-7 1 S 333 6+6 Air 10 0.2 3.1 823 3 A 
Iron-8 2 F 353 24 Air 10 0.2 3.1 823 3 A 
Iron-9 1 M 353 24 Air 10 0.2 - 823 3 A 
Iron-10 1 N 353 24 Air 10 0.2 - 823 3 A 
Iron-11 1 S 353 24 N2 10 0.2 3.1 1173 3 A 
Iron-12 1 N 333 6+6 Air 10 0.2 - 823 3 A 
Iron-13 3 S 353 24 N2 10 0.2 3.1 823 3 A 
Iron-14 2 S 353 24 N2 10 0.2 3.1 823 3 A 
Iron-15 1 S 353 24+24 N2 10 0.2 3.1 823 3 A 
Iron-16 1 M 353 24 N2 10 0.2 - 823 3 A 
Iron-17 1 S 353 24 N2 20 0.2 3.1 823 3 A 
Iron-18 1 S 353 24 N2 10 0.4 3.1 823 3 A 
Iron-19 1 S 353 24 N2 10 0.2 3.1 823 10 A 
Iron-20 1 S 353 3 N2 10 0.2 3.1 823 3 A 
Iron-21 1 S 353 24 N2 10 0.2 3.1 823 3 H 
N = Fe(NO3)3, S = FeSO4, M = Mohr's salt, 1 = SM-27, 2 = SM-55, 3 = AT5, A = Air, H = He 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



     Appendix 

  341 

 
 
 
 
 
 
 
 
 
 
 
 
 

Contd. 
Sample Chemical analysis 

Sample 
name 

Parent 
zeolite 

Si 
(mg/l) 

Al 
(mg/l) 

Si/Al 
ratio 

Fe 
(mg/l) 

Fe/A 
(-) 

Si  
wt % 

Al  
wt % 

Fe  
wt % 

Iron-1 1 157.3 12.7 11.9 8.7 0.3 38.1 3.1 2.1 
Iron-2 1 152.1 11.3 13.0 26.6 1.2 36.2 2.7 6.3 
Iron-3 1 157.3 12.7 11.9 8.7 0.3 38.1 3.1 2.1 
Iron-4 1 150.8 11.3 12.8 22.3 1.0 37.1 2.8 5.5 
Iron-5 1 145.1 11.4 12.3 12.3 0.5 36.9 2.9 3.1 
Iron-6 1 141.2 10.8 12.7 15.6 0.7 38.0 2.9 4.2 
Iron-7 1 164.4 12.4 12.8 16.3 0.6 41.3 3.1 4.1 
Iron-8 2 156.5 7.0 21.5 19.1 1.3 40.9 1.8 5.0 
Iron-9 1 160.6 11.9 13.0 27.3 1.1 38.2 2.8 6.5 
Iron-10 1 161.4 11.3 13.7 19.7 0.9 40.6 2.9 4.9 
Iron-11 1 157.3 12.7 11.9 8.7 0.3 38.1 3.1 2.1 
Iron-12 1 140.0 10.8 12.5 2.0 0.1 37.0 2.9 0.5 
Iron-13 3 113.1 11.9 9.2 7.1 0.3 38.4 4.0 2.4 
Iron-14 2 146.6 6.9 20.6 2.3 0.2 41.6 1.9 0.6 
Iron-15 1 124.9 10.1 12.0 8.6 0.4 38.0 3.1 2.6 
Iron-16 1 136.8 11.0 12.0 2.0 0.1 39.5 3.2 0.6 
Iron-17 1 100.8 8.3 11.7 6.6 0.4 37.2 3.1 2.4 
Iron-18 1 124.4 9.9 12.1 8.2 0.4 36.6 2.9 2.4 
Iron-19 1 115.9 9.1 12.3 6.3 0.3 38.6 3.0 2.1 
Iron-20 1 128.9 10.2 12.2 6.6 0.3 39.5 3.1 2.0 
Iron-21 1 157.3 12.7 11.9 8.7 0.3 38.1 3.1 2.1 
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Table 40. Catalytic N2O decomposition (split in two parts) with the Fe-form zeolite catalyst of the table above 
(GHSV = 30000 h-1, 1000 ppm N2O in He). 

 IRON-
1 

IRON-
2 

Iron 
3 

Iron 
4 

Iron 
5 

Iron 
6 

Iron 
7 

Iron 
8 

Iron 
9 

IRON-
10 

IRON-
11 

            

T 
(K) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

573 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
593 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
623 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
648 4.2 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
673 10.3 3.7 5.3 0.0 2.4 3.7 1.8 1.0 1.0 2.3 0.0 
698 26.1 14.4 18.2 0.2 15.9 14.4 7.8 5.5 4.0 6.8 0.0 
723 55.4 42.7 42.5 2.7 39.8 42.7 29.0 20.1 15.7 20.1 3.9 
748 82.2 71.7 77.6 17.7 71.5 71.7 59.5 48.5 40.0 45.7 21.9 
773 96.8 90.6 94.5 42.3 93.7 90.6 81.7 77.6 69.8 75.0 50.0 
798 99.8 97.7 99.2 70.4 98.8 100.0 91.6 93.6 89.9 95.5 74.4 
823 100.0 99.4 99.6 90.4 100.0 100.0 97.5 97.7 97.8 98.8 92.0 

 
 IRON-

12 
IRON-

13 
Iron-

14 
IRON-

16 
IRON-

20 
IRON-

21 
Empty 

tube 
SM-
27 

SM-
55 

          

T (K) X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

X 
(N2O) 

573 0.0 0.0 0.0 0.0 0.0 4.3 0.0 0.0 0.0 
593 0.0 0.0 0.0 0.0 0.0 17.4 0.0 0.0 0.0 
623 0.0 1.2 0.0 0.0 0.0 58.3 0.0 0.0 0.0 
648 0.0 6.4 0.0 0.0 1.2 83.6 0.0 0.0 0.0 
673 0.4 15.6 0.0 2.5 5.6 95.3 0.0 0.0 0.0 
698 2.9 38.0 8.4 9.1 18.7 98.8 0.0 0.4 0.0 
723 12.5 68.8 32.6 25.7 45.0 99.8 0.0 2.7 0.4 
748 35.9 92.0 62.6 54.4 72.2 100.0 0.0 9.6 2.9 
773 65.6 98.6 85.6 78.6 90.2 100.0 0.0 28.1 19.1 
798 83.2 100.0 95.4 92.7 96.1 100.0 0.0 51.2 39.5 
823 92.2 100.0 98.4 99.2 98.8 100.0 0.0 68.2 60.4 
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Table 41. Catalytic N2O decomposition with the IRON-1 zeolite 
catalyst of the table above under different GHSVs (split in two parts). 

GHSV 60000 h-1 GHSV 30000 h-1 GHSV 10000 h-1 
      

T (K) X (N2O) T (°) X (N2O) T (°) X (N2O) 
573 0.0 573 0.0 573 0.0 
593 0.0 593 0.0 593 0.0 
623 0.0 623 0.0 623 1.6 
648 0.8 648 4.2 648 4.3 
673 3.6 673 10.3 673 12.8 
698 13.9 698 26.1 698 42.0 
723 33.7 723 55.4 723 72.8 
748 60.0 748 82.2 748 90.5 
773 81.9 773 96.8 773 98.4 
798 96.2 798 99.8 798 100.0 
823 98.2 823 100.0 823 100.0 

 
GHSV 120000 h-1 GHSV 6000 h-1 GHSV 12000 h-1 

      

T (°) X (N2O) T (°) X (N2O) T (°) X (N2O) 
573 0.0 573 0.0 573 0.0 
593 0.0 593 0.0 593 0.0 
623 0.0 623 2.5 623 2.5 
648 0.0 648 8.0 648 6.3 
673 0.6 673 22.1 673 14.3 
698 4.3 698 46.7 698 33.0 
723 14.6 723 77.9 723 66.0 
748 38.3 748 95.7 748 89.6 
773 60.0 773 99.6 773 96.9 
798 78.9 798 100.0 798 100.0 
823 90.2 823 100.0 823 100.0 
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Table 42. TOFs for some of the Fe-zeolite catalysts reported above (GHSV = 30000 h-1). 
 IRON-1 IRON-2 Iron 5 Iron 6 Iron-15 IRON-16 IRON-21 
        

T (K) TOF (s-1) TOF (s-1) TOF (s-1) TOF (s-1) TOF (s-1) TOF (s-1) TOF (s-1) 
573 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000006 
593 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000023 
623 0.000000 0.000000 0.000000 0.000000 0.000000 0,000001 0.000077 
648 0.000006 0.000000 0.000000 0.000000 0.000000 0,000007 0.000111 
673 0.000014 0.000002 0.000002 0.000002 0.000000 0.000018 0.000126 
698 0.000035 0.000006 0.000014 0.000010 0.000039 0.000044 0.000131 
723 0.000073 0.000019 0.000035 0.000028 0.000151 0.000079 0.000132 
748 0.000109 0.000032 0.000063 0.000048 0.000290 0.000106 0.000132 
773 0.000128 0.000040 0.000083 0.000060 0.000396 0.000114 0.000132 
798 0.000132 0.000043 0.000087 0.000066 0.000442 0.000115 0.000132 
823 0.000132 0.000044 0.000088 0.000066 0.000456 0.000115 0.000132 
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 Table 43. Catalytic N2O decomposition with a zeolite coated CB SiSiC monolith (CB 9) 
ground to powder. 

Iron CB 9   Iron CB 9  Iron CB 9  
τ = 36 g·min/mol  τ = 108 g·min/mol τ = 180 g·min/mol 

       

T (K) X (N2O) TOFs (s-

1) X (N2O) TOFs (s-1) X (N2O) TOFs (s-1) 

573 0.0 0.0000000 0.0 0.0000000 0.0 0.0000000 
593 0.0 0.0000000 0.0 0.0000000 0.0 0.0000000 
623 0.0 0.0000000 0.0 0.0000000 0.0 0.0000000 
648 0.0 0.0000000 0.0 0.0000000 0.0 0.0000000 
673 1.2 0.0000062 4.6 0.0000239 4.6 0.0000239 
698 3.4 0.0000175 12.2 0.0000633 17.1 0.0000892 
723 13.9 0.0000722 33.3 0.0001733 43.4 0.0002262 
748 37.2 0.0001939 60.4 0.0003144 71.9 0.0003745 
773 67.3 0.0003507 87.1 0.0004534 94.6 0.0004928 
798 89.1 0.0004641 98.2 0.0005115 100.0 0.0005208 
823 98.0 0.0005105 99.6 0.0005188 100.0 0.0005208 
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Table 44. Conversions on N2O and C3H8 for the IRON-1 catalyst under different conditions (split in four 
parts). 

 Run 1 Run 2 Run 3  Run 4  Run 5  
T (K) X(N2O) X(N2O) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 7 14 8 14 1 2 
548 0 0 27 42 24 37 11 12 
573 0 0 57 79 55 76 36 36 
598 0 2 83 94 80 92 59 56 
623 0 7 93 97 92 94 81 73 
648 3 14 99 98 97 97 92 83 
673 11 36 100 98 100 98 100 89 
698 33 77 100 98 100 98 100 91 
723 64 96 100 98 100 98 100 92 
748 91 100 - - - - - - 
773 97 100 - - - - - - 
798 100 100 - - - - - - 
823 100 100 - - - - - - 

 
 Run 6  Run 7  Run 8  Run 9  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 8 15 5 5 5 13 1 21 
548 27 41 14 8 19 31 24 56 
573 56 78 32 18 50 62 61 88 
598 81 94 53 31 69 86 83 93 
623 93 95 81 43 89 94 92 95 
648 98 97 89 59 95 97 100 96 
673 100 97 97 76 99 98 100 96 
698 100 97 99 81 100 98 100 96 
723 100 97 100 86 100 98 100 96 
748 - - - - - - - - 
773 - - - - - - - - 
798 - - - - - - - - 
823 - - - - - - - - 
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Contd. of Table 44 
 Run 10  Run 11  Run 12  Run 13  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 3 6 0 2 0 3 6 4 
548 10 12 2 5 5 5 18 10 
573 25 21 10 11 13 13 43 25 
598 52 51 30 20 32 25 75 47 
623 80 86 71 36 64 34 90 59 
648 94 88 88 57 84 51 95 70 
673 96 91 95 77 91 68 100 74 
698 99 92 99 81 98 72 100 75 
723 100 93 100 84 100 76 100 77 

 
 Run 14  Run 15  Run 16  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 8 16 8 14 0 0 
548 14 26 24 37 0 2 
573 43 58 55 76 2 10 
598 68 78 80 92 18 40 
623 85 94 92 94 42 64 
648 93 97 97 97 74 85 
673 98 99 100 99 88 92 
698 100 100 93 93 93 96 
723 100 100 97 95 97 98 
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Table 45. Legend of the experiments conducted for the N2O SCR with C3H8 for the IRON-1. 
Name Settings 
Run1 N2O decomposition 1000 ppm at τ = 34 g·min·mol-1 
Run2 N2O decomposition 1000 ppm at τ = 168 g·min·mol-1 
Run3 SCR at τ = 168 g·min·mol-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
Run4 SCR at τ = 34 g·min·mol-1h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
Run5 SCR at τ = 17 g·min·mol-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
Run6 SCR at τ = 84 g·min·mol-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
Run7 SCR at τ = 34 g·min·mol-1, 1000 ppm N2O, 1000 ppm C3H8, 0 % O2 
Run8 SCR at τ = 34 g·min·mol-1, 1000 ppm N2O, 1000 ppm C3H8, 8 % O2 
Run9 SCR at τ = 34 g·min·mol-1, 500 ppm N2O, 500 ppm C3H8, 4 % O2 
Run10 SCR at τ = 34 g·min·mol-1, 2000 ppm N2O, 2000 ppm C3H8, 4 % O2 
Run11 SCR at τ = 34 g·min·mol-1, 4000 ppm N2O, 4000 ppm C3H8, 4 % O2 
Run12 SCR at τ = 11 g·min·mol-1, 1000 ppm N2O, 1000 ppm C3H8, 3,2 % O2 
Run13 SCR at τ = 34 g·min·mol-1, 1000 ppm N2O, 2000 ppm C3H8, 4 % O2 
Run14 SCR at τ = 34 g·min·mol-1, 1000 ppm N2O, 500 ppm C3H8, 4 % O2 
Run15 SCR at τ = 34 g·min·mol-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 4 % H2O 
Run16 SCR at τ = 34 g·min·mol-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 8 % H2O 
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Table 46. Conversions on N2O and C3H8 for the CB DC-1 monolithic catalyst under different conditions 
(split in three parts). 

 Run 1  Run 2  Run 3  Run 4  
T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 12 14 9 9 13 13 2 1 
548 26 31 21 21 24 28 6 5 
573 49 58 41 42 45 50 22 16 
598 78 81 74 68 81 77 47 34 
623 90 83 87 74 95 86 69 45 
648 96 88 95 81 100 91 87 59 
673 100 89 100 91 100 92 95 69 
698 100 92 100 92 100 92 100 74 
723 100 92 100 92 100 93 100 76 

 
 Run 5  Run6  Run 7  Run 8  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 5 3 11 15 1 2 0 0 
548 11 7 29 31 6 4 0 0 
573 38 36 51 59 23 13 0 0 
598 69 67 79 82 48 35 3 3 
623 88 76 90 85 69 44 18 18 
648 96 84 96 88 86 58 47 42 
673 100 86 100 89 92 61 81 58 
698 100 88 100 89 98 64 94 67 
723 100 88 100 90 100 66 100 70 

 
 Run 9  Run 10  Run 11  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 0 0 0 0 
548 0 0 0 0 0 0 
573 3 1 0 0 1 1 
598 8 5 0 0 10 5 
623 25 19 1 7 26 18 
648 60 39 10 25 63 39 
673 81 53 51 39 83 50 
698 90 60 78 53 92 59 
723 94 60 90 61 96 59 
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  Table 47. Legend of the experiments conducted for the N2O SCR with C3H8 for the CB DC-1. 

Name Settings 
Run 1 SCR at 4033 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τ = 33 g·min·mol-1 
Run 2 SCR at 6000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τ = 22 g·min·mol-1 
Run 3 SCR at 6000 h-1, 500 ppm N2O, 500 ppm C3H8, 4 % O2, τ = 22 g·min·mol-1 
Run 4 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τ = 11 g·min·mol-1 
Run 5 SCR at 12000 h-1, 500 ppm N2O, 500 ppm C3H8, 4 % O2, τ = 11 g·min·mol-1 
Run 6 SCR at 2016 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τ = 66 g·min·mol-1 
Run 7 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 (after H2O exp) , τ = 11 g·min·mol-1 
Run 8 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 4% H2O, τ = 11 g·min·mol-1 
Run 9 SCR at 30000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 3 % O2, τ = 4 g·min·mol-1 
Run 10 SCR at 24000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 4% H2O τ = 6 g·min·mol-1 
Run 11 SCR at 24000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 τ = 6 g·min·mol-1 
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Table 48. Conversions on N2O and C3H8 for the different CB SiSiC/zeolite 
monolithic catalysts under similar GHSVs (6000-12000 h-1). 

GHSV = 6000 h-1 

 CB 7B  CB 8B  CB 9B  
T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 0 0 1 0 
548 0 0 0 0 1 0 
573 0 0 0 0 1 0 
598 6 5 0 0 0 2 
623 29 25 6 6 3 2 
648 52 43 32 29 13 11 
673 68 56 64 49 32 31 
698 81 64 78 56 50 38 
723 87 68 84 60 61 43 

 
GHSV = 6000 h-1 

 CB 9B Meso  CB 20B  CB 49B  
T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 0 0 3 0 
548 0 0 1 0 9 5 
573 0 0 6 5 31 25 
598 0 0 23 18 59 46 
623 0 0 52 45 87 64 
648 13 6 73 61 97 73 
673 39 22 86 70 100 78 
698 63 38 93 77 100 83 
723 78 45 96 80 100 89 

 
GHSV = 12000 h-1 

 CB 7B  CB 8B  CB 9B Meso  
T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 0 0 0 0 
548 0 0 0 0 0 0 
573 0 0 0 0 0 0 
598 0 0 0 0 0 0 
623 8 12 2 2 3 0 
648 21 25 12 9 11 5 
673 45 37 45 32 39 23 
698 62 50 60 38 58 31 
723 72 56 66 44 70 39 

 
GHSV = 12000 h-1 

 CB 20B  CB 49B  
T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 2 1 
548 0 0 7 4 
573 1 0 24 19 
598 8 8 57 42 
623 31 27 78 60 
648 54 44 95 73 
673 75 55 100 78 
698 87 65 100 85 
723 94 70 100 88 
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Table 49. Conversions on N2O and C3H8 for the CB 20B monolithic catalyst under different conditions 
(split in two parts). 

 Run 1  Run 2  Run 3  
T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 0 0 0 0 
548 0 0 1 0 0 0 
573 1 0 6 5 3 0 
598 8 8 23 18 13 11 
623 31 27 52 45 36 31 
648 54 44 73 61 60 50 
673 75 55 86 70 80 62 
698 87 65 93 77 91 70 
723 94 70 96 80 95 72 

  
 Run 4  Run 5  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 0 0 
548 0 0 0 0 
573 0 0 0 0 
598 0 0 0 0 
623 3 1 8 5 
648 18 14 17 15 
673 46 34 34 27 
698 67 46 55 36 
723 81 53 71 42 
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Table 50. Legend of the experiments conducted for the N2O SCR with C3H8 for the CB 20 B. 
Name Settings 
Run 1 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
Run 2 SCR at 6000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
Run 3 SCR at 12000 h-1, 500 ppm N2O, 500 ppm C3H8, 4 % O2 
Run 4 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 4 % H2O 
Run 5 SCR at 24000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
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Table 51. Conversions on N2O and C3H8 for the CB 51 B monolithic catalyst under 
different conditions (split in four parts). 

 Run 1  Run 2  Run 3  Run 4  
T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 2 1 3 0 0 0 0 0 
548 7 4 9 5 0 0 3 1 
573 24 19 31 25 2 1 9 9 
598 57 42 59 46 11 7 20 15 
623 78 60 87 64 39 34 47 32 
648 95 73 97 73 71 55 73 50 
673 100 78 100 78 87 69 88 60 
698 100 85 100 83 97 76 95 70 
723 100 88 100 89 100 81 97 75 

 
 Run 5  Run 6  Run 7  Run 8  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 0 0 0 0 0 0 
548 0 0 0 0 0 0 0 0 
573 1 0 3 1 0 0 1 0 
598 8 5 14 22 1 0 12 3 
623 32 18 45 46 20 14 46 30 
648 58 38 79 65 47 37 76 48 
673 79 49 100 79 79 55 88 59 
698 90 59 100 80 96 66 97 71 
723 95 64 100 85 100 73 100 74 

 
 Run 9  Run 10  Run 11  Run 12  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 0 0 0 0 0 - 
548 0 0 0 0 0 0 0 - 
573 0 0 0 0 2 2 0 - 
598 0 0 3 2 6 11 0 - 
623 18 20 26 19 34 37 0 - 
648 51 46 55 41 70 65 0 - 
673 78 62 78 56 95 81 5 - 
698 97 70 96 68 100 89 13 - 
723 100 74 100 75 100 93 27 - 

 
 Run 13  Run 14  Run 15  Run 16  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 0 0 1 0 1 1 0 0 
548 4 2 7 10 5 4 0 0 
573 21 16 25 34 21 17 2 0 
598 53 36 58 73 46 30 16 5 
623 76 54 85 90 70 44 47 20 
648 95 71 98 93 91 56 75 33 
673 100 77 100 94 100 66 93 39 
698 100 77 100 95 100 77 98 41 
723 100 78 100 95 100 85 100 43 
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Table 52. Legend of the experiments conducted for the N2O SCR with C3H8 for the CB 51 B monolith. 
Name Settings 
Run 1 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τ = 28 g·min·mol-1 
Run 2 SCR at 6000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τ = 14 g·min·mol-1 
Run 3 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 4% H2O, τ = 28 g·min·mol-1 
Run 4 SCR at 24000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τ = 14 g·min·mol-1 
Run 5 SCR at 24000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 4% H2O, τ = 14 g·min·mol-1 
Run 6 SCR at 6000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 4% H2O, τ = 56 g·min·mol-1 
Run 7 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, 8% H2O, τ = 28 g·min·mol-1 
Run 8 SCR at 12000 h-1, 500 ppm N2O, 500 ppm C3H8, 4 % O2, 4% H2O, τ = 28 g·min·mol-1 
Run 9 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 6 % O2, 6% H2O, τ = 28 g·min·mol-1 
Run 10 SCR at 12000 h-1, 500 ppm N2O, 500 ppm C3H8, 6 % O2, 6% H2O, τ = 28 g·min·mol-1 
Run 11 SCR at 6000 h-1, 500 ppm N2O, 500 ppm C3H8, 6 % O2, 6% H2O, τ = 28 g·min·mol-1 
Run 12 N2O decomp at 12000 h-1, 1000 ppm N2O, 4 % O2, τ = 28 g·min·mol-1 
Run 13 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2, τ = 28 g·min·mol-1 
Run 14 SCR at 12000 h-1, 1000 ppm N2O, 500 ppm C3H8, 4 % O2, τ = 28 g·min·mol-1 
Run 15 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 8 % O2, τ = 28 g·min·mol-1 
Run 16 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 0 % O2, τ = 28 g·min·mol-1 
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Table 53. Conversions on N2O and C3H8 for the DC-4 monolithic catalyst 
(cordierite) under different conditions. 

 Run 1  Run 2  Run 3  
T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 14 7 13 10 0 0 
548 26 20 28 23 0 0 
573 51 48 54 54 3 3 
598 78 69 80 74 12 12 
623 95 81 98 84 39 50 
648 99 85 100 90 80 76 
673 100 88 100 93 100 92 
698 100 92 100 94 100 93 
723 100 93 100 95 100 94 

 
 Run 4  Run 5  Run 6  

T (K) X(N2O) X(C3H8) X(N2O) X(C3H8) X(N2O) X(C3H8) 
523 14 9 0 0 0 0 
548 27 21 0 0 0 0 
573 52 50 0 0 0 0 
598 80 71 9 3 10 5 
623 98 80 41 10 42 25 
648 100 86 73 31 75 40 
673 100 89 94 44 95 50 
698 100 92 98 54 98 61 
723 100 93 100 60 100 63 
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Table 54. Legend of the experiments conducted for the N2O SCR with C3H8 for theDC-4 monolith. 
Name Settings 
Run 1 SCR at 12000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
Run2 SCR at 6000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
Run 3 SCR at 12000 h-1, 500 ppm N2O, 500 ppm C3H8, 6 % O2, 6% H2O 
Run 4 SCR at 9443 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 (τ = 22 g·min·mol-1) 
Run 5 SCR at 24000 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 
Run 6 SCR at 18886 h-1, 1000 ppm N2O, 1000 ppm C3H8, 4 % O2 (τ = 11 g·min·mol-1) 
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Table 55. TOFs for the N2O and C3H8 for the different catalysts tested with a similar residence time. 
NITROUS 

OXIDE 
IRON-1  

τ=33 g·min/mol 
DC-1 

τ=33 g·min/mol 
CB 51B 

τ=28 g·min/mol 
CB 20B 

τ=42 g·min/mol 
 

T (K) TOF (s-1) TOF (s-1) TOF (s-1) TOF (s-1) 
523 1.0·10-5 1.8·10-5 9.6·10-6 0 
548 3.2·10-5 4.0·10-5 3.1·10-5 0 
573 7.2·10-5 7.7·10-5 1.1·10-4 0 
598 1.0·10-4 1.2·10-4 2.6·10-4 0 
623 1.2·10-4 1.4·10-4 3.6·10-4 6.5·10-5 
648 1.3·10-4 1.5·10-4 4.4·10-4 3.7·10-4 
673 1.3·10-4 1.5·10-4 4.6·10-4 9.4·10-4 
698 1.3·10-4 1.5·10-4 4.6·10-4 1.4·10-3 
723 1.3·10-4 1.5·10-4 4.6·10-4 1.7·10-3 

PROPANE     
T (K) TOF (s-1) TOF (s-1) TOF (s-1) TOF (s-1) 
523 1.8·10-5 2.2·10-5 2.6·10-5 0 
548 4.8·10-5 4.8·10-5 2.0·10-5 0 
573 1.0·10-5 8.9·10-5 8.9·10-5 0 
598 1.2·10-4 1.3·10-4 1.9·10-4 0 
623 1.2·10-4 1.3·10-4 2.7·10-4 1.3·10-5 
648 1.3·10-4 1.4·10-4 3.3·10-4 2.9·10-4 
673 1.3·10-4 1.4·10-4 3.6·10-4 7.0·10-4 
698 1.3·10-4 1.4·10-4 3.9·10-4 9.5·10-4 
723 1.3·10-4 1.4·10-4 4.0·10-4 1.1·10-3 
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Table 56. Activation energies for N2O calculated from the Arrhenius plots for 
the different catalysts 
 T range (K) EA (KJ/mol) T range (K) EA (KJ/mol) 
IRON-1 523 - 598 91 598 - 648 10 
DC-1 523 - 598 83 598 - 648 15 
CB 51B 523 - 623 101 - - 
CB 20B 573 - 673 98 673 - 723 18 

 
Table 57. Activation energies for C3H8 calculated from the Arrhenius plots for 
the different catalysts 

 T range (K) EA (KJ/mol) T range (K) EA (KJ/mol) 
IRON-1 523 - 598 93 598 - 648 10 

DC-1 523 - 598 81 598 - 673 18 
CB 51B 548 - 623 105 - - 
CB 20B 573 - 673 104 673 - 723 18 
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Table 58. Thermodynamic data for the gas feed. 
Component 

 
cp,i 

(KJ/mol·k) 
Hif 

(KJ/mol) 
He 20.79 0 
O2 29.38 0 

N2O 38.84 82.05 
N2 29.12 0 

CO2 37.13 -393.51 
C3H8 73.79 -103.85 
H2O 20.79 -241.83 
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Table 59. Theoretical ∆Tad for the N2O SCR with C3H8 over CB 51B.  
GHSV of 12000 h-1 

T 
(K) 

X(N2O) 
(-) 

∆H (T) 
(KJ/mol) 

∆Tad 
(K) 

X(C3H8) 
(-) 

∆H (T) 
(KJ/mol) 

∆Tad 
(K) 

523 2 -162 0.1 2 -2050 2 
548 7 -162 0.3 7 -2050 6.9 
573 24 -161 0.9 24 -2051 23.7 
598 57 -161 2.2 57 -2051 56.3 
623 78 -161 3.1 78 -2052 77 
648 95 -160 3.7 95 -2052 93.8 
673 100 -160 3.8 100 -2053 98.8 
698 100 -160 3.8 100 -2054 98.8 
723 100 -160 3.8 100 -2055 98.8 
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Table 60. Volume flow rates and volume fractions of the different components in the gas 
mixture utilised for the catalytic tests. 

 He N2O C3H8 O2 H2O Mixture 
Volume flow rate 1 (ml/min)* 2395 2.5 2.5 100 0 2500 
Volume flow rate 2 (ml/min)* 4790 5 5 200 0 5000 
Volume flow rate 3 (ml/min)* 9580 10 10 400 0 10000 

* STP conditions 
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Table 61. Physical data of the components i in the gas mixture as functions of the temperature in (°C). 
Properties µ (10-5 Ns/m2) ρ (Kg/m3) ν (m2/s) 
He 0.0038·t + 1.8975 4·10-7·t2 + 5·10-4·t + 0.1869 7·10-10·t2 + 6·10-7·t + 0.0001 
N2O 0.0039·t + 1.4233 4·10-6·t2 + 4.1·10-4·t + 1.8341 6·10-11·t2 + 6·10-8·t + 7·10-6 
C3H8 0.0024·t + 0.7678 5·10-6·t2 + 5·10-3·t + 2.0592 4·10-4·t2 + 2·10-8·t + 4·10-6· 
O2 0.0042·t + 1.9934 3·10-6·t2 + 3.6·10-4·t + 1.4938 1·10-10·t2 + 8·10-8·t + 1·10-5· 
H2O 0.0040·t + 0.8351 0.0050·t + 0.5349 2·10-7·t + 1·10-5· 
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Table 62. Molar mass and diffusion volumes for the components of the gas mixture, 
adapted from [520]. 

Element 
 

M 
(g) 

Θ 
(-) 

x  
(-) 

He 4.03 2.88 0.918 
O2 31.999 16.6 0.04 

N2O 44.013 35.9 0.001 
C3H8 44.097 69.3 0.001 
H2O 19.015 12.7 0.04 

x = molar fraction in mixture, θ = diffusion volumes, M = atomic molecular mass 
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Table 63. Molecular diffusivity of nitrous oxide at different temperatures in the different components 
of the gas mixture and in the gas mixture. 

T 
(K) 

D 
(N2O in He) 

D 
(N2O in O2) 

D 
(N2O in C3H8) 

D 
(N2O in H2O) 

D 
(N2O in Mxt) 

523 1.33 0.39 0.22 0.38 1.21 
548 1.45 0.42 0.24 0.41 1.31 
573 1.57 0.46 0.26 0.44 1.42 
598 1.69 0.49 0.28 0.48 1.53 
623 1.81 0.53 0.30 0.51 1.64 
648 1.94 0.56 0.32 0.55 1.76 
673 2.08 0.60 0.35 0.59 1.88 
698 2.21 0.64 0.37 0.63 2.01 
723 2.35 0.68 0.39 0.67 2.13 

Mxt = mixture (1000 ppm N2O, 1000 ppm C3H8, 0 % H2O and 4 % O2 in He), all diffusivities D in cm2/s. 
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Table 64. Molecular diffusivity of propane at different temperatures in the different components of 
the gas mixture and in the gas mixture.. 

T 
(K) 

D 
(C3H8 in He) 

D 
(C3H8 in O2) 

D 
(C3H8 in N2O) 

D 
(C3H8 in H2O) 

D 
(C3H8 in Mxt) 

523 0.97 0.30 0.22 0.38 0.89 
548 1.06 0.33 0.24 0.41 0.97 
573 1.14 0.35 0.26 0.44 1.04 
598 1.23 0.38 0.28 0.48 1.13 
623 1.32 0.41 0.30 0.51 1.21 
648 1.42 0.44 0.32 0.55 1.29 
673 1.51 0.47 0.35 0.59 1.38 
698 1.61 0.50 0.37 0.63 1.47 
723 1.71 0.53 0.39 0.67 1.57 

Mxt = mixture (1000 ppm N2O, 1000 ppm C3H8, 0 % H2O and 4 % O2 in He), all diffusivities D in cm2/s. 
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Table 65. Kinematic viscosity, gas flow-rate, gas velocity and entry length in the monolith’s channels and 
Reynolds numbers for some characteristic conditions used in the catalytic tests. 

  5 Nl/min   10 Nl/min 

T 
(K) 

ν 
(m2/s) 

⋅

V  
(l/min) 

v 
(m/s) 

Re 
(-) 

EL 
(mm)  

⋅

V  
(l/min) 

v 
(m/s) 

Re 
(-) 

EL 
(mm) 

523 2.69·10-4 8.773 0.3316 29.15 1.8  17.546 0.6632 58.30 3.6 
548 2.92·10-4 9.192 0.3474 28.21 1.7  18.384 0.6948 56.42 3.5 
573 3.15·10-4 9.612 0.3632 27.32 1.7  19.224 0.7264 54.64 3.4 
598 3.39·10-4 10.031 0.3791 26.5 1.6  20.062 0.7582 53.00 3.3 
623 3.64·10-4 10.450 0.3949 25.72 1.6  20.900 0.7898 51.44 3.2 
648 3.89·10-4 10.869 0.4108 25 1.5  21.738 0.8216 50.00 3.1 
673 4.16·10-4 11.288 0.4266 24.31 1.5  22.576 0.8532 48.62 3.0 
698 4.43·10-4 11.708 0.4425 23.67 1.5  23.416 0.885 47.34 2.9 
723 4.71·10-4 12.127 0.4583 23.05 1.4  24.254 0.9166 46.10 2.8 

EL is the entry length,
⋅

V is the volume flow-rate of the gas through the monolith, ν is the kinematic viscosity of the gas mixture 
and v is the velocity of the gas in the monolith. 
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Table 66. Time constant for the radial diffusion in the monolith channels and for the axial convection, and 
Taylor’s dispersion coefficient for different operating temperatures with a volume flow rate of 5 Nl/min (GHSV 
= 12000 h-1). 

    N2O C3H8 N2O C3H8 N2O C3H8 
T 

(K) 
v 

(m/s) 
dh 

(m) 
tax 

(sec) 
D rad 

(m2/s) 
D rad 

(m2/s) 
trad 
(s) 

trad 
(s) 

trad/tax 
(-) 

trad/tax 
(-) 

523 0.33 0.00085 0.13571 0.00012 0.00009 0.00596 0.00810 0.04392 0.05969 
548 0.35 0.00085 0.12953 0.00013 0.00010 0.00549 0.00747 0.04238 0.05767 
573 0.36 0.00085 0.12390 0.00014 0.00010 0.00508 0.00691 0.04100 0.05577 
598 0.37 0.00085 0.11870 0.00015 0.00011 0.00471 0.00641 0.03968 0.05400 
623 0.40 0.00085 0.11395 0.00016 0.00012 0.00438 0.00596 0.03844 0.05230 
648 0.41 0.00085 0.10954 0.00018 0.00013 0.00409 0.00557 0.03734 0.05085 
673 0.43 0.00085 0.10549 0.00019 0.00014 0.00383 0.00521 0.03631 0.04939 
698 0.44 0.00085 0.10169 0.00020 0.00015 0.00360 0.00489 0.03540 0.04809 
723 0.46 0.00085 0.09819 0.00021 0.00016 0.00338 0.00460 0.03442 0.04685 

v = gas-flow velocity in the monolith’s channels, tax the time for the axial convection along the monolith and trad the time for the radial diffusion 
in the channels with hydraulic diameter dh.  
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Table 67. Time constant for the radial diffusion in the monolith channels and for the axial convection, and 
Taylor’s dispersion coefficient for different operating temperatures with a volume flow rate of 10 Nl/min (GHSV 
= 24000 h-1). 

    N2O C3H8 N2O C3H8 N2O C3H8 
T 

(K) 
v 

(m/s) 
dh 

(m) 
tax 

(sec) 
D rad 

(m2/s) 
D rad 

(m2/s) 
trad 
(s) 

trad 
(s) 

trad/tax 
(-) 

trad/tax 
(-) 

523 0.66 0.00085 0.06785 0.00012 0.00009 0.00596 0.00810 0.08784 0.11938 
548 0.40 0.00085 0.06477 0.00013 0.00010 0.00549 0.00747 0.08476 0.11533 
573 0.73 0.00085 0.06195 0.00014 0.00010 0.00508 0.00691 0.08200 0.11154 
598 0.76 0.00085 0.05935 0.00015 0.00011 0.00471 0.00641 0.07936 0.10800 
623 0.79 0.00085 0.05698 0.00016 0.00012 0.00438 0.00596 0.07687 0.10460 
648 0.82 0.00085 0.05477 0.00018 0.00013 0.00409 0.00557 0.07468 0.10170 
673 0.85 0.00085 0.05274 0.00019 0.00014 0.00383 0.00521 0.07262 0.09879 
698 0.89 0.00085 0.05085 0.00020 0.00015 0.00360 0.00489 0.07080 0.09617 
723 0.92 0.00085 0.04909 0.00021 0.00016 0.00338 0.00460 0.06885 0.09371 

v = gas-flow velocity in the monolith’s channels, tax the time for the axial convection along the monolith and trad the time for the radial diffusion 
in the channels with hydraulic diameter dh.  
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Table 68. Ratio between the time constant for diffusion in the monolith’s channels and for the reaction rate (for 
nitrous oxide and propane) for the DC-1 catalyst for different temperatures. 

 N2O  C3H8 
T 

(K) 
tDiff 
(s) 

r 
(mol/g·min) 

tr 
(s) 

tDiff/tr 
(-) 

 tDiff 
(s) 

r 
(mol/g·min) 

tr 
(s) 

tDiff/tr 
(-) 

523 0.00596 0.00000 4.55927 0.00131  0.00810 0.00000 4.55927 0.00178 
548 0.00549 0.00001 2.00267 0.00274  0.00747 0.00001 2.00267 0.00373 
573 0.00508 0.00002 1.07681 0.00472  0.00691 0.00002 1.07681 0.00642 
598 0.00471 0.00004 0.54526 0.00864  0.00641 0.00004 0.54526 0.01176 
623 0.00438 0.00005 0.42943 0.01020  0.00596 0.00005 0.42943 0.01388 
648 0.00409 - - -  0.00557 - - - 
673 0.00383 - - -  0.00521 - - - 
698 0.00360 - - -  0.00489 - - - 
723 0.00338 - - -  0.00460 - - - 
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Table 69. Ratio between the time constant for diffusion in the monolith’s channels and for the reaction rate (for 
nitrous oxide and propane) for the CB 51B catalyst for different temperatures. 
 N2O  C3H8 

T 
(K) 

tDiff 
(s) 

r 
(mol/g·min) 

tr 
(s) 

tDiff/tr 
(-)  tDiff 

(s) 
r 

(mol/g·min) 
tr 
(s) 

tDiff/tr 
(-) 

523 0.00596 0.0000006 14.6370023 0.00041  0.00810 0.0000006 14.63700 0.00055 
548 0.00549 0.0000014 6.273001 0.00088  0.00747 0.0000014 6.27300 0.00119 
573 0.00508 0.0000062 1.4164841 0.00359  0.00691 0.0000062 1.41648 0.00488 
598 0.00471 0.0000147 0.59742867 0.00788  0.00641 0.0000147 0.59743 0.01073 
623 0.00438 0.0000319 0.27530412 0.01591  0.00596 0.0000319 0.27530 0.02165 
648 0.00409 0.0000497 0.17670425 0.02315  0.00557 0.0000497 0.17670 0.03152 
673 0.00383  - -  0.00521 - - - 
698 0.00360 - - -  0.00489 - - - 
723 0.00338 - - -  0.00460 - - - 
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Table 70. Ratio between the time constant for diffusion in the monolith’s channels and for the reaction rate (for 
nitrous oxide and propane) for the CB 20B catalyst for different temperatures. 

 N2O  C3H8 
T 

(K) 
tDiff 
(s) 

r 
(mol/g·min) 

tr 
(s) 

tDiff/tr 
(-) 

 tDiff 
(s) 

r 
(mol/g·min) 

tr 
(s) 

tDiff/tr 
(-) 

523 0.00596 0.00000 - -  0.00810 0.00000 - - 
548 0.00549 0.00000 23.07692 0.00026  0.00747 0.00000 23.07692 0.00035 
573 0.00508 0.00000 4.27350 0.00128  0.00691 0.00000 4.27350 0.00175 
598 0.00471 0.00001 1.13122 0.00449  0.00641 0.00001 1.13122 0.00611 
623 0.00438 0.00003 0.45427 0.01037  0.00596 0.00003 0.45427 0.01411 
648 0.00409 0.00004 0.26959 0.01625  0.00557 0.00004 0.26959 0.02211 
673 0.00383 - - -  0.00521 - - - 
698 0.00360 - - -  0.00489 - - - 
723 0.00338 - - -  0.00460 - - - 
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Table 71. Von Mears criterion for the evaluation of external (film) diffusion 
limitations for the nitrous oxide in the DC-1 zeolite coating. 

T 
(K) 

Dij 
(cm2/s) 

ν 
(cm2/s) 

Re 
(-) 

Sc 
(-) 

r  
(mol/l·s) 

β 
(cm/s) 

Γ  
(-) 

523 0.12 2.69 36.91 2.23 0.00013 17.09 0.01 
548 0.13 2.92 35.71 2.22 0.00034 18.23 0.02 
573 0.14 3.15 34.59 2.22 0.00091 19.39 0.05 
598 0.15 3.39 33.55 2.21 0.00169 20.58 0.08 
623 0.16 3.64 32.57 2.21 0.00205 21.78 0.09 
648 0.18 3.89 31.65 2.21 - 23.00 - 
673 0.19 4.16 30.78 2.21 - 24.24 - 
698 0.20 4.43 29.96 2.21 - 25.49 - 
723 0.21 4.71 29.19 2.21 - 26.77 - 
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Table 72. Von Mears criterion for the evaluation of external (film) diffusion 
limitations for the propane in the DC-1 zeolite coating. 

T 
(K) 

Dij 
(cm2/s) 

ν 
(cm2/s) 

Re 
(-) 

Sc 
(-) 

r 
(mol/l·s) 

β 
(cm/s) 

Γ 
(-) 

523 0.09 2.69 36.91 3.03 0.00013 13.92 0.01 
548 0.10 2.92 35.71 3.02 0.00034 14.85 0.04 
573 0.10 3.15 34.59 3.02 0.00091 15.80 0.12 
598 0.11 3.39 33.55 3.01 0.00169 16.76 0.20 
623 0.12 3.64 32.57 3.01 0.00205 17.74 0.20 
648 0.13 3.89 31.65 3.01 - - - 
673 0.14 4.16 30.78 3.01 - - - 
698 0.15 4.43 29.96 3.00 - - - 
723 0.16 4.71 29.19 3.00 - - - 
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Table 73. Calculations of the inter-particle diffusion coefficient for the 
pellets IRON-1 and the zeolite dip-coated CB SiSiC monolith (DC-1)  

 N2O  C3H8 
T 

(K) 
Dij 

(cm2/s) 
Deff,i 

(cm2/s) 
DB 

(cm2/s) 
 Dij 

(cm2/s) 
Deff,i 

(cm2/s) 
DB 

(cm2/s) 
523 1.21 0.0908 0.0059  0.89 0.0667 0.0058 
548 1.31 0.0985 0.0061  0.97 0.0724 0.0060 
573 1.42 0.1065 0.0063  1.04 0.0783 0.0061 
598 1.53 0.1148 0.0064  1.13 0.0844 0.0063 
623 1.64 0.1233 0.0066  1.21 0.0907 0.0064 
648 1.76 0.1321 0.0067  1.29 0.0971 0.0066 
673 1.88 0.1412 0.0068  1.38 0.1038 0.0067 
698 2.01 0.1505 0.0070  1.47 0.1106 0.0069 
723 2.13 0.1600 0.0071  1.57 0.1176 0.0070 
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Table 74. Weisz module for the evaluation of the inter-particle diffusion 
limitations in the IRON-1 pellets. 
 N2O 
T (K) 523 548 573 598 623 648 
rP (cm) 0.0450 0.0450 0.0450 0.0450 0.0450 0.0450 
Deff (cm2/s) 0.0908 0.0985 0.1065 0.1148 0.1233 0.1321 
reff (mol/l·s) 0.0001 0.0003 0.0009 0.0017 0.0020 - 
Weisz (-) 0.0640 0.1553 0.3871 0.6683 0.7537 - 
 C3H8 
T (K) 523 548 573 598 623 648 
rP (cm) 0.0450 0.0450 0.0450 0.0450 0.0450 0.0450 
Deff (cm2/s) 0.0667 0.0724 0.0783 0.0844 0.0907 0.0971 
reff (mol/l·s) 0.0001 0.0003 0.0009 0.0017 0.0020 - 
Weisz (-) 0.0870 0.2113 0.5266 0.9092 1.0253 - 
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Table 75. Weisz module for the evaluation of the inter-particle diffusion 
limitations in the DC-1 monolithic catalyst. 

 N2O 
T (K) 523 548 573 598 623 648 
rP (cm) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 
Deff (cm2/s) 0.0908 0.0985 0.1065 0.1148 0.1233 0.1321 
reff (mol/l·s) 0.0002 0.0004 0.0007 0.0013 0.0017 - 
Weisz (-) 0.0039 0.0081 0.0139 0.0256 0.0302 - 
 C3H8 
T (K) 523 548 573 598 623 648 
rP (cm) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0100 
Deff (cm2/s) 0.0667 0.0724 0.0783 0.0844 0.0907 0.0971 
reff (mol/l·s) 0.0002 0.0004 0.0007 0.0013 0.0017 - 
Weisz (-) 0.0053 0.0110 0.0190 0.0348 0.0411 - 
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Table 76. Weisz module for the evaluation of the intra-particle diffusion limitations in 
the IRON-1 monolithic catalyst. 

 N2O 
T (K) 523 548 573 598 623 648 
rCR (cm) 1·10-4 1·10-4 1·10-4 1·10-4 1·10-4 1·10-4 
Deff (cm2/s) 6.8·10-10 9.5·10-10 1.3·10-9 1.7·10-9 2.2·10-9 3.6·10-9 
reff (mol/l·s) 1.3·10-4 3.4·10-4 9.1·10-4 1.7·10-3 2.0·10-3 - 
Weisz (-) 42 79 156 219 204  
 C3H8 
T (K) 523 548 573 598 623 648 
rCR (cm) 1·10-4 1·10-4 1·10-4 1·10-4 1·10-4 1·10-4 
Deff (cm2/s) 6.8·10-10 9.5·10-10 1.3·10-9 1.7·10-9 2.2·10-9 3.6·10-9 
reff (mol/l·s) 1.3·10-4 3.4·10-4 9.1·10-4 1.7·10-3 2.0·10-3 - 
Weisz (-) 42 79 156 219 204  
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Table 77. Weisz module for the evaluation of the intra-particle diffusion limitations in 
the DC-1 monolithic catalyst. 

 N2O 
T (K) 523 548 573 598 623 648 
rCR (cm) 1·10-4 1·10-4 1·10-4 1·10-4 1·10-4 1·10-4 
Deff (cm2/s) 6.8·10-10 9.5·10-10 1.3·10-9 1.7·10-9 2.2·10-9 3.6·10-9 
reff (mol/l·s) 1.6·10-4 3.6·10-4 6.6·10-4 1.3·10-3 1.6·10-3 - 
Weisz (-) 52 84 114 169 166 - 
 C3H8 
T (K) 523 548 573 598 623 648 
rCR (cm) 1·10-4 1·10-4 1·10-4 1·10-4 1·10-4 1·10-4 
Deff (cm2/s) 6.8·10-10 9.5·10-10 1.3·10-9 1.7·10-9 2.2·10-9 3.6·10-9 
reff (mol/l·s) 1.6·10-4 3.6·10-4 6.6·10-4 1.3·10-3 1.6·10-3 - 
Weisz (-) 52 84 114 169 166 - 
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Table 78. Weisz module for the evaluation of the intra-particle diffusion limitations in 
the CB 51B monolithic catalyst. 

 N2O 
T (K) 523 548 573 598 623 648 
rCR (cm) 6·10-3 6·10-3 6·10-3 6·10-3 6·10-3 6·10-3 
Deff (cm2/s) 6.8·10-10 9.5·10-10 1.3·10-9 1.7·10-9 2.2·10-9 3.6·10-9 
reff (mol/l·s) 2.0·10-5 4.7·10-5 2.1·10-4 4.9·10-4 1.6·10-3 1.3·10-3 
Weisz (-) 2.4·104 3.9·104 1.2·105 2.3·105 3.8·105 2.4·105 
 C3H8 
T (K) 523 548 573 598 623 648 
rCR (cm) 6·10-3 6·10-3 6·10-3 6·10-3 6·10-3 6·10-3 
Deff (cm2/s) 6.8·10-10 9.5·10-10 1.3·10-9 1.7·10-9 2.2·10-9 3.6·10-9 
reff (mol/l·s) 2.0·10-5 4.7·10-5 2.1·10-4 4.9·10-4 1.6·10-3 1.3·10-3 
Weisz (-) 2.4·104 3.9·104 1.2·105 2.3·105 3.8·105 2.4·105 
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Table 79. Weisz module for the evaluation of the intra-particle diffusion limitations in 
the CB 20B monolithic catalyst. 

 N2O 
T (K) 523 548 573 598 623 648 
rCR (cm) 3·10-3 3·10-3 3·10-3 3·10-3 3·10-3 3·10-3 

Deff (cm2/s) 6.8·10-10 9.5·10-10 1.3·10-9 1.7·10-9 2.2·10-9 3.6·10-9 
reff (mol/l·s) 0 1.7·10-5 9.0·10-4 3.4·10-4 8.5·10-4 1.4·10-3 
Weisz (-) 0 3.5·103 1.4·104 4.0·104 7.6·104 8.0·104 
 C3H8 
T (K) 523 548 573 598 623 648 
rCR (cm) 3·10-3 3·10-3 3·10-3 3·10-3 3·10-3 3·10-3 

Deff (cm2/s) 6.8·10-10 9.5·10-10 1.3·10-9 1.7·10-9 2.2·10-9 3.6·10-9 
reff (mol/l·s) 0 1.7·10-5 9.0·10-4 3.4·10-4 8.5·10-4 1.4·10-3 
Weisz (-) 0 3.5·103 1.4·104 4.0·104 7.6·104 8.0·104 
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Table 80. SST synthesis runs with the Rattan-derived SiSiC supports: experimental conditions. 
Exp. 

number 
Recipe Conditions Differences compared to 

the standard series 
RT 15 1 SiO2 : 0.0025 Al2O3 : 0.038 

TPA2O : 0.075 Na2O : 75 H2O 
448 K, static Different NaOH 

concentrations 
RT 16 1 SiO2 : 0.0025 Al2O3 : 0.038 

TPA2O : 0.037 Na2O : 75 H2O 
448 K, static Different NaOH 

concentrations  
RT 23 1 SiO2 : 0.0025 Al2O3 : 0.038 

TPA2O : 0.45 Na2O : 75 H2O 
448 K, static Different NaOH 

concentrations  
RT 30 1 SiO2 : 0.0025 Al2O3 : 0.038 

TPA2O : 0.3 Na2O : 150 H2O 
448 K, static Higher NaOH and H2O 

concentrations 
RT 32 1 SiO2 : 0.005 Al2O3 : 0.038 

TPA2O : 0.15 Na2O : 75 H2O 
448 K, static Higher Al in the synthesis 

mixture 
RT 33 1 SiO2 : 0.01 Al2O3 : 0.038 

TPA2O : 0.15 Na2O : 75 H2O 
448 K, static Higher Al in the synthesis 

mixture 
RT 34 1 SiO2 : 0.0025 Al2O3 : 0.038 

TPA2O : 0.15 Na2O : 75 H2O 
398 K, static Lower synthesis T 

RT 35 1 SiO2 : 0.0025 Al2O3 : 0.038 
TPA2O : 0.15 Na2O : 75 H2O 

423 K, static Lower synthesis T 

RT 36 1 SiO2 : 0.0025 Al2O3 : 0.038 
TPA2O : 0.07 Na2O : 37 H2O 

448 K, static Lower NaOH and H2O 
concentrations 

RT 37 1 SiO2 : 0.0025 Al2O3 : 0.038 
TPA2O : 0.3 Na2O : 75 H2O 

448 K, static Higher NaOH 
concentrations 

RT 38 1 SiO2 : 0.0025 Al2O3 : 0.038 
TPA2O : 0.15 Na2O : 75 H2O 

448 K, static Standard series used as 
reference 

RT 39 1 SiO2 : 0.0025 Al2O3 : 0.076 
TPA2O : 0.3 Na2O : 150 H2O 

448 K, static Higher NaOH, H2O and 
TPA+ concentrations 

RT 40 1 SiO2 : 0 Al2O3 : 0.038 
TPA2O : 0.15 Na2O : 75 H2O 

448 K, static No Al in the synthesis 
mixture 

RT 41 1 SiO2 : 0.0025 Al2O3 : 0.001 
TPA2O : 0.15 Na2O : 75 H2O 

448 K, static Different template 
concentration 

RT 42 1 SiO2 : 0.0025 Al2O3 : 0.019 
TPA2O : 0.15 Na2O : 75 H2O 

448 K, static Different template 
concentration 

RT 44 1 SiO2 : 0.0025 Al2O3 : 0.076 
TPA2O : 0.15 Na2O : 75 H2O 

448 K, static Different template 
concentration 

RT 45 1 SiO2 : 0.0025 Al2O3 : 0.19 
TPA2O : 0.15 Na2O : 75 H2O 

448 K, static Different template 
concentration 

RT 46 1 SiO2 : 0.0025 Al2O3 : 0.38 
TPA2O : 0.15 Na2O : 75 H2O 

448 K, static Different template 
concentration 
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Table 81. SST synthesis runs with the Rattan-derived SiSiC supports: results. 

 
Time 

(h) 
Weight 
before 

(g) 

Weight 
after (g) 

Differ.  
weight (%) 

pH 
before 

pH 
after 

Difference 
pH 

Si conc. 
(mg/l) 

Al conc. 
(mg/l) 

6 1.0145 0.9764 -3.76 13.17 11.98 1.19 2297 47 
12 1.1857 1.1546 -2.62 13.17 12.45 0.72 1792 50 
25 1.5247 1.4956 -1.91 13.17 12.64 0.53 1480 50 
48 1.3886 1.3447 -3.16 13.17 11.93 1.24 1912 29 R

T
 1

5 

96 1.5521 1.4823 -4.50 13.17 11.72 1.45 2029 0 
6 1.0808 1.0752 -0.52 12.81 12.49 0.32 353 75 
12 1.088 1.0798 -0.75 12.81 11.97 0.84 692 59 
24 1.427 1.4197 -0.51 12.81 12.28 0.53 450 50 
48 1.3993 1.3952 -0.29 12.73 12.30 0.43 321 45 R

T
 1

6 

96 1.4053 1.4008 -0.32 12.73 12.13 0.60 321 31 
6 1.0006 0.5085 -49.18 13.74 12.03 1.71 19535 95 
12 1.0139 0.4678 -53.86 13.74 11.85 1.89 21105 80 
24 1.1747 0.5535 -52.88 13.74 11.76 1.98 22070 70 
48 1.3495 0.9912 -26.55 13.74 12.03 1.71 18400 0 R

T
 2

3 

96 1.3233 1.0332 -21.92 13.74 12.13 1.61 17720 0 
12 0.6896 0.5444 -21.06 13.35 12.07 1.28 6056 10.7 
24 0.7527 0.5878 -21.91 13.35 11.95 1.40 6301 7.7 
48 0.6538 0.5212 -20.28 13.35 11.88 1.47 6249 8.6 
72 0.5961 0.4806 -19.38 13.63 12.32 1.31 5378 2.5 
96 0.7518 0.6975 -7.22 13.35 12.05 1.30 5409 3 

R
T

 3
0 

192 0.8386 0.8081 -3.64 13.35 12.00 1.35 3962 4.5 
6 1.0891 1.0636 -2.34 13.36 13.13 0.23 2663 23.5 
12 1.0244 0.9816 -4.18 13.36 12.78 0.58 3744 18.3 
24 1.1581 1.1185 -3.42 13.36 12.58 0.78 4064 7.3 
48 1.1231 1.1146 -0.76 13.36 12.04 1.32 4845 4.8 
96 1.192 1.2456 4.50 13.36 11.99 1.37 4803 6.9 

145 1.1108 1.258 13.25 13.48 12.07 1.41 3876 2.4 
192 1.2479 1.3834 10.86 13.36 12.20 1.16 3835 4 

R
T

 3
2 

288 1.1572 1.3412 15.90 13.48 12.16 1.32 3483 0.3 
6 0.7001 0.7096 1.36 13.26 13.28 -0.02 0 400 
12 0.9314 0.9451 1.47 13.41 13.30 0.11 674 38.2 
24 1.0105 1.0308 2.01 13.41 13.17 0.24 555 49.8 
48 1.1009 1.1015 0.05 13.41 12.17 1.24 1085 17 
96 1.2196 1.2399 1.66 13.41 12.14 1.27 3519 7.8 

145 1.0466 1.1193 6.95 13.48 11.91 1.57 3384 4.5 
192 1.1843 1.3098 10.60 13.41 12.04 1.37 2909 1.9 

R
T

 3
3 

288 1.2103 1.3739 13.52 13.48 12.00 1.48 3246 5.2 
12 0.6316 0.5627 -10.91 13.3 11.93 1.37 0 100 
24 0.7119 0.6366 -10.58 13.3 11.79 1.51 6435 40.3 
48 0.7064 0.6381 -9.67 13.3 11.65 1.65 6982 35.6 
96 1.1975 1.0892 -9.04 13.3 11.81 1.49 7471 18.6 

192 1.2823 1.1675 -8.95 13.3 11.96 1.34 7720 6.9 
288 1.3379 1.2575 -6.01 13.3 11.97 1.33 6381 23.9 

R
T

 3
4 

384 1.3096 1.4777 12.84 13.59 12.04 1.55 5834 5.2 
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Table 82. Continuation of the table above. 

 
Time 

(h) 
Weight 
before 

(g) 

Weight 
after (g) 

Differ.  
weight (%) 

pH 
before 

pH 
after 

Difference 
pH 

Si conc. 
(mg/l) 

Al conc. 
(mg/l) 

6 0.6984 0.6351 -9.06 13.3 11.93 1.37 6340 31.2 
12 0.7694 0.695 -9.67 13.3 11.93 1.37 6268 33.1 
24 1.2168 1.1049 -9.20 13.3 11.91 1.39 6334 26.2 
48 1.1524 1.0629 -7.77 13.3 11.92 1.38 5970 13.6 
72 1.0415 0.9857 -5.36 13.63 11.90 1.73 5900 11.3 
96 1.2078 1.258 4.16 13.3 12.06 1.24 5315 4.4 

144 1.0964 1.0811 -1.40 13.63 12.04 1.59 5254 0.8 
192 1.252 1.5211 21.49 13.3 12.30 1.00 4482 2.8 

R
T

 3
5 

288 1.2391 1.5241 23.00 13.63 12.29 1.34 4308 2.4 
6 0.4292 0.4157 -3.15 13.57 11.90 1.67 5705 29.5 
12 0.5599 0.5493 -1.89 13.57 11.93 1.64 4460 16.8 
24 0.8483 0.9177 8.18 13.57 11.99 1.58 4104 4.7 
30 1.007 1.1051 9.74 13.52 11.92 1.60 3722 6.1 
48 0.889 1.1181 25.77 13.57 11.88 1.69 3281 4.4 
96 1.031 1.3546 31.39 13.57 11.63 1.94 2549 2.7 

R
T

 3
6 

192 1.0075 1.3478 33.78 13.57 11.73 1.84 2197 3.7 
6 0.6982 0.5239 -24.96 13.79 12.28 1.51 13015 34.2 
12 0.7429 0.5402 -27.28 13.79 12.05 1.74 13992 33.7 
24 1.3201 1.01 -23.49 13.79 12.06 1.73 13223 30.4 
48 1.2978 1.1002 -15.23 13.79 12.40 1.39 11116 5.9 
96 1.3681 1.2239 -10.54 13.79 12.39 1.40 10938 3 

144 1.2625 1.1656 -7.68 13.79 12.57 1.22 8452 1 

R
T

 3
7 

192 1.3788 1.2442 -9.76 13.79 12.47 1.32 11105 1.8 
6 0.9427 0.8429 -10.59 13.68 11.95 1.73 6290 9.4 
12 0.9382 0.8491 -9.50 13.68 11.95 1.73 6029 5.1 
18 1.0607 0.9953 -6.17 13.68 11.91 1.77 6019 8.3 
24 0.9679 0.9398 -2.90 13.56 11.94 1.62 5638 8.7 
48 0.9477 1.0183 7.45 13.56 11.94 1.62 4528 6.2 
72 1.0102 1.2343 22.18 13.68 12.07 1.61 4642 0.6 
96 1.0381 1.3038 25.59 13.56 12.12 1.44 4188 4.1 

144 1.0475 1.2767 21.88 13.68 12.16 1.52 4256 5.7 

R
T

 3
8 

192 1.1536 1.3935 20.80 13.56 12.21 1.35 4314 3.2 
6 0.4651 0.3688 -20.71 13.6 12.19 1.41 6127 8 
12 0.5594 0.4427 -20.86 13.6 12.07 1.53 6088 6.7 
24 0.7181 0.572 -20.35 13.6 11.98 1.62 6217 6 
48 0.7386 0.6326 -14.35 13.6 12.12 1.48 5554 0.1 
72 0.8655 0.9171 5.96 13.33 12.25 1.08 4747 3.2 
96 0.8036 0.8625 7.33 13.6 12.32 1.28 5146 0 

R
T

 3
9 

192 0.8776 0.9245 5.34 13.6 12.36 1.24 4772 0 
6 1.0975 0.953 -13.17 13.42 11.94 1.48 6771 3.2 
12 1.1311 1.1014 -2.63 13.42 12.00 1.42 5561 3.4 
24 1.1179 1.1649 4.20 13.42 12.04 1.38 5160 2.9 
48 1.1341 1.2668 11.70 13.42 12.07 1.35 4781 2.9 
96 1.1275 1.3214 17.20 13.42 12.23 1.19 4369 1.3 

R
T

 4
0 

192 1.1897 1.3973 17.45 13.42 12.26 1.16 4082 2.7 
 
 
 
 
 



     Appendix 

  385 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 83. Continuation of the table above. 

 

Time 
(h) 

Weight 
before 

(g) 

Weight 
after (g) 

Differ.  
weight (%) 

pH 
before 

pH 
after 

Difference
pH 

Si conc. 
(mg/l) 

Al 
conc. 
(mg/l) 

RT 
41 96 1.1383 1.0518 -7.60 13.43 12.20 1.23 5109 5.8 

RT 
42 96 1.212 1.3262 9.42 13.35 12.12 1.23 4804 3 

RT 
44 96 1.3186 1.6051 21.73 13.38 12.25 1.13 3814 3.7 

RT 
45 96 1.3477 1.6371 21.47 13.42 12.05 1.37 2740 2 

RT 
45 96 1.3955 1.7801 27.56 13.38 11.69 1.69 1353 2.6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



     Appendix 

386 

 
 
 
 
Table 84. Continuation of the table above. 

 Time 
(h) 

Zeolite amount 
by TGA (%) 

QAl Normalised 
acidity (µmol/g) 

Overall acidity 
(µmol/g) 

Si/Al 

6 0 0.0000    
12 0 0.0000    

24.7 0 0.0000    
48 0 0.0000    R

T
 1

5 

96 0 0.0000    
6 0 0.0000    
12 0 0.0000    
24 0 0.0000    
48 0 0.0000    R

T
 1

6 

96 0 0.0000    
6 0 0.0000    
12 0 0.0000    
24 5 0.0000    
48 40 0.2779    R

T
 2

3 

96 45 0.3225    
12 0 0.0000    
24 0 0.0000    
48 7 0.0000    
72 9 0.1258    
96 36 0.3613    

R
T

 3
0 

192 37 0.3651    
6 0 0.0000    
12 0 0.0000    
24 0 0.0000    
48 7 0.0380 746 28 19 
96 14 0.1000 583 58 25 

145 36 0.2812   94 
192 36 0.3622 184 67 79 

R
T

 3
2 

288 34 0.3331 130 43 123 
6 0 0.0000    
12 0 0.0000    
24 0 0.0000    
48 5 0.0357 27 743 19 
96 13 0.0827 46 555 25 

145 21 0.1964 68 348 40 
192 29 0.2451 83 339 41 

R
T

 3
3 

288 32 0.2412 87 360 39 
12 0 0.0000    
24 0 0.0000    
48 0 0.0000    
96 0 0.0000    

192 3 0.0000    
288 11 0.0607 26 431 34 

R
T

 3
4 

384 42 0.3616 40 111 132 
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Table 85. Continuation of the table above. 

 Time 
(h) 

Zeolite amount 
by TGA (%) 

QAl Normalised 
acidity (µmol/g) 

Overall acidity 
(µmol/g) 

Si/Al 

6 0 0.0000    
12 0 0.0000    
24 0 0.0000    
48 3 0.0000    
72 6 0.0000    
96 18 0.1026 36 346 42 

144 21 0.1811 45 246 57 
192 43 0.3365 47 139 101 

R
T

 3
5 

288 46 0.3571 48 134 104 
6 0 0.0000    
12 2 0.0000    
24 16 0.0908    
30 17 0.1353 20 150 93 
48 42 0.4016 46 115 122 
96 40 0.4353 43 98 143 

R
T

 3
6 

192 45 0.4460 43 97 144 
6 0 0.0000    
12 1 0.0000    
24 6 0.0139 16 1183 12 
48 15 0.0934 58 625 22 
96 24 0.1522 67 440 32 

144 20 0.1531    

R
T

 3
7 

192 23 0.1559 61 393 36 
6 1 0.0000    
12 1 0.0000    
18 5 0.0484    
24 11 0.0880    
48 23 0.1719 240 41 61 
72 41 0.3343    
96 42 0.3585 144 52 102 

144 40 0.3352    

R
T

 3
8 

192 39 0.3156 150 47 97 
6 0 0.0000    
12 0 0.0000    
24 6 0.0000    
48 25 0.1940 340 66 43 
72 39 0.2868 294 84 50 
96 42 0.3373 230 77 64 

R
T

 3
9 

192 40 0.3549 208 74 70 
6 2 0.0000    
12 22 0.1852    
24 32 0.2658    
48 42 0.4276    
96 46 0.4334    

R
T

 4
0 

192 44 0.4595    
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Table 86. Continuation of the table above. 

 Time 
(h) 

Zeolite amount 
by TGA (%) 

QAl Normalised 
acidity (µmol/g) 

Overall acidity 
(µmol/g) 

Si/Al 

RT 
41 96 6.32 0.0216 0 0 - 

RT 
42 96 32.19 0.2413 249 60 59 

RT 
44 96 38.87 0.3336 185 55 79 

RT 
45 96 39.80 0.3582 131 47 112 

RT 
45 96 42.47 0.3682 131 48 112 
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Table 87. SST synthesis runs with the Cardboard-derived SiSiC supports: experimental conditions. 
Exp. 

 
ID Recipe Conditions Differences compared to 

the standard series 
CB  
3 

Repetition 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static Standard synthesis 
repetition 

CB 
5 

0.5 x Al 1 SiO2 : 0.001 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static Half Al concentration 

CB  
6 

398 K 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

398 K, static  Lower temperature 

CB  
7 

Standard 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static Standard series used as 
reference 

CB  
8 

2 x Al 1 SiO2 : 0.004 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static Double Al concentration 

CB  
9 

4 x Al 1 SiO2 : 0.008 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static 4 times Al concentration 

CB 
10 

0 x Al 1 SiO2 : 0 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static No aluminium 

CB 
11 

473 K 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

473 K, static Higher temperature 

CB 
12 

2 x H2O 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static Higher water amount 

CB 
15 

423 K 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

423 K, static Lower temperature 

CB 
17 

¼ Si 1 SiO2 : 0.008 Al2O3 : 0.076 TPA2O 
: 0.312 Na2O : 156 H2O 

448 K, static Higher solution-to-support 
ratio 

CB 
18 

2 x Si 1 SiO2 : 0.001 Al2O3 : 0.009 TPA2O 
: 0.039 Na2O : 19 H2O 

448 K, static Lower solution-to-support 
ratio 

CB 
19 

1/10 Si 1 SiO2 : 0.020 Al2O3 : 0.190 TPA2O 
: 0.780 Na2O : 390 H2O 

448 K, static Higher solution-to-support 
ratio 

CB 
20 

CB 23 seeds 1 SiO2 : 0.012 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static, 
seeds 

5 wt % Silicalite -1 seeds, 6 
times Al concentration 

CB 
22 

5 x TPABr 1 SiO2 : 0.002 Al2O3 : 0.095 TPA2O 
: 0.078 Na2O : 39 H2O 

448 K, static Higher template 
concentration 

CB 
23 

6 x Al 1 SiO2 : 0.012 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static 6 times Al concentration 
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Table 88. Continuation of the table above. 
Exp. 

 
ID Recipe Conditions Differences compared to 

the standard series 
CB 
24 

10 x Al 1 SiO2 : 0.020 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static 10 times Al concentration 

CB 
25 

TPAOH 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O 
: 0.078 Na2O : 39 H2O 

448 K, static TPAOH instead of TPABr 

CB 
27 

0 x TPABr 1 SiO2 : 0.002 Al2O3 : 0 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static No template 

CB 
28 

Standard seeds 1 SiO2 : 0.002 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static, 
seeds 

5 wt % Silicalite -1 seeds 

CB 
37 

5 x TPA, 5 OH- 1 SiO2 : 0.002 Al2O3 : 0.095 TPA2O 
: 0.078 Na2O : 39 H2O 

448 K, static 5 times template by adding 
TPAOH to standard recipe 

CB 
39 

No HF 
comparison 

1 SiO2 : 0.002 Al2O3 : 0.3 TPA2O : 0 
Na2O : 77 H2O 

448 K, static Like CB 40 without HF 

CB 
40 

HF 1 SiO2 : 0.002 Al2O3 : 0.3 TPA2O : 0 
Na2O : 77 H2O : 0.86 HF 

448 K, static, 
HF 

Addition of HF 

CB 
41 

Iso-propoxide 1 SiO2 : 0.008 Al2O3 : 0.019 TPA2O : 
0.078 Na2O : 39 H2O 

448 K, static CB9 with Al-isopropoxide 
instead of nitrate 

CB 
45 

HF no Al 1 SiO2 : 0 Al2O3 : 0.3 TPA2O : 0 
Na2O : 77 H2O : 0.86 HF 

448 K, static Like CB 40 without 
Al-source 

CB 
48 

2 x NaOH, 2 x 
TPABr, 6 x Al 

1 SiO2 : 0.012 Al2O3 : 0.038 TPA2O 
: 0.156 Na2O : 39 H2O 

448 K, static 6 times Al concentration 
and 2 times NaOH, TPABr 

CB 
49 

4 x NaOH, 4 x 
TPABr, 12 x Al 

1 SiO2 : 0.024 Al2O3 : 0.076 TPA2O 
: 0.312 Na2O : 39 H2O 

448 K, static 12 times Al concentration 
and 4 times NaOH, TPABr 

CB 
51 

2 x NaOH, 8 x 
Al 

 

1 SiO2 : 0.016 Al2O3 : 0.019 TPA2O : 
0.156 Na2O : 39 H2O 

448 K, static CB 9 with 2 times Al and 
NaOH 

CB 
52 

4 x NaOH, 16 x 
Al 

 

1 SiO2 : 0.032 Al2O3 : 0.019 TPA2O : 
0.312 Na2O : 39 H2O 

448 K, static CB 9 with 4 times Al and 
NaOH 

CB 
53 

6 x NaOH, 6 x 
Al 

 

1 SiO2 : 0.048 Al2O3 : 0.019 TPA2O : 
0.468 Na2O : 39 H2O 

448 K, static CB 9 with 6 times Al and 
NaOH 
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Table 89. SST synthesis runs with the Cardboard-derived SiSiC supports: results. 

 
Time 

(h) 
Weight 
before 

(g) 

Weight 
after (g) 

Differ.  
weight (%) 

pH 
before 

pH 
after 

Difference 
pH 

Si conc. 
(mg/l) 

Al conc. 
(mg/l) 

6 0.8497 0.8009 -6 13.27 11.68 -1.59 6522 24 
12 1.2405 1.1784 -5 13.27 11.76 -1.51 5833 24 
24 1.3603 1.1984 -14 13.27 11.83 -1.44 5186 11 
48 2.4383 2.3085 -6 13.27 12.08 -1.19 5011 7 
96 1.5944 1.9007 16 13.27 12.15 -1.12 3502 4 

C
B

 3
 

192 1.6485 2.0344 19 13.4 12.13 -1.27 3110 2 
6 1.0813 1.0109 -7 13.53 11.91 -1.62 6760 1 
12 0.6668 0.5923 -13 13.53 11.88 -1.65 4648 0 
24 0.6831 0.6505 -5 13.53 11.88 -1.65 4137 0 
48 1.0758 1.2106 11 13.53 11.98 -1.55 3862 0 
96 1.0160 1.3649 26 13.53 11.98 -1.55 3267 0 

C
B

 5
 

192 1.1914 1.4664 19 13.53 11.95 -1.58 3148 0 
6 1.0913   13.52 12.36 -1.16   
12 0.8643   13.52 11.68 -1.84   
24 0.9356   13.52 11.77 -1.75   
48 1.4019 1.3179 -6 13.52 11.83 -1.69   
96 2.2850 2.1584 -6 13.52 11.98 -1.54   

144 0.9020 0.9231 2 13.45 11.80 -1.65 5733 4 
192 1.2151 1.1637 -4 13.46 11.69 -1.77 5842 5 
240 0.9879 0.9042 -9 13.39 11.79 -1.60 5752 7 
288 1.0055 1.1153 10 13.70 12.10 -1.60 7281 2 

C
B

 6
 

384 0.7186 0.8025 10 13.70 11.63 -2.07 2906 7 
6 0.9447 0.9058 -4 13.40 11.83 -1.57 6068 5 
12 1.0518 1.0075 -4 13.40 11.97 -1.43 5309 3 
24 1.1644 1.0916 -7 13.40 11.93 -1.47 5155 4 
36 0.8716 0.7811 -12 13.40 12.02 -1.38 4469 2 
48 1.2523 1.2056 -4 13.40 12.01 -1.39 4417 1 
72 0.8890 0.9430 6 13.40 12.10 -1.30 3920 1 
96 1.0618 1.2300 14 13.40 12.05 -1.35 3613 1 

C
B

 7
 

192 1.2441 1.4334 13 13.40 11.92 -1.48 3568 2 
6 1.1784 1.1699 -1 13.26 12.51 -0.75 3497 11 
12 1.4370 1.3978 -3 13.26 11.80 -1.46 4924 9 
24 1.4604 1.5304 5 13.26 11.80 -1.46 4820 5 
36 1.0305 1.0044 -3 13.42 11.85 -1.57 4620 4 
48 1.0621 1.0148 -5 13.26 11.69 -1.57 3030 3 
72 0.8881 0.8754 -1 13.42 11.97 -1.45 4109 1 
96 1.0129 1.1139 9 13.26 11.68 -1.58 3281 2 

C
B

 8
 

192 1.0572 1.2679 17 13.26 11.68 -1.58 2884 2 
6 1.0716 1.0949 2 13.20 12.62 -0.58 2431 2 
12 1.4411 1.4662 2 13.20 12.20 -1.00 3046 2 
24 0.8656 0.8769 1 13.20 11.62 -1.58 3680 1 
48 1.0708 1.0742 0 13.20 11.68 -1.52 4034 0 
96 1.1012 1.1076 1 13.20 11.67 -1.53 2807 1 

144 0.8617 0.8939 4 13.37 11.74 -1.63 2896 4 
192 1.6834 1.9969 16 13.20 11.52 -1.68 2440 16 

C
B

 9
 

240 0.8424 0.8989 6 13.37 11.74 -1.63 2037 6 
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Table 90. Continuation of the table above. 

 
Time 

(h) 
Weight 
before 

(g) 

Weight 
after (g) 

Differ.  
weight (%) 

pH 
before 

pH 
after 

Difference 
pH 

Si conc. 
(mg/l) 

Al conc. 
(mg/l) 

6 1.2577 1.1478 -10 13.52 11.84 -1.68 8046 10 
12 1.2061 1.1792 -2 13.52 11.90 -1.62 5702 6 
24 1.1105 0.7449 -49 13.52 11.92 -1.60 6105 8 
48 0.7782 1.3864 44 13.52 12.06 -1.46 4336 5 
96 1.1872 2.0926 43 13.52 12.10 -1.42 3798 0 

C
B

 1
0 

192 0.9839 1.8758 48 13.52 12.21 -1.31 3868 2 
6 1.5427 1.4684 -5 13.56 12.01 -1.55 6063 9 
12 1.8840 1.8034 -4 13.56 11.86 -1.70 5992 4 
24 1.5674 1.4290 -10 13.56 12.05 -1.51 4598 3 
36 1.1821 1.3208 11 13.48 11.72 -1.76 4550 0 
48 0.8995 1.0128 11 13.49 11.78 -1.71 4367 3 
72 1.1630 1.3422 13 13.48 11.67 -1.81 4627 1 

C
B

 1
1 

96 1.3546 1.4424 6 13.49 11.71 -1.78 4008 1 
6 0.8399 0.7588 -11 13.33 11.58 -1.75 7167 8 
12 0.8448 0.7754 -9 13.33 11.90 -1.43 5929 4 
24 1.3345 1.1593 -15 13.33 12.04 -1.29 5679 4 
48 1.0425 0.9073 -15 13.33 11.39 -1.94 4890 3 
96 0.9787 0.9420 -4 13.33 12.19 -1.14 4805 1 

C
B

 1
2 

192 1.1493 1.2405 7 13.33 12.16 -1.17 4712 2 
6 0.9734 0.9165 -6 13.36 11.63 -1.73 6283 24 
12 1.2118 1.0985 -10 13.36 11.67 -1.69 6249 34 
24 1.2459 1.1914 -5 13.36 11.71 -1.65 6006 6 
48 1.1954 1.1980 0 13.36 11.63 -1.73 5565 8 
72 0.8280 0.7140 -16 13.70 12.02 -1.68 9073 5 
96 1.2280 1.1783 -4 13.36 11.54 -1.82 4695 1 

144 2.1137 2.3742 11 13.70 12.50 -1.20 6818 4 

C
B

 1
5 

192 1.6826 1.8774 10 13.36 11.85 -1.51 4414 1 
6 0.8362 0.7406 -13 13.44 11.92 -1.52 6429 22 
12 1.4980 1.3522 -11 13.44 12.32 -1.12 5391 14 
24 0.8905 0.7467 -19 13.44 11.96 -1.48 5308 10 
48 0.9263 0.8324 -11 13.44 11.79 -1.65 5751 7 
96 1.5917 1.6235 2 13.44 12.27 -1.17 4483 2 

C
B

 1
7 

192 1.5453 1.6730 8 13.44 12.14 -1.30 4396 3 
6 1.3154 1.2784 -3 13.49 11.43 -2.06 6510 15 
12 1.3369 1.3068 -2 13.49 11.91 -1.58 5564 12 
24 1.2087 1.1921 -1 13.49 11.85 -1.64 4675 9 
48 1.1492 1.3039 12 13.49 11.47 -2.02 3089 3 
96 0.9746 1.1592 16 13.49 11.42 -2.07 3003 4 

C
B

 1
8 

192 1.2814 1.5448 17 13.49 11.64 -1.85 2830 4 
6 0.9524 0.5642 -69 13.41 12.88 -0.53 4071 10 
12 1.0700 0.7505 -43 13.41 13.12 -0.29 3153 5 
24 1.3185 0.8819 -50 13.40 13.11 -0.29 2742 3 
48 1.0604 0.5329 -99 13.48 12.29 -1.19 4313 3 
96 1.3993 0.5266 -166 13.52 12.54 -0.98 3239 3 

C
B

 1
9 

192 1.3971 0.8846 -58 13.48 12.49 -0.99 2240 1 
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Table 91. Continuation of the table above. 

 

Time 
(h) 

Weight 
before 

(g) 

Weight 
after (g) 

Differ.  
weight (%) 

pH 
before 

pH 
after 

Difference 
pH 

Si conc. 
(mg/l) 

Al conc. 
(mg/l)  

C
B

 2
0 

192 1.2541 1.3404 6 13.11 11.23 -1.88 1316 7 

6 0.7372 0.6927 -6 13.48 11.96 -1.52 5980 6 
12 0.8757 0.8505 -3 13.48 11.92 -1.56 5696 4 
24 0.9801 0.9665 -1 13.34 11.95 -1.39 3952 3 
48 1.3291 1.4843 10 13.34 12.10 -1.24 3040 1 
96 1.4353 1.7776 19 13.34 11.58 -1.76 1598 2 

C
B

 2
2 

192 1.5426 2.0148 23 13.34 11.48 -1.86 1205 0 
6 1.4578 1.2723 -15 13.11 12.80 -0.31 933 5 
12 0.7818 0.8264 5 13.11 12.70 -0.41 771 6 
24 1.2075 1.5534 22 13.11 11.94 -1.17 1702 5 

192 1.9906 2.0958 5 13.09 11.54 -1.55 1820 4 C
B

 2
3 

384 1.2891 1.3125 2 13.15 11.30 -1.85 1324 2 
6 0.9708 0.9728 0 12.00 11.65 -0.35 29 970 
12 1.0472 1.0652 2 12.00 11.07 -0.93 23 578 
24 1.1613 1.1735 1 12.00 10.66 -1.34 39 614 C

B
 2

4 

192 2.0509 2.0847 2 11.22 9.95 -1.27 437 3 
6 0.7551 0.6968 -8 13.70 11.79 -1.91 8398 8 
12 0.6480 0.6122 -6 13.70 12.10 -1.60 6976 4 
24 0.8253 0.7436 -11 13.57 12.07 -1.50 6337 5 
48 1.0162 0.9204 -10 13.57 12.11 -1.46 5211 4 
96 1.2385 1.4595 15 13.57 12.35 -1.22 4226 2 

C
B

 2
5 

192 1.2277 1.4808 17 13.57 12.17 -1.40 4151 3 
6 0.7289 0.7025 -4 13.45 11.82 -1.63 6837 8 
12 0.6849 0.6721 -2 13.45 11.80 -1.65 6706 4 
24 0.7323 0.7148 -2 13.45 11.76 -1.69 6481 3 
48 1.1407 1.1074 -3 13.45 11.88 -1.57 6322 4 
96 0.9493 0.9025 -5 13.45 11.84 -1.61 5911 4 

C
B

 2
7 

192 1.4642 1.4105 -4 13.45 12.15 -1.30 3620 6 
6 0.8105 0.7736 -5 13.56 11.99 -1.57 6156 2 
12 0.8471 0.7764 -9 13.56 11.96 -1.60 5941 2 
24 1.2997 1.2341 -5 13.56 12.06 -1.50 5185 2 
48 0.7996 0.9258 14 13.45 12.03 -1.42 3684 1 
96 0.9813 1.2086 19 13.45 12.08 -1.37 3402 2 

C
B

 2
8 

192 1.2262 1.4341 14 13.45 11.79 -1.66 6544 5 
6 0.7400 0.6749 -10 13.60 11.77 -1.83 11162 3 
12 0.7461 0.7263 -3 13.60 11.97 -1.63 10570 5 
24 1.0261 0.9529 -8 13.55 11.90 -1.65 9523 9 
48 0.8598 0.9664 11 13.55 11.65 -1.90 6314 9 
96 0.8222 0.9874 17 13.55 12.26 -1.29 5485 3 

C
B

 3
7 

192 1.4283 1.6367 13 13.55 12.19 -1.36 5668 3 
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Table 92. Continuation of the table above. 

 
Time 

(h) 
Weight 
before 

(g) 

Weight 
after (g) 

Differ.  
weight (%) 

pH 
before 

pH 
after 

Difference 
pH 

Si conc. 
(mg/l) 

Al conc. 
(mg/l)  

6 0.7734 0.5192 -49 13.84 12.39 -1.45 13957 35 
12 0.6241 0.4902 -27 13.84 12.34 -1.50 12111 6 
24 0.8716 0.8056 -8 13.84 12.63 -1.21 10333 4 
48 0.9472 0.9927 5 13.86 12.61 -1.25 7724 3 
96 1.1173 1.3030 14 13.86 12.48 -1.38 5252 2 

C
B

 3
9 

192 0.8254 1.0213 19 13.84 12.16 -1.68 3252 2 
6 0.8509 0.5690 -50 13.78 12.43 -1.35 13802 39 
48 0.9495 0.8880 -7 13.78 12.76 -1.02 6563 4 
96 0.9101 0.9592 5 13.78 12.49 -1.29 5005 5 

192 1.1126 1.2810 13 13.78 12.20 -1.58 3326 4 
384 1.0032 1.1558 13 13.78 11.71 -2.07 1745 5 

C
B

 4
0 

480 1.4148 1.6400 14 13.78 11.65 -2.13 1595 3 
6 0.6130 0.5804 -6 13.42 11.90 -1.52 10065 29 
12 0.5950 0.5679 -5 13.42 11.81 -1.61 9594 9 
24 1.2298 1.1866 -4 13.42 11.89 -1.53 9546 12 
48 1.0100 1.0354 2 13.42 12.11 -1.31 7508 9 
96 1.5322 1.7494 12 13.42 12.33 -1.09 5907 5 

C
B

 4
1 

192 1.2784 1.5469 17 13.42 12.20 -1.22 4745 1 
6         
12         
24         
48         
72         

C
B

 4
5 

96         
6 0.6821 0.493 -38 14 11.68 -2.32 28709.5 0 
12 0.764 0.561 -36 14 11.54 -2.46 27044.5 0 
24 1.0443 0.7076 -48 14 11.64 -2.36 28236.5 0 
48 1.2291 0.9527 -29 14 11.93 -2.07 25839.5 0 
96 1.3132 1.1971 -10 14 12.50 -1.50 21058 0 

C
B

 4
8 

192 1.1212 1.0315 -9 14 12.59 -1.41 17848 0 
6 0.7143 0.7422 0.0279 4 11.46 -2.50 20334.4 0 
12 0.817 0.915 0.0980 11 11.60 -2.36 16826 0 
24 1.468 1.4638 -0.0042 0 11.63 -2.33 15682.2 0 
48 1.3747 1.5652 0.1905 12 11.97 -1.99 17294.8 0 
96 1.5357 1.7054 0.1697 10 12.59 -1.37 13230.4 0 

C
B

 4
9 

192 1.5751 1.8089 0.2338 13 12.59 -1.37 11337.8 0 

C
B

 5
1 

192 2.2205 2.6464 16 13.83 12.35 -1.48 6752.00 0.00 

C
B

 5
2 

192 2.392 3.1553 24 13.97 13.01 -0.96 15094.00 0.00 

C
B

 5
3 

192 2.1510 2.0350 -6 13.99     
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Table 93. Continuation of the table above. 

 Time 
(h) 

Zeolite amount 
by TGA (%) 

QAl Normalised 
acidity (µmol/g) 

Overall acidity 
(µmol/g) 

Si/Al 

6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    
48 8.8270 0.0775    
96 36.3299 0.3506    

C
B

 3
 

192 43.3605 0.3977    
6 2.2223 0.0000    
12 2.0187 0.0000    
24 13.9533 0.1110    
48 36.8345 0.3679    
96 56.1306 0.5061    

C
B

 5
 

192 50.5245 0.4652 170 80 86 
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    
48 0.0000 0.0000    
96 0.0000 0.0000    

144 0.0000 0.0000    
192 3.7578 0.0000    
240 6.5159 0.0538    
288 48.5810 0.3337    

C
B

 6
 

384 53.0411 0.3612    
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    
36 8.6956 0.0691    
48 14.0462 0.1293    
72 43.1220 0.2845    
96 41.1784 0.3700    

C
B

 7
 

192 42.1231 0.4493 134 60 111 
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.1151 0.0000    
36 0.6045 0.0000    
48 4.9781 0.0389    
72 2.2448 0.0118    
96 31.3136 0.3191    

C
B

 8
 

192 32.9474 0.3742 395 148 37 
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    
48 1.9916 0.0000    
96 2.2006 0.0000    

144 23.2529 0.1932 477 92 31 
192 30.6941 0.3145 463 90 30 

C
B

 9
 

240 25.5217 0.2720 465 94 32 
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Table 94. Continuation of the table above. 

 Time 
(h) 

Zeolite amount 
by TGA (%) 

QAl Normalised 
acidity (µmol/g) 

Overall acidity 
(µmol/g) 

Si/Al 

6 0.0695 0.0000    
12 2.0922 0.0000    
24 8.9667 0.0890    
48 47.0091 0.4153    
96 56.8972 0.4904    

C
B

 1
0 

192 42.3012 0.5438    
6 0.0000 0.0000    
12 0.0000 0.0000    
24 4.1008 0.0420    
36 31.5614 0.2199    
48 37.1055 0.2718    
72 30.3379 0.3207    

C
B

 1
1 

96 32.4131 0.3468 435 103 34 
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    
48 0.6936 0.0000    
96 27.3258 0.2229    

C
B

 1
2 

192 41.8986 0.3318 311  47 
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    
48 0.5504 0.0000    
72 6.4640 0.0168    
96 7.8207 0.0896    

144 32.8045 0.2825    

C
B

 1
5 

192 35.5217 0.3500 201 57 73 
6 0.2735 0.0000    
12 1.9319 0.0000    
24 3.2057 0.0194    
48 2.9463 0.0000    
96 34.4186 0.3074    

C
B

 1
7 

192 42.9052 0.4154 254 105 58 
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.6592 0.0000    
48 25.1577 0.3204    
96 30.9264 0.3099    

C
B

 1
8 

192 28.5437 0.2527 150 41 98 
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    
48 0.0000 0.0000    
96 0.0000 0.0000    

C
B

 1
9 

192 0.0000 0.0000    
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Table 95. Continuation of the table above. 

 Time 
(h) 

Zeolite amount 
by TGA (%) 

QAl Normalised 
acidity (µmol/g) 

Overall acidity 
(µmol/g) 

Si/Al 

C
B

 2
0 

192 12.2111 
 

0.1160 
    

6 0.0000 0.0000    
12 0.0000 0.0000    
24 3.2398 0.0000    
48 24.8248 0.2716    
96 53.0875 0.4705    

C
B

 2
2 

192 54.4581 0.4652 88 41 167 
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    

192 0.0000 0.0000    C
B

 2
3 

384 0.0000 0.0000    
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    C

B
 2

4 

192 0.0000 0.0000    
6 0.0000 0.0000    
12 0.0000 0.0000    
24 3.3853 0.0000    
48 23.3613 0.3016    
96 52.0190 0.5401    

C
B

 2
5 

192 53.0875 0.4822 244 118 60 
6 0.0000 0.0000    
12 0.0000 0.0000    
24 0.0000 0.0000    
48 0.0000 0.0000    
96 3.8344 0.0000    

C
B

 2
7 

192 4.0195 0.0000    
6 0.0000 0.0000    
12 2.1247 0.0000    
24 7.8129 0.0488    
48 38.4993 0.4483    
96 35.8786 0.3270    

C
B

 2
8 

192 39.6143 0.3226 307 99 48 
6 1.0972 0.0000    
12 4.4531 0.0000    
24 5.4706 0.0159    
48 42.5025 0.4386    
96 41.9915 0.4670    

C
B

 3
7 

192 33.9463 0.3922 250 98 59 
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Table 96. Continuation of the table above. 

 Time 
(h) 

Zeolite amount 
by TGA (%) 

QAl Normalised 
acidity (µmol/g) 

Overall acidity 
(µmol/g) 

Si/Al 

6 2.7667 0.0000    
12 20.6667 0.0923    
24 40.4738 0.0716    
48 51.5544 0.4252    
96 57.6560 0.4740    

C
B

 3
9 

192 57.2147 0.4848 89.00 43 164.00 
6 2.9416 0.0000    
48 26.8457 0.0000    
96 35.7350 0.0000    

192 58.8330 0.5466    
384 56.5565 0.5663    

C
B

 4
0 

480 52.3132 0.4866 145.00 71 100.00 
6 1.1119 0.0000    
12 2.7411 0.0000    
24 4.8380 0.0123    
48 13.6048 0.0605    
96 36.4164 0.3043    

C
B

 4
1 

192 35.5646 0.2821 853 241 17 
6  0.1602    
12  0.3038    
24  0.4007    
48  0.4391    
72  0.4736    

C
B

 4
5 

96  0.4578    
6  0.0000    
12  0.0000    
24  0.0218    
48  0.303    
96  0.4415    

C
B

 4
8 

192  0.4521 811 286 18 
6  0    
12  0    
24  0.0766    
48  0.3307    
96  0.4213    

C
B

 4
9 

192  0.4116 1039 428 14 

C
B

 5
1 

192  0.3286 929 287 16 

C
B

 5
2 

192  0.2454 960 246,02 15 

C
B

 5
3 

192  0.2164 1404 
 304 10 
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List of symbols and abbreviations 
 

Greek  
Symbols  

Description Units 

α Crystallinity - 
β Mass transport coefficient m/s 
χ Geometrical factor in Ergun’s equation - 
εMON Void fraction of a monolith - 
ε porosity  - 
θ Diffusion volume of molecules m3 
λ Rate of converted molecules (for TOF) 1/s 
µ Dynamic viscosity Pa·s 
ηC Coating efficiency (zeolite on monolith) - 
ν Kinematic viscosity m2/s 
ρ density m3/Kg 
σ Number of active sites (for TOF) - 
Φ Weisz module - 
Λ Ratio between the time constants for radial diffusion and reaction 

time in the monolithic catalyst 
- 

Γ Weisz module for film diffusion - 
Υ Yield of zeolite crystallisation - 
Σ Overall mass of Si in batch for the  

calculation of the yield of the zeolite crystallisation process 
g 

ψ Fractional volume (Si in SiSiC) - 
ξ  Weight percentage - 
τmod Modified residence time g·min/mol 
τ Tortuosity factor - 
Ω Ratio between the time constants for radial and axial diffusion in 

the monolithic catalyst 
- 

 
Latin Symbols 
  

Description Units 

aSi number Si atoms per unit cell zeolite - 
A Area m2 
ci Concentration of species mol/l 
cp,i Heat capacity KJ/mol·K 
Di,j Diffusion coefficient of component i in j m2/s 
dh Hydraulic diameter mm 
DM Molecular diffusion cm2/s 
d50 Average particle diameter cm 
EA Activation energy KJ/mol 
k Reaction rate constant  mol/g·min 
Hi Enthalpy of single components KJ/mol 
KR  Crystallisation rate 1/h 
Ks Solubility of silica  mol/l 
L Characteristic length mm 
lMON Length monolith mm 
LR  Reactor length  cm 
M Molecular mass g/mol 
mCAT Mass of catalyst g 
N Cell density of a monolith 1/inch2 
NA Avogadro number mol 
ni Number of moles of the species i mol 
p Pressure bar 
pi Partial pressure component i - 
∆p Pressure drop bar 
q partial order of reaction - 
QAl Index of zeolite crystallinity - 
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rp Characteristic radius of the particle/catalyst (or diffusion length 
for the Weisz module) 

mm 

r Rate of depletion mol/g·min 
R Reaction rate mol/g·min 
S Cell spacing of a monolith mm 
Sk,i Selectivity of reactant i to product k - 
t Time h 
T Temperature K 
tC Crystallisation time h 
tD Time constant for diffusion s 
tI Time at half the maximum crystallinity h 
TD Decomposition temperature  K 
tW Wall thickness of a monolith mm 
∆Tad Adiabatict temperature increase K 

.
V  Volume flow-rate 

l/min 

VCAT Volume of the catalyst cm3 
VM Molar volume l/mol 
VReactor Volume Reactor cm3 
w Fraction of template in the zeolite framework - 
Z Active site zeolite - 
ZC Mass of zeolite coating g 
ZE Mass of excess powder g 
xi Molar fraction component i - 
Xi Conversion of reactant i - 
xfd,h Entry length in the monolith mm 
XSi Conversion on Si during zeolite synthesis - 
Yk,i Yield of product k to reactant i - 

 
Subscripts and 
Superscripts  

Description 

ax Axial 
AS After synthesis  
B Bosanquet’s  
BS Before synthesis  
C Zeolite coating 
cat Catalyst 
CR Crystal (zeolite) 
Diff Diffusion 
Diss Dissolved in the reaction mixture 
E Excess Powder (zeolite) 
eff Effective 
h Hydraulic 
i Component i 
IZC Inside-Zeolite-Crystals 
j Component j 
Kn Knudsen 
M Molecular 
ma Macropore 
mi Micropore 
MON Monolith 
mp Mesopore 
OZC Outside-Zeolite-Crystals 
P Particle/pellets 
r Reaction 
rad Radial 
Si Silicon 
SiSiC Silicon Carbide (monolith) 
ZEO  Zeolite 
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Abbreviations  Description 

 
ACM Acicular Mullite  
AT Alkali-Treated 
BET  Brunauer Emett Teller 
BJH  Barrett-Joiner-Halenda  
CB Carbon preform 
CB  Cardboard-derived (SiSiC monolith) 
TEC Coefficient of Thermal Expansion 
CVD Chemical Vapour Deposition 
COP-3 Third Conference of the Parties  
cpi Cells per square inch 
DC Dip-Coated 
DeN2O Decomposition of nitrous oxide 
DeNOx Decomposition of nitric oxide 
ECN Energy Research Centre of Netherland 
EF Extra-Framework 
EDX Energy Dispersive X-ray Spectroscopy 
EPD Electrophoretic Deposition  
FBC Fluidised Bed Combustion 
FCC Fluidised Catalytic Cracking 
FID Flame Ionization Detector 
FTIR Fourier Transformed Infrared Spectroscopy 
GC Gas Chromatography 
GHSV Gas Hour Space Velocity 
GWP Global Warming Potential 
HC Hydrocarbons 
HT Hydrothermal 
ICP-OES Inductive Coupled Plasma Optical Emission Spectroscopy 
IKTS (Fraunhofer) Institut für Keramische Technologien und Sinterwerkstoffe 
IUPAC International Union of Pure and Applied Chemistry 
LB Langmuir-Blodgett 
LbL Layer-by-Layer 
LSI Liquid Silicon Infiltration 
MFC  Mass Flow Controllers 
MFI Mobile Five 
MTO/MTG Methanol to Olefins or Gasoline 
NH3-TPD Ammonia Temperature Programmed Desorption 
NMP  N-Methyl-pyrrolidon 
NMR Nuclear Magnetic Resonance 
PBU Primary Building Units 
PFR  Plug Flow Reactor 
PI Pressure Indicator 
ppm  part per million  
PLD Pulse Laser Deposition 
PVD Physical Vapour Deposition 
RMR Relative Molar Response Coefficient 
RT Retention Time 
RTD Residence Time Distribution 
RT SiSiC Rattan-derived (SiSiC monolith) 
SBU Secondary Building Units 
SCR  Selective-Catalytic-Reduction 
SDA Structure Building Unit 
SEM Scanning Electron Micrograph 
SiSiC Silicon Silicon-Carbide 
SSIE Solid State Ion-Exchange 
SST Support Self-Transformation 
STP  Standard Temperature and Pressure 
SUB Sublimation 
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TEOS  Tetraethylorthosilicate 
TCD Thermal Conductivity Detector 
TGA  Thermo-Gravimetric Analysis 
TI  Temperature Indicator 
TOF Turnover frequency 
TOS  Time-On-Stream 
TPA Tetra-Propyl-Ammonium 
TWC Three-Way Catalyst 
UNFCC United Nations Framework on Climate Change  
VOC Volatile Organic Compounds  
WIE  Wet Ion Exchange 
ZSM-5  Zeolite Socony Mobile nr. 5 
VOI Volume of Interest 
WW3 Werkstoffswissenschaft 3 
XRD X-ray Powder Diffractometry 
µ-CT Micro Computed-Tomography 

 
Dimensionless 
numbers 

Identification  Definition 

Bo Bodenstein number 
ax

R
ax D

LvBo ⋅
=  

Peax Axial Peclet number in fixed-bed reactor 
ax

p
ax D

dv
Pe

⋅
=  

Re Reynolds number 
ν
⋅

=
LvRe  

Sc Schmidt number 
MD

Sc ν
=  

Sh Sherwood number 
MD
dSh ⋅β

=  

Weisz Weisz module 
ieff

2
peff

cD
rr
⋅

⋅
=Φ  

- Taylor’s dispersion 
ax

rad

t
t

=Ω  

- External diffusion limitations 
r

rad

t
t

=Λ  
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