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Kurzbeschreibung 

 

Die direkte Oxidation von Benzol zu Phenol (BTOP) mit N2O über einen Zeolith-Katalysator 

ist eine Alternative zu dem als Standardverfahren geltenden 3-stufigen Cumen-prozess. Neben 

den Vorteilen zu diesem alternativen Prozess, gibt es noch große Probleme wie z. B. schnelle 

Desaktivierung des Katalysators, was zu einer geringeren ausbeute und einer kürzeren 

Lebenszeit des Katalysators führt. In vielen Veröffentlichungen über die Benzol zu Phenol 

Oxidation wurde herausgefunden, dass die Aktivität des Katalysators im Laufe der Reaktion 

teilweise abnimmt durch zunehmende Koksbildung im Katalysator, was ein großes Hindernis 

für die industrielle Einführung dieser eleganten Syntheseroute darstellt.  

 

Das Hauptziel dieser Arbeit war es, die Lebensdauer eines ZSM-5 Katalysators für die direkte 

Oxidation von Benzol zu Phenol (BTOP) mit N2O zu erhöhen. Daneben war ein weiteres Ziel, 

die Zusammenhänge zwischen aktiven Zentren und dem Eisengehalt und der Azidität mit der 

katalytischen Aktivität zu ergründen.  

 

Der Hauptgrund für die schnelle Desaktivierug des Katalysators liegt in der Anreicherung von 

Phenol innerhalb des ZSM-5 Kristalls durch starke Adsorption und langsame Diffusion des 

Phenols. Die mikroporöse Natur des Zeolithkatalysators führt zu einer intra-kristallinen 

Diffusionslimitierung. Um diese Limitierung zu verhindern wurde im Rahmen dieser Arbeit 

die Kristallgröße verringert und eine „Extra“-Porosität durch Modifizierung im vorhandenen 

Kristall erzeugt. Diese Modifizierungen zielten darauf ab, die Diffusionsweglänge des 

Phenolmoleküls zu verkürzen und damit die Katalysatordesaktivierung zu reduzieren. Um 

diese Zielstellung zu erreichen, wurden nach der konventionellen Synthese verschiedene 

postsynthetische Modifizierungsmaßnahmen gewählt. Durch eine spezielle Mahlmethode (das 

sog. wet milling) wurden Zeolithkristalle mit unterschiedlichen Kristallitgrößen erhalten, mit 

der alkalischen Nachbehandlung wurden unterschiedliche Grade von Mesoporosität im 

Kristall erreicht. Die Anwendung dieser modifizierten Zeolithe in der Reaktion der direkten 

Oxidation von Benzol zu Phenol zeigt die Effektivität dieser beiden Techniken, um die 

Lebensdauer eines Katalysators zu erhöhen. 

 

In der Diskussion um die aktiven Zentren innerhalb eines Zeolithkristalls wurde im Rahmen 

dieser Arbeit erfolgreich ein Eisen- und säurefreier Zeolith hergestellt. Überprüft wurde das 

Ergebnis mittels EPR und ICP, so dass nachgewiesen werden konnte, dass Zeolithe ohne 

Eisen oder mit keinerlei Azidität erzeugt wurden. So wie bekannt ist, dass die N2O Zersetzung 

der erste Schritt in der BTOP-Reaktion ist, wurden die modifizierten Zeolithe in einer N2O-
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Zersetzungsreaktion getestet, um den Einfluss von Eisen von der eigentlichen Azidität eines 

Zeolithen in der katalytischen Aktivität zu entkoppeln. Es wurde nachgewiesen, dass das 

jeweilige alleinige Vorhandensein von Eisen- und Säurezentren nicht ausreicht, die N2O-

Zersetzung zu katalysieren. Die Ergebnisse bestätigen, dass es notwendig ist, eine 

Kombination aus Eisen- und Säurezentren im Katalysator zu haben. Weiterhin zeigen die 

Ergebnisse, dass keine Beziehung zwischen Azidität und katalytischer Performance, im 

speziellen die katalytische Desaktivierung, besteht.  

 

Es konnte kein Zusammenhang bei den Zeolithen in Bezug auf das SiO2/Al 2O3 Verhältnis und 

die Mahlstabilität festgestellt werden. Die katalytischen Ergebnisse für die BTOP-Reaktion 

mit gemahlenen Zeolithen (also kleinere Kristallitgrößen) zeigen, dass kleinere 

Kristallitgrößen eine langsamere Desaktivierung aufweisen. Die durchgeführten TG-MS 

Analysen (Thermo Gravimetrie mit gekoppelter Massenspektrometrie) untermauern die 

Annahme, dass die Optimierung in der Desaktivierung zusammenhängen mit der leichteren 

Desorption des Phenols aus dem Zeolithkristalls mit einer kleineren Größe. Die alkalische 

Nachbehandlung hat aufgezeigt, dass das Vorhandensein von Aluminium im Zeolithgitter 

eine entscheidende Rolle für die Bildung von Mesoporen in MFI-Zeolithen in alkalischen 

Medien zeigt. Ein Si/Al-Verhältnis von 17-40 im Gitter ist der optimale Bereich für eine 

beträchtliche interkristalline Mesoporosität kombiniert mit im Allgemeinen konservierten Al-

Zentren.   

 

Was die katalytische Desaktivierung in der BTOP-Reaktion betrifft, zeigte der Zeolith mit 

einem Si/Al-Verhältnis von 19, die beste katalytische Aktivität. Für Katalysatoren mit 

Mesoporen wurde eine niedrigere Desaktivierungsrate festgestellt, als für Katalysatoren ohne 

Mesoporen. Eine weitere TG-MS Analyse belegt die Annahme, dass die relative niedrigere 

Desaktivierungsrate mit der Verkürzung der Diffusionsweglänge in den mesoporösen 

Katalysatoren für das erzeugte Phenol zusammenhängt. Die erzielte niedrigere Desaktivierung 

mit sowohl kleineren Kristallen, als auch mit Mesoporen zeigt, dass sich diese 

Modifizierungen günstig für diese Reaktion auswirken. Weiterhin zeigen die Verbesserungen, 

dass erzeugtes Phenol im Zeolithen leichter heraus diffundieren kann, was die Akkumulation 

des Phenols im Kristall verhindert. Letztlich wurde gezeigt, dass sich das Vorhandensein von 

Eisen in größeren Mengen im Zeolith negativ auf die Reaktion auswirkt. So ist es notwendig, 

eine optimale Azidität und einen optimalen Eisengehalt einzustellen um optimale Ergebnisse 

zu erhalten. 
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Abstract 

 

The direct oxidation of benzene to phenol (BTOP) with N2O over zeolite catalysts is an 

alternative to the conventional three-step cumene process. Despite the advantages of this 

alternative process, it has serious problems like rapid deactivation of the catalyst that results 

in lower yields and short lifespan of the catalyst. In many studies of the benzene to phenol 

oxidation, it has been found that the activity of the catalyst gradually reduces with time due to 

coke formation, which is a serious obstacle for commercialization of this elegant synthesis 

route.  

 

The main aim of this thesis was to find out ways to improve the life time of the ZSM-5 type 

catalyst used in the direct oxidation of benzene to phenol with N2O. Besides this, further aim 

was to get deeper insights into the active site controversy over the importance of iron content 

and acidity on the catalytic activity. The accumulation of phenol inside the ZSM-5 crystal due 

to strong adsorption and slow diffusion of phenol is the major cause for the rapid deactivation. 

The microporous nature of the zeolite catalysts often leads to the intracrystalline diffusion 

limitations.  

 

During this work, in order to avoid these limitations, the crystal size was minimized and extra 

porosity was created by modifying the available zeolite crystals. These modifications were 

aimed to reduce the diffusion path length for the phenol molecule, thereby reducing the 

catalyst deactivation. In order to achieve this goal, post synthesis modification techniques 

were chosen over the conventional synthesis routes. Zeolites of different crystal sizes were 

achieved via specific milling method (wet milling) while alkali treatment was used to induce 

different levels of mesoporosity. The application of these zeolites as a catalyst for the direct 

oxidation of benzene to phenol shows that these two methods are very effective to improve 

the lifetime of the catalyst for this reaction.  

 

In order to get deeper insights into the active site controversy, in the frame of this work, it was 

successful to prepare iron free and acid free zeolites, i.e. zeolites with no iron traces (proven 

via EPR and ICP) and zeolites with zero acidity. As it is known that N2O decomposition is the 

primary step in the BTOP, these zeolites were tested for the N2O decomposition reaction to 

decouple the influence of Fe content from acidity of the zeolite on the catalytic activity. It was 

proven that the sole presence Fe sites and acid sites alone is not sufficient to catalyze the N2O 

decomposition. The results showed that it is essential that the catalyst should possess the 

combination of both iron and acidity. The results have also shown that there is no relationship 

between acidity and catalytic performance especially catalytic deactivation and activity.  
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No correlation could be seen between SiO2/Al 2O3 ratio of the zeolite and its milling stability. 

The catalytic results for BTOP with milled zeolites (smaller crystal sizes) have proven that 

smaller crystal sizes are beneficial in terms of lower catalyst deactivation. The obtained TG-

MS analyses (Thermo Gravimeter coupled with Mass Spectrometer) support the assumption 

that the improvements in the deactivation behaviour are due to the easier desorption of phenol 

from the zeolites with lower crystal sizes.  

 

As far as the alkali treatment is concerned, it has been identified that the presence of 

framework Al plays a key role in the mechanism of mesopore formation in MFI zeolites in 

alkaline medium. A framework Si/Al ratio of 17-40 is found to be optimal for a substantial 

intracrystalline mesoporosity combined with generally preserved Al centres.  

 

The corresponding catalytic activities (BTOP) of the optimal zeolite with Si/Al ratio of 19 

showed the best catalytic performance in terms of catalytic deactivation. The deactivation rate 

was observed to be lower for the catalyst with mesopores in comparison to the non mesopore 

containing catalyst. A further TG-MS analysis support the assumption that the relatively 

lower deactivation rate of the mesoporous catalyst could be due to the decrease in diffusion 

path length for the produced phenol. The obtained lower deactivation with both smaller 

crystals and mesopores indicate that these are beneficial for this reaction and the 

improvements could be attributed to easier back diffusion of phenol from the zeolite which in 

turn avoids the accumulation of phenol inside the crystals. Finally, it was also proven that the 

presence of iron in larger quantities is non beneficial for the reaction. It is required to have 

optimal acidity and Iron content to have optimal results.  
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1 Introduction and Motivation 
 

Phenol is traditionally produced by the three-step cumene process. The main problems of this 

process are: (i) formation of hazardous intermediate cumene hydroperoxide; and (ii) 

formation of undesired co-product acetone, which are detrimental from the economic point of 

view. The most useful alternative method to the traditional three step cumene process is the 

direct oxidation (or widely called as hydroxylation) of benzene to phenol with nitrous oxide 

over zeolite catalysts (BTOP), which is one of the demanding challenges in industrial bulk 

chemistry.  

 

Though the direct oxidation of benzene is advantageous, it is associated with serious problems 

like rapid deactivation of the catalyst that results in lower yield and shorter lifespan of the 

catalyst [1-4]. In many studies concerning the oxidation of benzene to phenol over zeolite 

catalysts, it has been found that the activity of the catalyst gradually reduces with time on 

stream due to formation of carbonaceous deposits (coke), which is a serious obstacle for 

commercialization of this elegant synthesis route. The coke formation is strongly dependent 

on zeolite pore structure, reaction conditions and nature of reactants [5]. There have been 

numerous studies on the BTOP over the past 20 years. However, no convincing data is 

available on the deactivation of the catalyst and the suitable catalyst to avoid such rapid 

deactivation has not been developed yet.  

 

In addition, there have been some controversies on the active sites for this reaction. It was 

proposed that iron containing ZSM-5 type zeolites [MFI] to be the most promising catalysts 

for the direct hydroxylation of benzene to phenol with nitrous oxide [3, 6]. There have been 

several controversial discussions in literature concerning the nature and structure of active 

sites in zeolites for this reaction. Several reports relate the activity of the zeolite to the 

presence of Bronsted acid sites [2, 7, 8] while others [9-11] to Lewis acid sites. Panov and 

coworkers found evidences for the extraframework dinuclear iron species in ZSM-5, the so 

called “alpha sites” [12, 13], as the active sites. 
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Therefore, the main aim of this thesis was to develop ways to improve catalyst life time 

during the direct hydroxylation of benzene to phenol with N2O over ZSM-5 type zeolite 

catalysts. Two different possibilities have been proposed in this work to avoid catalysts 

deactivation namely “crystal size reduction” and “creation of extra porosity”. In addition, it 

was attempted to clarify the controversy over the importance of iron content and acidity on 

the catalytic activity for this reaction. The general strategy of this thesis is described in 

Chapter 5.1.  

 

The whole work can be broadly divided in to two parts namely chemical and physical 

aspects of investigation. Under “Chemical aspects”,  

I. A catalytic screening was done for BTOP with different commercial zeolites with 

varying Si/Al ratios (acidity) and iron contents in order to systematically investigate 

the factors affecting the catalyst deactivation. 

II.  An attempt was made to decouple the influence of iron content from the acidity of the 

catalyst to clarify the active site issues related to iron and acidity for BTOP. In an 

effort to check this, a zeolite with no traces of iron (iron-free material) was prepared in 

this work. This was used as a starting material for further post synthesis modifications. 

With this material, a systematic study was carried out by introducing acidity (via 

NH4NO3 exchange) and iron. 

 

It is speculated in the literature that the accumulation of phenol inside the pores of ZSM-5 

crystals due to strong adsorption and slow diffusion of phenol is considered as the major 

causes for the rapid deactivation [14-17]. Our own preliminary experiments also confirmed 

that phenol is the coke precursor [18, 19]. Though the reduction diffusion path length inside 

the zeolite is an alternative technique for such reaction, astonishingly, no such work has been 

reported in the literature for this reaction (BTOP).  

 

Hence, it was attempted to shorten the diffusion path lengths for the phenol molecule in order 

to aid its back diffusion from the zeolite crystal. In the present work two different methods 

namely “reduction of crystal size” and “creation of mesopores” were followed to achieve 

this goal. This part is covered under “physical aspects”. 

I. Reduction of crystal size: Zeolite crystal size is an important factor. It has been 

reported in the literature [20-22] that the decrease in the zeolite crystal size showed a 

positive effect in most of its catalytic applications as it enhances the intra-crystalline 
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diffusion steps. In general, smaller crystal sizes can be obtained either by modifying 

the conventional hydrothermal synthesis conditions or through mechanical treatment 

(milling) of the already synthesized zeolites [23-27]. In order to have same starting 

materials and to avoid any influences of sysnthesis conditions, the mechanical milling 

approach has been chosen as a means to reduce the crystal sizes. In the present work, 

the original ZSM-5 zeolite was milled for different periods of time using wet stirred 

media milling in order to get zeolites of different crystal sizes. The best milling 

parameters are discussed. The original and milled catalysts were subjected to benzene 

hydroxylation reaction.  

II.  Creation of mesoporosity: Zeolite crystals that contain mesopores are emerging as a 

new class of materials with a great potential especially for those catalytic reactions 

which are affected by diffusion limitations [28, 29]. Such mesoporous zeolites can be 

prepared by special synthesis techniques [30, 31] or by post-synthesis modification of 

zeolites with steam treatment [15, 32], acid leaching [33] or alkali leaching [34, 35]. 

Similarly, mesoporous MFI single crystals [36, 37] and mesoporous Mordenites [38] 

have been successfully employed in benzene alkylation reaction to improve the 

transport limitation of ethyl benzene. The observed improvements in performances 

were attributed to the reduced transport limitations offered by the mesoporosity. So 

far, mesoporous ZSM-5 zeolites obtained via desilication have not been applied in the 

hydroxylation processes. Our strategy in this work was to take a ZSM-5 zeolite 

containing just traces of Fe impurities to create mesopores without affecting the state 

of iron in the zeolite. Thus zeolite desilication was chosen as a tool to remove Si 

preferentially from the framework in an attempt to introduce mesoporoes. In this 

work, we compare the catalytic performances of mesoporous MFI zeolite, obtained via 

desilication through post-synthesis alkali treatment, and a original zeolite for the direct 

hydroxylation of benzene to phenol. A very detailed kinetic study has been performed 

by conducting alkali treatment for different periods of time at a specific concentration. 

In order to find the suitable conditions, the treatment temperature and concentrations 

were also varied. In addition, the effects of NaOH treatment on Si/Al content of 

zeolite were tested by conducting the alkali treatment for zeolites with different Si/Al 

ratio. The original and the mesoporous catalysts with different Si/Al ratio were 

subjected to benzene hydroxylation reaction.  

Both chemical and physical investigations have been conducted in such a way to get deeper 

insights in to the catalysts deactivation and improve the life time of the catalyst during the 
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reaction. It is important to mention that the BTOP reaction is an exothermic reaction with a 

reaction enthalpy of 259 kJ/mol at 400 °C [39]. Hence, employing a conventional fixed bed 

reactor would result in significant increase in the reactor temperature during the reaction and 

can eventually end up in thermal runaway of the reactor. Moreover, high temperature favours 

byproduct formation in this reaction. To alleviate this problem, benzene hydroxylation 

reaction was carried out in a microreactor [39], which has high heat transfer rate (heat transfer 

from catalyst to the support) and high mass transfer rate (short dimensions and high surface 

area to volume ratio). 
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2 Fundamentals and state of the art 
 

The following chapter is subdivided into three different parts to cover all the important 

fundamentals. The first sub chapter gives an overview of application and importance of 

phenol, conventional phenol production methods and economic importance of developing a 

new process for phenol production. The second subchapter is devoted to the fundamentals of 

zeolites and their properties that make them interesting for the application in catalysis.  This 

also covers different post synthesis modifications that are available. The third one gives an 

extensive overview of the state of the art of direct oxidation of benzene to phenol (BTOP). 

 

2.1 Importance of Phenol  
 

2.1.1 Application of Phenol 
 

Phenol is a white, crystalline solid at room temperature. Phenol was first isolated from coal tar 

in the mid 1800s. Its main use is as chemical intermediates in the manufacture of Bisphenol 

A, phenol formaldehyde resins, caprolactam, alkylphenols, aniline and 2,6-xylenol [40]. 

 

Bisphenol A (BPA), the fastest growing user of phenol, is produced by the condensation 

reaction of two moles of phenol and one mole of acetone. BPA, in turn, has two significant 

applications, which consume more than 80% of the production:  

� Polycarbonates, i.e, engineering thermoplastics used for compact disks, opthalmic 

lenses, automotive applications, and numerous other applications requiring the 

outstanding properties of polycarbonate 

� Epoxy resins, i.e, thermosetting plastics employed in automotive coatings, electronic 

coatings, and other thermosetting applications. 

 

 



2. Fundamentals and state of the art                      6 

   

Phenolic resins (PF) are produced by the condensation of phenol or a substituted phenol, such 

as cresol, with formaldehyde. These low cost resins have been produced commercially for 

more than 100 years. They are employed as adhesives in the plywood industry and in 

numerous under-the-hood applications in the automotive industry. Because of the cyclic 

nature of the automotive and home building industry, the consumption of phenol for the 

production of phenolic resins is subject to cyclic swings greater than that of the economy as a 

whole. 

 

Bisphenol A
44%

PF resin
27%

Caprolactam
7%

Alkylphenols
3%

Other
19%

 
Figure 2.1 Worldwide application of phenol in 2007 [41] 

 
Some other phenol derivatives are somewhat local in application. For example, aniline is 

produced from phenol at only two plants, one in Japan and one in the United States. Likewise, 

phenol is used in the production of nylon, via caprolactam or adipic acid by only one United 

States producer and one European producer. These markets, like the phenolic resin and 

polycarbonate markets, are quite cyclical. Thus, the entire phenol market tends to be cyclical 

and closely tied to the housing and automotive markets. 

 

2.1.2 Market development for Phenol 
 

Global production of phenol was nearly 9.0 million metric tons in 2007, valued at over $10 

billion. Global capacity utilization was 85 % in 2007. Beginning in the middle of 2006 and 

into 2007, phenol prices climbed in response to increased demand (from BPA and phenolic 

resins), tighter supplies (because of unplanned outages and delayed expansions) and 

escalating propylene and benzene feedstock prices, once again taking phenol prices to 

historical highs. Bisphenol A (BPA) accounted for 44 % of global phenol consumption in 

2007, followed by phenolformaldehyde (PF) resins at 27 %. BPA and PF resins are produced 

in all regions; production of BPA is more prevalent in developed economies. However, 
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investments in BPA facilities have begun or are planned to begin in developing regions where 

demand has surged in recent years. Other applications for phenol include caprolactam, 

alkylphenols, aniline and adipic acid. Phenol consumption for caprolactam and, to a lesser 

degree, alkylphenols is limited mainly to the United States and Western Europe [41]. 
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Figure 2.2: Comparison between worldwide consumption of phenol for 2007 and the estimated consumption for 
2012. (adopted from [41]). Note: “Others” includes aniline, adipic acid, 2,6-xylenol and other applications 
 
Demand for BPA, PF resins and caprolactam are greatly influenced by general economic 

conditions. As a result, demand for phenol largely follows the patterns of the leading world 

economies. Growth rates for end-use markets vary by region. Consumption of phenol for BPA 

will be driven by growth in Asia and the Middle East. Increased demand and capacity for 

BPA will result in strong demand for phenol in these regions, although it should be noted that 

as of mid-2008 there has been a slowdown in demand for BPA and downstream 

polycarbonate resins. Overall, world consumption of phenol for BPA is estimated to grow at 

an average annual rate of 4.8% during 2007-2012.  

 

Consumption of phenol for PF resins shows more regional variation than BPA. In the United 

States, Western Europe and Japan, phenol consumption for PF resins is forecast to grow at 0-

1% per year during 2007-2012, in contrast to developing regions such as Southeast Asia, 

Central and Eastern Europe, and Central and South America where consumption is estimated 

to grow at approximately 5% per year. 
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2.1.3 Industrial production of Phenol 
 

There are many different methods available for the manufacture of phenol.  

• Cumene peroxidation 

• Toluene oxidation 

• Natural recovery from Petroleum 

• Benzene sulfonation 

• Chlorobenzene process 

• Raschig process 

 
The most prevalent production route to phenol production is through the oxidation of cumene, 

which yields acetone as a co-product. Around 90 % of world´s phenol demand is being met 

through this process [42].  

+ CH3 CH CH2 
Friedel-Crafts

Alkylation

+ O2

Oxidation
OOH

OOH
Acid Catalyst

Splitting

OH

+ CH3 C

O

CH3

Phenol

Acetone

Benzene Propene  Cumene

Cumene Hydroperoxide
Cumene

Cumene Hydroperoxide

 
Figure 2.3: Three stage cumene process for phenol production [43] 

 

Cumene is produced via alkylating benzene with chemical- or refinery grade propylene at 

about 230 °C and a pressure of 500 psig using various catalysts, predominantly zeolites, solid 

phosphoric acid or aluminium chloride. Purified Cumene is then oxidized with air to cumene 

hydroperoxide (CHP) at about 110-115 °C and 80 psig in an alkali environment. The 

oxidation product is separated and the bottoms, composed of cumene hydroperoxide in 

approximately 85 % concentration, are mixed with a small amount of acetone and sulphuric 

acid and maintained at about 77 °C and atmospheric pressure while the hydroperoxide splits 



2. Fundamentals and state of the art                      9 

   

into phenol, acetone and small amounts of alpha-methyl styrene and other by-products. The 

alpha methyl styrene is typically hydrogenated to cumene and recycled.  

 

Licensors of this technology include Kellogg Brown & Root (KBR), GE/Lummus  and 

Sunoco/UOP [44]. The Sunoco/UOP Phenol process produces high-purity phenol and acetone 

by the cumene peroxidation route, using oxygen from air. This process features low-pressure 

oxidation for improved yield and safety, advanced CHP cleavage for high product selectivity, 

an innovative direct product neutralization process that minimizes product waste, and an 

improved, low cost product recovery scheme. The result is a very low cumene feed 

consumption ratio of 1.31 wt. cumene/wt. phenol that is achieved without acetone recycle and 

without tar cracking. The process also produces an ultra-high product quality at relatively low 

capital and operating costs. Extensive commercial experience has helped to validate these 

claims. The KBR 4th Generation Phenol process [45] also claims improvements for the 

cumene peroxidation route for a process based on high-pressure oxidation technology. These 

include improved oxidation yield, an advanced cleavage system, elimination of tar cracking, 

and an efficient energy and waste management system. Finally, GE/Lummus also claims 

various improvements to the cumene peroxidation process [46]. It is similar to KBR in that it 

is also based on high-pressure oxidation technology. Improvements include enhanced 

oxidation reaction rates, an advanced cleavage section using a co-catalyst, elimination of tar 

cracking, and an improved product recovery scheme. These improvements are discussed for 

each of the key major sections of the process. 

 

The industry average yield of phenol from the above process is about 91% of theoretical 

based on benzene (0.91 unit of benzene per unit of phenol produced) and 95% based on 

cumene (1.35 units of cumene per unit of phenol produced). These factors include the 

hydrogenation and recycle of alphamethylstyrene. The yields decline by 3.5% when alpha-

methylstyrene is recovered. Coproduct acetone is obtained in the ratio of 0.60-0.62 unit 

acetone to 1.0 unit phenol. 

 

Despite its great success, cumene process suffers from some drawbacks, the most important of 

which is the co-production of acetone in 1:1 stoichiometry. Since the demand for acetone is 

developing at lower rates than that for phenol, this co-production could become a serious 

problem. For this reason, new process based on direct oxidation (hydroxylation) of benzene 

with N2O over zeolite catalyst of type ZSM-5 (BTOP) is highly desirable.  
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2.1.4 Hydroxylation of Benzene to Phenol 
 
Solutia has developed a one-step process that produces phenol directly from benzene and 

nitrous oxide [47].  

OH

ZSM-5
+ N2O N2+

300-500°C, 1 bar

Benzene Phenol  

 

Figure 2.4: Scheme for the direct oxidation of benzene to phenol [48] 

 

The major advantages of this process include the use of waste nitrous oxide from Solutia’s 

adipic acid production [49], a high yield and elimination of cumene (as an intermediate) and 

acetone (as a coproduct). The added advantage of using N2O as a reactant in phenol synthesis 

provides multiple environmental benefits: 

• Improved eco-compatibility of phenol production (better atom economy and reduction 

of process complexity, waste and risks) 

• Reduction of greenhouse gas emissions 

Solutia operated a benzene-to-phenol pilot plant for two to three years at Pensacola, Florida in 

support of its planned 136 thousand metric ton plant, originally due for completion in 1999. 

JLM Industries was to market approximately one half of the output. However, faced with an 

oversupplied phenol market and after postponing the project twice, Solutia and JLM 

Industries terminated their agreement to build the plant in mid-2001.  

 

2.2 ZSM-5 type zeolites  
 

2.2.1 General Aspects 
 

Zeolites are crystalline microporous solids containing cavities and channels of molecular 

dimensions (pore sizes are roughly between 3 to 10 Å in diameter) synonymously called 

molecular sieves. Many zeolites occur naturally as minerals and are extensively mined in 

many parts of the world. These have many different structures. Zeolites are used in a wide 
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range of industrial processes such as catalysis, separations, purification and ion exchange. The 

following important properties make them attractive as heterogeneous catalysts[50]: 

• Well-defined crystalline structure 

• High internal surface areas (~600 m2/g) 

• Uniform pores with one or more discrete sizes 

• Good thermal stability 

• Ability to sorb and concentrate hydrocarbons 

• Highly acidic when ion exchanged with protons 

 

A complete overview of different zeolite types and their chemical properties and applications 

are out of the scope of this thesis and this can be found in numerous text books and review 

literature [51]. The details of zeolite of type ZSM-5 is extensively covered here. ZSM-5 

stands for Zeolite Socony Mobil No.5  as it was developed by Mobil for the application in the 

petroleum chemistry [52].  The main industrial applications of this materials are in FCC 

(Fluid Catalytic Cracking) and Hydrocracking [53], Oligomerisation of Olefins [54], and 

Xylene isomerisation [55]. The following chapter provides an overview of the Structure, 

preparation and properties of this kind of zeolites.  

 

2.2.2 Description of ZSM-5 
 

Zeolites are crystalline, hydrated aluminosilicates of group 1 and group 2 elements, in 

particular sodium, potassium, magnesium, calcium, strontium and barium. Structurally the 

zeolites are “framework” aluminosilicates which are based on an infinitely extending three-

dimensional network of AlO4 and SiO4 tetradhedra linked to each other by sharing all of the 

oxygen. 

 
Zeolites may be represented by the empirical formula: 
 
 M2/nO⋅ Al 2O3⋅ xSiO2.⋅ yH2O                                                        ………Eqn. (2.1) 
 
In this oxide formula, x is generally equal to or greater than 2 since AlO4 tetrahedra are joined 

only to SiO4 tetrahedra, n is the cation valence. The framework contains channels and 

interconnected voids which are occupied by the cation and water molecules. The cations are 

quite mobile and may usually be exchanged, to varying degrees, by other cations. In some 

synthetic zeolites, aluminium cations may be substituted by gallium ions and silicon ions by 
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germanium or phosphorous ions. The latter necessitates a modification of the structural 

formula. 

The structural formula of a zeolite is best expressed for the crystallographic unit cell as: 
 
 Mx/n[ (AlO2)x (SiO2)y ] ⋅ wH2O                                                       ..........Eqn. (2.2) 
 
Where M is the cation of valence n, w is the number of water molecules and the ratio y/x 

usually has values between 1 – 5 depending upon the structure. The sum (x+y) is the total 

number of tetrahedral in the unit cell. The ratio of AlO2 to SiO2 represents the framework 

composition.  

 

The primary building block of a zeolite structure is a tetrahedron of four oxygen atoms 

surrounding a central silicon atom (SiO4)
4-. These are connected through their shared oxygen 

atoms to form a wide range of secondary building units. These are interconnected to form a 

wide range of polyhedra which in turn connect to form the infinitely extended frameworks of 

various specific zeolite structures [56]. 

 

Different combinations of secondary unit may give numerous distinctive zeolites. Added 

complexity is provided by the possible substitution of silicon by many other elements, 

restricted by the limitation that the cation of the element in question will fit into the space at 

the center of the four tetrahedral oxygen without much strain, and that the resultant structure 

is electronically neutral. SiO2 is electronically neutral, but the substitution of Al3+ for Si4+ 

results in a single net negative charge on the framework which is compensated by the a “non-

framework” cation (e.g., Na+) that is located in the pores or cavities of the structure. As this 

cation is not locked in the framework by a “box” of four oxygen atoms as is the Si4+ or Al3+, 

these charges compensating cations are relatively mobile and in many cases can be easily 

exchanged by other cations.  

 

The Figure 2.5 A shows the hexagonal morphology of a typical ZSM-5 crystal in relationship 

with the major axes (a, b, c). Fig. 2.5 B) and C) show the 2D and 3D section of pore structure 

respectively. ZSM-5 has two types of pores that are formed by 10 membered oxygen rings. 

The first pore among them is straight and elliptical in cross section with dimensions 5.4 Å x 

5.6 Å, the second pores intersect the straight pores at right angles, in a zigzag pattern and are 

circular in cross section with dimensions 5.1 Å x 5.5 Å [51]. The zigzag channels in the a-

direction are intersecting with straight channels in the b-direction.  
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Figure 2.5: The key features of ZSM-5, Picture from [57, 58] 
 

Fig. 2.5 D) represents the sheets of 5- and 10-membered T-atom rings that are lying in the ac 

plane, giving the vertical straight channels shown in (B). The Fig. 2.5 E) illustrates the details 

of the atomic structure, illustrating the linked TO4 tetrahedra. For ZSM-5, T = Si 

predominantly, but this insert shows an Al substituent (purple) with a hydrogen atom (white) 

occupying the associated cation exchange site. This unique pore structure allows a molecule 

to move from one point in the catalyst to any where else in the particle. 

 
 
 
 
 

A) 

B) 

C) 

D) 

E) 
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2.2.3 Synthesis and post synthesis modification 
 
The classical synthesis of ZSM-5 is done at hydrothermal condition by adding the following   

• Silicagel as SiO2 source 

• Sodium aluminate, Aluminium nitrate or other Al salts as Al2O3-source 

• Mineralising agents (OH-) 

• Template 

 

 
Figure 2.6: Hydrothermal zeolite synthesis. The starting materials (Si-O and Al-O bonds) are converted by an 
aqueous mineralising medium (OH-and/or F-) into the crystalline product (Si-O-Al bonds) whose microporosity 
is defined by the crystal structure. Picture from [59] 
 

A typical hydrothermal zeolite synthesis can be described briefly as follows: 

1. Amorphous reactants containing silica and alumina are mixed together with a cation 

source, usually in a basic (high pH) medium. 

2. The aqueous reaction mixture is heated, often (for reaction temperatures above 100 

°C) in a sealed autoclave. 

3. For some time after raising to synthesis temperature, the reactants remain amorphous. 

4. After the above “induction period”, crystalline zeolite product can be detected. 

5. Gradually, essentially all amorphous material is replaced by an approximately equal 

mass of zeolite crystals (which are recovered by filtration, washing and drying). 

 

This is illustrated schematically in Fig. 2.6. The elements (Si, Al) which will make up the 

microporous framework are imported in an oxide form. These oxidic and usually amorphous 

precursors contain Si-O and Al-O bonds. During the hydrothermal reaction in the presence of 
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a ‘‘mineralising’’ agent (most commonly an alkali metal hydroxide), the crystalline zeolite 

product (e.g. ZSM-5) containing Si-O-Al linkages is created. 

 

Besides the usual template assisted synthesis, it is also possible to synthesize ZSM-5 zeolites 

without templates by using particular buffer solutions. The main disadvantage of this material 

is longer crystallization time and limited to produce products with Si/Al ratio of 50.  Nearly 

all the synthesized ZSM-5 will contain some traces of Fe as an impurity arising from the 

reaction vessel (stainless steel autoclave) as well as impurities of starting materials. It is 

noteworthy to mention since the Fe content of ZSM-5 plays a decisive role in the 

hydroxylation of benzene to phenol.  

 

After the synthesis, the zeolite assumes the so called “as-synthesized” form. In this form the 

zeolite will contain still the Template, water and sodium ions in the extra framework 

positions. Since it is not catalytically active, the template and water are removed through 

thermal treatments (Calcination). This step results in the “Na-form” of zeolite.  

 

Following the synthesis, zeolites are usually present in the sodium form, and this form is 

usually catalytically inactive and can be transferred by cation exchange e.g. with H+ or Fe3+ 

cation into the active form. The exchange of protons takes place first by bringing in 

ammonium ions. It is calcined at 550 °C and it causes the splitting off ammonia, whereby 

only the protons remain in the zeolite. Figure 2.7 explains the cation exchange process. 

 

 
Figure 2.7: Cation exchange process in zeolites [60] 

 

The exchange of the monovalent cation Na+ with trivalent cation (e.g. Fe3+) is represented in 

Figure 2.8 for both low and for high Module (n SiO2/n Al2O3). 
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Figure 2.8: Trivalent cation for both low and high Modules [51] 

 
The iron cation compensates three negative charges. The distance of the iron cation to 

pertinent negatively charged aluminium ion depends on the aluminium density in the lattice. 

An increase of the cation distance, which is connected again with an enlargement of the 

electrostatic field strength, causes density degradation resulting from an increase of the 

module. In case of monovalent cations (e.g. H+) the electrical field strength is independent of 

the module [61]. 

 

2.2.4 Catalytic properties 
 

The use of zeolites in heterogeneous catalysis justifies the special characteristics of this 

material, which are closely connected with its void structure and its acidity. The void 

structures of the zeolites are either close, central or broad types, even after the pores are 

formed by 8, 10 and 12 tetrahedrons [62]. The defined pore size of the respective zeolites is 

between 3 Å and 11 Å [56] and form the principal reason for its selectivity. 

 

The acidity of zeolites, which has a large influence on the catalytic activity, is justified by the 

presence of brønsted and lewis acid centers. The heterogeneous lattice structure (substitution 

of trivalent metal ions into SiO2 lattice) causes a negative charge, which can be compensated 

by cations. If the charge balance with the protons take place, SiOH groups (silanol group) 

develop while maintaining the tetrahedron structure, which can work by means of proton 

splitting off as brønsted acid. Figure 2.9 shows such a brønsted acid center in the lattice 
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structure. The substitution of an Al3+ for a Si4+ requires the additional presence of a proton. 

This additional proton gives the zeolites a high level of acidity, which causes its activity. 
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Figure 2.9: Brønsted acid center in the lattice structure [63]  
 
The acid strength of the individual centers has a crucial influence on the activity of the 

catalyst and concomitantly on the catalyzed reaction. It can be influenced over the following 

parameters: 

• Module M (SiO2/AlO3) of zeolites  

• Type of trivalent cation 

The module M is defined by the ratio of SiO2 to AlO3 units. A small module corresponds 

thereby to a large number of brønsted centers. For stability reasons the module value is by far 

limited. In the case of ZSM-5 a minimum module value of 10 is attainable. Investigations 

have shown [64] that an increase in module is connected with a reduction of the number of 

acid centers, however the strength of the individual centers rises. This fact can be explained 

by Sanderson electronegativity [65]. 

 

The influence of the type of the trivalent metal ion on the acid strength of the individual is in 

such a way that with increase of the electronegativity of the metals (χFe > χGa > χAl) the 

strength of the brønsted centers decreases in zeolites [66]. Besides brønsted acid centers, lewis 

centers are available in zeolites. They result from a missing oxygen bridge between silicon 

and to an aluminium atom. These lattice defects can result from dehydration of two brønsted 

center by temperature treatment. Figure 2.10 describes the lewis acid center of this type. 
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Figure 2.10: Formation of a lewis acid center from two brønsted centers [63] 

 
The silicon atom acts as an electron acceptor. A neighboring aluminium atom ensures the 

charge neutrality by its position as tetrahedron focal point of four oxygen atoms. In addition 

to the lewis acid centers (framework) described above, it comes into consequence of high 

calcinations temperature to the formation of acid centers outside of the zeolite lattice, which 

results from the migration of the trivalent metal ions of the lattice sites to the internal surface 

of the catalyst. The catalyst pretreatment (calcination time and calcination temperature) has a 

crucial influence on the type and the distribution of the acid centers. 

 
Besides acidic properties of zeolites the shape selectivity plays a major role in catalysis [67]. 

There are three different cases.  

 

(i) Reactant shape selectivity: This allows the molecules that are smaller than the pore 

diameter of the zeolite to diffuse. If a reaction involves species of different diameters, 

the molecules that are bigger than the pore diameter is hindered and the smaller 

molecules are preferentially allowed.  

 

(ii) Product shape selectivity: At least two products with differences in their molecular 

dimensions may form in parallel or consecutive reactions. If the diffusion of the 

bulkier product molecule inside the pores is hindered, the less bulky molecule will be 

formed preferentially.  

 

(iii) Restricted transition state selectivity: Neither the reactant nor the product 

molecules experience a hindered diffusion. However, out of at least two reactions, one 

is going via a bulky transition state or intermediate which cannot be accommodated 

inside the zeolite pores. In favourable cases, the reaction is entirely suppressed.  

 

The shape selective property of zeolite is widely exploited in many industrial processes.  
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2.2.5 Crystal size 
 

The size of zeolite crystals is often in the order of one to several micrometers. A typical 

example is depicted in Fig. 2.11a which shows tablets of zeolite ZSM-5 with dimensions of 

about 3 µm. Some zeolites which are relevant to catalysis can, however, be synthesized in 

very small crystals with a size down to ca. 5 nm (such small crystals are X-ray-amorphous 

[68]) or in very large crystals up to ca. 100 mm or even 1 mm [69]. As an example, large 

crystals of zeolite ZSM-5 are shown in Fig. 2.11b. For catalytic applications, both a decreased 

and an increased crystal size can be desirable.  

  
                       (a)                            (b) 

 

Figure 2.11: Scanning electron micrographs showing crystals of zeolite ZSM-5. (a): platelets of ca. 2 X 2 X 1 
µm; (b): Bars of ca. 80 X 10 X 10 µm [70] 
 

Upon decreasing the crystal size, the diffusional paths of the reactant and product molecules 

inside the pores become shorter, and this can result in a reduction or elimination of undesired 

diffusional limitations of the reaction rate. However, while decreasing the crystal size, one 

must be careful, since below ca. 0.1 mm the external crystal surface begins to play a non-

negligible role vis-a`-vis the internal surface, and this is particularly undesirable if shape 

selectivity effects are to be exploited. Shape selectivity, which is a unique effect in zeolite 

catalysis, can only occur inside the channel and cage system. Conversely, upon increasing the 

crystal size, the diffusional paths of the molecules inside the pores are lengthened, and this 

may, under certain circumstances, affect the selectivity in a desirable manner [70]. 

 

2.2.6 Sorption properties 
 

The adsorption of the reactant and product molecules at the catalyst surface plays a decisive 

role in heterogeneously catalyzed reactions [71]. Depending on the Si/Al ratio, zeolite can be 

classified as hydrophobic or hydrophilic. A zeolite with higher Aluminium content (e.g.: 

Zeolite X) has higher polarity and leads to larger number of Lewis acid cations which in turn 

 30 µm 
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offers more adsorption sites for polar molecules. Aluminium rich zeolites (e.g.: Zeolite X) are 

considered to be hydrophilic while Silicon rich (Silicalite) zeolites are hydrophobic [72, 73].  

 

The different sorption properties of all the species participating in the reaction will have a 

decisive role in the reaction pathways which in ideal cases leads to a faster adsorption of 

reactant molecules and a faster desorption (less tightly adsorbed) of products. If the product is 

strongly adsorbed on the catalyst surface, it leads to manifold consequent reactions and 

product inhibition [73].  

 

          Table 2.1: Isostere sorption enthalpy for benzene and phenol [74] 

Zeolite 
Benzene 

[KJ/mol] 

Phenol 

[KJ/mol] 

Silicalite 58.1 61.7 

H-ZSM-5 (Si/Al = 95) 58.0 62.8 

Na-ZSM-5 (Si/Al = 95) 83.3 105.2 

 

In the present work the adsorption and desorption of benzene and phenol at ZSM-5 zeolite has 

a prime importance. The simulation results from KLEMM ET AL. shows that there could be a 

competitive adsorption between benzene and phenol molecules on ZSM-5.  

 

 
Figure 2.12: Dependence of the ratio of Henry´s Constants between phenol and benzene on the temperature [74] 
 

The TABLE 2.1 shows the Isosteric sorption enthalpy for benzene and phenol on three ZSM-

5 variants. This shows that the phenol molecule obviously more strongly adsorbed than the 

benzene molecule over the Na-ZSM-5. Besides sorption enthalpies, adsorption isotherms for 
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bezene and phenol and Henry constants at different temperature were simulated with these 

model catalysts. The Fig. 2.12 shows the ratio of henry constants for benzene and phenol with 

respect to temperature.   

 

It can be seen from the figure that the KP/KB decreses with increasing temperature. The ratio 

for Silicalite and HZSM-5 are nearly similar and approaches 1 as the temperature increases. 

The ratio for Na-ZSM-5 shows completely different behaviour which can be attributed to the 

columb forces. Phenol is strongly adsorbed over the benzene molecule over a wide 

temperature range. From these results the authors conclude that a zeolite with lower Na 

content is beneficial for this reaction as the adsorption of Phenol is reduced and thereby 

avoiding product inhibition and undesired side reaction [75].  

 
The investigations from HAEFELE and REITZMANN ET AL. [4, 14, 65] show that 

conducting the reaction with excess of benzene leads to higher phenol selectivity and reduced 

catalyst deactivation. The proposed reason for the effect is that the benzene in excess forces 

the phenol molecule out of the surface and thereby avoiding the problem.  

 

PERATHONER [16] and SELLI ET AL. [15] provided supporting evidences that stronger 

adsorption of phenol plays an important role in the catalyst deactivation during the 

hydroxylation of benzene to phenol with N2O. The investigations from VENUTO [58, 76] and 

PARTON ET AL. [77] show that during Phenol alkylation reaction with zeolites, there were 

some problems due to stronger adsorption of phenol on zeolites. 

 

2.2.7 Diffusion in mesoporous zeolites 
 

Diffusion is defined as the tendency of matter to reach a uniform equilibrium state driven by 

the gradient in chemical potential µ [78]. There are several regimes of diffusion in porous 

media exposed to a fluid phase. It is however generally agreed that diffusion in zeolite 

micropores can not be described in terms of Knudsen or even molecular diffusion. Since pore 

sizes are not anymore in the magnitude of the mean free path of the molecules, but rather in 

the vicinity of their diameter, subtle changes in the pore geometry and molecular diameter can 

result in large changes of diffusivity. For this phenomenon WEISZ introduced the term 

Configurational diffusion [79]. Understanding of the fundamentals and quantitative 

knowledge on intracrystalline diffusivities are important to appraise the impact on the 
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performance of the overall process and have hence been topic of numerous studies [80]. A 

variety of experimental methods have been applied in order to estimate the intra-crytalline 

diffusivities such as measurement of uptake rates by gravimetry [81], desorption rates by ZLC 

[82] and NMR techniques [83]. It is generally agreed that configurational diffusion is the 

activated process and its temperature dependence can be described by Arrhenius plot [80]  

 

Besides conventional zeolites, mesoporous zeolites are gaining increased interest due to its 

improved transport of reactants and products to and from the active sites loacted inside the 

zeolite micropores.  

 

 
 
Figure 2.13: Schematic illustration of a) concentration profile b) reaction zones, in conventional and 
mesoporous zeolites 
 

The Fig. 2.13 (A) represents schematically the concentration profile of a reactant through a 

conventional zeolite crystal when diffusion is limiting the zeolite catalyst`s performance. The 

concentration in the gas-phase is constant at a given position in the catalytic reactor under 

steady state conditions. In a mesoporous zeolite crystal, the diffusion is sufficiently fast to 

maintain the reactant concentration at the same level inside and outside the crystal during 

reaction. Fig. 2.13 (B) gives the comparison between zeolite utilization in both conventional 

and mesoporous zeolites. For catalytic reactions involving reactants and products with 

relatively slow diffusion rates, it is not possible to fully utilize the entire zeolite crystal for 

catalysis unless intracrystalline mesopores are introduced. 
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2.2.8 Post synthesis modifications to tune transport properties 
 

Although a variety of chemical reactions of industrial interest are catalyzed by zeolites or 

zeolite-analogue materials, zeolite-based catalysts have almost exclusively found application 

in refinery and petrochemical processes where the shape-selective properties of the 

microporous zeolites are exploited [84]. One of the reasons that zeolites have not yet found a 

wider range of industrial applications is the sole presence of micropores which imposes 

diffusion limitations on the reaction rate. Mass transport to and from the active sites located 

within the micropores is slow (even compared to Knudsen diffusion) and limits the 

performance of industrial catalysts. There has been a long-standing drive to overcome this 

limitation by  

 

o Minimize the size of the zeolite crystals: several synthesis schemes have been 

reported which allow the preparation of very small (<50 nm) zeolite crystals [85] 

However, none of these attempts has produced an easy means of controlling the 

crystal size. Moreover, separation of the small zeolite crystals from a reaction mixture 

by filtration is difficult owing to the colloidal properties of these materials. Besides 

zeolite synthesis, ball milling is another method to mechanically reduce the crystal 

sizes. The details are given in chapter 5.4 

o Increase the pore size of zeolites: This strategy has led to the discovery of various 

large-pore zeolites and zeolite analogues (i.e. VPI-5 [86], UTD-1[87] and more 

recently ECR-34 [88], SSZ-53, and SSZ-59 [89] ) and also to the discovery of 

mesoporous molecular sieves[90] However, the use of these novel materials in 

industrial applications is rather limited 

 

Zeolites with hierarchical pore architecture (that is, zeolites containing both micro- and 

mesopores) have been found to present a solution to the reactions that are suffering from 

diffusional problems. The effect of the presence of mesopores is already used in a number of 

industrial processes that make use of zeolite catalysts, such as, the cracking of heavy oil 

fraction over zeolite Y, the isomerization of the C5/C6 cut of the light naphtha fraction to 

increase the octane number, and cumene production over dealuminated mordenite [91] 
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To prepare zeolites with hierarchical pore structure two approaches can be followed:  

1) C-templating: Mesopores are templated with carbon during zeolite synthesis [30, 31, 

92, 93]. A carbon source, for example, carbon black, carbon nanotubes, or nanofibers 

[94], is impregnated with a zeolite precursor solution after which the material is 

subject to a hydrothermal treatment to grow the zeolite crystals. In a subsequent 

calcination step, the carbon and the template are burnt away resulting in 

intracrystalline mesopores in the zeolite (Figure 2.14). Proper choice of the carbon 

source and the synthesis conditions allows tuning of size, shape, and connectivity of 

the mesopores in the system [30, 31, 92, 93]. However the cystallinity of the final 

product can be problematic. Moreover this method can not be applied easily to zeolite 

production on large scale.  

 
Figure 2.14: Growth of zeolite crystals around carbon particles. Nucleation of the zeolite occurs 
between the carbon particles; the crystal growth continues within the pore system of the carbon 
template (adopted from [95]).  

 
2) Post-synthesis modifications: Creation of mesoporosity by post-synthesis 

modification of the original zeolite is an alternative, well-established methodology, of 

which one of the benefits is that it can be applied to synthesized zeolites, for example 

commercial samples, and thus it does not require major alteration of the synthesis 

procedure. There are mainly two different methods available, namely  

o Desilication 

o Dealumination 

 

2.2.8.1 Minimize the size of the zeolite crystals via milling 
 

Controlling the size of zeolite crystals is essential for making effective use of these materials 

in many existing and potential application. As mentioned above from the study of references 

[20-22], that the use of smaller crystal size resulted in lower deactivation of the catalyst in the 
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respective reaction. One of the means to lower the zeolite crystal size can be by using high-

energy ball milling. The other way of controlling zeolite crystal size could be by altering the 

synthesis parameters. It seems to be that during milling process partially destroyed crystallites 

may expose part of their internal pore structure. Assuming that the active sites may partially 

survive such a treatment, they should enhance the catalytic activity and change selectivity of 

certain type of zeolites, because partially opened pores and smaller dimensions of broken 

crystallites would facilitate access to the sites, lowering considerably both geometric and 

diffusion limitations.  

 

KOSONOVIC ET AL. [24] tried to mill ZSM-5 zeolites using high energy ball mill at dry 

conditions. Milling resulted in gradual decrease of particle size and the formation of X ray 

amorphous polydispersed powder with a markedly irregular shape. It was observed that 

smaller amorphous particles tend to agglomerate during prolonged milling and the 

agglomeration was due to the compression of particles between balls and walls as well as 

between balls themselves.  

  

The loss of crystallinity of the zeolite ZSM-5 during its ball milling is caused by the structural 

changes on the molecular level, i.e., by the breaking of external T- O- T bonds, rather than by 

the lowering of the crystal size below X-ray detection limit. The milling for long time results 

in the formation of "true" amorphous phase similar to the amorphous highly siliceous 

materials. Kinetic analysis of the amorphization processes showed that the rate of 

amorphization of as-synthesized zeolite ZSM-5 is considerably slower than the rate of 

amorphization of its activated form. This was explained by a stabilizing effect of TPA+ ions 

due to the action of repulsive van der Waals forces between zeolite framework and TPA+ ions 

that partially compensates for the action of exterior mechanical force [24].  

 

The same phenomena was observed other zeolites such as zeolites A, X and synthetic 

mordenites during milling [96]. ZIELINSKI ET AL. [25] investigated the milling behaviour 

of different zeolite types and its associated physico chemical and catalytic properties. The 

results indicated that the mechanical resistance of the zeolite lattice is clearly correlated with 

its Si/Al ratio. The mechanical stability of the zeolites upon milling follows the following 

order and is therefore similar to the thermal stability of the zeolites: 

Silicalite-1 > HZSM5 > KL > CaA > NaA > HY 

All the original and milled zeolites were subjected to n-hexane, iso-octane and toluene 

conversions. In the case of small-pore zeolites (NaA, CaA) and large-pore zeolite (KL) the 
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conversion of n-hexane, isooctane and toluene increases with the milling time up to 30 min 

approximately. The changes in the reactants conversion over the milled zeolites are 

significant. Then the conversion decreases with the milling time. The initial increase in the 

conversion is attributed to the increase in the surface area due to ball milling so that additional 

active sites are exposed/available to the reactant molecules. In the NaA and CaA zeolites, the 

reactants cannot penetrate into the pores, so reaction takes place on the external surface. As 

the high-energy ball milling is carried out, the external surface of the crystallites increases due 

to the crystallites breakage, thus increasing the number of active sites.  

 

In the medium-pore zeolites (H-ZSM-5), the conversion of n-hexane decreases with the 

milling time. However, the conversion of isooctane and toluene increases till a milling time of 

30 min. The catalytic activity of the large-pore HY zeolite decreases with milling time. From 

the catalytic activity results, it can be overall concluded that the transient period (during the 

initial 30 min of milling) shows growth in the catalytic activity for the small-, medium- and 

largepore zeolites (except HY) despite rapid zeolite amorphization. 

 
KHARITONOV ET AL. [97] milled the Fe-ZSM-5 zeolites using dry ball milling and tested 

them in the direct oxidation of benzene to phenol. There was a decrease in crystallinity, BET 

surface area and Micropore volume with increasing milling time and increase in Aext and 

Vmeso untill 4 min milling and then significant decrease with increasing milling time. Large 

particle size distribution from 0,05-0,1 µm for 20 min milling was observed and further 

milling for 40 min leads to amorphous state. There was dispersion of particles in the initial 

stages of milling and then it was followed by re-aggregation with increasing milling time. 

They reported that the catalytic activity got reduced with milling time. The 40 min milled 

catalyst was completely inactive for this reaction. The loss in activity upon milling was 

attributed to the destruction of Fe-ZSM-5 zeolite followed by its transformation into 

amorphous state which annihilate the active alpha sites and deactivate the catalyst. But they 

did not specify the deactivation bahviour of the milled zeolites. 

 
XIE ET AL. [26] checked the high energy ball milling of KNaX zeolites and its influence on 

the alkylation of toluene with methanol. Ball milling resulted in the collapse of the zeolite 

crystalline structure and its transformation into an XRD amorphous phase. Proper ball milling 

was shown to enhance the catalytic selectivity towards the formation of ethylbenzene and 

styrene during the alkylation (typically catalyzed by the LAS sites) and not towards xylene 

(typically catalyzed by BAS). It was concluded that proper milling can moderately decrease 
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both the Lewis base and Lewis acid sites concentration in alkali exchanged faujasite zeolites 

while deeply decreasing the strong Bronsted acid site density. The formation of xylenes is 

mainly dependent on Bronsted acid but not on Lewis acid site centers. 

 
Out of all the previous works, it can be generally concluded that during high energy dry ball 

milling of zeolites such as Y, X, A, ZSM-5 and mordenite [24, 25, 97-99], decrease in the 

particle size was observed along with the crystallinity and this finally resulted in X-ray 

amorphous materials. The collapse of the crystal structure may be desired in some 

applications since different strength distributions of Bronsted and Lewis acid and base sites 

may thus be obtained [24, 98].  

 
Wet milling could be other option of grinding the Zeolite crystals to smaller particle size, 

which has some advantages over dry milling, such as the higher energy efficiency, lower 

magnitude of excess enthalpy and the elimination of dust formation [100, 101]. Wet milling 

also results in the lower loss of crystallinity in comparison with dry milling causing much less 

damage to the crystal structure [23].  

 
The phenomenon to be considered during milling any substance to obtain smaller particles in 

the range nanometer range is to stabilize the particles before milling in order to avoid the re-

aggregation of already formed small particle during milling. This phenomenon of re-

aggregation was noticed in dry milling of zeolites [23-25, 98, 99], which has been explained 

as a particulate system, which means aggregation and dispersion of particles proceeds in 

series during milling. The reason behind the aggregation has been explained as the 

compression of particles between the wall and balls of the mill and also between the balls 

themselves. 

 
Methods of Stabilization: Particles in nanometer-size range have a strong tendency to 

agglomerate due to van der Waals interactions. Synthetic methods are used to stabilize, by 

which repulsive forces between the particles are provided to balance the attractive forces. 

Generally two methods of stabilization are used namely “electrostatic stabilization” and 

“steric stabilization” [102, 103]. 

 
Electrostatic stabilization involves the creation of an electric double layer arising from ions 

adsorbed on the surface and associated counter-ions that surround the particle as represented 

in figure 2.15. Thus, if the electric potential associated with the double layer is sufficiently 

high, the Coulombic repulsion between the particles will prevent their agglomeration [104].  
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 Electric double layer 

 
Figure 2.15: Representation of electrostatic stabilization (adopted from [105] ) 

 
Steric stabilization relies on the adsorption of a layer of resin or polymer chains on the surface 

of the particle. As particles approach each other these adsorbed polymeric chains intermingle 

and in doing so they lose the degree of freedom which they would otherwise possess. This 

loss of freedom is expressed, in thermodynamic terms, as a reduction in entropy, which is 

unfavorable and provides the necessary barrier to prevent further attraction. Alternatively one 

can consider that, as the chains intermingle, solvent is forced out from between particles. This 

leads to an imbalance in solvent concentration which is resisted by osmotic pressure tending 

to force solvent back between the particles, thus maintaining their separation.  

 

 

Resin or polymeric 
chains 

Stabilizing compound 

 
 

Figure 2.16: Representation of steric stabilization (adopted from [105]) 
 

One fundamental requirement of steric stabilization is that the chains are fully solvated by the 

medium. This is important because it means the chains will be free to extend into the medium, 

and possess the above mentioned freedom. Diagrammatic representation of steric stabilization 

is shown in figure 2.16. 
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In the present work, dry ball milling was conducted for the NH4-ZSM-5 of varying Module 

namely M 236 and M 55. Wet ball milling was performed using electrostatic stabilization for 

M 27, M 55 and M 236. Water was used as electrolyte. 

 

2.2.8.2 Increase the pore size of zeolites via Dealumination 
 

Dealumination is commonly understood as the removal of aluminium from the framework. It 

is generally achieved by steam treatment at relatively high temperatures (typically 773–873 

K) or, to a greater extent, by acid leaching with, for example, nitric or hydrochloric acid 

solution, and leads to selective removal of Al from the framework, thereby affecting its Si/Al 

ratio (Fig. 2.17). Dislodgement of framework Al unavoidably alters the ion-exchange and 

acidic properties of the de-aluminated zeolite, as these are determined by the framework Al 

and its counterbalancing cation (typically H+). In the case of steam treatment, extraframework 

aluminium species (EFAl) are often obtained, leading to formation of Lewis acid sites which 

can benefit certain catalytic applications [106-108]. Mesoporosity development by de-

alumination is primarily effective for zeolites with a relatively high concentration of 

framework Al (a low Si/Al ratio), such as zeolite Y [109] and mordenite [91].  

 

2.2.8.3 Increase the pore size of zeolites via Desilication 
 

Recently, Si extraction by treatment in aqueous alkaline solution, “desilication”, has proven to 

be a promising method of creating mesoporosity to a greater extent than de-alumination in 

various zeolite structures, among which MFI zeolites appear to be very suitable [34, 35, 110-

112]. The porosity developed seems to be obtained by preferential extraction of framework Si 

due to hydrolysis in the presence of OH- ions (Fig. 2.17). 

 

However, a detailed mechanistic understanding of the treatment has not yet been obtained. 

Besides, only a few studies have been reported on the optimization of this treatment. Previous 

investigations have shown the influence of time and temperature of the alkaline treatment on 

the desilication for tuning the formation of mesoporosity [34, 111]. GROEN ET AL. 

investigated the mesopore formation mechanism and determined the role of concentration and 

nature of aluminium in the hierarchical porosity of MFI zeolites through desilication in 

alkaline medium. 



2. Fundamentals and state of the art                      30 

   

 
 
Figure 2.17: Post-synthesis treatments to create mesoporosity: De-alumination upon steaming or acid treatment 
and desilication upon treatment in alakali medium. (Adopted from [113] ) 
 
The authors proposed that the remarkable mesoporosity development and Si extraction 

phenomena is determined mainly by the Si/Al ratio of the zeolites. According to them, the 

presence of tetrahedrally coordinated aluminium regulates the process of Si extraction and 

mechanism of mesopore formation as given in Scheme 2.18  

 

o Materials with a relatively high density of framework Al sites (low Si/Al ratio) are 

relatively inert to Si extraction, as most of the Si atoms are stabilized by nearby AlO4
- 

tetrahedra. Consequently, these materials show a relatively low degree of Si 

dissolution and limited mesopore formation. As a result of the negatively charged 

AlO4
- tetrahedra, hydrolysis of the Si-O-Al bond in the presence of OH- is hindered 

compared with the relatively easy cleavage of the Si-O-Si bond in the absence of 

neighbouring Al tetrahedral [114, 115]. 

o Contrarily, the high density of Si atoms in zeolites with a high Si/Al ratio (low Al 

content) leads to substantial Si extraction and porosity development. Formation of 

these large pores due to the excessive Si removal is undesirable, since pores in the 

lower nanometer size range will already provide adequate transport characteristics to 
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and from the active sites accompanied by only moderate Si dissolution compared with 

the excessive dissolution in the case of higher Si/Al ratios. 

o An intermediate framework Al content, equivalent to a molar Si/Al ratio in the range 

25–50, is found to be optimal. which leads to a relatively high degree of selective Si 

dissolution. This creates mesopores of around 10 nm while preserving the intrinsic 

crystalline and acidic properties.  

 
Figure 2.18: The influence of the Si/Al ratio on the desilication treatment of MFI zeolites in NaOH solution and 
the associated mechanism of pore formation. (Adopted from [113]) 
 

In addition to these investigations, it was also found that the presence of substantial extra 

framework Al, obtained by steam treatment, inhibits Si extraction and related mesopore 

formation. This is attributed to re-alumination of the extraframework Al species during the 

alkaline treatment. Removal of extraframework Al species by mild oxalic acid treatment 

restores susceptibility to desilication, which is accompanied by formation of larger mesopores 

due to the enhanced Si/Al ratio in the acid-treated zeolite. 
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2.3 Benzene to phenol oxidation - State of the art  
 

2.3.1 Background 
 

The direct oxidation of benzene to phenol (BTOP) in a single step is an important challenge. 

IWAMOTO ET AL. [116] was the first to report the direct conversion of benzene to phenol 

using N2O as an oxidant in 1983 over various supported metal oxide catalysts. They have 

applied V2O5/SiO2 and obtained a phenol selectivity of 70 % at 10 % conversion levels of 

benzene at 550 °C. But these catalysts tend to undergo fairly faster deactivation. In late 1980s, 

three different research groups [6, 8, 117] have found that the high silica alumino silicates 

with ZSM-5 zeolite structure to be the most promising catalyst for the hydroxylation of 

benzene reaction. In the presence of such catalysts, this reaction occurs at 300 to 500 °C with 

selectivity towards 90-100 %. However, catalyst activity remains sufficiently inadequate for 

commercial practice of this technology. For the past 20 years different research groups have 

worked on this reaction intensively. However the nature of active site for this reaction is still 

under debate. There are mainly three different hypotheses available concerning the active sites 

in this reaction. In addition, there is no convincing data available on the ways to improve the 

lifetime of the catalysts. 

 

2.3.2 Active sites in BTOP 
 

2.3.2.1 Hypothesis over Brosted acid centers 
 

In the early days, it was proposed that Bronsted acid sites (BAS) present within the zeolite 

structure was responsible for the activity of these materials. SUZUKI ET AL. [8] postulated 

an electrophilic attack of the aromatic ring by hydroxyl cation (OH+) formed upon protonation 

of N2O via an intermediate hydroxyl diazonium ion (+N=N-OH). BURCH ET AL. [2, 118] 

observed that the benzene conversion to phenol increases as the Silica to alumina ratio of the 

protic ZSM-5 decreases and there were no phenol formation if the protic sites are replaced 

with Na+ ions. In addition, they have found that the amorphous Silica-Alumina sample has a 

very low activity for benzene oxidation. These observations made them conclude that BA 

sites (structural) are important for the reaction and suggested in contrast to SUZUKI ET AL. 
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that benzene ring itself is activated, forming a corbonium ion which is then attacked by the 

nitrous oxide molecule.  

 

In spite of the fact that authors [SUZUKI and BURCH] view the role of BAS in BTOP 

reaction in a different way, both groups think that the reaction takes place at acidic centers of 

zeolites and the presence of BAS is a necessary (though not always sufficient) condition for 

phenol formation in the presence of nitrous oxide. In contrast, SOBOLEV ET AL. [13] 

concluded that Brønsted acidity is not required for this reaction and attributed the catalyst 

activity only to iron sites in extra-framework positions, which they called α-sites. NOTTE 

[49] reconfirmed that presence of BA sites are essential for the catalyst activity and further 

found a synergy between BA sites and α-sites. Moreover he found evidences that Lewis 

acidity of ZSM-5 is not sufficient to provide hydroxylation activity to the catalyst.  

 

2.3.2.2 Hypothesis over Extra framework Fe and alpha sites 
 

MELONI ET AL. [17] tested two different Fe-ZSM-5 zeolites with varying Si/Al ratios and 

Fe amounts. It showed that acidity has no influence on the main reaction but it has significant 

influence in the catalyst deactivation. It was suggested that extra framework binuclear sites 

are the active sites. It was shown that even very low Fe amount (0.07 wt.%) is sufficient to 

catalyze the reaction. KUBANEK ET AL. investigated an H-ZSM-5 zeolite with very less Fe 

content. There were no dependence between catalyst activity and number of BAS/LAS sites. 

In contrast, a near linear relationship between phenol formation and Fe content was found.  

 
The best catalysts for this reaction are ZSM-5 zeolites, which provide nearly 100% benzene 

selectivity for phenol [8] [117] [6]. The remarkable catalytic performance of these zeolites 

was shown to be related to the presence of iron, which upon high temperature treatment forms 

specific sites in the zeolite matrix, composed of Fe2+ ions and called α-sites. According to 

Mossbauer spectroscopy [119], a reversible redox transition Fe2+ 
↔ Fe3+ takes place in the 

presence of N2O, generating a new species of surface oxygen, called α-oxygen [12]. This α -

oxygen is able to oxidize benzene to phenol with a high degree of selectivity [120, 121]. 

 

PANOV ET AL. differentiate the hydroxylation into two different steps as it is shown in the 

diagram below (Fig. 2.19). In the first step, N2O gets decomposed and leaves a electrophilic, 
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atomic uncharged surface species called α-oxygen. This active oxygen reacts subsequently 

with benzene to form phenol.  

 

 
Figure 2.19: Formation and reaction of alpha oxygen with benzene to form phenol  [122] 

 

DUBKOV ET AL. [123] believes that in the second step, an unstable Arene oxide is formed 

which gets spontaneously isomerized into phenolic product. This theory was confirmed by 

KACHUROVSKAYA ET AL. [124] through DFT simulation. PANOV ET AL. identified the 

alpha site to be extra framework species in the interior of the ZSM-5. Their investigations 

showed that Fe in the tetrahedral framework position is not the active site. PANOV ET AL. 

further showed that the active Fe species is the isolated binuclear, oxygen bonded iron clusters 

which is dipersed in the interior of the zeolite channel. (see Figure 2.20)  

 

 
Figure 2.20: Schematic representation of bi-nuclear extra framework Fe clusters in ZSM-5 according to [125] 
 

Before its contact with N2O it has a mixed oxidation state Fe(II)/Fe(III), then it becomes 

completely oxidized Fe(III)/Fe(III). The framework aluminium stabilizes the iron cluster and 

aids the removal of iron from the framework [122, 126]. This theory was later agreed by 

KUBANEK ET AL. [127] and PEREZ RAMIREZ ET AL. [108]. A main unclear point in this 

theory is that there is a correlation between Fe content and benzene conversion for the 
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catalysts with lower Fe content whereas with catalysts with higher Fe contents a plateau is 

reached and no further activity could be found [122].  

 

KHARITONOV ET AL. attribute this effect to product inhibition of phenol. JIA ET AL. also 

checked the influence of Fe content on benzene hydroxylation. There was a decrease in the 

TOF for Fe with an increase in Fe content in zeolites. From these results and the 

investigations in the NOx reduction, it was found that three different Fe species are available 

in the zeolites which catalyze different reactions. 

1) mononuclear Fe ions catalyzing benzene oxidation with N2O to phenol 

2) dinuclear, oxygen-bridged ions such as [HO–Fe–O–Fe–OH]2+ catalyzing NOx 

reduction 

3) iron oxide particles catalyzing combustion of organic molecules to CO2 and H2O. 

 

Now a days it is widely accepted that Fe species are inevitable for the benzene hydroxylation 

reaction. However it is still unclear which Fe species is responsible for the activity and how 

other zeolite propoerties such as LAS/BAS or presence of other metals in zeolites influence 

these Fe sites. SOBOLEV ET AL. discovered that N2O decomposition over alpha sites 

generate reactive surface oxygen called α - oxygen which can not be produced by O2 

adsorption.  

 

Also PANOV ET AL. [12] showed that the number of α-sites and the catalyst reactivity in the 

benzene to phenol reaction are directly related to the amount of iron present in the catalyst. 

ZHOLOBENKO ET AL. [128, 129] proposed that structural defects in the ZSM-5 zeolite 

framework, generated by calcination, are active centers to create the α - oxygen upon reaction 

with nitrous oxide.  

 

2.3.2.3 Other hypotheses 
 

Other researchers extended the idea of coordinatively unsaturated i.e Lewis acidic (LA) 

framework or non-framework sites that are not related to the presence of Iron. HÄFELE ET 

AL. employed gallosilicate with MFI structure for the benzene to phenol reaction. Detailed 

characterization data, especially on the state of Ga have not been supplied but the authors 

rather assume that extra framework Ga species to be the active species than iron impurities in 

zeolitic original material. Bearing in mind the lower hydrothermal stability of gallo silicates 
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compared to MFI structure, it is reasonable to imagine that a considerable part of once 

incorporated and tetra hedrally coordinated Ga assumes a distorted framework position 

analogous to aluminium containing materials [4].  

 

2.3.2.4 Hypothesis over Lewis acid centers 
 

ZHOLOBENKO ET AL. was the first to find the beneficial effect of high temperature 

treatment prior to catalytic application. A tremendous increase in conversion of benzene from 

10 % to 30 % was observed at 550 °C over the catalyst which was pretreated at 850 °C in air. 

These improvements were attributed to the formation of defect sites upon dehydroxylation of 

bridging Si(OH)Al groups. ZHOLOBENKO ET AL. claimed [128, 129] that strong Lewis 

acid–base pair sites formed upon dehydroxylation of the H-ZSM-5 zeolite may take part in 

the processes of selective oxidation of different substrates by N2O, as these centers are 

involved in the chemisorption and decomposition of N2O occurring with the formation of 

chemisorbed oxygen atoms [Z–O]. The latter species exhibit strong oxidizing properties with 

respect to hydrocarbons, carbon monoxide, or molecular hydrogen.  

 

The findings from KUSTOV ET AL. were also in agreement with that of ZHOLOBENKO ET 

AL. who proposed a mechanism for selective oxidation of aromatics with nitrous oxide, 

which does not necessarily require the presence of iron ions. The most important step, which 

was studied by measuring volumetrically the amount of chemisorbed oxygen, is the 

generation of the single oxygen species which peaks at 520–620 K. The concentration of 

chemisorbed atomic oxygen reaches 5–7 X 1019 g−1 for the H-ZSM-5 sample dehydroxylated 

at 1170 K, which agrees fairly well with the concentration of strong Lewis acid–base pairs 

(~1020 g−1), but not with that of iron species (<1017 g−1). At lower reaction temperatures, the 

concentration of chemisorbed oxygen species is low, since they are formed by the activated 

process: Z + N2O � Z–Ochem + N2 (Z is LAS). At higher temperatures, the concentration of 

chemisorbed oxygen decreases because of the recombination reaction leading to the evolution 

of low-active molecular oxygen. [11] 

 
By employing a temporal analysis of products (TAP), KLEMM ET AL. could show that the 

reactive chemisorbed oxygen can also be created on H-ZSM-5 with a high fraction of EFAl 

[130]. The concept of LA aluminium species as active site was extended by MOTZ ET AL. 

through a mild hydrothermal treatment of ZSM-5 zeolite, thus intentionally creating 
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extraframework aluminium (EFAl). The zeolite was steamed at water vapor pressure of 300 

mbar at 550 °C for 1 to 24 h and the degree of dealumination was determined by the duration 

of the treatment. An increase in selectivity was achieved with proceeding degree of 

dealumination. Moreover a correlation between the hydroxylation activity and ratio of LA/BA 

could be established for different basis materials regardless of their respective iron content. 

The initial conversion of benzene over such materials could be doubled compared to the 

performances of solely calcined material. The acidity spectrum was determined by FTIR 

spectroscopy using pyridine as probe molecule and confirmed via Al MAS NMR 

spectroscopy investigations on the state of Al [9].  

 

Due to these inconsistencies and ambiguity in the active site theories, HENSEN ET AL. [107] 

attempted to prepare zeolites with an MFI structure containing either Fe or Al or a 

combination of both in order to understand the active sites responsible for the benzene 

hydroxylation. Their findings claimed that the sole presence of either bronsted sites or extra 

framework lewis sites is not responsible for the activity. Rather, they concluded that both Fe 

and Al are necessary components for the formation of active sites in benzene hydroxylation to 

phenol with nitrous oxide and suggested that extraframework Fe–Al–O species stabilized in 

the micropores of the MFI zeolite are the active species. Though they have given the 

elemental composition (ICP analysis) of all the used zeolites, they have not given any 

convincing data on acidity and a perfect proof for the absence of Fe (e.g.: EPR analysis) for 

various zeolites. Hence, during this work, considerable efforts have been made to understand 

these issues by decoupling acidity and Fe (see Chapter 5.5). In this work, a perfect proof for 

the absence of Fe through EPR analysis is shown in addition to ICP analysis.  

 

2.3.3 Catalyst Deactivation in Benzene to Phenol Oxidation 
 

Though there are inconsistencies in the active sites for BTOP, all the research groups have 

observed more or less rapid deactivation (within some hours) of the catalyst due to coke 

formation that could be a serious obstacle when it comes to commercialization of this process. 

Thus, a full exploitation of the one-step hydroxylation of aromatics could be achieved only 

after the identification of the factors controlling catalyst deactivation, so to lead to a suitable 

improvement of catalyst lifetime. The deactivation rate is expected to be influenced by the 

different active species present in these catalysts. In particular, surface acid sites may be 

heavily involved in catalyst deactivation by coking. 
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BURCH & HOWITT ET AL. [2] have investigated regeneration of the used catalyst after the 

benzene hydroxylation reaction. Treatment of catalyst with N2 at 500 °C resulted in partial 

regeneration i.e. the catalyst was not reactivated whereas treatment in O2 resulted in complete 

restoration of initial activity of the catalysts. This observation led them differentiate the coke 

species into 2 categories namely “soft coke” and “hard coke”. On one hand, Soft coke is 

formed during the benzene hydroxylation leading to zeolite channel blockage, which can be 

decomposed or desorbed with N2 purging at higher temperature (> 500 °C). On the other 

hand, hardcoke is formed on acid centers and can only be removed by burning off in the 

presence of O2.  

 

In order to solve the deactivation problem, It is important to find the mechanism of coke of 

deactivation during hydroxylation reaction. According to some reports, deactivation is not 

caused by the reactant benzene but triggered by the product phenol itself and phenol acts as a 

“coke-precursor” [15, 17, 131, 132]. 

 

 
Figure 2.21: Reaction network of direct oxidation of benzene over Fe zeolite [16, 17] 

 

In order to gain a detailed insight in to deactivation mechanism, it is important to consider the 

side reactions of phenol. Two possible side reaction pathways are found to be possible which 

eventually lead to carbonaceous species (Fig. 2.21). 
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The first one is through intermediate further hydroxylation of phenol and the second one is 

through coupling of phenol with benzene or another phenol molecule (poly condensation). 

This second pathway is found to be the dominant mechanism of formation of the 

carbonaceous species, although the relative rate of the two pathways depends on the zeolite 

characteristics and iron loading. It is also suggested that the second pathway depends on the 

strong chemisorption of phenol probably on Lewis acid sites, which hinders the fast back-

diffusion of phenol out of the zeolite channels and thus favors the formation of carbonaceous 

species. 

 

MELONI ET AL. [17] presumed that the soft coke can be adsorbed on the channel 

intersection, pore mouths and outer surface of the zeolite crystal due to its bigger size. These 

molecules are partly caught in those areas and react further and block the whole area for other 

reactants from entering. At the start of the reaction, only softcokes are present and as the time 

progresses the amount of soft coke will become lesser and lesser till all the cokes are 

transformed to hardcoke. The investigations of KHARITONOV ET AL. [133] showed that 5-

15 % of the coverted benzene reacts to form coke and leads to a rapid deactivation. A 

correlation between LAS and deactivation rate was reported.   

 

The later publications from MELONI ET AL. reported a correlation between type and 

strength of acid center of the catalysts and the deactivation during BTOP. During this 

investigation, it was found that the best catalyst in terms of higher activity and lifetime, 

possessed the lesser number of stronger acid centers. The other catalyst with a higher number 

of stronger acid sites showed similar starting activity as that of the previous catalyst and 

underwent a rapid deactivation. Thus the authors concluded that the acid centers are mainly 

responsible for the deactivation and not for the activity during benzene hydroxylation. In 

addition, there was direct relationship between the stronger acid sites and the rate of coke 

formation. The conclusions from SOBOLEV ET AL. [13] were nearly the same as these 

findings.  

 

KUSTOV ET AL. [11] reported that BA sites as a key factor for the coke formation by 

catalyzing consecutive reactions of phenol. NOTTE [49] observed slower deactivation rate 

due to removal of BA sites via steaming and partial ion exchange by Na.  
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KLEMM ET AL. [74] investigated adsorption behaviour of benzene and phenol on the 

sodium and protic form of ZSM-5 zeolites by molecular modeling. Adsorption constants of 

both benzene and phenol are higher on Na-ZSM-5 than on H-ZSM-5, which led them 

conclude that the deactivation in the benzene to phenol should be faster if the negative 

framework charges are compensated by Na+. However these findings were not experimentally 

proven and moreover only adsorption phenomena have been taken into account for the 

simulation. These calculations also resulted in higher adsorption constants for phenol 

compared to benzene. Possible proton catalyzed side and continuous reactions have been 

neglected.  

 

In a TAP reactor [134] study it was shown that desorption of phenol is the rate limiting step of 

the overall reaction. Based on this fact and due to the higher reactivity of phenol compared to 

benzene (caused by hydroxyl group) imply strongly that coke formation rather takes place via 

consecutive reactions of the product (phenol) and not by side reactions of the substrate 

(benzene).  

 

According to MELONI ET AL. [17] catalyst deactivation is derived mainly from the 

decomposition- condensation of phenol onto acid sites, the stronger being the latter, the 

quicker being the coking rate. In other words, surface acidity was not responsible for activity 

in the main reaction, but it was heavily involved in catalyst deactivation by coking.  

 

The causes for the phenol related side reactions and the resulting coking is the strong 

relationship of phenol with the acid centers of the catalyst leading to slower back diffusion 

from the zeolite channels [14-16]. Phenol is more reactive than benzene which can be 

attributed to the higher ionization potential of phenol than benzene. As a result phenol forms 

carbenium ion which leads to the formation of high molecular weight compounds and coke. 

According to this state of knowledge on deactivation, it is important to synthesize a catalyst 

which has very less number and concentrations of both LAS and BAS sites and more number 

of active iron species. According to REITZMANN ET AL. and others [14-17], the 

accumulation of phenol inside the ZSM-5 crystal is considered to be a major cause for this 

rapid catalyst deactivation due to its strong adsorption and hindered diffusion out of the 

zeolite crystal.  
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SELLI ET AL. [15] found an indirect correlation between the concentration of LAS and 

catalyst activity. This behaviour may be explained by taking into account that the 

carbonaceous deposits, eventually leading to coke formation and consequent deactivation, 

originate essentially from further undesired reactions involving the reaction product (phenol). 

When phenol resides too long within the catalyst pores, it may undergo further condensation –

polymerisation reactions. Indeed, as evidenced by FTIR desorption studies at different 

temperatures, adsorbate-catalyst interactions are stronger for phenol than for benzene. The 

strong interaction of the phenoxy group with the LAS present in the catalysts, due to either 

iron or aluminium ions in extra-framework position, hinders the back-diffusion of phenol out 

of the zeolite channels, favouring its further conversion to coke precursors.  

 

Moreover, they have attributed the longer durability of one of the tested catalysts to the 

presence of highest fraction of mesopores (i.e. the lowest ratio of micropore volume/ total 

pore volume ) which was a consequence of the extraction of Al and Fe from the framework 

during the steaming procedure. The more open structure of Fe-ZSM-5 was thought to have 

reduced the pore blocking by coke by substantially improving the internal mass transport rate 

of phenol and thus retarding the catalyst deactivation. 

 

Though the role of mesopores on deactivation seems to be promising, very less attention has 

been paid to such studies in BTOP. The crystallite size, i.e the contribution of external surface 

area to the total area, surely plays a decisive role but its influence on the catalyst deactivation 

for this particular reaction is not studied yet.  

 

Besides catalyst modification there have also been “reaction engineering methods” to improve 

the catalyst lifetime. The simpler method to reduce the catalyst deactivation is to use 

“stoichiometric excess of benzene in the feed” [131, 135]. Many different reasons for the 

observed improvements have been reported. 

 
� This could be due to the higher heat capacity of the reaction mixture rich in 

benzene[136], thus avoiding hotspots which would otherwise lead to accelerated 

activity loss.  

� In case the reaction proceeds via active oxygen formed via N2O decomposition, the 

mean residence time of active O2 is in the range of fraction seconds at around 400 °C 

before its desorption, thus a high partial pressure of benzene is beneficial in order to 

catch the surface oxygen and improve the selectivity of N2O to phenol [134] 
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� If the product desorption is the main factor for the coke formation and limiting factor 

for the overall reaction rate, a higher partial pressure of benzene can facilitate phenol 

desorption by competing for the same adsorption sites [4]  

 

Though the usage of excess benzene in the feed is beneficial in terms of deactivation, the 

main disadvantage is the less benzene conversion. If the process is up scaled to industrial 

production, the unconverted benzene to should be separated from the product and recycled 

along with the reaction mixture which leads to additional costs.  

 

“Steaming” is considered to be another efficient method to slowdown the deactivation and 

increase the catalyst activity during industrial processes [137, 138]. There are two different 

methods of steaming 1) Pretreatment of catalyst with steam 2) addition of steam during the 

reaction.   

 

JIA ET AL. reported a threefold [132] increase in activity for the Fe-ZSM-5 catalyst that was 

pretreated at 650 °C for 2 h. The phenol yield of the untreated catalyst at 400 °C was about 

20 % whereas it was 60 % with the steam treated catalyst. Besides the increase in activity, 

very less deactivation was observed for about 3 h. The author attributes the increase in 

activity to the removal Fe from the framework to extra framework through hydrothermal 

treatment  

 

Comparable results were achieved by PILLAI ET AL. [139]. This says the benzene 

conversion and phenol yield can be significantly increased through addition of water in the 

feed. In addition, the deactivation was also very less. No dealumination was possible at the 

investigated experimental condition, hence the authors says that this effect is due to 

displacement of phenol from the active center. There are also other observations that there 

was an increase in activity (Fe-ZSM-5) through such hydrothermal treatments at temperatures 

higher than 500 °C [16, 17, 108, 139]. 

 
From these investigations, it can be found that addition of water leads to two different effects. 

The steam pretreatment of catalyst at higher temperature results in removal of Aluminium and 

iron from the framework which in turn would lead to long term activity improvements. The 

addition of water along with feed during reaction increases the activity and reduces the 

deactivation similar to the reactions that are conducted with benzene rich feed as phenol 

molecule is expelled out of the sites responsible for deactivation. In fact, addition of water 
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during the reaction would lead to undesired side reactions, which leads to reduced phenol 

selectivity.  

 

In order to prolong the catalyst life time, an exclusive study on “microwave selective 

desorption of phenol” was carried out by S. GOPALAKRISHNAN and J. MÜNCH [18, 19]. 

The idea was to selectively heat the phenol via microwave as this is the coke precursor, during 

the reaction to aid its desorption from the zeolite in an attempt to suppress its further reaction 

to form poly aromatic compounds which would eventually lead to coke (Fig. 2.22).  

 

OH

N2O

N2

+

- “Coke”

Selective
Desorption of  Phenol

    Microwave Selective  
heating of Phenol

 Benzene and Phenol  adsorbed on the Catalyst

 
Figure 2.22: Illustration of the idea of microwave induced selective desorption [18, 19] 

 

The results showed that phenol could be selectively heated by microwave and the TG-MS 

experiments showed that the required desorption temperature for phenol is < 300 °C. Hence, 

most of the phenol could be desorbed during the reaction, as the reaction is normally carried 

out at temperature higher than 300 °C. The key problem is the slower back diffusion of 

phenol from the active sites to the bulk (out of crystal). As the retention time of phenol in the 

zeolite crystal is too long, extra heat input via microwave leads to accelerated deactivation as 

phenol is relatively more reactive than benzene. i.e, phenol gets selectively heated and reacts 

further to form coke.  
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3 Experimental Setup 
 

3.1 Overview 
 

This chapter contains the description of the experimental setup used for the oxidation of 

benzene to phenol reaction. This experimental setup was taken over from HIEMER ET AL. 

[140] and modified according to the needs of this project. The experimental setup is shown in 

Figure 3.1 and it consists of the following components. 

 

• Dosing of reactants and other gases 

• Microreactor 

• Analytical Equipment (GC)  

• Heating of the apparatus and temperature control 

 

The whole experimental setup was kept inside an exhaust hood for safety reasons. All parts of 

the setup are insulated and heated up to 180 °C to prevent the condensation of the products 

and reactants from the gas phase. The main part of the experimental setup is the micro reactor 

which was constructed during the DeMiSTM project. The exact description of the reactor is 

given in chapter 3.3. The exact reactant concentration is measured via the by-pass. The reactor 

can be bypassed with two three way valves in order to check the dosing precision of the 

benzene evaporator with the help of a Gas Chromatograph. Methane was used as GC internal 

standard, and it gets mixed with the product stream in a mixer before the GC. A needle valve 

was employed to split the product mixture to GC and to the exhaust stream. A portion of the 

mixture of methane and product stream was sent to the GC for analysis and the rest was 

directed to the exhaust chamber through an absorption bottle filled with N-methyl-pyrrolidone 

(NMP).
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Figure 3.1: Lab scale plant for the oxidation of benzene to phenol 
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The effluent stream leaving the GC was also passed through a wash bottle filled with NMP 

(NMP is a highly polar solvent with good solvent properties that make it capable of dissolving 

a wide range of chemicals). The wash bottles would enable the trapping of almost all organic 

substances from the gas stream. Effluent stream resulting from regeneration was also directed 

to the wash bottles containing NMP. Fig. 3.2 shows the fotograph of the lab scale plant. 

 

 
Figure 3.2: Picture of benzene to phenol oxidation plant used in the work. 

 

3.2 Gas and liquid dosing 
 

N2, synthetic air (regeneration) and methane (internal GC standard) were drawn from the 

central gas supply of the institute. N2O was dosed form a separate gas bottle 

 

Table 3.1: Details of mass flow controllers used. 

MFC 
Range 

[mlN/min] 

Pre-pressure 

[bar] 

Nitrous oxide 0-150 2.4 

Methane 0-28 2 

Nitrogen-regeneration 0-1000 3 

Nitrogen-evaporator 0-313 3 

Synthetic air 0-106 3.5 
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All the gases were dosed with 

mass flow controllers 

(Bronkhorst). Details of the used 

flow controllers are given in the 

table 3.1. The liquid benzene was 

dosed by a HPLC pump (Knauer; 

type K120) and was evaporated 

using an evaporator operated at 

115 °C and atm. Pres. The figure 

3.3 shows the design of the used 

stainless steel (1.4571) 

evaporator. The benzene was 

dosed through a cappilary tube to 

the Fritte. In order to avoid 

cavitation and pre-evaporation, 

the the pump head was cooled to 

15 °C with a kryostat. In addition, 

the cappillary was placed about 5 

mm below the metal fritte which 

avoids as well the pre-

evaporation. In this way, an 

uniform evaporation could be 

achieved by getting in contact 

with heated (115 °C) metal fritte. 

Inert glass beads are placed above 

the fritte. With this evaporation 

concept, a dosing of benzene with 

a precision of +/-1 % can be 

achieved.  

 

Figure 3.3: Evaporator for Benzene 
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3.3 Catalytic wall reactor (Microreactor) 
 

A wall reactor (microreactor in 1 dimension) is made of stainless steel (1.4571). This reactor 

has a chamber in the middle which can accommodate 8 catalyst coatable stainless steel 

(1.4571) supports.  The direct contact of the zeolite with the wall enables an easier transport 

of reaction heat to the reactor, which in turn offers a relatively isothermal condition at the 

reaction zone. This labscale reactor was developed in the frame of the BMBF supported 

DEMiSTM (Demonstration project for the Evaluation of Microreaction engineering in 

industrial Systems).  

 

A cross sectional view of reactor is shown in figure 3.4. The supports were coated with the 

catalyst by means of slurry coating (see section 4.2). Reactor was tightly closed using graphite 

sealing after loading the catalyst. The inlet and outlet of the reactor were covered by fine 

filters in order to avoid catalyst entrainment. Reactants were dosed from top to the bottom. 

The reaction mixture coming from the top will go through the diffuser after passing a metal 

filter. The Fine filter offers very less pressure loss to the reaction mixture, but the channels 

offer a larger pressure drop to the mixture which in turn enables an equal distribution of 

reaction mixture to all the channels.  

 

(A) (B) 

 

Figure 3.4: (A) Wall Reactor (B) Cross sectional view of wall reactor. 
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In order to remove the the process heat, the reactor is constructed with heavy blocks. Due to 

its weight, the reactor is mounted on a support plate. The reactor body is heated by 6 

parallelly operated heating cartridges, in order to achieve uniform temperature.  The side part 

of the reactor body has provision for 4 thermocouples which allow the temperature 

measurement on the zeolite surface even during reaction. In order to avoid unnecessary heat 

loss, the lower part of the reactor is made to rest on a insulation material. In addition, the 

whole reactor is covered by insulating materials.  

 

3.3.1 Heat balance over the catalyst support 
 

The advantage of micro reactor (wall reactor) lies in the direct contact of the zeolite layer on 

the reactor wall as it enables a faster heat transfer from the catalyst to the reactor wall. At 400 

°C the overall reaction enthalpy of the hydroxylation of benzene to phenol is 259 kJ mol−1, 

the enthalpies of undesired further oxidations of phenol are even higher. This high reaction 

enthalpy is due to the fact that on the one side benzene is oxidised to phenol (the difference in 

the enthalpies of benzene and phenol is 171 kJ mol−1) and on the other side the decomposition 

of N2O supplying the oxygen for the hydroxylation generates further enthalpy (∆H = 88 kJ 

mol−1). Considering only the reaction to phenol and not regarding consecutive reactions of 

phenol there is a release of energy of 2750 kJ per kg of phenol produced. By including the 

inevitable and also undesired consecutive oxidation of phenol to mainly dihydroxybenzene, 

benzoquinone and carbon dioxide, the release of energy is even higher. 

Hence it is important to conduct this reaction with a reactor that can transfer the heat 

produced during the reaction. In general, it is difficult to achieve isothermal conditions with 

fixed bed reactors.  

 

3.3.2 Assumption 
 

A catalyst layer thickness of 1 mm was used for starting the balance. This corresponds to 

approximately 0.05 g/cm2 of catalyst. The following simplifications were used for the 

calculation.  

1. No mass transport limitation within the catayst layer and no gradient in the reaction rate 

within the catalyst layer.  

2. No gradient in the reaction rate along the catalyst layer. (“Null Umsatz Annahme”) 
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Because of these assumptions, it can be assumed that the whole catalyst layer is used for the 

reaction without any gradient and the specific heat input to the layer is uniform.  

 

In the previous work from HIEMER ET AL., a study has been conducted to verify the 

effectiveness of the used microreactor in terms of transferring the reaction heat from the 

catalyst to the reactor wall. As a first step, it has been made clear that only 5 % of the reaction 

heat was carried over by the flowing reactant stream. Table 3.2 shows the calculated 

temperature increase during reaction at different production levels. This is done only by 

considering the main reaction. This might result in a higher temperature increase if all the side 

reactions are included.  

 

Table 3.2: Estimation of temperature increase at different production conditions [140] 

Produced Phenol TRector TWall  T inner 

[kg Phenol / (kg Catalyst· h)] [°C] [°C] [°C] 

0.5 400 400.03 400.64 

1.0 400 400.04 401.28 

1.5 400 400.05 401.92 

2.0 400 400.07 402.57 

2.5 400 400.09 403.21 

 

The wall temperature and temperature of the catalysts surfaces were calculated using 

equations 3.1 and 3.2  
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    ………Eqn. (3.1) 

 

2

2
)( x

sA

Q
x

A

Q
TxT wall ⋅⋅⋅

−
⋅

+=
λλ

&&

   ………Eqn. (3.2) 

There was about 2 °C temperature increase at about 1.5 Kg Phenol / kg catalyst·hour. It is 

noteworthy to mentions again that the reactor has a provision to measure the temperature 

directly at the catalyst layer. In many cases, it was observed to be not more than 4 °C.  
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3.4 Analytical equipment  
 

This scheme (Fig. 3.5) shows how the GC and µGCs are connected in the experimental setup.  

6
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CH4

Exhaust cleaning
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Figure 3.5:  Scheme of analytical system in GC 

 

The reactant and product streams were analyzed using two online Gas Chromatographs 

connected in series.  It consisted of a GC (HP 5890 Series II plus) with a FID detector and a 

µGC (CP 2002 P) with a TCD detector. In HP 5890 GC, a pneumatically operated 6 port 

valve was employed to draw the samples automatically. A sample loop of 250 µl was used. 

The gas stream was reduced by a split valve and the rest of the stream was sent to the 

capillary column (HP-5). Helium was used as carrier gas in the capillary column. Flame 

Ionization Detector (FID) was used for quantitative and qualitative analysis of the reactants 

and products. A GC temperature program was used to separate the gas stream inside capillary 

column. This is given in the following figure 3.6. 
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Figure 3.6: Temperature program of GC. 

 

GC was connected to the computer using Star 800 interface module (VARIAN). Data 

acquisition and evaluation was done using a computer. The software “Starworkstation” was 

used to classify the detected peaks and integrate them. For quantitative evaluation of peaks, 

methane was used as an internal standard. Evaluation of the obtained peaks was done using 

the equation mentioned below  

 

i

methane

methane

i

methane

i

RMR

RMR

F

F

n

n ×=  ……….  Eqn. (3.3) 

 

Where the ratio of the moles of component “i” to the moles of the internal standard is 

proportional to their peak area ratio. The proportionality factor known as RMR-Value 

(Relative Molar Response) was determined from calibration. This calibration was done by 

injecting a mixture at different known molar ratios of a substance (whose RMR wanted to be 

determined) and a standard substance (octane). The calculated RMR values and retention 

times of the substances are given in table 3.3 

 

Table 3.3:  RMR values and retention times. 

Substances 
RMR Value 

[-] 

Retention Time  

[min] 

Methane 1.0 1.523 

Benzene 4.83 2.612 

Phenol 4.74 6.961 

Benzoquinone 3.94 6.161 
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The outlet stream from the GC was connected to the micro GC via two condensation traps to 

remove the aromatic compounds from the gas stream. The first one was kept at room 

temperature while the second was water cooled using a cooling jacket. It is important to 

remove all the aromatic compounds from the gas stream to avoid its condensation in the µGC.  

 

3.5 Heating of the apparatus and temperature control 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Provisions for heating and temperature control (check points) of reactor 

 

Heating of the experimental setup was done using heating coils (or) heating tapes (Horst 

GmbH). Temperature control and measurement were done using temperature controller 

(Eurotherm). The reactor heating was done using heating rods (Horst GmbH) which were 

placed in the holes made inside the reactor body. Four openings were made at the side wall of 

the reactor as shown in figure 3.7, so as to measure the exact temperature at the 

microchannels (catalyst) during reaction. 

 

3.6 Catalytic Investigations in Microreactor 
 

The Catalytic investigations (benzene to phenol hydroxylation) were conducted by varying 

the following parameters. 

Modified residence time  �  94 g·min/mol 

Reactants ratio (benzene: N2O) �  1:1  

Temperature    �  400, 440 and 480 °C 

 

 

holes for 
heating rods 

Openings to 
insert 

thermocouple
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Modified residence time can be defined as the ratio of active mass of catalyst to the molar 

flow rate. 

     catalyst
mod

g min
 catalyst

total

m

n mol
τ  

=  
 

                       ……..Eqn. (3.4) 

 

The experimental procedure is as follows: At first, the coated catalyst was loaded into the 

microreactor after weighing. Then the reactor was heated to the required reaction temperature. 

Flow rate of the benzene was adjusted to the desired value along with nitrogen (for 

evaporator) and methane flow rates (GC internal standard). Subsequently, bypass 

measurements were done using GC to know the exact concentration of the benzene. Then 

based on the required reactant ratio (1:1) nitrous oxide (N2O) flow rate was adjusted and the 

valve position was changed from bypass to reaction mode. After 5 min, GC was switched on 

and the measurements were performed continuously for four hours. After each reaction, 

catalyst was regenerated to facilitate the continuous usage of the catalyst. For regeneration 

reactor was heated to 530 °C and was kept under synthetic air (108 mlN/min) atmosphere for 

an hour. Before each reaction catalyst was activated under nitrogen (213 mlN/min) atmosphere 

for one hour at 400 °C. 

 

Experimental evaluation was done by considering the following parameters: conversion of 

benzene, yield of phenol (referred to benzene) and selectivity of phenol (referred to benzene). 

 

1. The conversion (Xi) of reactant i (benzene) is calculated as ratio between converted 

benzene and used benzene. This parameter was used to quantify the catalytic activity.  

  

2. The Yield (Yk,i) of the product k (phenol) with respect to reactant i (benzene) is 

expressed as the ratio between amount of an individual product k formed during the 

reaction and the stoichiometrically maximum possible quantity 

 

 

 

………….Eqn. (3.5) 

 

………….Eqn. (3.6) 
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3. The selectivity (Sk,i) to a product k relative to a reactant i gives the level of product 

formation from a particular reactant. This is defined as the ratio of yield to conversion. 

 

Also the carbon balance was determined for each experiment. Carbon balance would help in 

determining any loses that might have been encountered, for example through mechanical 

leakage or coking.  

 

3.7 N2O decomposition 
 

N2O decomposition testing was carried out in a mini plant. Figure 3.8 represents the flow 

diagram of the mini plant with piping, control and measuring devices. All parts of the plant 

are insulated. N2O decomposition took place inside a tubular plug flow reactor. Helium was 

used as an inert gas and N2O was the reactant gas. The gases were dosed by mass flow 

controllers (Bronkhorst). With the help of a bypass, it was possible to determine the 

concentration of N2O using a BINOS, which is a non-dispersive infrared analyzer (Hartmann 

and Braun, Uras 10 E). The reactor is made of quartz glass and was heated by heating coils. 

Glass beads were placed at the bottom of the reactor. The sealed grid in the lower section 

carries the glass beads of the reactor. The sealed grid in the middle section carries the catalyst 

pellets. The temperature in the catalyst bulk was measured with a thermocouple. It was 

brought in the reactor through a thermocouple socket at the reactor top 
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Figure 3.8: Scheme of lab scale N2O decomposition setup 
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To perform N2O decomposition, the following steps were necessary: 

1. Preparation of  catalyst pellets and filling in the reactor 

2. Calcination of the catalyst pellets 

3. Calibration of Binos 

4. N2O reaction 

 

In order to prepare the pellets, the catalyst powder was pressed into tablets and then the tablets 

were crushed and sieved (particle size between 0.8 - 1 mm). 500 mg of catalyst pellets (H-

form) were placed inside the reactor. Then glass wool was placed above the catalyst and on 

the outlet of the reactor to avoid catalyst entrainment. After that, the reactor was fixed to the 

gas flow tubes. 

Before calibration of Binos, the catalyst was activated in-situ with 125 mlN/min of He at 550 

°C for 1 hour and then the temperature was lowered down to the desired temperature to start 

the calibration of Binos. Prior to N2O reaction, the analyzer was calibrated for He and N2O 

while the valves were in bypass mode. Firstly He was sent to the Binos and the value was 

adjusted to 0 ppm. Then the Helium flow was stopped and the N2O was sent to the Binos, in 

this case the value was adjusted to 973 ppm, because the concentration of N2O in test tank 

was 973 ppm. Finally the N2O was made to react on the catalyst by turning the valves to 

reaction mode. The experiments were performed at different temperatures, 300, 350, 400, 

425, 450, 475 and 500 °C. 

 

Percentage of N2O decomposition was calculated by the following formula 

[ ] 2 2 before reaction  after reaction
2

2  before reaction

N O conc.  - N O conc.
 N O conversion %  = 

N O conc.         .…..Eqn. (3.8) 

 

3.8 Equipment for catalyst adsorption measurements and TG-MS 
analysis 

 

This subchapter describes the TG-MS setup, experimental procedure, catalyst loading and 

pretreatment. In this work all the Thermogaravimetric (quantitative) experiments were 

conducted in combination with a Mass spectrometer (qualitative). The Mass Spectrometer 

was connected at the outlet of TG furnace to analyze the exhaust from TG. The main reasons 

for this TG - MS analyses are to find out the temperature needed for desorption of the 

adsorbed species 
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3.8.1 Catalyst adsorption procedure for TG-MS analysis 
 

The following flow sheet (figure 3.9) describes the catalyst preparation procedure that was 

subjected to TG – MS (Thermo Garvimetry coupled with Mass Spectrometer) experiments. 

The TG-MS experiments were conducted for the catalyst that was loaded with particular 

partial pressures of phenol. 

    
Figure 3.9: Sample preparation procedure for TG-MS analysis: adsorption/loading of phenol 

 

The figure (3.10) shows the apparatus which was used for the loading experiments. The 

apparatuses were first washed with acetone and dried in an oven. Then it was purged with N2. 

The catalyst to be loaded is weighed and kept in the catalyst holder (as indicated by 

number 3). Loading substance (e.g. phenol) is weighed and filled in main loading apparatus 

(as indicated by number 2). Then the catalyst holder is fixed to the main loading apparatus 

tightly. The whole apparatus is placed in an oven for two hours. The oven is maintained at 

desired temperature. During the loading process substances get evaporated and get adsorbed 

on the catalyst surface. After 2 hours, the apparatus is removed from the oven. Then the 

holder is removed from the main apparatus and placed in the vessel shown as number 1, in 

order to avoid vapour condensation. The loaded sample is used for further TG-MS 

investigations.  

 

Catalyst 

Drying:  
T= 400 °C for 2 h 

N2 purge (20 mlN/min) 

Loading of Catalyst 

       N2 purging 

TG-MS with N2 or Air as carrier gas 
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Figure 3.10: Loading Apparatus (1. jar, 2. main loading apparatus, 3. catalyst holder) 

 

All these three samples are analysed by TG-MS analysis. The TG-MS experimental procedure 

is explained below. About 20 mg of sample is used for TG analysis. This sample is subjected 

to a temperature programmed desorption by heating the sample from room temperature to 

700 °C by a temperature ramp (10 °C/min) with nitrogen as a carrier gas. Air was switched on 

for about 30 min at once the sample reaches 700°C. 

 

Weight loss of the sample with the increase in temperature was continuously monitored and 

recorded by the TG software. And the corresponding MS signals are monitored and recorded 

by the MS software. The purpose of using air is to find out the total weight loss of the sample. 

 

1 3 2 
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4 Catalyst preparation and Characterisation 
 

The chapter contains the catalyst preparation procedures including hydrothermal zeolite 

synthesis and post synthesis modifications like ball milling and alkali treatment of zeolites. In 

addition, the slurry coating procedure of zeolite on microchannels of the employed 

microreactor is explained.  

 

4.1 Catalyst preparation 
 

4.1.1 Hydrothermal (Fe free) zeolite synthesis  
 

A systematic and parallel approach was developed for the catalysts preparation as a means to 

understand the role of iron and the acidity in the decomposition of nitrous oxide (Fig. 4.1). As 

it can be noted from Scheme 1 (A), the systematic approach starts with an iron free synthesis. 

It is followed by different treatments, which in principle provides an iron free/ Brönsted 

acidity containing material. Secondly, iron containing materials are obtained by postsynthesis 

addition of iron (see Scheme 1 (B)). In contrast to the systematic approach (Scheme 1 (B)), in 

the parallel approach, (Scheme 1 (C)) iron is incorporated through the synthesis. 

 

Chemicals used in this study were of research grade quality. Two zeolite samples were 

prepared by hydrothermal synthesis using tetrapropylammonium hydroxide as the template.  

A solution of silica source (tetraethylorthosilicae, TEOS), the template (tetrapropylammonium 

hydroxide, TPAOH aqueous, Aldrich, 1M) were added to a mixture of aluminum (III) nitrate 

(Al (NO3)3·9H2O, Fluka, 98%). Iron (III) nitrate (Fe (NO3)3·9H2O, Merck) was also added to 

the mixture in one of the samples in order to incorporate the Fe during the hydrothermal 

synthesis. 
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(A) 

 

(B) 

 

(C) 

Figure 4.1: Systematic (A, B) and parallel approach (C) for understanding the role of Fe and H+ active sites 
(acid) in the decomposition of nitrous oxide 
 

The synthesis mixture had a molar composition of 1·SiO2:0.160·TPA2O:0:260·OH-

:29·H2O:4·EtOH:0.010·Al2O3:X·Fe (X = 0 for Fe free synthesis and X = 0.002 in the case of 

synthesis in presence of Fe). The solution was transferred to a teflon lined stainless-steel 
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autoclave and kept in static air oven at 433 K for 2 days. After the synhesis, the crystalline 

material was filtered, washed with deionized water and dried at 373 K overnight. 

 

The as-synthesized samples (TPA+-K/Na-MFI � and TPA+-K/Na-MFI(Fe) �) were calcined 

in air at 823 K for 12 h. The calcined samples are denoted as K/Na-MFI � and K/Na-

MFI(Fe) �. The samples K/Na-MFI � and K/Na-MFI(Fe) � were converted into the H-form 

(successively denoted by H-MFI � and H-MFI(Fe) � by twice consecutive exchanges with 

an ammonium nitrate solution (0.1 M) overnight at 333 K and subsequent drying and 

calcination at 773 K for 10 h in presence of air.  H/Fe-MFI(I) 	 was prepared from K/Na-

MFI � by liquid ion exchange method to introduce iron.  

 

A suspension of K/Na-MFI � and a 0.2 M solution of Fe (NO3)3·9H2O was continuously 

stirred at 333 K under reflux for 6 h in N2 atmosphere. Thereafter the zeolite was thoroughly 

washed with deionized water until no more nitrate was detectable in the filtrate and dried. 

Subsequently the sample was activated by calcination in air for 12 h at 823 K. The calcined 

sample was denoted therefore as H/Fe-MFI(I) 	. During the Fe exchange process, the sample 

gained some acidity, therefore in order to remove the acidity H/Fe-MFI(I) 	 was treated with 

1M KCl at 333 K for 16 h, after the treatment the sample was dried overnight at 373 K  and 

calcined at 823 K for 12 h in air. The resulting sample was labeled like K/Fe-MFI 
. Later 

the acidity was regained by treating K/Fe-MFI 
 with ammonium nitrate solution (0.1 M) 

overnight at 333 K, dried and calcined at 773 K for 10 h in air. The corresponding sample was 

identified like H/Fe-MFI(II) �. A commercial H-MFI zeolite � (ALSI PENTA; SM-55) with 

a SiO2/Al2O3 ratio of 55 has been included for comparison purposes. All the catalysts 

prepared are listed in Table 1. 

4.1.2 Post synthesis modification 
 

4.1.2.1 Dry ball milling of zeolite 
 

Dry ball milling was conducted with NH4 form of ZSM-5 [ SiO2/Al 2O3 = 236 and 55] using a 

ball mill (FRITSCH). The mill and the milling chamber are shown in figure 4.2. Ball mill 

consists of a grinding chamber along with the lid, grinding balls (3 cm diameter and 5 in 

number), housing to place the grinding bowl, motor, speed adjusting knob and timer. The 

maximum speed of the mill was approximately 250 rpm. Method of operation of the mill is, 

grinding bowl rotates on its own axis and thus material and grinding balls are subjected to 
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centrifugal forces. And thus material particle size gets reduced because of the impact with the 

balls, between the balls and between balls and wall of the grinding bowl. Prior to the grinding 

operation, grinding bowl along with the grinding balls was cleaned using chemically inert 

sand by running the mill at the conditions which are similar to the experimental conditions for 

20 min. Then the bowl and balls were cleaned to remove the sand. Then 20 g of the material 

to be milled was added in the cleaned bowl, balls were placed inside the bowl. 

 

 
Figure 4.2: Ball mill used in this work; (inset) Grinding bowl and balls used for dry milling 

 

Then mill was operated based on the requirements. After completing the run material was 

removed from the bowl and stored. Milling time was varied from 5 min to 12 h based on the 

requirement. The milled samples were characterized with XRD, particle size measurements, 

NH3-TPD and SEM. 

4.1.2.2 Wet milling of Zeolite 
 

The wet media milling of a commercially available NH4-ZSM-5 zeolite (Module 27, 55, 236) 

was carried out in a laboratory stirred media mill (PE 075; Netzsch). The media mill (Fig. 

4.3) consisted of a grinding chamber (0.6 liter) and a stirrer with three perforated discs. Y2O3 

stabilized ZrO2 media (Φ = 0.5 to 0.63 mm) were used for milling. About 1700 g of balls 

were charged into the grinding chamber which completely covers the three discs of the stirrer. 

A suspension (50 g of zeolite in 200 ml of distilled water) of the zeolite to be milled was 

added into the grinding chamber. Milling was performed for different time intervals with a 

constant stirrer speed of 1000 rpm. Prior to wet milling, Zeta potential (ζ) measurements were 

done in order to know in which pH range the Iso-electric point (where the particles stay 
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agglomerated, as electrostatic repulsion between particles become zero) exists for this 

particular material. This is to know at what pH range a strong repulsive force between the 

particles exists in view to carry out milling at that particular pH condition. Based on the 

obtained results from zeta potential measurements, it was decided to go for wet milling at pH 

7 using water as solvent. The details are given in CHAPTER 5.3.2. 

 

After each run product suspension was removed from the grinding chamber and was separated 

from the grinding media through sieving. Collected sample was dried in oven at 100 °C to 

remove water. Dried samples were analyzed by XRD, particle size measurement, NH3-TPD 

and SEM. Wet milled samples were used for catalytical investigations in microreactor using 

slurry coating technique. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Stirred media mill; Inset: Stirrer with three perforated discs 

 

4.1.2.3 Alkali treatment of zeolites 

 

NH4-ZSM-5 zeolite was treated with an alkali solution at different conditions in order to 

investigate the process of mesopore formation resulting from desilication and the effects of 

mesopores on the catalytic properties of ZSM-5. See figure 4.4. 
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The alkali treatment was done by varying three parameters, treatment time (t), treatment 

temperature (T) and concentration of solution. All the treatments were carried out with 30g 

zeolite in 1 liter of NaOH solution.  

  

H-ZSM-5  

 Coating on micro channels using a slurry 
coating technique 

NH4-ZSM-5  

NH4 exchange: 
1 M NH4NO3 solution; 70 °C (twice) 

Filtration, washing and drying 

Calcination: 
550 °C; 3h; Air atm. 

Filtration, washing and drying 

 M 27, M 55, M 236 (Alsi-Penta) 

Alkali treatment (AT): 
30 g of zeolite + 1 L of NaOH solution 
Variation of time, temperature and concentration  
 

 
Figure 4.4:  Procedure for alkali treatment 

 

4.1.2.3.1 Time variation 
 

30 g of original zeolite (NH4 form) was treated with 1 litre of 0.2 M NaOH aqueous solution 

for varying treatment times (0.5, 1, 2, 3, 4, 5, 10 h) at 80 °C under stirring conditions. The 

modified samples were denoted afterwards as AT 0.5h, AT 1h, AT 2h and so on, where AT 

means alkali treated and the number is the leaching time in hours. 
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4.1.2.3.2 Temperature variation 

 

30 g of original zeolite was added to 1 liter of 0.2 M NaOH solution for varying treatment 

temperatures (60, 70, 80, 90 °C) for a constant period of 2h. The treated samples were labeled 

afterwards as AT 60˚C, AT 70˚C, AT 80˚C and AT 90˚C. 

 

4.1.2.3.3 Concentration variation 
 

30 g of zeolite was treated in 1 liter of NaOH solution with varying concentrations (0.2, 0.4, 

0.6, 0.8, 1 M). All the treatments were done at 80 °C for 2 h. The alkali treated zeolites were 

denoted therefore as AT 0.2M, AT 0.4M and so on, where the number corresponds to the 

NaOH concentration. Soon after the alkali treatment (with varying time, T and 

Concentration), the sample was washed to remove the excess Na+ ion, and filtered before 

being dried at 100 °C overnight. The filtrates were collected in order to determine the 

concentrations of Si and Al dissolved during the alkali treatment.  

 

4.1.2.3.4 Ion-exchange of catalyst 
 

After the alkali treatment, the samples were in Na-form. Hence the samples were ion 

exchanged with NH4NO3 to transform them to H-form. The alkali treated zeolites were put 

into 300 ml of a 1 M NH4NO3 solution and then stirred at 70 ˚C for 24 h, followed by filtering 

and rinsing with distilled water to remove all Na. This procedure was repeated twice to obtain 

the NH4-form. After drying at 100 ˚C overnight, the alkali treated and the original zeolites 

were calcined in air at 550 ˚C for 3 h in order to get H-form. 

 

4.1.2.3.5 Preparation of Fe-ZSM-5  
 

Liquid ion-exchange method was used to introduce iron in the original and NH4-AT-2h 

zeolite. The suspension of 150 ml of a 0.2 M solution of Fe (NO3)3·9H2O and 15 g of zeolite 

was continuously stirred at 80˚C under reflux for 6 h under N2 atmosphere. This procedure 

was repeated twice with a fresh Fe (NO3)3·9H2O solution. Finally, the zeolite was thoroughly 

washed with distilled water, until no more nitrate was detectable in the filtrate and dried. 

Subsequently both samples were activated ex-situ by calcination in air for 12 h at 600 ˚C. 
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The experimental procedure is given in figure 4.5.  

              
Figure 4.5: Catalyst preparation including Fe exchange procedure 

 

4.2 Catalyst coating on the channels of microreactor  
 

As the ball milled catalyst and alkali treated catalysts were in ammonium form (NH4-ZSM-5), 

it was converted to protonated form for the purpose of catalytical investigations. Catalyst was 

calcined in air at 550 °C for 3 h to convert it to protonated form (H-ZSM-5). Microchannels 

of the reactor were coated with Zeolite material (catalysts) using a slurry coating technique 

for catalytic investigations. The used supports were made of stainless steel (1.4541) with 

10 cm length, 2 cm breadth and 0.15 mm thick. The slurry coating procedure was adopted 

from the previous work [39]. The original (original) zeolite and the modified zeolite materials 

(via milling, alkali treatment, etc.) were initially converted to protonated form and then were 

coated on to stainless steel supports using slurry coating technique. 
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Figure 4.7: Catalyst coating on michrochannels of the microreactor 

 

The supports were initially cleaned with acetone and dried for few minutes at 100 °C. 1 g of 

catalyst and 0.1 g of α-Al 2O3 (Condea, Germany) were added to a mortar and the mixture was 

mixed uniformly. It was known from the previous work that 10 % of binder constitutes to 

high adhesive strength (40 N/cm2).  

 

After that, 4 g of glacial acetic acid (Merck) peptizing agent were added to the mixture of 

catalyst and binder, and then the mixture was made into an uniform slurry. The slurry was 

coated carefully on the already cleaned supports. Coated supports were initially dried at room 

temperature to remove the acetic acid. Finally they were heated with a ramp of 10 °C/min to 

600 °C and kept for 12 h in air atmosphere. No further pre-activation of the catalyst was 

needed prior to the reaction. 

 

 

Catalyst (1g) 
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(10 % of catalyst weight) 

 +  
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Coating on micro reactor 
 support 

600 °C for  
12 h  

Slurry  Coating Calcination 
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4.3 Catalyst Characterization 
 

Knowledge of the physico-chemical characteristics is critical for a fundamental understanding 

of the chemistry occurring in the catalyst. There are many different methods to determine 

catalytically relevant properties of the catalyst. Catalyst characterization is vital to understand 

the changes that occur in the structure and composition of a catalyst. A detailed working 

principle of different methods can be found in standard text books [141]. In general, the 

characterization of a zeolite has to provide information about (i) its morphology and physical 

characteristics, (ii ) surface characteristics, and (iii ) bulk characteristics.  

 

This chapter summarizes the characterisation techniques and the respective equipments used 

in this work. The detailed characterisation results of all the applied catalysts are given in 

individual chapters appropriately.  

4.3.1 Elemental analysis 
 

The chemical composition of the solid catalysts was determined with the help of Inductively 

Coupled Plasma- emission spectroscopy (ICP). Around 0.1 g of ground sample was dissolved 

in a solution of 8 ml HF, 2 ml HNO3 and 2 ml HCl in the digestion vessels and heated in the 

microwave oven for 45 minutes. It was then dissolved in 250 ml of de-ionized water. 

Thereafter the analysis was carried out on a Perkin Elmer Plasma 400 Spectrometer. In the 

present study, ICP-OES analyses were performed on to monitor the concentrations of Si, Al 

and Fe.  

4.3.2 Structural analysis via X-Ray diffraction 
 

Besides elemental analysis, the structure of the catalysts is of special interest and is 

determined by X-ray diffraction analysis. The x-ray powder diffractions patterns were 

performed on an X’pert Pro diffractometer (Philips analytical) using Cu Kα radiation. The 

XRD data were collected from 2θ = 2 - 50 ° at scan rate of 1˚ per minute. In order to quantify 

the relative crystallinity, a special method was developed by SCHWIEGER [142]  which uses  

α-Al 2O3 as an external standard. Based on this, the so called QAl value is calculated and used 

as a measure to find the relative cyrstallinity.  
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The QAl can be obtained from the intensity I (height or area of the reflection peaks) of the 

main x-ray diffraction of MFI-type zeolite and the intensities of two reflections of an external 

standard (corundum). The value QAl is defined as: 
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Where:  MFI denotes the reflection of zeolite MFI 

  Cor denotes the reflection of corundum as reference sample  

 

QAl-value = 1 denotes a crystallinity of 100 %. Based on this method, different catalysts can 

be compared. However, smaller QAl value should not be misunderstood for less crystallinity. 

One reason for low QAl -value can also be due to smaller crystal sizes of zeolites.  

4.3.3 Adsorption properties 
 

N2 physisorption measurements at 77 K are carried out in order to determine the specific 

surface area area and the distribution of pore sizes of micro or mesoporous materials. 

According to the IUPAC recommendation, the BET equation has been accepted as the 

conventional method for determining the adsorbent specific surface area. In this method, 

adsorption isotherms are measured, assuming the N2 molecular size to be 0.162 nm2. 

However, the use of BET equation for zeolites supplies physically meaningless values for 

specific surface areas as the adsorption mechanism is not multilayer adsorption but a 

spontaneous filling of the micropores [143]. Separation of micropore (dp < 2nm) and 

mesopore (2 nm < dp < 50 nm) volume in such materials is often accomplished with the use 

of so-called standard isotherms. Such methods have been developed by LIPPENS ET AL. 

[144] (so called t-plot method). The idea is to calculate the thickness “t” of the adsorption 

layer in mesopores and on the outer surface as a function of the reduced pressure P/P0 of the 

adsorptive from the experimental adsorption isotherm of a nonporous standard material. 

Fitting a straight line to the t-plot (amount of adsorbate vs. t), the slope of the linear part 

should yield the amount adsorbed in mesopores and on the external surface whereas the 

intercept can be considered as the microporous volume.  

 

For the estimation of mesopore volume and its pore size distribution BARRETT ET AL. 

proposed an algorithm based on Kelvin´s equation [145]. But other widely used method to 
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calculate mesopore volume is to subtract the micropore volume from the total uptake [146]. In 

this work, N2 adsorption/desorption analyses were carried out at 77 K using an ASAP 2010 

setup (Micromeritics). Before measurement, samples were preheated at 300 ˚C for 2 h.  

In this work, the following characteristics derived from the nitrogen adsorption measurements 

were used:  

• Surface area measured using the method of BET (Brunauer Emmett Teller) 

• Micropore surface area using method of Dubinin Astakhov  

• Micropore volume using method of Dubinin Astakhov 

4.3.4 Acidic properties 
 

The acidic properties of the used zeolites were determined using Temperatur Programmed 

Desorption of ammonia (NH3-TPD). The analytical device TPD/R/O 110 (Thermo Electron) 

was used for measurements in this work. Around 0.1 g of H-form of catalyst was used to 

perform this test. During the experiment, sample was preheated at 550 °C for 2 h in He. After 

that NH3 was adsorbed on the catalyst at 100 °C for 30 min. NH3 desorption was carried out 

from 100 °C to 800 °C with a ramp of 10 °C. 50 ml/min of He was used as carrier during the 

desorption process. The desorbed ammonia will be plotted against temperature. The resultant 

plot will have a typical curve with two characteristic peaks. According to KAPUSTIN, The 

low temperatur peak and high temperature peaks are assigned to NH3 adsorbed at Lewis acid 

sites and Bronsted acid sites respectively. The strength of these acid sites can be inferred from 

the position of the peaks. The more the temperature of the peak maximum, the stronger are 

the acid sites. By considering that each NH3 molecule is adsorbed on the BAS, the 

deconvolution of the TPD plots and the integration of the peaks would yield number acid 

centers. A detailed description of the method is given in REITZMANN [131]. 

4.3.5 Thermo gravimetry coupled with mass spectroscopy (TG-MS) 
 

In this work, Thermogravimetry coupled with mass spectroscopy (TG-MS) was employed to 

identify the adsorbed species and to determine the temperature required to desorb each species 

from the catalyst surface. The used TG equipment was of type SDT 2960 (TA Instruments). A 

quadrupole mass spectroscope of type Thermostar 2000 (BALZERS) was connected to the 

outlet of the TG furnace. 
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4.3.6 Electron Paramagnetic Resonance (EPR) 
 
EPR is a unique technique to characterize geometrical and electronic peculiarities of different 

isolated Fe3+ ions in very low iron concentrations (which is often not possible by other 

techniques e.g. Mössbauer). Moreover, it provides information not only on the structure and 

valance state of isolated Fe3+ 
 

ions but also on electronic interactions between Fe3+
 

ions as well 

as with reactants. EPR spectroscopy has been extensively used to identify the state of iron 

species in molecular sieves, since it is an efficient tool to identify isolated Fe3+
 

species of 

different coordination geometry [147-149] and Fe
x
O

y 
clusters of different degrees of 

aggregation by analysis of the mutual magnetic interactions of the Fe sites [147].  

 

In this work, EPR spectra were recorded in X-band (ν ≈ 9.5 GHz) with the cw spectrometer 

ELEXSYS 500-10/12 (Bruker) at 293 K and 77 K. The magnetic field was measured with 

respect to the standard 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH). The microwave power 

was 6.3 mW. A modulation frequency of 100 kHz and an amplitude of 0.5 mT were applied. 

 
 



5. Results and discussion            72 

   

 
 

 
 
 

5 Results and discussion 
 

5.1 General Strategy 
 
Though the direct oxidation (hydroxylation) of benzene to phenol has been extensively 

investigated for the past 20 years, this route has not been industrialized so far. The catalysts 

undergo rapid deactivation, though a lot of different catalysts have been synthesized and 

tested for this reaction. But no convincing data is available on how to improve the life time of 

the catalyst. During the starting of this work, according to the state of the art (literature 

survey), there are two main scientific fields that are still open in the hydroxylation of benzene 

reaction with N2O. These are mainly 

� Identifying the ways to improve the life time of the zeolite catalyst  

� Clarifying the active site controversy on the importance of Fe and acidity on the 

catalytic activity 

Physical aspects
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Figure 5.1: General strategy of this work 
 

Hence it is worthwhile to work on this front to identify ways to improve the life time of the 

catalyst. It has been reported in the literature that the accumulation of inside the pores of 

ZSM-5 crystals due to strong adsorption and slow diffusion of phenol is considered as the 
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major causes for the rapid deactivation [14-17]. Besides having different theories on active 

sites, it is widely accepted that Fe is important for the BTOP, though its exact role is not clear 

yet. The understanding on the relationship between iron and acidity is also a subject of 

discussion. The knowledge on the way of Fe introduction and state of Fe present in the zeolite 

is essential to design a suitable catalyst.  

 

The general strategy followed in this work to approach the above mentioned scientific area is 

two fold namely investigations of chemical and physical aspects as described in the flow chart 

(Fig. 5.1). The chemical aspect is focussed on the active sites while the physical aspect is 

focussed on varying the diffusion path lengths.  

The “chemical aspects” include the following. 

I. Influence of acidity: Commercial zeolites with different acidities (varying 

SiO2/Al2O3) were tested for the benzene hydroxylation reaction in an aim to learn the 

influence of acidity on the deactivation. The results are extensively discussed in 

chapter 5.2.  

II.  Decoupling the influence iron and acidity: Fe and acid free zeolites were 

synthesized and tested for N2O decomposition reaction in order to decouple the 

influence of Fe and acidity. It was successful to prepare zeolites with no Fe traces 

(proven via EPR and ICP) and zeolites with no acidity. In this way it was possible to 

decouple the influence of Fe and acidity of the zeolites for N2O decomposition 

reaction. The results can be found in chapter 5.3. 

 

The second and major part of this work is the investigations on the “physical aspects”. This 

involves the preparation and testing of zeolites with formal shorter diffusion path lengths 

which was achieved via post synthesis modifications namely  

I. Wet milling (zeolites with smaller crystals): The zeolites with different crystal sizes 

were achieved via systematic wet milling and were subjected to catalytic investigation 

for the direct oxidation of benzene to phenol to understand the influence of crystal 

sizes on deactivation. The details can be found in chapter 5.4 

II.  Alkali treatments (extra porosity): The zeolites with different porosity were 

achieved via an alkali treatment applying different period of time, treatment 

temperature and NaOH concentration. After the screening, optimal treatment 

conditions were identified for the preparation of the catalysts for further catalytic 

reactions. The results can be found in chapter 5.5 
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5.2 Chemical Aspects: Variation in SiO2/Al 2O3 ratio  
 

5.2.1 Objective 
 

The SiO2/Al 2O3 ratio of ZSM-5 zeolite is believed to be one of the important parameters 

which affect the catalytic properties of the direct oxidation of benzene to phenol. SOBOLEV 

ET AL. [13] have already attempted to check the influence of framework Al content on the 

catalytic activity in the direct oxidation of benzene to phenol. They did not find any evidence 

that Bronsted acidity is important for catalyzing this reaction and suggested that there could 

be an inverse relationship between Bronsted acidity and oxidation rate. MELONI ET AL. [17] 

have concluded that surface acidity was not responsible for the activity in the main reaction of 

BTOP, but it is heavily involved in catalyst deactivation by coking. The results from 

REITZMANN ET AL. showed that there is no direct correlation between Si/Al-ratio and 

catalytic activity. But the relationship beween Si/Al and deactivation is not reported. In this 

work, the main focus is to find out the factors that affect the catalyst deactivation. Hence it 

appeared worthwhile to check how the SiO2/Al 2O3 ratio affects the catalytic deactivation.  

 

5.2.2 Variation in SiO 2/Al2O3 ratio and Characterization 
 

As a first step, commercial zeolites with different SiO2/Al2O3 ratio (Module M) were selected 

in such a way that it covers a range of zeolites with very high Al concentration to theoretically 

no Al content. Prior to reaction all the catalysts were converted to H-form.  

 

Table 5.1: Physico-chemical properties of the used catalysts 

Sample 
Crystal 

size 
Micropore 

volume 
Micropore 

surface area 
Acidity* Si/Al Fe Manufacturer 

 [µm] [cm3/g] [m2/g] [µmol/g] [-] [wt.%]  

M 27 4.0 0.15 435 982 11 0.02 SüdChemie AG 

T 3 3 x 1 0.14 399 810 15 0.05 Schwieger 

M 55 5.5 0.14 368 587 19 0.02 SüdChemie AG 

M 100 0.05 0.15 437 369 39 0.02 SüdChemie AG 

M 236 4-6 0.16 436 216 108 0.02 SüdChemie AG 

Silicalite-1 n.d 0.14 384 0 83053 0.01 Own 

* via NH3TPD , n.d – not determined 
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The description and physico-chemical properties of these zeolites are tabulated in the 

following table. As expected the acidity data from NH3 TPD shows that the selected catalysts 

were containing 982 µmol/g to 0 µmol/g. The Fe content of the zeolites were mainly around 

0.02 wt. % and except for T3 (0.05 wt. %) and Silicalite 1 (0.01 wt. %). The crystal size of M 

100 (50 nm) was the least among all the catalysts and the rest of the zeolites were in the range 

of 4 to 6 µm. All the used zeolites had hexagonal crystal morphology except for T 3 which 

possessed oval morphology.  

 

5.2.3 Catalytic results and discussion 
 

The above mentioned commercial zeolites were employed in the benzene hydroxylation 

reaction to mainly investigate the influence of Si/Al ratio (acidity) on catalyst deactivation. 

Fig. 5.2 shows the conversion of benzene at a constant temperature with an equi molar feed 

ratio of benzene and N2O.  
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Figure 5.2: Influence of SiO2/Al2O3 ratio on the conversion of benzene. Reaction conditions: T = 480 °C, τmod = 
94 (g·min)/mol, molar feed ratio N2O:C6H6 =1:1 
 
In terms of initial activity, the used zeolites can be ordered in the following way: M 100 > M 

55 > M 27 > M 236 > T 3 > Silicalite-1. The activity of 4 h of TOS can be ordered as M 100 

> M 236 > M 55 > T3 > M 27 > Silicalite-1. This clearly shows that both activity and 

deactivation do not correlate with SiO2/Al 2O3 ratio of the zeolite. Out of all the catalysts, M 
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100 showed the highest initial activity (TOS = 5 min) and long term stability along the time 

on stream whereas the Silicalite-1 showed negligible activity.  
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Figure 5.3: Influence of SiO2/Al2O3 ratio on the yield of phenol. Reaction conditions: T = 480 °C, τmod = 94 
(g·min)/mol, molar feed ratio N2O:C6H6 =1:1 
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 Figure 5.4: Influence of SiO2/Al2O3 ratio on the Selectivity to phenol. Reaction conditions:T = 480 °C, τmod = 94 
(g·min)/mol, molar feed ratio N2O:C6H6 =1:1 
 
Fig. 5.3 & Fig. 5.4 show the phenol yield and selectivity for all the tested catalysts. No 

relationship can be drawn between Si/Al and catalyst deactivation. Silicalite-1 was found to 
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produce no phenol at all. The T 3 and M 27 zeolites showed nearly the same phenol yield and 

selectivity. The yield of phenol decreases drastically (by 50 % within the first 20 min) during 

the course of the reaction.  

 

After 2 h TOS M 27 did not produce any phenol at all. The corresponding Selectivity to 

phenol also reduced with TOS. The Phneol yield and selectivty of M 55 was better than the M 

27 and T 3. But the deactivation behaviour of this catalyst was also similar to other two 

catalysts. The deactivation pattern of M 236 is by all means better than the M 27 and M 55. 

Even after 4 h the phenol yield stayed at 17 %.  
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Figure 5.5: Influence of SiO2/Al2O3 ratio on the yield of phenol. Reaction conditions: T = 440 °C and 400 °C, 
τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 =1:1 
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The corresponding phenol selectivity gives much important information on the deactivation 

phenomena in this reaction (Fig. 5.4). Unlike other zeolites with higher Al content (T 3, M 27, 

M 55), the selectivity of M 236 to phenol was quite good. This did not reduce with TOS. This 

gives us a hint that lower Al content of the zeolite is some how related to the deactivation of 

zeolites. Surprisingly, M 100 showed the highest yield among all the tested catalysts though 

the drop in phenol production of M 100 and M 236 are similar. The comparison of yield and 

selectivity leads us to think that zeolites with module greater than 100 give less catalyst 

deactivation though the absolute values of M 100 is higher than M 236.  

 

The Fig. 5.5 shows the comparison of yield of phenol for different catalysts at 440 and 400 °C 

respectively. Silicalite-1 did not produce any phenol at all. At 440 °C, though the starting 

yield of T 3 and M 27 were different, after 35 min of TOS they followed the same trend. 

Overall they both expereinced very steep reduction in phenol as the reaction proceeded. The 

phenol yield of M 55 is slightly higher than these two catalysts and its reduction along the 

TOS was also comparatively lesser. M 236 showed comparably better phenol production 

profile than M 27, T 3 and M 55. Out of all M 100 showed the least reduction in phenol yield. 

The tendency is nearly the same for the phenol yield obtained with 400 °C. 
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Figure 5.6: Influence of SiO2/Al2O3 ratio on the conversion of benzene and selectivity of phenol. Reaction 
conditions: T = 400 °C – 440 °C – 480 °C, τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 =1:1, TOS = 5 min 
 
The figure 5.6 shows the S-X diagram (Selectivity - Conversion) of all the catalysts. All the 

reactions were conducted at 400, 440 and 480 °C. Except for M 236, as the reaction 
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temperature increases, benzene conversion also increases while the selectivity drops down. 

The reason is unknown. From this figure, one can clearly see that there is no direct 

relationship between catalytic activity and the Si/Al ratio of the zeolites for BTOP. For 

example, the Silicalite-1 having the highest Si/Al ratio (no measurable acidity) showed 

negligible benzene conversion whereas the M100 containing medium Si/Al ratio showed the 

best catalytic properties, for all the investigated conditions. On the basis of its Selectivity-

Conversion (S-X) behaviour, the catalysts can be presented in the following order: M100 > M 

55 > M 27 > M 236 > T3 > Silicalite-1. The catalytic property of Silicalite 1 suggests the 

importance of presence of minimum level of Al to ensure the phenol production. In 

concurrence with the results of Reitzmann, this work also confirms that a minimum level of 

acidity is needed for the BTOP since Silicalite-1 (acid free) was not active for BTOP. Hence, 

a detailed study has been conducted to understand the role of acidity and Fe on benzene to 

phenol activity (refer to Chapter 5.3).  
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Figure 5.7: Comparison of relative deactivation catalysts with different SiO2/Al2O3 ratio at different reaction 
temperatures. Reaction conditions: T = 400 °C – 440 °C – 480 °C, τmod = 94 (g·min)/mol, molar feed ratio 
N2O:C6H6 =1:1 
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Figure 5.8: Comparison of catalysts initial activity and acidity at different reaction temperatures with different 
SiO2/Al2O3 ratio.  Reaction conditions: T = 400 °C – 440 °C – 480 °C, τmod = 94 (g·min)/mol, molar feed ratio 
N2O:C6H6 =1:1 
 

The Fig. 5.7 gives the comparison of relative deactivation of all the zeolites with different 

Si/Al ratio. Fig. 5.8 compares the initial activity and acidity. Again, no direct relationship can 

be drawn between relative deactivation (∆X), initial activity and acidity (Si/Al ratio). These 

results are only partly complying with SOBOLEV ET AL. who reported an inverse 

relationship between Bronsted acidity and oxidation rate in BTOP. They did not find any 

evidence that Bronsted acidity was important for catalyzing the reaction. Instead, they found a 

formal inverse correlation between BAS concentration and reaction rate. Thus, a manifold 

decrease in BAS concentration was accompanied by a remarkable increase in the oxidation 

rate, with a small acid recreation under the reaction conditions used. 

 

MELONI ET AL. [17] has reported a strong relationship between higher acidity and 

deactivation in BTOP. As shown in the figure 5.7, these results are only partly in agreement 

with theirs as T 3 and M 100 are deviating from the trend. The relative deactivation (∆X) of 

T 3 was lower than M 55 though T 3 contains more acidity than M 55. It should be noted that 

the crystal morphology of T 3 was in oval shape (1 x 3 µm) compared to the hexagonal shape 

of M 55 (5.5 µm). This suggests that the combination of thinner crystal morphology and 

smaller crystal sizes of T 3 could have offered less diffusional limitations to the phenol 

molecule. It is quite evident from the present result that for all the temperatures, M-27 
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experienced the highest deactivation whereas M 100 experienced the lowest deactivation. 

Though M 100 contains more Al content (369 µmol/g) than the M236 (216 µmol/g), M100 

experienced the least deactivation. This gives an indication that there are some other 

parameters other than Si/Al of the zeolite that control the deactivation behaviour. A closer 

look at the crystal sizes suggest that the crystals of M 100 are in nanometer level (50 nm) 

whereas the M 236 is in µm level. This leads us to think that the manifold decrease in crystal 

size might have contributed to the better catalytic performances. A special chapter (Chapter 

5.4) is devoted to analysze influence of crystal sizes on catalytic deactivation.  

 

5.2.4 Summary 
 

There are reports on possible influence of zeolite acidity on catalyst deactivation in the direct 

oxidation of benzene to phenol. Hence, zeolites with varying Si/Al ratio have been used to 

analyze the influence of acidity on catalyst deactivation. The results gave much information 

and opened up further avenues to understand the deactivation. The employed catalysts can be 

arranged in the following sequence based on its  

� Acidity:  M 27 > T 3 > M 55 > M 100 > M 236 (from higher acidity to lower) 

� Deactivation: M 27 > M 55 > T 3 > M 236 > M 100 (from maximum deactivation to the least) 

This shows that there are no direct relationship between Si/Al ratio, relative deactivation & 

activity. The silicalite-1 having no acidity was found to be inactive for the reaction. This 

points out that some acidity is needed for this reaction to produce phenol. However the exact 

amount or minimum acidity required to have good activity is still a subject of discussion. This 

aspect is further investigated in Chapter 5.3 to check if acidity and iron are needed for this 

reaction or not. The deviant results from M 236 as shown in S-X relationship could not be 

answered with the available results. M 100 resulted in highest activity and lowest 

deactivation. This suggests that lower crystal sizes are beneficial for relative deactivation in 

BTOP, as the crystal sizes of M 100 is very smaller (nanometer range) compared to the rest of 

tested zeolites (µm range). This phenomenon has been further studied in Chapter 5.4 in detail.  
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5.3 Chemical Aspects: Fe free zeolites 
 

5.3.1 Objective 
 

Nitrous oxide (N2O) decomposition is the precondition for the direct oxidation of benzene to 

phenol. Iron containing zeolites of MFI type have shown to be very promising catalysts for 

the N2O decomposition as well as for other reactions including oxidation of benzene to 

phenol, SCR of NO with hydrocarbons or  with NH3 [150-152]. One important reason for the 

suitability of iron containing zeolites for these applications is the formation of highly active 

oxygen species upon interaction with N2O at moderate temperatures (473 – 523 K) [12, 122, 

125].  The sites where these highly active oxygen species are created have been called as α-

sites and the oxygen species themselves are named as α-oxygen. The α-oxygen is created 

when iron containing zeolites reacts with N2O and the oxygen atom of N2O is deposited on 

the catalysts surface in the form of α-oxygen, while N2 is released into the gas phase [119, 

153-155]. Although the mechanism of the whole process is mainly reduced to the 

decomposition of nitrous oxide forming the monoatomic oxygen species [156], the origin of 

the catalytic activity has been intensively debated over the last decades.  

 

Different proposals have been postulated stressing the importance of Brönsted acid sites [8, 

118], Lewis acid sites created upon hydrothermal treatment [9-11] and Fe redox sites [12, 

125, 157]. Although there appears to be no general consensus on the nature of the active sites, 

the iron species have been frequently assigned as the main component of the active sites. It 

has been suggested that the active sites have a dimeric iron structure with the property to 

adsorb a single oxygen atom upon nitrous oxide decomposition [119]. However, it should not 

be forgotten that commercial and conventional self-prepared zeolites usually contain always 

some traces of Fe (around 200-300 ppm), which should be considered while discussing the 

catalytic activity. Moreover, what is worst, the content of iron has been practically ignored, 

even though the presence of such low amount of iron is enough to catalyze the reaction. Due 

to the lack of availability of a complete iron free zeolite, no confirmation about the role of 

iron is known up to now. On the other hand, the role of the acidity in the N2O decomposition 

remains also unclear. 

 

Due to these inconsistencies and ambiguity in the active site theories, HENSEN ET AL. [107] 

attempted to prepare zeolites with an MFI structure containing either Fe or Al or a 
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combination of both in order to understand the active sites responsible for the benzene 

hydroxylation. Their findings claimed that the sole presence of either bronsted sites or extra 

framework lewis sites is not responsible for the activity. Rather, they concluded that both Fe 

and Al are necessary components for the formation of active sites in benzene hydroxylation to 

phenol with nitrous oxide and suggested that extraframework Fe–Al–O species stabilized in 

the micropores of the MFI zeolite are the active species. Though they have given the 

elemental composition (ICP analysis) of all the used zeolites, they have not given any 

convincing data on acidity and a perfect proof for the absence of Fe (e.g.: EPR analysis) for 

various zeolites. In addition they used three different starting materials to prepare Fe free 

(acid containing MFI), acid free (Fe containing silicalites) and Fe/acid containing (normal Fe-

MFI) zeolites.  

This part of this work has been aimed to find out the importance of Fe and acid sites 

relationship with ideally one starting material to avoid any external influences. A MFI zeolite 

with ideally no Fe content will facilitate a systematic study to understand the importance of 

the individual parameters: role of iron, acidity and both. We have prepared a large set of 

samples: iron free/ Brönsted acidity free, iron free/ Brönsted acidity containing, iron 

containing/ Brönsted acidity free and iron containing/Brönsted acidity containing catalysts. 

The Fe containing zeolites were prepared via two different routes encompassing the 

introduction of iron during the hydrothermal synthesis and the postsynthesis addition of iron 

by ion exchange. In the present study, the nitrous oxide decomposition was employed to study 

the activity of the prepared zeolites as this is the precondition for BTOP. 
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5.3.2 Characterization 
 
The catalyst preparation scheme can be found in Fig. 4.1. Figure 5.9(A) shows the XRD 

patterns of the as-synthesized, calcined and iron exchanged samples before and after treatment 

with KCl. 

10 20 30 40 50

3
2

1

2θθθθ

4
5

6

 
(A) 

      

100 200 300 400

Temperature [°C]

2

3

4

5

6

 
(B) 

Figure 5.9: Comparison of structural (XRD) and acidity (NH3-TPD) data of Fe free starting material and its 
derivatives. (A) XRD patterns of: (1) TPA+-K/Na-MFI, (2) K/Na-MFI , (3) H-MFI, (4) H/Fe-MFI(I), (5) K/Fe-
MFI and (6) H/Fe-MFI(II); (B) NH3-TPD of: (2) K/Na-MFI, (3) H-MFI, (4) H/Fe-MFI(I), (5) K/Fe-MFI and (6) 
H/Fe-MFI(II). 
 

All the samples studied showed the characteristic pattern of the MFI structure. There are no 

significant differences between the XRD patterns of the catalysts H/Fe-MFI(I) 	, K/Fe-MFI 


 and H/Fe-MFI(II) � which confirms the preservation of the long range crystal ordering in 

the samples. The treatment with KCl resulted in a reduction in characteristic reflections but it 

did not affect the structure of the zeolite. Meanwhile, the corresponding XRD patterns of the 

zeolites synthesized in presence of iron (Figure 5.10(A)) reveal the characteristic diffraction 
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peaks attributed to MFI zeolites. For all the Fe containing samples no evidence of any other 

phase besides MFI was found. 
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Figure 5.10: Comparison of structural (XRD) and acidity (NH3-TPD) data of material synthesized intentionally 
in the presence of Fe and its derivative. (A) XRD patterns of: (7) TPA+-K/Na-MFI(Fe), (8) K/Na-MFI(Fe), and 
(9) H-MFI(Fe); (B) NH3-TPD of: (8) K/Na-MFI(Fe) and  (9) H-MFI(Fe)  
 
The acidic properties of different samples were investigated via NH3 TPD measurements. 

Figure 5.9 (B) compares the NH3-TPD of first set of samples. It can be noticed that the 

samples H-MFI �, H/Fe-MFI(I) 	 and H/Fe-MFI(II) � showed a clear low as well as high 

temperature peaks. The high temperature peak is usually regarded as the total acidity of the 

catalyst and it corresponds to the strong acid sites. Regardless of the differences among the 

samples, all the samples possessed low temperature peaks which are not ascribed to the 

acidity. These are due to physical adsorption of NH3. As expected, the sample K/Na-MFI � 

did not show the high temperature peak since this sample is the calcined form of the starting 

material TPA+-K/Na-MFI �. The H-MFI � produced through ammonium ion exchange of 

K/Na-MFI � clearly displayed the presence of acidity (high temperature peak). On the other 

hand, after the iron exchange (with Fe) of the sample K/Na-MFI �, the high temperature peak 
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arose as shown in Figure 5.10 (B) (4). It is noteworthy to mention that the high temperature 

peak got disappeared (K/Fe-MFI 
) after treating the H/Fe-MFI(I) 	 with KCl. This is in 

agreement with our expectation that ion exchange with K+ reduces the number of strong acid 

sites, as shown by the intensity reduction of the high temperature peak. This also confirms 

that the exchange by K+ ions occurs preferably on the sites with greater acidity.  

 
 Table 5.2: Chemical composition of used catalysts 

Sample 
Si/Al Fe Fe/Al Na/Al K/Al NH4/Al 

 

[-] [wt%] [-] [-] [-] [-] 
 

Number Name Preparation 
Stage 

      
 

(1) 
 

TPA+-K/Na-
MFI (Fe) 

as - 
synthesized 

46.0 0 0 0.051 n.a. n.a. 

Fe free 
(2) 

 
K/Na-MFI calcined 45.6 0 0 0.045 0.819 0 

(3) H-MFI 
NH4NO3 
treated 

44.7 0 0 0.012 0.013 0.33 

(4) H/Fe-MFI(I) 
Fe 

exchanged 
55.3 0.14 0.09 0.012 0.019 0.52 

Fe containing 
(through 

postsynthesis) 
(5) K/Fe-MFI KCl treated 55.4 0.12 0.08 0.027 2.350 0 

(6) H/Fe-MFI(II) 
NH4NO3 
treated 

54.6 0.12 0.08 0.009 0.061 0.51 

(7) 
TPA+-K/Na-

MFI (Fe) 
as - 

synthesized 
47.9 0.16 0.09 0.051 n.a. n.a. 

Fe containing 
(through 

synthesis) 
(8) 

K/Na-MFI 
(Fe) 

calcined 46.1 0.13 0.07 0.320 0.831 0 

(9) H-MFI (Fe) 
NH4NO3 
treated 

45.9 0.18 0.09 0.017 0.015 0.26 

(10) 
H-MFI 

(commercial) 
- 19 < 0.02 0.005 0,006 n.a. 0.9c Commercial 

n.a.: not analysed           
 
The total acidity was calculated by taking the high temperature peak into account. The 

quantitative results are summarized in Figure 5.13 (A). The acidity of the sample K/Fe-MFI 


 was completely recovered, since a value of 145 µmol/g was obtained for H/Fe-MFI(II) � 

which is completely similar to the obtained for H-Fe-MFI(I) 	 (146µmol/g). Figure 5.10 (B) 

represents the NH3-desorption curves obtained for the samples where the iron was 

intentionally introduced during the hydrothermal synthesis. The K/Na-MFI(Fe) � did not 

show the high temperature peak as it was expected. In contrast to K/Na-MFI(Fe) �, the H-

form of this sample (H-MFI(Fe) �) presented the high temperature peak. The corresponding 

acidity value of H-MFI(Fe) � was 87 µmol/g (Figure 5.13 (C)). 
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The elemental compositions obtained via the ICP-OES analysis are given in Table 5.2. It was 

successful to prepare TPA+-K/Na-MFI � and consequently K/Na-MFI � and H-MFI � with 

a Fe content of 0 wt%. After ion exchange with Fe, a Fe content of 0.14 wt% was achieved on 

H/Fe-MFI(I) 	. The content of iron was not altered considerably after the treatment with KCl 

as the content of iron for K/Fe-MFI 
 was 0.12 wt%. The ICP-OES analysis also reported 

that the Fe/Al ratio for all the zeolites was kept nearly constant. 
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Figure 5.11: EPR spectra of Fe free/acid containing sample and its derivatives: (3) H-MFI, (4) H/Fe-MFI(I), (5) 
K/Fe-MFI and (6) H/Fe-MFI(II). 
 

Figure 5.11 and 5.12 shows the comparison of the EPR spectra of the samples measured at 

293 K and 77 K. The assignment of EPR signals were made according to PÉREZ-RAMÍREZ 

ET AL. [158]. It can be noticed that H/Fe-MFI(I) 	, K/Fe-MFI 
 and H/Fe-MFI(II) � 

contained Fe in the form of isolated Fe3+ species (signal at around 1500 G, g’= 4.3) as well as 

in the form of anti ferromagnetic Fe2O3 cluster (broader signal at around 3000 G, g’≈ 2.0). 

The FeOx cluster signal at g’≈ 2.0 in both K/Fe-MFI 
 and H/Fe-MFI(II) � shows lower 

intensity at 77 K as expected for paramagnetic behavior. This points to some 

antiferromagnetic interaction within clusters and might be an indication for larger cluster size 

in comparison to the other samples.  
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The sample H-MFI �, which presumably according to ICP-OES did not contain iron, was 

also analyzed by EPR to obtain a further proof for the absence of iron. Among all the samples, 

the EPR measurement of H-MFI � did not show the signals corresponding to Fe3+species as 

well as Fe2O3 cluster, thus, it can be concluded that H-MFI � is an iron free sample. The 

small and very narrow line at g’ = 2.1 is most probably due to a carbon radical or defect 

signal. The narrow line width excludes its assignment to Fe3+. The small signals above 5500 

G are due to gaseous O2 adsorbed in the pore system. This behavior is usually observed in 

other types of porous materials. 
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Figure 5.12: EPR spectra of sample synthesized intentionally with Fe and its derivative. (8) K/Na-MFI(Fe) and 
(9) H-MFI(Fe) 
 

The corresponding EPR spectra of K/Na-MFI(Fe) � and H-MFI(Fe) � are very similar to the 

ones obtained for the iron containing samples. The usual distorted and isolated Fe3+ signal at 

g’≈ 4.3 and g’ ≈2 for FeOx clusters can be observed. The latter signal shows the expected 

intensity increase at lower temperature which is typical for paramagnetic behavior. This 

means that the clusters might be small without showing antiferromagnetic behavior. The 

narrow line superimposed on the broad g’ ≈ 2 signal might either come from a carbon radical 

impurity or from highly symmetric isolated Fe3+ species. 
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5.3.3 Catalytic properties for N2O decomposition 
 

The catalytic experiments were focused on comparing the activity behavior of different 

zeolites (containing either iron or Brönsted acidity or a combination of both). The catalytic 

results are summarized in figure 5.13. 
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Figure 5.13: Comparison of Fe content, acidity and corresponding N2O activity of Fe free starting materials and 
its derivatives. A) & B) Acidity and N2O decomposition of:  K/Na-MFI, H-MFI, H/Fe-MFI(I), K/Fe-MFI and 
H/Fe-MFI(II); Comparison of Fe content, acidity and corresponding N2O activity of sample synthesized 
intentionally with Fe and its derivative. C) & D) Acidity and N2O decomposition of: K/Na-MFI(Fe), H-MFI(Fe) 
and H-MFI (commercial). 
 

Figure 5.13 (A & B) show the acidity and corresponding N2O activity of different catalysts. 

The N2O decomposition was carried out at 500 °C. The sample K/Na-MFI � containing no  

Fe (proven via EPR and ICP anlyses), was completely inactive against N2O decomposition. 

This sample was also free from acidity as it can be seen from the TPD results. The sample H-
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MFI � contains 115 µmole/g of acidity and 0 wt. % (Fe free) of Fe. This sample was also not 

active for N2O decomposition. This gives an indication that Fe and acidity are important for 

the N2O decomposition. In addition the presence of Fe alone is not sufficient. In contrast, the 

samples containing both Fe and acidity were very active against N2O decomposition, showing 

100 % of conversion.  

 

At this point it should be mentioned once again that H/Fe-MFI(I) 	 was treated with KCl in 

order to remove the acidity, after the treatment the acidity was completely removed and this is 

reflected in its performance in the N2O decomposition. The conversion of nitrous oxide 

dropped drastically for K/Fe-MFI 
 catalyst from 100 % (H/Fe-MFI(I) 	) to 3.2 %. This 

could suggest that the sole presence of iron is not enough to catalyze the reaction. On the 

other hand, the activity of the K/Fe-MFI 
 catalyst was completely recovered after bringing 

the acidity up by ammonium exchange (H/Fe-MFI(II) �). These observations prove that the 

presence of both Fe and acid sites is inevitable for the N2O decomposition.  

 

In order to confirm these results, the second set of catalysts with intentional Fe addition was 

also subjected to N2O decomposition reaction (Figure 5.13 (C&D)). The K/Na-MFI(Fe) � 

catalyst that did not contain acidity (according to the TPD analysis) was found to be inactive 

in the decomposition of N2O. This observation gives the confidence to conclude that the sole 

presence of iron is not sufficient for the nitrous oxide decomposition. The H-MFI(Fe) �, 

containing higher Fe (0.18 wt. %) and lower acidity (87 µmol/g), had only 29 % of N2O 

decomposition while the commercial catalyst, containing lower Fe (0.02 wt.%) and higher 

acidity (619 µmol/g) showed an increase in the N2O decomposition.  

 

5.3.4 Summary 
 

In order to investigate the importance of iron sites and acidity of the catalyst in the direct 

oxidation of benzene to phenol (BTOP), a systematic study was conducted by synthesiszing a 

zeolite with no Fe and no acidity. This was used as a starting material to make further 

modifications to carefully eliminate the coupled factors. This covered a range of zeolites with 

iron alone, acid alone and both iron/acid containing variants. All were prepared from one 

starting materials. In order to confirm these results, a parallel synthesis was done with 

intentional Fe. All the materials were tested for N2O decomposition as this is the precondition 

for BTOP.  
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The results can be summarized as follows 

1) It was possible to prepare zeolite with no traces of Fe, acidity (iron free/ Brönsted 

acidity free). The absence of Fe and acidity is proven via EPR and NH3-TPD 

measurements. 

2) This was used to make further modifications to prepare iron free/ Brönsted acidity 

containing, iron containing/ Brönsted acidity free and iron containing/Brönsted acidity 

containing catalysts. 

3) The catalytic results show that for N2O decomposition to occur  

• the sole presence of iron sites alone is not sufficient 

• the sole presence of acid sites alone is not sufficient  

• the combination of both Fe and acidity is essential for the N2O decomposition 

4) The same is confirmed by the zeolites synthesized intentionally with iron.  

 

These results are in agreement with the observations from HENSEN ET AL. who report that 

extra framework Al and extra framework iron alone are not sufficient to catalyze BTOP. With 

our results we can not comment on the position of Fe and Al (framework or extra framework) 

in the current zeolites. In general, though iron and acidity are proven to be essential, the 

compositions (minimum required quantities) of these two components are still not clear. From 

this work, there are indications that higher Fe (0.12 wt. %) and medium acidity (~145 µmol/g) 

might be favorable for this reaction. 
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5.4 Physical Aspects: Size reduction of zeolite by ballmilling 
 

5.4.1 Objective 
 

As mentioned in introduction, it is speculated in the literature that the accumulation of phenol 

inside the pores of ZSM-5 crystals due to strong adsorption and slow diffusion of phenol is 

considered to be the major causes for the rapid deactivation. Hence, it was attempted to 

shorten the diffusion path lengths for the phenol molecule in order to aid its back diffusion 

from the zeolite crystal. Reduction of crystal size is one of the ways to achieve this goal.  

 

There are two possible ways to obtain zeolite crystals having smaller crystal sizes. The first 

one is by modifying the conventional hydrothermal synthesis conditions. And the second one 

is through mechanical treatment (milling) of the commercially available zeolite catalysts. The 

milling of zeolite catalyst could either increase its external surface area or decrease its 

cyrstallinity due to amorphization, which would eventually increase the intra-crystalline 

microporous space [23-26]. The partial collapse of the crystal structure may render different 

strength distributions of Brönsted and Lewis acid/base sites. The comparison of catalytic 

activity of the zeolite catalysts with the evolution of these factors is supposed to reveal their 

deactivation behavior. KHARITONOV ET AL. [97] have studied the mechanism of Fe-ZSM-

5 milling and its catalytic performance in the oxidation reaction of benzene to phenol. It has 

been found that the crystallinity of the Fe-ZSM-5 gradually decreased with increasing milling 

time and thereby reduction in the catalytic performance. This was attributed to the destruction 

of the zeolite crystals that caused the transition of active Fe-species into inactive Fe-species. 

But they have not reported the deactivation behaviour with the milled catalysts.  

 

In this chapter, the original ZSM-5 zeolite (original) was milled for different periods of time 

using wet stirred media milling. The resultant ZSM-5 catalysts having different crystal sizes 

were characterized by XRD, FTIR, DLS, SEM, N2–adsorption measurements and were 

employed in direct oxidation of benzene to phenol reactions. Fe-ZSM-5 is known to exhibit 

high catalytic activity and selectivity in the oxidation of benzene to phenol [159]. 

Nevertheless, H-form of ZSM-5 catalyst (traces of Iron) was used in this study in order to 

eliminate the coupled influence of crystal size and Fe content on the catalytic performance. 
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5.4.2 Milling of catalyst with medium SiO2/Al2O3 ratio (M-55) 
 

5.4.2.1 Milling studies and characterization 
 

In order to reduce the crystal sizes of the zeolites, initially milling was done under dry 

conditions in a conventional ball mill. The resulting zeolites contained agglomerates that were 

bigger than the original zeolites. These results are extensively discussed in YADA [160]. 

Hence the milling was performed here in the presence of a liquid medium (wetmilling). 

 

Prior to milling, it was imperative to conduct the Zeta potential (ζ) measurements on the 

desired zeolite sample in order to find out at which pH range a strong repulsive force between 

the zeolite particles exists in view to carry out milling at that particular pH condition. This is 

done to determine Iso-Electric Point (IEP) where the measured ζ -potential is zero. At the IEP, 

the repulsive barrier vanishes and zeolites undergo aggregation as electrostatic repulsion 

between particles becomes zero.  
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Fig. 5.14: Zetapotential measurements on the NH4-ZSM-5 (M 55) catalyst at different pH 

 

As a first step to measure the zeta potential of the catalyst, zeolite suspensions were made 

with different pH values ranging from 2 to 10 using aqueous solutions of NaOH and HCl as 

reported by MÄURER ET AL. [161]. Prior to measurements, the suspension was sonicated 
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for 7 minutes to ensure uniform mixing and dispersion of the particles. It can be observed 

from Figure 5.14 that zeta potential values are always lying in the negative range irrespective 

of pH of the solution. This result is in conformity with the results of MÄURER ET AL. [161] 

that the zeolite particles remain dispersed in the entire pH range. For further studies, it was 

decided to perform wet milling using water as medium (pH~7) for different time intervals (30 

min, 3 h and 24 h). 

 

The cumulative volume distribution of the original and the milled catalysts are shown in 

Figure 5.15. A drastic shift of the original catalyst towards lower particle side (left hand side) 

was observed for 30 min milled and a further shift for 3 h milled catalysts. These results 

clearly reveal that there was a large decrease in the particle size after 30 min and 3 h milling. 

A further milling for 24 h results in a slight decrease in particle size. The average size of the 

particle was calculated at cumulative volume % value of 50 (Dp ~ 50 %). The particle size of 

the original catalyst was around 5.5 µm and was reduced to 440 nm, 220 nm and 200 nm after 

30 min, 3 h and 24 h of wet milling, respectively. 
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Fig. 5.15: Cumulative volume distribution of the original and the milled catalysts (M 55). 

 

Milling of zeolite crystals/particles is known to change their morphologies and decrease their 

crystal/particle sizes. Figure 5.16a shows the Scanning Electron Micrograph (SEM) of the 

original NH4-ZSM-5 (before milling). The crystals of ZSM-5 have regular hexagonal shape 

typical for MFI with a size about 5.5 µm. Figure 5.16b shows the SEM image of 30 min 
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milled catalyst. In accordance with the previous reports [23-26], milling causes the breakage 

of the original crystals and formation of smaller crystals of irregular shapes. As it can be seen 

from Figure 5.16c, an additional milling for the period of 3 h resulted in further comminution 

of zeolite crystals and the formation of polydispersed powder with irregular crystal shapes. 

The average particle sizes of the 30 min and 3 h milled catalysts were found to be 440 nm and 

220 nm, respectively. The crystal sizes of the catalysts were further confirmed by DLS 

method.  

 

  

                  (a)                    (b) 

 

(c) 

 

Fig. 5.16: SEM images of M 55: (a) original, (b) 30 min milled and (c) 3 h milled catalysts 

 

The obtained results are partly in agreement with KOSONOVIC ET AL. [24] who tried to 

mill ZSM-5 zeolites using high energy ball mill under dry conditions. The milling resulted in 

gradual decrease of particle size and the formation of X-ray amorphous polydispersed powder 

with a markedly irregular shape. However, it was observed that smaller amorphous particles 

tend to agglomerate during prolonged milling and the agglomeration was due to the 

compression of particles between balls and walls as well as between balls themselves. In 

initial part of this work, agglomeration was observed under dry milling conditions. However, 

no such agglomeration was seen with wetmilled samples.  

 

Figure 5.17A shows the X-Ray diffractograms of the original and the milled catalysts. The 

diffractogram for the original catalyst is typical of highly crystalline, phase-pure zeolite MFI 

2.5 µm 500 nm 

250 nm 
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structure. It can be observed from the XRD curve for 30 min wet milled catalyst that there 

was a decrease in intensity of the characteristic MFI peaks and an increase in the amorphous 

background in comparison to the XRD diffractogram of the original catalyst. This suggests 

that some of the zeolite crystals are degraded during the milling process. In addition, the 3 h 

milled catalyst was nearly XRD amorphous exhibiting less intense peaks. There was an 

increase in the amorphous background region as compared to both original and the 30 min 

milled catalysts. Milling for 24 h resulted in complete XRD amorphization.  

 

Figure 5.17B shows FTIR spectra of original and the milled catalysts. The very strong band 

centered at 1100 cm-1, with a pronounced shoulder at 1220 cm-1 was assigned to the T-O-T 

asymmetric stretching mode. The weaker band at 800 cm-1 was due to the corresponding T–

O–T symmetric stretching mode, while the strong band at 450 cm-1 is associated to the T–O–

T rocking mode (out-of-plane bending) [162]. The absorbance at 550 cm-1 was assigned by 

JACOBS ET AL. [163] to the asymmetric stretching mode of highly distorted double five-

membered rings present in the zeolite framework structure. Note that nonzeolite siliceous 

materials do not exhibit a band near 550 cm-1.  
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Fig. 5.17: (A) XRD patterns of: (a) original, (b) 30 min (c) 3 h (d) 24 h milled catalysts; (B) FTIR spectra of: (a) 
original, (b) 30 min (c) 3 h (d) 24 h milled catalysts 
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The original catalyst has a well pronounced band at 550 cm-1. As the milling time increases 

the band at 550 cm-1 goes on diminishing. A comparison of X-ray diffractograms in Figure 

5.17A with the infrared spectra in Figure 5.17B undoubtedly indicates that the disappearance 

of the band at 550 cm-1 coincides with the transformation of crystalline phase to fully or 

nearly X-ray amorphous phase. Decreasing of intensities of the bands assigned to the 

vibrations of external T-O-T bonds (bands at 550 and 600 cm-1) and their disappearance after 

certain time of milling reveal the destruction of original ZSM-5 (MFI) structure during 

milling [24]. 
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Figure 5.18: N2 adsorption isotherms of the original and the milled catalysts (M 55) for 0.5h, 3 h and 24 h. 

 

The nitrogen adsorption-desorption isotherms of original and wet milled catalysts are given in 

Figure 5.18. The summary of the results is tabulated in Table 5.3. There was a decrease in 

BET surface area, micropore volume and micropore surface area with increasing milling time. 

Decrease in the above quantities was very less for 30 min milled catalyst in comparison to the 

3 h milled catalyst. This could be due to the rapid degradation caused to the zeolite crystals 

for longer milling time which could be noticed from the XRD pattern for 3 h milled catalyst 

(Figure 5.17A).  
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Table 5.3: Physico-chemical characteristics of the original and the milled catalysts. 

Milling 

time 

BET surface 

area 

Micropore 

surface areab 

Micropore 

volumeb 
Crystallinity c 

Crystal 
sized 

Si/Al Acidity e 

[h] [m2/g] [m2/g] [cm3/g] [%] [nm] [-] [µmol/g] 

0a 322 368 0.14 100 5500 19.7 601 

0.5 273 306 0.11 89 440 19.7 434 

3 198 199 0.08 15 220 19.4 257 

24 258 259 0.11 no 200 16.8 n.d 

a – original catalyst prior to milling; b – based on Dubinin Astakov method; c – determined from area under the 
XRD peaks between 22.5 and 25 °; d – 50 % of the cumulative volume percentage; e – calculated from NH4-TPD 
 

Figure 5.19 compares the NH3-TPD of the original and the milled catalysts. The original 

catalyst showed a clear low as well as high temperature peaks. However, 30 min milled 

catalyst had a slightly smaller high temperature peak. But there was a drastic reduction in 

intensity in the high temperature peak after milling for 3 h. The high temperature peak is 

usually regarded as the total acidity of the catalyst. As the milling increased total acidity of 

the catalysts got diminished 
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Figure 5.19: NH3-TPD of the original and the milled catalysts. (a) original, (b) 30 min (c) 3 h  milled catalysts 

 

Figure 5.20 A shows the Al MAS NMR and Si MAS NMR spectra of the original and milled 

zeolites. The signals at 55 ppm in the spectrum correspond to tetrahedrally coordinated 

aluminum (framework Al) and the signals at 0 ppm correspond to hexa-coordinated Al (extra 
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framework aluminium). The original zeolite contains a major amount of framework Al and a 

minor amount of exframework Al. After 3h of milling, the peak at 0 ppm disappears.  

 

A similar result was obtained for HY zeolites by HUANG ET AL. [98]. In other words, after 

milling the collapse of the crystal structure, which is revealed by XRD results, has not 

produced extraframework hexahedrally coordinated Al. It is known [164] that the A1 in 

amorphous material should yield a very broad line ranging from 200 to -200 ppm and 

appearing as a protruding baseline. This broad line has never been observed in the spectra of 

the milled samples.  

 

XRD results revealed the different degrees of drop in zeolite crystallinity after different 

milling times. NMR spectra, however, do not show the presence of any amorphous material or 

extraframework octahedrally coordinated Al. Therefore, the crush of the crystals here means 

the formation of fine particles, in which the primary building units of zeolites, namely the 

Si(A1)-O tetrahedra, are still present, even though the long-range framework symmetry is 

destroyed. The size of these fine particles must be too small to be detected by XRD. Although 

the A1 in these particles are still tetrahedrally coordinated, the surroundings of these A1 

should be different from those of framework A1 in their original samples.  
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Figure 5.20: (A) 27Al MAS NMR Spectra (B) 29Si MAS NMR spectra of original and milled catalysts 
 

Figure 5.20 B shows the corresponding Si-MAS NMR of original and milled zeolites. The 

peaks at -102 ppm and -107 ppm are assigned to Q4Si(2Al) and Q4Si(1Al) respectively. The 

doublet at -112 ppm and -116 ppm is assigned to Q4Si(0Al). The original and 30 min miled 

zeolites show nearly identical NMR spectra suggesting minor differences upon 30 min 

milling. But the 3 h milled zeolite showed completely different Si spectra. The line 

broadening observed for WM 3h at -102 ppm and -107 ppm and the loss of extra framework 
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Al (Al MAS NMR) suggest that the EFAl is again incorporated into the zeolite framework 

during the long milling process.   

 

5.4.2.2 Catalytic performance  
 

Figure 5.21 compares the benzene conversion behavior of the original and the milled catalysts 

coated on the microreactors for the reaction temperature 480 °C and 1:1 feed (N2O:C6H6) 

ratio. It can be noticed that the initial conversion measured at 5 min time on stream (TOS) of 

the milled catalysts were slightly higher than the original catalyst. This indicates that the 

activity of the catalyst was not affected due to milling. It can be noticed that the conversion of 

benzene dropped drastically for the original catalyst (5.5 µm) from 33 % to 8 % within four 

hours. Conversion of benzene for 30 min milled catalyst (440 nm) dropped from 35 % to 

12 % within four hours whereas the benzene conversion of 3 h milled catalyst reduced from 

35 % to 15%. This suggests that rate of deactivation was faster for the original catalyst which 

could be due to the accumulation of the phenol formed during the reaction. This leads to 

consecutive reaction of phenol to coke, and then blocks the active sites of the catalysts 

preventing them from further catalytic reactions. These observations are in conformity with 

the hypothesis that phenol undergoes diffusion limitations.  
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Figure 5.21: Conversion of benzene over the original and the milled catalysts. Reaction conditions: T = 480 °C, 
τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 = 1:1. 
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Yield of phenol is noticed to be slightly higher for the milled catalysts (440 nm & 220 nm) 

than the original catalyst (5.5 µm) at 5 min time on stream (Figure 5.22). With an increase in 

time on stream from 5 min to 245 min, a drastic drop in phenol yield was noticed for the 

original catalyst (17 % to 0 %). Drop in phenol yield was lower for 30 min milled catalyst (20 

% to 5 %) and 3 h milled catalyst (20 % to 8 %) with time on stream. This suggests that the 

produced phenol desorbed easier in the case of 30 min and 3 h milled catalysts avoiding the 

further consecutive reaction of phenol to coke. The same behavior is attributed by the 

selectivity curve (Figure 5.23) as well. The order of selectivity of phenol based on benzene for 

the investigated catalysts after 245 min time on stream is as follows: Soriginal < S30 min milled < S3 

h milled. A drastic decrease in the selectivity value was observed for the original catalyst in 

comparison to the milled catalysts. Though the 3 h milled catalyst is X-ray amorphous (Figure 

5.17A), it has enough active sites to catalyze the oxidation of benzene to phenol. It should be 

noted that the 3 h milled catalyst retained nearly 50 % of its microporosity. As it has nearly 

polydispersed morphology, the reaction might have taken place mainly on the external surface 

of the catalyst, and the produced phenol experienced relatively lesser diffusion limitation.  
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Figure 5.22: Yield of phenol over the original and the milled catalysts. Reaction conditions: T = 480 °C, τmod = 
94 (g·min)/mol, molar feed ratio N2O:C6H6 = 1:1. 
 

The yield of phenol obtained at 440 and 400 °C is plotted in Figure 5.24. The phenol yield of 

the original catalyst dropped from 15.3 % to 1 % after 245 min TOS at 440 °C (Figure 5.24). 
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Figure 5.23: Selectivity to phenol formation over the original and the milled catalysts. Reaction conditions: T = 
480 °C, τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 = 1:1 
 
The starting and the final yield of 30 min milled catalyst was nearly 2 % higher than that of 

the original catalyst. The 3 h milled catalyst had nearly the same starting yield as original 

catalyst but less than that of the 30 min milled catalyst. This could be explained in the 

following manner. Phenol experiences diffusion limitation in the original crystals. Milling of 

30 min resulted in broken crystals which offer comparatively less diffusion limitation to 

phenol which is evident from the higher initial yield. A further milling for a period of 3 h has 

reduced not only the crystal size but also the crystallinity of the catalyst. Despite the 

amorphous nature, the absolute starting yield of the 3 h milled catalyst was comparable to the 

original catalyst. This indicates that the reaction had taken place at the external surface of the 

zeolite crystals. Thus, it did not undergo severe deactivation. The same behavior can be 

observed for the yield of phenol obtained at 400 °C (Figure 5.24) as well.  
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Figure 5.24: Yield of phenol over the original and the milled catalysts at 440 °C and 400 °C. Reaction 
conditions: molar feed ratio C6H6:N2O = 1:1 and τmod = 94 (g·min)/mol. 
 

The figure 5.25 shows how the milling of zeolite affects the catalytic activity. The 30 min 

milled catalyst showed slightly higher activity (Benzene conversion) than that of its original 

(unmilled) counterpart. However, there is a reduction in activity from 3h. The 24 h milled 

zeolite showed very minimal activity (catalytically inactive). The initial slight increase in 

activity for WM 30 min can be speculated to have been caused by the breakage of larger 

agglomerates which might give more access to the active sites. Otherwise it may be due to 

partially opened pores and smaller dimensions of the crystals which would have facilitated 

access to the sites by lowering the diffusional and geometric limitations. The drop in catalytic 
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activity upon higher milling times is quite evident as the effect of milling on surface area and 

pore volume is higher at increase milling times (WM 3h, 24 h). 
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Figure 5.25: Initial activity (benzene conversion at TOS = 5 min) for original (0 h), 0.5 h, 3 h and 24 h milled 
zeolites at different temperatures. Reaction conditions: T = 400 – 440 -480 °C, molar feed ratio C6H6:N2O = 1:1 
and τmod = 94 (g·min)/mol. 

 

Deactivation behavior of the catalysts was compared in terms of relative deactivation. The 

deactivation behavior was studied for 1:1 feed (C6H6/N2O) ratio and 4 h TOS and was 

calculated using the following equation: 

 

Relative deactivation (%) =  

 

Figure 5.26 describes the deactivation behavior of the catalysts for various temperatures after 

245 min TOS for the feed ratio (C6H6/N2O) of 1:1. The relative deactivation at 480 °C after 

245 min TOS was 75 %, 61 % and 56 % for the original catalyst (5 µm), 30 min milled and 3 

h milled catalysts, respectively. It can be explained that maximum deactivation rate was 

noticed for original catalyst (5.5 µm) after 245 min TOS in comparison to the other two 

catalysts. This further explains the diffusion limitation experienced by phenol in the original 

catalyst. One of the main reasons could be the slow diffusion of phenol in catalyst with larger 

crystal size. This leads to the accumulation and further reaction of phenol to coke. The same 
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behavior holds good for the set of reactions conducted at temperatures such as 440 °C and 

400 °C. 
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Figure 5.26: Relative deactivation of the original and the milled catalysts at different temperatures. Reaction 
conditions: T = 400 – 440 -480 °C, molar feed ratio C6H6:N2O = 1:1 and τmod = 94 (g·min)/mol 
 

The figure 5.27 shows the TG-MS analysis of the original and milled zeolite samples that are 

ex-situ loaded with phenol. The TG was conducted in 2 steps. In step 1 the zeolite sample was 

heated to 700 °C with a ramp of 10K/min in inert N2 atmosphere. In step 2, the TG 

atmosphere was changed from N2 to Air in order to induce total burning of coke/strongly 

adsorbed species while keeping the sample isothermally at 700 °C for 30 min.  

 

The TG curves show that the actual intake/adsorption capacity reduces with increasing 

milling time due to the collapse of the crystal structure. But the amount of coke (through 

weight loss obtained by switching the gas from N2 to air) was nearly same for all the catalysts. 
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Figure 5.27: TG MS analysis of phenol loaded original and milled zeolites (M-55). Original (5.5 µm), 30 min 
(440 nm), 3 h (220 nm); Loading condition: 0.1 g of phenol, 2h and 200 °C 
 

The MS signals qualitatively show the temperature at which maximum amount of phenol was 

desorbed. In the original catalyst, the phenol desorption takes place at 2 different 

temperatures. Out of adsorbed phenol, a large portion was desorbed at 266 °C and a small 

portion at 165 °C. In the 30 min milled catalyst, equal portions of phenol was desorbed at 157 

and 263 °C. This suggests a small change in the distribution/strength of sites. In the 3 h milled 

catalyst, the phenol desorption gets shifted to a lower temperature (133 °C) which could be 

due to the faster desorption of phenol. This might be a proof for the easier desorption of 

phenol out of at 3 h milled catalyst. 

5.4.2.3 Summary 
 

Wetmilling is proven to be an effective method to get ZSM-5 catalysts having smaller crystal 

sizes. They were successfully tested for the oxidation of benzene to phenol in a microreactor.  

1) The wet media milling of ZSM-5 (M-55) for different periods of time resulted in 

zeolites with different crystals sizes. Besides reducing the crystal size, milling also 

resulted in the structural collapse and reduction in acidity. Excessive milling (WM 24 

h) leads to complete amorphization.  

2) The initial activity in BTOP for WM 30 min was slightly higher than the original 

zeolite which can be attributed to the more accessibility upon slight milling (breakage 
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of agglomerates). The loss of initial activity upon higher milling times can be 

attributed to the corresponding excessive loss of crystallinity, surface area and pore 

volume. 

3) The 24 h milled zeolite (completely amorphous) was catalytically inactive. 

4) The order of deactivation rate among the tested catalysts is as follows: original catalyst 

> 30 min milled catalyst > 3 h milled catalyst.  

5) Faster deactivation occurs over the catalyst with larger crystal size (original catalyst; 

5.5 µm) whereas the deactivation rate is slower in the catalysts with relatively smaller 

crystals (milled catalysts; 440 and 220 nm). These observations are in agreement with 

the expectation that phenol undergoes diffusion limitation in the crystal. 

6) The lowest deactivation was observed for the 3 h milled catalyst (220 nm) having no 

noticeable crystallinity and total acidity. 

 

It is to note that XIE ET AL. [26] have shown that proper milling of alkali exchanged FAU 

can cause moderate decrease in LAS concentration while deeply reducing the BAS density. 

NMR results also suggest that this best catalyst does not possess any EFAl (lewis acidity) 

while NH3TPD shows that it has minimal total acidity. The current results are partially 

opposite to the results KHARITONOV ET AL. [97]. They also observed a reduction in 

crystallinity, surface area and micropore volume upon milling. But they have reported a 

gradual reduction in BTOP activity. There were no comments on the deactivation behaviour 

of the milled catalysts.  

 

Milling of zeolite resulted in the reduction of both crystal size and acidity. According to the 

observed results, best catalytic performance was obtained for the catalyst with the lowest 

crystal size and acidity. Since it is known from this work and others, acidity alone does not 

have a direct influence in catalyst deactivation for BTOP, the two parameters (namely crystal 

size and acidity) have a combined influence in the catalyst deactivation. The smaller the 

crystals the longer the catalyst lifetime was. In addition to that the lesser the catalyst acidity 

the better was the catalyst life time. Future work has to be conducted to eliminate the 

influence of acidity by preferentially leaching Al from the framework and testing it for the 

benzene to phenol oxidation reaction. 
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5.4.3 Milling of zeolites with varying SiO2/Al2O3 ratio 
 

5.4.3.1 Milling studies and Characterisation 

 

The milling and the related catalytic properties of the zeolite with a nominal SiO2/Al2O3 of 55 

(M-55) has been studied extensively in the last sub chapter. It is reported in the literature that 

higher Si containing materials offer resistance against milling [25]. Hence, a separate chapter 

is devoted to investigate the influence of zeolite Si/Al ratio on the milling behaviour and its 

implications in the catalytic deactivation in the direct oxidation of benzene to phenol.  

 

 

Thus, zeolites with higher (M-236) and lower (M 27) module ratio were subjected to same 

milling conditions as M 55 and subsequently tested in the reaction. The fig.5.28A shows the 

comparison of X-ray diffractogram of the original and the milled zeolites of different 

SiO2/Al2O3 ratios. The corresponding QAl values are given in Fig.5.28B. The X-ray pattern of 

the milled catalysts shows some reduction in intensities for the characteristic peaks indicating 

a loss in crystallinity after milling. The comparison of QAl values gives a clearer picture of the 

loss in crystallinity upon milling. However, in the investigated range, there is no direct 

correlation between degree of loss in crystallinity and SiO2/Al 2O3 content of the zeolite. 

ZIELINSKI ET AL. [25]  have conducted high energy ball milling for different kinds of 

zeolites with varying SiO2/Al 2O3 ratio to study the structural stability of zeolites. The results 

indicated that the mechanical resisitance of the zeolite lattice is clearly correlated with its 
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                               A)                                    B)  
Figure 5.28: A) XRD pattern of original and milled zeolites with different SiO2/Al2O3 : a) M 27 original b) M 27 3h 
milled c) M 55 original d) M 55 3h milled e) M 236 original f) M 236 3h milled, B) QAl values of original and 
milled zeolites with different SiO2/Al2O3. 
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SiO2/Al2O3 ratio. They have reported the structural stability of zeolite in the following order. 

Silicalite-1 > HZSM5 > KL > CaA > NaA > HY. However these results are not completely 

applicable to the present results since the present study is limited to only ZSM-5 zeolites of 

different SiO2/Al 2O3 ratio.  

 
Table 5.4: Physical properties of original and milled zeolites with different SiO2/Al2O3 ratio 

Milling time Crystal sizea 
Micropore 

surface area 

Micropore 

volume 
Acidity b 

[min] [µm] [m2/g] [cm3/g] [µmol/g] 

M 27 original 4 435 0.15 982 

M 27 WM 3h 0.21 21 0.008 520 

M 55 original 5.5 368 0.14 601 

M 55 WM 3h 0.22 199 0.08 256 

M 236 original 4-6 436 0.15 216 

M 236 WM 3h 0.19 215 0.07 141 

a – determined from SEM, b – determined from NH4 TPD  
 

Table 5.4 contains the physico chemical properties of the used zeolites obtained via different 

characterisation techniques. From SEM, it can be seen that all the zeolites resulted in a 

reduction in crystal size upon 3 h milling irrespective of its Si/Al ratio. The micropore volume 

and the surface area of the milled catalyst got also diminished upon milling for 3 h. NH3-TPD 

results showed that there was a reduction in acidity upon milling for 3 h. This must have been 

caused by the excessive loss in the crystallinity. This in line with the reports from XIA ET 

AL. [26].   

 

5.4.3.2 Catalytic performance in BTOP 
 

The figure 5.29 shows the corresponding yields and selectivities of original and milled 

catalysts (M 27). It can be clearly seen that the yields of phenol reduces faster with TOS for 

the original than the wetmilled sample. The corresponding selectivities to phenol support the 

supposition that phenol undergoes faster diffusion limitations in larger crystals compared to 

the zeolites with smaller crystals.  

 

The relative deactivations of the original and milled catalysts for M 27 are given in Fig. 5.29. 

The relative deactivation was found to be lesser for the milled catalysts. For all the 
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investigated temperatures the relative deactivation of original catalysts is higher than milled 

catalysts. These observations are in line with the results obtained for the zeolite with M 55. 

The milled zeolite having smaller crystal sizes and lesser crystallinity are found to perform 

better than its unmilled (original) counterpart 
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Figure 5.29: Comparison of catalytic properties obtained for M 27 original and M 27 wet milled for 3 h; A) 
Yield of phenol based on benzene B) Selectivity to phenol based on benzene; Reaction conditions: T = 480 °C, 
τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 = 1:1; C) Relative deactivation at different temperatures.  
 
The crystal size of the unmilled M 236 (higher SiO2/Al 2O3) zeolite was about 4 – 6 µm. After 

3 h of milling, the crystal size got reduced drastically to 190 nm. The difference between the 

relative deactivation (Figure 5.30 C) of the original and the milled zeolites are very less. But 

the deactivation trend is nearly same as other zeolites (M 27 and M 55). The conversion trend 

was nearly the same for both catalysts though the initial conversion of the wetmilled one was 

slightly lower.  

 

In contrast, for all the investigated temperature regions, the milled catalyst (M 236) showed 

less phenol yield and selectivity (Fig. 5.30 A & B) than the original zeolite. This behaviour is 
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completely different from other two catalysts namely M 27 and M 55. Till now the 

improvements in the catalytic properties obtained with the milled zeolites (M 27 and M 55) 

were attributed to their smaller crystal sizes which in turn reduce the diffusion limitation to 

phenol molecule. This behaviour is quite opposite to all our suppositions. This indicates that 

there must have been some changes in the active site itself upon milling.  
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Figure 5.30: Comparison of catalytic properties obtained for M 236 original and M 236 wet milled for 3 h; A) 
Yiled of phenol B) Selectivity to phenol based on benzene; Reaction conditions: T = 480 °C, τmod = 94 
(g·min)/mol, molar feed ratio N2O:C6H6 = 1:1; C) Relative deactivation at different temperatures.  
 
This has to be explained with the structural destruction of the catalyst upon milling which can 

be ascertained through the excessive loss in QAl value. Since this catalyst contained 

comparively very high Si/Al ratio, the milling impact was so high through the brakage of Si-

O-Si bonds. In order to investigate this aspect further, detailed NMR studies were done.  

 
27A1 MAS NMR spectra (Fig. 5.31) of both the original and the milled samples were recorded 

at room temperature. It is well known [165] that the 27A1 NMR signal is powerful in 

distinguishing the differences in the surroundings of aluminum. The tetrahedrally coordinated 
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Al (framework Al) has a 27A1 NMR signal with a broad line centred at 50-60 ppm (chemical 

shift) and a sharp line around 0 ppm for the extraframework hexahedrally coordinated A1. 
 

M 55 original

M 55 WM 3h

δ / ppm 

-20 -100 10 20 30 40 50 60 70 80 

M 27 original 

M 27 WM 3h

M 236 original

M 236 WM 3h

 
Figure 5.31: Al MAS NMR spectra of original and miled zeolites with varying SiO2/Al 2O3 ratio 

 
In this work the tetrahedrally coordinated A1 lines are clearly detected at 50-60 ppm 

(chemical shift) for all the three original M 27, M 55 and M 236 samples. On the other hand, 

only M 27 and M 55 showed NMR signals at 0 ppm due to extra framework hexahedrally 

coordinated A1. The M 236 does not show any such signals related to the presence of 

extraframework Al. 

 

Upon 3h of milling, all these three zeolites behave differently. The 3h milled M 27 possessed 

2 distinct peaks at 50-60 ppm and at 0 ppm similar to its unmilled original. In addition it 

contained a slight third peak between 10 and 35 ppm which is normally assigned to 5 

coordinated Al.  
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Table 5.5: Al NMR details of the original zeolites and their corresponding 3h milled zeolites. 

Sample notation 

4-coordinated 

Relative  intensity 

5-coordinated 

Relative  intensity 

6-coordinated 

Relative  intensity 

[%] [%] [%] 

M 27 original 87  13 

M 27 WM 3h 80 2 18 

M 55 original 94 - 6 

M 55 WM 3h 100 - - 

M 236 original 100 - - 

M 236 WM 3h 60 40 - 

 

The M 55 original showed 2 peaks indicating the presence of both framework Al as well as 

extraframework Al. But, after 3h of milling only one peak was detected at 50-60 ppm . There 

was no signal around 0 ppm. This indicates that the collapse of structure, as revealed by XRD 

results (Figure 5.17 A), has produced neither extra framework Al nor any characteristic peaks 

for amorphous material. Therefore, the crush of the crystals here means the formation of fine 

particles, in which the primary building units of zeolites, namely the Si(A1)-O tetrahedra, are 

still present, even though the long-range framework symmetry is destroyed. The size of these 

fine particles must be too small to be detected by XRD. Although the A1 in these particles are 

still tetrahedrally coordinated, the surroundings of these A1 should be different from those of 

framework A1 in its original samples.  

 

The M 236 original contained only peaks representing the tetrahedrally coordinated Al. Upon 

3h of milling, this zeolite produced a drastic peak at 17 ppm which can be assigned to 5 

coordinated Al along with a peak at 50-60 ppm. All the peak intensities are tabulated in 

TABLE 5.5. 

 

When we relate the NMR results to the catalytic properties, one could see that the induced 5 

coordinated Al (17 ppm) is the only observable difference for the M236 catalyst. This leads 

one to think that 5 coordinated Al species has some negative influences in the direct oxidation 

of benzene to phenol. The observed reduction in the phenol yield and Selectivity can be 

speculated to the formation of these 5 coordinated species. Nevertheless, it is important to 

find the acid site distribution /densities to come to a conclusion.   
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5.4.3.3 Summary 
 

The comparison of milling performance of zeolites with different SiO2/Al2O3 ratio (M 27, M 

55 and M 236) and their corresponding catalytic performances in the direct oxidation of 

benzene to phenol showed some important insights.  

 

Irrespective of the SiO2/Al 2O3 ratio of the zeolite, upon milling all the three classes of 

materials underwent severe structural destruction in terms of crystallinity, acidity and crystal 

sizes. Hence no correlation could be drawn between SiO2/Al 2O3 ratio of the zeolite and 

structural stability.  

 

The catalytic behaviour of low and medium Si/Al containing zeolites (M 27 and M 55) was 

nearly similar. The crystals obtained upon milling resulted in better catalytic performance 

than its unmilled counterparts (yield, selectivity and relative deactivation along with TOS). 

This indicates that the combined effect of lower crystal sizes and lower acidity play a major 

role. These improvements can be explained by the reduction in acidity and/-or crystal sizes 

which in turn reduce affinity of the phenol inside the crystals or reduce the retention time of 

phenol (reduction in diffusion path lengths) from the crystals. 

 

The results obtained with M 236 were opposite to our general assumption that combined 

effect of smaller crystals with lesser acidity leads to better catalytic performances. The 

catalytic performance of milled M 236 was actually worse than its unmilled counterpart in 

terms of selectivity and yield though the relative deactivation seems to have a better trend. 

The reason is unknown. The only possible explanation could be the formation of new Al 

species (5-coordinated) upon milling. This must have possessed different kind of affinity or 

interaction with the phenol molecules. So far this assumption can not be proven. Further work 

is needed to clarify this part.  
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5.5 Physical Aspects: Desilication of zeolite by alkali treatment 
 

5.5.1 Objective 
 

Benzene to phenol hydroxylation is believed to experience serious product diffusion 

limitations. As it is clearly stated in the introduction part, zeolite crystals that contain 

mesopores are emerging as a new class of materials with a great potential especially for those 

catalytic reactions which are affected by diffusion limitations [29, 37]. Such mesoporous 

zeolites can be prepared by special synthesis techniques [30, 31] or by post-synthesis 

modification of zeolites with steam treatment [15, 32], acid leaching [33] or alkali leaching 

[34, 35]. Out of all, alkali treatment is considered to be an efficient and easy way to achieve 

mesoporosity. There have been some successful proofs on the applicability of such materials 

to diffusion limitted reactions [36, 38]. Hence in this work alkali treatment has been adopted 

for creating mesopores.  

 

So far, desilicated or mesoporous ZSM-5 catalysts have not been applied to the hydroxylation 

processes. The strategy followed in this work was to take a ZSM-5 zeolite containing just 

traces of Fe impurities to create mesopores without affecting the state of iron in the zeolite. 

Firstly, a zeolite with medium SiO2/Al2O3 (M = 55) range was selected (traces of Fe 

impurities) for alkali treatment to create mesopores. A range of parameters like, treatment 

time, temperature and concentration were changed to identify the best conditions for 

mesopore development. Consequently, the catalytic performances of mesoporous MFI 

zeolites, obtained via desilication through post-synthesis alkali treatment, and a original 

zeolites were compared for the direct hydroxylation of benzene to phenol. Secondly, a zeolite 

screening was done with ZSM5 zeolite of varying Si/Al ratios to find out the optimal Si/Al for 

the desilication, mesopore formation and their respective influences in benezene to phenol 

oxidation. Finally, a comparative study was conducted to understand the catalytic influence of 

Fe on original and mesoporous zeolite. Afterwards, a comparative study was conducted by ion 

exchanging with Fe on both original and its alkali treated couter part (AT 2h - mesoporous) 

catalysts to analyze the influence of iron on the catalytic activity in N2O decomposition and 

BTOP. 
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5.5.2 Desilication of zeolite with medium SiO2/Al 2O3 ratio (M 55)  
 

A detailed alkali treatment study was performed for ZSM-5 type zeolite (M-55 nominal 

SiO2/Al2O3 = 55) by varying the following 3 parameters: 

o Time period (0.5 h, 1 h, 2 h, 3 h at 80 °C with 0.2 M NaOH) 

o Temperature (60 °C,  70 °C, 80 °C, 90 °C  for 2h with 0.2 M NaOH) 

o Concentration (0.2 M, 0.4 M, 0.6 M, 0.8 M, 1 M for 2h at 80 °C) 

Alkali treated samples were analyzed using different characterization techniques like X-ray 

diffraction, ICP, N2 adsorption, NH3-TPD and TEM 

 

5.5.2.1 Characterization  
 

X-ray diffraction was carried out to investigate possible structural changes in ZSM-5 upon 

alkali treatment.  
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Figure 5.32: XRD patterns of M 55 with varying alkali treatment conditions: A) Effect of the alkali treatment 
period B) Effect of alkali treatment temperature C) Effect of NaOH concentration 
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Figure 5.32A shows the XRD patterns of the ZSM-5 samples before and after alkali treatment 

at different periods of time. Alkali treated ZSM-5 exhibits a characteristic diffraction pattern 

very similar to that of the untreated zeolite. The intensity of most of the peaks is slightly 

decreased. The XRD analysis confirms the preservation of the long range crystal ordering in 

the samples, with a decrease of the characteristic reflections. 

 

Fig. 5.32B and Fig. 5.32C show the diffraction pattern of zeolites treated at varying treatment 

temperature and varying NaOH concentration respectively. The corresponding relative 

crystallinity values are tabulated in Table 5.6. The crystallinity of the samples was calculated 

on the basis of the QAl value from equation 4.1. The QAl value of the original zeolite was 

considered as the standard (100 % crystallinity) to calculate the relative crystallinity of the 

alkali treated samples. A considerable reduction in crystallinity was observed till 2 h of alkali 

treatment. After 2 h, there was no observable reduction in the crystallinity till 3 h of alkali 

treatment.  

 

Although the intensity of the reflections was decreased, the XRD measurements of the 

samples treated at different temperatures confirm the characteristic diffraction peaks 

attributed to MFI zeolites, as seen in Figure 5.32B. Change in treatment temperature had a 

considerable effect in the crystallinity of the samples. It can be observed that at lower 

temperature, the decrease in crystallinity was around 12 %. An increase in treatment 

temperature to 90 °C increased the loss in crystallinity (46 %). At 70 °C and 80 °C the 

crystallinity remained nearly the same. 

 

Increase in the concentration of NaOH during alkali treatment, brought a drastic effect in the 

overall crystallinity of the sample (Fig. 5.32C). As expected the more the concentration, the 

more was the reduction in crystallinity. There was about 70 % loss in crystallinity for the 

samples treated with 0.4 M NaOH solution. Further increase in NaOH concentration resulted 

in complete destruction of framework and yielded XRD amorphous materials. AT 0.8 M and 

AT 1 M, there was about 90 % loss in the crystallinity. The crystallinity values calculated by 

means of QAl are in good agreement with the XRD patterns obtained (Table 5.5). 



5. Results and discussion            118 

 

Table 5.6: Relative crystallinity values (QAl) and Chemical composition of the solids and filtrates obtained upon 
alkali treatment at different treatment time, temperature and concentration for M 55.  

 XRD 
ICP analysis 

Powder Filtrate 

Sample 
QAl 

[-] 

Cryst.  

[%] 

Si/Al 

[-] 

Si/Al 

[-] 

Si 

[mg/L] 

Al 

[mg/L] 

Original 0.89 100 19.2 - - - 

Time variation (0.2 M NaOH at 80 °C) 

AT 1h 0.83 94 14.1 11231 2912 0.25 

AT 2h 0.62 70 11.8 15372 3985 0.25 

AT 3h 0.62 70 11.8 16860 4371 0.25 

AT 4h 0.62 70 11.5 17090 4431 0.25 

Temperature variation (0.2 M NaOH solution, 2 h) 

AT 60° C 0.78 88 16.6 4566 1184 0.25 

AT 70° C 0.65 73 13.2 12877 3338 0.25 

AT 80° C 0.62 70 11.8 15372 3985 0.25 

AT 90° C 0.48 54 11.4 15860 4112 0.25 

NaOH concentration variation (80 °C, 2 h) 

AT 0.2M 0.62 70 11.8 15372 3985 0.25 

AT 0.4M 0.33 37 6.7 462 6996 14.6 

AT 0.6M 0.12 14 3.4 169 9013 51.4 

AT 0.8M 0.06 7 2.7 86 10325 116.1 

AT  1M 0.05 6 2.4 55 9903 172.8 

 

 

The elemental analysis (Si, Al) of the dried zeolite before and after alaklai treatment, as well 

as analysis of resulting filtrate gives valuable information on the dissolution of Si and Al from 

the zeolite framework under different experimental conditions. The change in the Si/Al molar 

ratio in ZSM-5 after alkali treatment is summarized in table 5.6. 
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In order to facilitate easier understanding of the desilication process, all the tabulated values 

are ploted in the following figures, as the functions of the different condition parameters.  
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Figure 5.33: Concentration of Si & Al in the filtrate 
obtained upon alkali treatment of M 55 at different (a) 
time (b) temperatures (c) concentration of NaOH 
solution 

Figure 5.34: Si/Al ratio in alkali treated zeolite powder 
and in filtrate obtained for M 55 at different (a) time (b) 
temperatures (c) concentration of NaOH solution. 

 

The influence of time has been tested from 1 h to 4 h using a 0.2 M NaOH solution at 80 °C 

and the results are given in Fig. 5.33 (a) and 5.34 (a). Mainly Si was eluted into the alkali 

solution and the amount of Si increased with an increase in the treatment period. The Si 

concentration in the filtrate increased rapidly and remained relatively constant after 2 h 

whereas the Al dissolution was very low and it was practically unaffected by the increase in 

treatment time. There was a strong decrease in the Si/Al ratio of the powder after the 
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respective alkali treatment suggesting a loss in Si from the powder after the alkali treatment. 

The extraction of Si from framework upon alkali treatment can be confirmed by the 

corresponding increase in Si/Al ratio of the filtrate. The treatment time of 2 h was selected to 

be the best parameter. 

 

Figures 5.33 (b) and 5.34 (b) show the results of the samples treated with 0.2 M NaOH 

solution for 2 h for different temperatures. Si was the principal component dissolved and the 

amount of Si increased also rapidly from 60 to 70 °C, additional increase in temperature leads 

to a nearly constant Si dissolution, whereas the dissolution of Al still remains very low at a 

constant level of 0.25 mg/L. Hence the treatment temperature of 80 °C was selected.  

 

Unlike time and temperature variations, the variation in NaOH concentration had significant 

impacts in the dissolution of both Si and Al. As the NaOH concentration was increased, the 

Si/Al ratio in the filtrate decreased (figure 5.33 (c) and 5.34 (c)). This behavior can be 

attributed to the fact that highly concentrated NaOH solutions are able to dissolve both Si and 

Al. There was a very strong leaching of both Si and Al atoms from the zeolite framework due 

to the excessive presence of OH- ions. Out of this study, 0.2 M was found be optimal interms 

of mesopores formation while not losing much of the crystallinity. 

 

Fig. 5.35 shows the N2 adsorption/desorption isotherms and the BJH pore size distribution for 

the original and the alkali treated zeolites. Their physical characteristics are summarized in 

Table 5.7. 
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Figure 5.35: (a) BJH poresize distribution and (b) N2 adsorption/desorption isotherms of the original and 
alkali treated zeolites for M 55 at varying alkali treatment periods 
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The N2 adsorption isotherm of the Original catalyst (untreated) showed a characteristic plot 

for a microporous material (type I) without significant mesoporosity. Alkali treatment of 

ZSM-5 zeolite for 1 h (AT 1h) led to an isotherm representing both types I and IV behaviour. 

A remarkably enhanced uptake of nitrogen at higher relative pressures signifies the evolution 

of mesopores upon alkali treatment. There was a gradual increase in the N2 uptake curve till 2 

h alkali treatment (AT 2h). A further increase in the treatment time did not significantly 

change slope of the N2 uptake and the mesopore volume. 

 

The corresponding physical characteristics are reported in Table 5.7. The BET surface area of 

the catalyst increased for longer alkali treatment time. However, there was a slight decrease in 

the surface area after 3 h of alkali treatment. The mesopore volume (from 0.05 to 0.37 cm3/g) 

and the total pore volume of the catalyst steadily increased with increasing treatment time, 

while there was a slight decrease in the micropore volume which indicates that the micropore 

system of the zeolite itself remains nearly unchanged. The corresponding BJH average pore 

diameter (Fig. 5.35a) confirmed the evolution of mesopores upon alkali treatment. Hence the 

bimodal system consists of the micropores with a typical MFI zeolitic pore opening of about 

0.5 to 0.6 nm and mesopores with an average pore diameter of 9 to 10 nm (e.g: AT 2h) which 

in turn contains pore volumes of about 0.12 cm3/g and 0.35 cm3/g, respectively.  

 

In order to evaluate the acidity of the alkali treated samples compared with the original 

zeolite, the NH3-TPD of H-form zeolites was investigated. Figure 5.36a represents the NH3
 

desorption curves obtained for original sample and also for samples alkali treated at different 

periods of time. NH3-TPD results were analyzed based on the higher temperature peaks since 

this peak corresponds to the strong acid sites. It can be observed from the figure that there is a 

reduction of the intensity of the peaks at prolonged alkali treatment. Peak broadening can be 

noticed with increasing the treatment time. This could be because of the different strength 

distributions of Brönsted and Lewis acid and base sites [99]. 
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Table 5.7: N2 adsorption results of original and alkali treated zeolites at different periods of treatment time. 

 N2 adsorption/desorption  

Sample 
SBET V total Vmicro Vmeso

a
 

BJH Pore 

diameterb 
Acidity c 

[m2/g] [cm3/g] [cm3/g] [cm3/g] [nm] [µmol/g] 

original 358 0.19 0.14 0.05 - 587 

Time variation (0.2 M NaOH, 80 °C) 

AT 1h 437 0.35 0.13 0.22 6 551 

AT 2h 439 0.47 0.12 0.35 9 601 

AT 3h 420 0.48 0.11 0.37 9 741 

Temperature variation (0.2 M NaOH solution, 2 h) 

AT 60°C 414 0.257 0.155 0.102 6.4 677 

AT 70°C 440 0.409 0.132 0.278 7.3 551 

AT 80°C 439 0.47 0.12 0.35 9 601 

AT 90°C 478 0.517 0.142 0.375 9 741 

NaOH concentration variation (80 °C, 2 h) 

AT 0.2M 439 0.47 0.12 0.35 9 601 

AT 0.4M 143 0.375 0.030 0.345 16.08 595 

AT 0.6M 99 0.452 0.018 0.434 26.11 555 

AT 0.8M 82 0.581 0.011 0.570 34.05 175 

AT 1M 60 0.406 0.005 0.401 29.64 188 
   a Vmeso = Vtotal – Vmicro;   

b BJH Adsorption Average pore diameter; cvia NH3-TPD 

 

The corresponding peaks deconvolution results are tabulated in table 5.7. In this table it can 

be also observed that the physico-chemical changes upon desilication are also reflected in the 

acidity of the treated zeolites, as measured by NH3-TPD. The number of strong acid sites in 

the alkali treated zeolites is generally increased due to the lower Si/Al ratio. This can be 

explained by the preferential framework silicon extraction and limited leaching of aluminum, 

the zeolite acidity is preserved and even enhanced as a result of the lower Si/Al ratio in the 

alkali treated samples. 
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Figure 5.36: NH3 -TPD data of original and alkali treated zeolites for M 55 a) at different periods of time; b) at 
different temperature; c) at different NaOH concentrations. 
 

The figure 5.36b corresponds to different NH3-TPD of the alkali treated zeolites at different 

temperatures. It is noticed that the high temperature peak behaves likewise. The intensity of 

the peaks was diminished when temperature of the treatment increased. The peaks also 

suffered broadening. The results of the peaks deconvolution are presented in table 5.7. 

 

The removal of aluminum atoms from the zeolite during the alkali treatment with high 

concentrations reduces the number of acid sites. The destruction of zeolite structure also 

causes the loss of strong acid sites. Fig 5.36c shows TPD profiles of ammonia from alkali 

treated zeolites with different NaOH concentrations. The decrease in the number of strong 

acid sites on the AT 0.6M can be observed. The AT 0.8M and AT 1M did not show any peak 

at the high temperature region, indicating that most of the strong acid sites disappeared due to 

the destruction of zeolites structure. 
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(a) (b) 
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Figure 5.37: SEM micrographs: a) original b) mesoporous zeolite (AT 2h); TEM micrographs: c) original d) 
mesoporous zeolite (AT 2h) for M 55. 
 

In addition, the comparison of SEM micrographs (Fig. 5.37 a) & b)) of original and alkali 

treated zeolites revealed that neither the crystal size (~4.5 µm) nor the morphology was 

affected by the aforementioned treatment. The TEM images (Fig. 5.37 c) & d)) of the original 

and alkali treated zeolites suggest the changes occurred in the nanoscale. Based on the 

characteristic data catalysts were selected for benzene to phenol reaction. 

5 µm 5 µm 
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5.5.2.2 Catalytic performance in BTOP 
 

The Selective oxidation of benzene to phenol reactions were carried out for the untreated 

(original) and the catalysts with different levels of mesoporosity (AT 1h and AT 2h). Since 

AT 2h and AT 3h ehxhibitted similar physical properties, the AT 3h was excluded from the 

reaction. For all the experiments, the initial measurement was taken 5 min after starting the 

reaction. Table 5.8 shows the comparison between the benzene conversions (both initial and 

after 4 h TOS) of the untreated original and the mesoporous (AT 1h and AT 2h) catalysts. The 

relative deactivation was calculated as the ratio of the difference between the initial and the 

final (after 4h TOS) conversion to the initial conversion.  

 

Table 5.8: Catalytic properties of the original and alkali treated catalysts for M 55: Benzene conversion (initial, 
after 4h) and relative deactivation of original and AT at different temperature. Reaction conditions: τmod = 94 
(g·min)/mol, molar feed ratio N2O:C6H6 = 1:1  

Temperature Benzene Conversion 
Original AT 1h AT 2h 

[%] [%] [%] 

400 °C 

initial 22 25 30 

after 4 h 8 11 18 

Relative deactivation 64 56 40 

440 °C 

initial 33 43 38 

after 4 h 11 20 28 

Relative deactivation 66 53 26 

480 °C 

initial 41 51 52 

after 4 h 12 24 32 

Relative deactivation 71 53 38 

 
At 400 °C, the initial benzene conversion was 22 % for the original catalysts and it dropped 

down to 8 % after 4 h time on stream (TOS). The corresponding starting conversion of AT 1h 

was 25 %, 3 % higher than the original catalyst. After 4 h TOS it dropped to 11 %. The initial 

conversion of the AT 2h was 30 %, 8 % higher than the original catalysts. The conversion 

dropped to 18 % after 4 h TOS. The improvements in the benzene conversion and the 

reduction in catalyst deactivation for the mesoporous catalyst compared to the original zeolite 

suggest that the accumulation of phenol molecule in the mesoporous zeolite was 

comparatively less. The reactions conducted at 440 °C and 480 °C clearly depict that the 
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mesoporous catalyst was characterized by less deactivation than the original catalysts. At all 

circumstances the deactivation of the original catalyst was more than that of the mesoporous 

catalysts.  
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Figure 5.38: Yield of phenol for the original and the alkali treated catalysts for M 55;  Reaction conditions: T = 
480 °C, τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 = 1:1 

0

10

20

30

40

50

60

70

80

0 50 100 150 200 250

Time on stream [min]

S
el

ec
tiv

ity
 to

 p
he

no
l [

%
] 

original AT 1h AT 2h

 
Figure 5.39: Selectivity to phenol for the original and alkali treated catalysts of M 55;  Reaction conditions: T = 
480 °C, τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 = 1:1 
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The comparison between the phenol yield of original and mesoporous catalysts at 480 °C for 

4 h TOS is shown in Fig. 5.38. The starting yields of all the investigated zeolites were almost 

25 %. The differences are noticeable during the course of the reaction. After 4 h TOS, the 

phenol yield of the original approached nearly 0 %, whereas the mesoporous zeolites AT 1h 

and AT 2h, reached 16 % and 21 % respectively. The improvements in both benzene 

conversion and phenol yield confirm the enhancement in the selectivity to phenol for the 

alkali treated mesoporous catalysts compared to the original catalysts (Figure 5.39).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.40: Relative deactivation of the original and mesoporous catalysts for M 55; Reaction conditions: T = 
400 - 480 °C, τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 = 1:1 
 

In the investigated conditions, a formal inverse relationship between mesopore volume and 

relative deactivation (Fig. 5.40) can be drawn. At all instances, the deactivation of the 

mesoporous zeolite catalyst was about 2 times less than that of the original catalyst indicating 

a better long term stability of the catalyst 

 

The suppressed deactivation and enhanced selectivity of the mesoporous zeolites could be 

explained through two possible reasons: (i) changes in the active site speciation upon alkali 

treatment and / or (ii) creation of mesopores upon alkali treatment in the MFI crystals. Since 

iron-sites are considered to be inevitable for the benzene to phenol hydroxylation [49, 107, 

127], ICP-OES and EPR analyses were employed to determine the amount of Fe present in 

the samples and its corresponding state. The ICP-OES analyses showed that the studied H-
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ZSM-5 samples of both the original and mesoporous (alkali treated) catalysts contained a very 

low amount of iron (<0.02 wt. %, below the detection limits of the used setup). However, 

EPR measurements revealed that traces of iron are present in both the zeolites. The traces of 

iron might be caused by the impurities present in the raw materials used for the synthesis of 

the commercial product.  
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Figure 5.41: EPR spectra for M 55: a) original b) mesoporous zeolite (AT 2h) 

 

Fig. 5.41 shows the comparison of the EPR spectra of the original (H-form) and the 

mesoporous zeolites (H-form) measured at 293 K and 77 K. The assignment of EPR signals 

were made according to PÉREZ-RAMÍREZ ET AL. [158] . It can be observed that both the 

original and mesoporous catalysts contained Fe in the form of isolated Fe3+ species (signal at 

around 1500 G, g´ = 4.3) as well as in the form of anti ferromagnetic Fe2O3 cluster (broader 

signal at around 3000 G, g´ = 2.3). As far as the Fe3+ species are concerned, both the samples 

show the same behavior. At 77 K, both the zeolites showed a sharp signal at g´=4.3 (isolated 

Fe3+ species) where as the intensities of these signals reduced with an increase in temperature 

(at 293 K). The mesoporous catalysts seemed to contain slightly higher amounts Fe2O3 

species which is considered to be inactive during the benzene hydroxylation reaction. This 

observation suggests that the alkali treatment did not considerably alter the state of the iron. 

Though Fe is present in trace amounts, the amount and the state of Fe are similar in both the 

original and the mesoporous catalysts. These results prove that the improvements in the 

catalytic performances might not be due to the changes in the iron state upon the alkali 

treatment.  
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In contrast, the observed changes in the pore system upon the alkali treatment are quite 

obvious. The removal of about 40 % of the Si-atoms from the framework leads to mesoporous 

ZSM-5 crystal with a mesopore volume of about 0.35 cm3/g. A nearly random distribution of 

the mesopores inside the crystal might result in shorter pore lengths which reduce the 

necessary diffusion path lengths for the produced phenol molecule out of the crystal. Hence, 

the suppressed deactivation, enhanced activity as well as selectivity of the mesoporous 

catalyst can be attributed to the improved transport of the product molecule (phenol) in the 

shortened micropores of alkali treated samples. In [15], an improved catalytic performance of 

steam treated catalyst on benzene hydroxylation has been speculated to the presence of 

mesopores. However, the accompanied changes in the state of Fe after steam treatment could 

not be avoided. 

0 20 40 60 80 100
70

75

80

85

90

95

100

0,00E+000

2,00E-012

4,00E-012

6,00E-012

8,00E-012

0

100

200

300

400

500

600

700

 original
 AT 2h

1,38 %

W
ei

gh
t l

os
s 

[%
]

Time [min]

Nitrogen Air

0,80 %

 original phenol
 AT 2h_phenol

 M
S

 s
ig

na
l [

A
]

 T
em

pe
ra

tu
re

 [°
C

]

 
Figure 5.42: TG MS analysis of phenol loaded original and mesoporous zeolites (AT 2h) for M 55; Loading 
condition: =0.1 g of phenol, 200 °C and 2 h 
 

The figure 5.42 shows the TG-MS analysis of the original and 2h alkali treated zeolite sample 

(mesoporous) that are ex-situ loaded (adsorbed) with phenol. The TG was conducted in 2 

steps. In step 1 the zeolite sample was heated to 700 °C with a ramp of 10 K/min in inert N2 

atmosphere. In step 2, the TG atmosphere was changed from N2 to Air in order to induce total 

burning of coke/strongly adsorbed species while keeping the sample isothermally at 700 °C 

for 30 min.  
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The TG curves show that the actual intake/adsorption capacity increased with mesoporous 

zeolite probably due to the higher openness of the zeolite. The amount of coke (through 

weight loss obtained by switching the gas from N2 to air) for the mesoporous zeolite (AT 2h) 

was more than the original zeolite. 

 

The MS signals qualitatively show the temperature at which maximum amount of phenol was 

desorbed. In the original catalyst, the phenol desorption takes place at 2 different 

temperatures. Out of adsorbed phenol, a large portion was desorbed at 285 °C and a small 

portion at 198 °C. In the 2h alkali treated zeolite, the major desorption got shifted to lower 

temperatures and takes place at around 191 °C. This could explain the better catalytic 

performances (easier desorption of phenol) obtained with this zeolite. The shift in phenol 

might be due to the presence of weaker acidic sites in the alkali treated catalysts. It should be 

noted that milled zeolites also experienced the same kind of shift towards lower temperatures 

for phenol desotpion. The lower desorption temperature combined with the presence of 

mesopores might have reduced the transport limitations to phenol.  

 

5.5.2.3 Summary 
 

A systematic study was done with M 55, by varying the alkali treatment time, temperature and 

concentration. Based on the characteristic data from XRD, N2 adsorption, NH3TPD and ICP 

analysis, the best treatment conditions were chosen to be 2 h (time), 80 °C (temperature) and 

0.2 M (NaOH concentration). It is proven that alkali treatment can cause loss of crystallinity, 

acidity and eventually lead to X-ray amorphous materials under aggressive treatment 

conditions. It is shown that under milder conditions, the alkali treatment can lead to bimodal 

pore structure with a combination of micro and meso pores.  

 

The catalytic results in BTOP with original and its alkali-treated counterpart (mesoporous) 

has shown that (i) a commercial MFI zeolite containing traces of iron is active in the benzene 

to phenol hydroxylation and (ii) the oxidation state of the iron is nearly unaffected after the 

alkali treatment. The activity and the long term stability obtained with the mesoporous 

catalyst were found to be always higher than that of the original catalyst. Improvements in 

these quantities could be attributed to the presence of mesopores, as there were no changes in 

the state of iron upon alkali treatment. In addition to these results, the obtained TG-MS results 

with phenol loaded zeolites show that the phenol desorption gets shifted to lower temperature 
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in the alkali treated zeolites. This confirms an easier desorption of phenol with theses zeolites. 

The additional presence of mesopores must have supported the easier back diffusion of phenol 

from the catalyst.  

 

These results prove that the introduction of mesopores in the original zeolite has a positive 

effect in the investigated reaction, as it has been thought to favor the intra-crystalline diffusion 

steps. The results also suggest that the mesoporous zeolite with the bimodal pore structure 

could be a suitable catalyst in order to increase lifetime of the catalyst for the investigated 

reaction.  
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5.5.3 Desilication of zeolite with varying SiO2/Al 2O3 ratio  
 

GROEN ET AL. [113] have tried to correlate the role of Al on the desilication process and 

mechanism of pore formation in MFI zeolites. However these materials were not tested for 

catalytic reactions. The knowledge on the regulating role of framework Al enables well 

controlled desilication of MFI zeolites, which offers great potential in diffusion-limited 

applications due to a more efficient utilization of the zeolite crystal by an improved 

intracrystalline diffusion to and from the active sites. In this part we have also attempted to 

see the influence of Si/Al content of zeolites on mesopore formation and its corresponding 

implications in the direct oxidation of benzene to phenol. 

 

5.5.3.1 Characterisation  
 

Commercial ZSM-5 type zeolites covering a broad range of nominal Si/Al ratio (Si/Al=11 to 

83000) were subjected to alkali treatment for 2 h at 80 °C with 0.2 M NaOH solution as 

described in Chapter 4.1.2.3. The ICP results and N2 adsorption results are tabulated in Table 

5.9.  

 
The Figure 5.43 shows N2 adsoprtion isotherms of different zeolites with varying Si/Al ratio 

and their 2 h alkali treated counterpart. The N2 adsorption measurements on the non-treated 

ZSM-5 samples resulted in type I isotherms with a limited uptake of N2 at higher relative 

pressures and no distinct hysteresis loop, typical for a microporous material without 

significant mesoporosity. Alkali treatment of the zeolites with NaOH leads to spectacular 

differences in mesopore formation. The differences in mesopore development strongly points 

out the crucial role of the framework Si/Al ratio of the zeolite in the mesoporosity formation 

process. As already described in Chapter 5.5.2, the desilication of M 55 in alkali medium was 

shown to have resulted in extraordinary changes in the adsorption properties upon treatment 

in 0.2 M NaOH at 80 °C for 2h. The N2 isotherm is transformed from Type I to combined 

types I and IV, with a pronounced hysteresis loop at higher relative pressures. The largely 

parallel disposition of the adsorption and desorption branches of the hysteresis loop suggests 

the presence of open (cylindrical) mesopores connected to the outer surface, in contrast to 

cavities, which give rise to a distinct broadening of the hysteresis loop by their delayed 

emptying along the desorption branch [27]. 
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The latter type of pores is less suitable if the aim is to improve molecular transport by 

shortening of the diffusion lengths in the micropores. In order to understand the role of Al on 

the mesoporosity formation, a set of commercial zeolites (Table 5.9) were subjected to alkali 

treatment at similar conditions (0.2 M NaOH solution, 2 h, 80 °C).  

 

Table 5.9: N2 adsorption and ICP analysis of zeolites with different SiO2/Al2O3 ratios 

Sample 

N2 adsorption ICP analysis 
Surface 

area 
V total V micro V  meso ∆V meso Si/Al Fe Si 

Filtrate  
Al 

Filtrate 
[m2/g] [cm3/g] [cm3/g] [cm3/g] [cm3/g] [-] [wt.%]  [mg/L]  [mg/L] 

M 27 original 435 0.24 0.15 0.09 - 11 0.05 - - 

M 27 AT 2h 323 0.25 0.11 0.14 0.05 9 0.05 1795 4.5 

T 3 original 399 0.17 0.14 0.03 - 15 0.02 - - 

T3 AT 2h 360 0.32 0.13 0.19 0.16 13 < 0.02 1753 0.31 

M 55 original 358 0.19 0.14 0.05 - 19 0.02 - - 

M 55 AT 2h 439 0.47 0.12 0.35 0.30 12 0.02 3985 0.25 

M 100 original 437 0.38 0.15 0.23 - 39 0.02 - - 

M 100 AT 2h 482 0.68 0.17 0.52 0.29 24 0.03 5254 2.3 

M 236 original 436 0.23 0.16 0.08 - 108 0.02 - - 

M 236 AT 2h 452 0.44 0.16 0.28 0.20 61 0 6420 2.7 

Sil-1 original 384 0.28 0.14 0.14 - 83053 0.01 - - 

Sil-1 AT 0.5h* 439 0.37 0.15 0.22 0.08 566 0.02 8699 0.2 

* As an exception, alkali treated for 0.5 h 
 
This reveals the remarkable differences in the susceptibility of the zeolites to the alkali 

treatment and associated mesoporosity development. The isotherms are given in Figure 5.43 

showing the impact of alkali treatment on zeolites with Si/Al ratio of 11, 19 and 108 (nominal 

SiO2/Al2O3 of 27, 55 and 236 respectively). At a low Si/Al ratio (M 27) the shape of the 

isotherm is hardly affected by alkali treatment, while at a higher Si/Al ratio (M 236) the N2 

isotherm shows preferential adsorption at relative pressures above 0.8 which indicates 

formation of significant number of large pores. The alkali treated sample with an intermediate 

Si/Al ratio (M 55) shows particulary enhanced adsorption in the pressure range of 0.5 to 0.9, 

compared to the presence of smaller mesopores in M 27 and M 236.  
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Figure 5.43: N2 adsorption and desorption isotherms at 77 K of untreated and alkali treated commercial MFI 
zeolites with varying SiO2/Al2O3 ratios; a) M 27 original and M 27 alkali treated, b) T 3 original and T 3 alkali 
treated, c) M 55 original and M 55 alkali treated, d) M 100 original and M 100 alkali treated, e) M 236 original 
and M 236 alkali treated, f) Silicalite-1 original and Silicalite-1 alkali treated; Condition of alkali treatment: 0.2 
M NaOH for 2h at 80 °C. 
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Interestingly, the mesopore volume ∆V meso and the framework Si/Al ratio are related by a 

“volcano type” dependency (Fig. 5.44). The increase in mesopore volume exhibits an 

optimum at intermediate Si/Al ratio. The Si/Al range 17-40 appears to be optimal for 

mesopore formation, leading to increased mesopore volume of upto 0.30 cm3/g and a 

distribution of mesopores centering around 10 nm. These results are in agreement with the 

results obtained by GROEN ET AL. [113]. They have also observed a volcano type 

dependency of Si/Al and induced mesopore volume. But their optimal Si/Al range (25 – 50) 

was slightly different from our observations. The limited ∆V meso at low Si/Al ratios clearly 

results from the absence of substantial new mesoporosity in the treated materials. At higher 

Si/Al ratios (M 236), the observed limited change in pore volume can be explained by the 

formation of macropores, which are outside the conventional measuring range of N2 

adsorption at 77 K. Although the total pore volume of pores smaller than 100 nm can be 

measured appropriately, the contribution of larger pores to total pore volume can not be taken 

fully into account, since capillary condensation will not occur in these large pores.  
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Figure 5.44: Evolution of mesopore volume Vs the molar Si/Al ratio of the investigated MFI zeolites upon 2 h 
alkali treatment in 0.2 M NaOH at 80 °C. 
 

The figure 5.45 compares the acidity of the original and alkali treated zeolites. As against 

dealumination, preferential removal of Si in an alakaline medium should not substantially 

alter the acidic properties related to the presence of framework Aluminium. The number of 
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acid sites in the alkali treated zeolites is generally increased due to the lower Si/Al ratio, while 

the acid strength hardly changes [110]. The below NH3TPD results show that the controlled 

alkali treatment in general preserves the acidity with some exceptions. The acidity of the low 

Si/Al zeolites (M 27 and T3) showed a reduction in the acidity after 2 h of alkali treatment. 

The acidity of M 55 was nearly unaffected by the alkali treatment. M 100 resulted in higher 

acidity than its non treated counterpart, while M 236 alkali treated was slightly higher. As it is 

known, Silicalite-1 had no acidity. 
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Figure 5.45: Comparison of acidity values for different zeolites with varying SiO2/Al2O3 ratio and their alkali 
treated counterparts; Condition of alkali treatment: 0.2 M NaOH for 2h at 80 °C. 
 

Elemental analysis of the dreid zeolite before and after the alkaline treatment, as well as the 

analysis of resulting filtrate further proves the differences in susceptibility to Si and Al 

extraction of the zeolites with varying Si/Al ratios (Fig. 5.46). At Si/Al =11, a relatively low 

Si concentration was measured in the filtrate which supports the minor degree of mesopore 

formation with these high Al containing zeolites. The degree of Si dissolution increases with 

increasing Si/Al ratio. The Maximum concentration measured in the filtrate is related to the 

initial concentration of OH- ions in the alkali solution. It can be clearly observed from the 

table 5.9 that the dissolution of Si is highly favoured over that of Al. The concentration of Al 

in the filtrate was far less than that of Si.  
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Figure 5.46: concentration of Si and Al in the filtrate obtained upon alkali treatment of zeolites with varying 
SiO2/Al2O3 (0.2 M NaOH, 2h, 80 °C) 
 

The remarkable behaviour in Fig. 5.44 (Volcano) is a consequence of the zeolite framework 

Si/Al ratio, which influences the kinetics of Si extraction mechanism of porosity 

development. GROEN ET AL. have also got similar results and described this phenomenon 

with a help of a scheme (Fig. 5.47). This scheme has been slightly modified according to our 

results. As a result of the negatively charged AlO4- tetrahedral, hydrolysis of the Si-O-Al 

bond in the presence of OH- is hindered compared to the relatively easy cleavage of Si-O-Si 

bond in the absence of neighboring Al tetrahedral [114].  

 

Materials with a relatively high density of fraework Al sites (low Si/Al ratio) are relatively 

inert to Si extraction and require the use of higher temperature to obtain some degree of 

mesopore formation whereas a relatively low Al content (high Si/Al ratio) induces the 

opposite effect. An intermediate framework Al content (optimal molar Si/Al in the range of 

17-40) regulates the extent of Si extraction, leading to controlled porosity development 
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Figure 5.47: Simplified schematic representation of the influence of the Al content on the desilication treatment 
of MFI zeolites in NaOH solution and the associated mechanism of pore formation (modified scheme from [113]. 
 

It is expected that during zeolite desilication, there has to be a considerable removal of Al 

from the framework along with Si. However, only a small fraction of Al was measured in the 

filtrate after alkali treatment. This indicates that not all the Al removed upon mesopore 

formation remain in the liquid phase but is reinserted in the treated zeolites (realumination) as 

the crystallinity and acidity are preserved. The creation of mesopores, whose size clearly 

depends on the framework Al content, and the fact that the filtrate only contains a fraction of 

the expected Al, strongly suggest the coexistence of various Al sites [166] which are more or 

less susceptible to hydrolysis in NaOH solution.  

Si/Al ~ 17-40 

Si/Al < 17 

Si/Al  > 108 
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5.5.3.2 Catalytic performance in BTOP 
 

The volcano type dependency suggested that Si/Al ratio of 17-40 to be the optimal range for 

mesopore formation. The zeolites M 55 and M 100 are falling under this category. It is 

important to check if these catalysts possess special catalytic properties. Hence all the 

different zeolites (different Si/Al) and their alkali treated counterparts were subjected to 

catalytic reaction (BTOP) to understand the influences of different degree of mesopore 

formation on the catalyst deactivation.  
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(i) (j) 

Figure 5.48: Comparison of Yield and selectivity with time on stream for catalysts with varying SiO2/Al2O3 ratio; 
(a), (b) – Yield and selectivity to phenol for M 27; (c), (d) – Yield and selectivity to phenol for T 3; (e), (f) – Yield 
and selectivity to phenol for M 55; (g), (h) – Yield and selectivity to phenol for M 100; (i), (j) – Yield and 
selectivity to phenol for M 236.  
Reaction conditions: T = 480 °C, τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 = 1:1. 
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The figure 5.48 (a, b) show the yield and selectivity to phenol obtained with the original and 

alkali treated (AT 2h) catalysts. The M 27 showed very minimal mesopore formation upon 

alkali treatment. The yield and selectivity to phenol obtained with the alkali treated (AT 2h) 

catalyst show a very slight improvement in these quantities. The slight improvements can be 

seen in the first hour of reaction after that the yield of phenol approaches that of the original 

catalyst. The same can be observed for the corresponding selectivities. The selectivity trend of 

the alakli treatment itself was similar to that of original though there is a slight improvement. 

This is in line with our assumption that the lower mesopore development in higher Al 

containing zeolite has less effect in the benezene to phenol reaction. The comparison of intial 

conversions of original and 2h alkali tretaed zeolites with their corresponding relative 

deactivation are shown in Figure 5.49. At 480 °C, The initial conversions of alkali treated M 

27 is slightly less than the M 27 original. There were no differences in the relative 

deactivation between these two catalysts. Out of all the tested zeolites, the relative 

deactivation of the highly acidic M 27 zeolite (lower Si/Al) was very high (~ 90 %). It shows 

that M 27 was not much affected by the alkali treatment which is in line with its 

characterisation results and our assumption that lower mesopore development has less effect 

in the benezene to phenol reaction.  

 

Fig. 5.48 (c, d) show the comparison of yield and slectivities for original and alkali treated T 

3. The alkali treated T 3 contained consdierable degree of mesopore formation. Here one 

could see noticeable differences in the phenol yield and selectivity behaviour with the alkali 

treated catalyst. The initial conversion and relative deactivation plot (Fig. 5.49) shows that 

though the initial conversion of the alkali treated T 3 was slightly higher than the original, 

after 4h TOS it had more relative deactivation than the original T 3. Nevertheless, the 

obtained better results in yield and selectivity within the 4h of reaction lead us to think that 

the oval shaped crystal morphology of T 3 must have amplified the better results by offering 

lesser diffusion resistances. In these lower Si/Al ranges, though some trends could be found in 

terms of improvements in catalytic properties for the alkali treated catalysts, it is not 

consistent. This is in line with the observation that lower Si/Al containing zeolites are less 

susceptible to desilication and its associated mesopore formation.  

 

As expected, noticeable differences in the relative deactivation behaviour occurred as the 

Si/Al ratio of zeolite increased. For M 55, 100 and 236, the relative deactivation (Fig. 5.49) of 
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the alkali treated zeolite (meso) was always lesser compared to their non treated counterparts 

highlighting the role of mesopores in the deactivation.  
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Figure 5.49: Initial conversion of benzene (5 min TOS) and relative deactivation (∆X after 245 min) with 
original and mesoporous zeolites (AT 2h) for zeolites with varying SiO2/Al2O3 ratio; Reaction conditions: T = 
480 °C, τmod = 94 (g·min)/mol, molar feed ratio N2O:C6H6 = 1:1. 
 

As shown in Fig 5.48 (e, f), alkali treated M 55 showed the best results against the original 

catalyst. A very clear improvement could be seen in yield and selectivity to phenol with this 

catalyst. The corresponding initial activity and relative deactivation can be seen in Fig. 5.49. 

With M 55, there was a clear increase in the initial catalytic activity with the mesoporous 

catalyst compared to the original one. In addition, there was a noticeable reduction in the 

relative deactivation which is attributed to the improved transport properties due to the 

presence of mesopores (for further details Chapter 5.5.2). It is noteworthy to mention again 

that this catalyst has shown the best mesopore presence upon alkali treatment as it can be seen 

from the volcanoe plot (Fig 5.45).  

 

The alkali treated M 100 (Fig. 5.48 g, h) show nearly identical behaviour in terms of yield and 

selectivity as the M 100 original though it has nearly same degree of mesopore formation as 

the M 55. As shown in fig. 5.49, the alkali treated M 100 resulted in lower relative 

deactivation compared to the non-alkali treated M 100 though the initial activities of these 

catalysts were nearly the same. The same initial activity and other catalytic properties for the 



5. Results and discussion            143 

 

(M 100) alkali treated and original may be explained by the nano crystal size of the zeolite. 

Since the original is already in nano level (~50 nm) which is known for its lesser diffusion 

limitations, the introduction of mesopores might not have contributed to improved transport 

properties. In addition it is worth mentioning that the M 100 alkali treated did not result in 

higher deactivation though there was an increase in acidity (See Fig 5.45) upon AT. It is 

known that acid sites prone to induce deactivation.  

 

As far as M 236 is concerned (Fig. 5.48 i, j), the yield of phenol had a shift to higher values 

though the selectivities were identical. The corresponding initial conversion and relative 

deactivation in Fig. 5.49 show a better trend for alkali treated M 236.  

 

5.5.3.3 Summary 
 

In order to understand the role of Al in mesopore formation and its respective catalytic 

implications, different zeolites with varying SiO2/Al2O3 ratio has been used for alkali 

treatment at similar conditions. Consequently the original and alkali treated variants 

(mesopore containing) were tested in the direct oxidation of benzene to phenol. The mesopore 

volume obtained upon alkali treatment with different SiO2/Al 2O3 ratio resulted in a volcanoe 

type dependency showing less mesopore formation if more Al is present. Finally, it has been 

identified that the presence of framework Al plays a key role in the mechanism of mesopore 

formation in MFI zeolites in alkaline medium. This is in line with the results from GROEN 

ET AL.[113]. The presence of high Al concentrations in the MFI zeolite framework (Si/Al < 

17) prevents Si from being extracted, and thus limited pore formation is obtained, whereas 

highly siliceous zeolites (Si/Al > 40) show excessive and unselective Si dissolution, leading to 

creation of relatively larger pores. A framework Si/Al ratio of 17-40 is optimal for a 

substantial intracrystalline mesoporosity combined with generally preserved Al centers.  

 

The corresponding catalytic activities (BTOP) of these three classes of Si/Al ratio  also 

support the theory that lower Si/Al ratio ( especially M 27) has minimal mesopores upon 

alkali treatment and hence very minimal improvements in the catalyst deactivation (diffusion 

properties). The results with T 3 were better than M 27 suggesting a combined effect of 

different morphology playing a role in the catalytic properties.  
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The zeolites with Si/Al > 40 (M 236) resulted in reasonable mesopores and other larger pores 

upon AT and showed better catalytic performances in terms of better relative deactivation, 

phenol yield while maintaining the same selectivity.  

 

Nevertheless the zeolite with Si/Al of 19 (M 55) showed the best catyltic performances. The 

unaffected catalytic property with alkali treated M 100 despite having considerable mesopores 

further suggest that the nano sizes of the crystals (original M 100) itself is not undergoing 

severe deactivation. This also proves the importance of having smaller crystals for this 

reaction.  
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5.5.4 Original and mesoporous Fe-ZSM-5 
 

Fe containing zeolites are known to perform better for the direct oxidation of benzene to 

phenol. In order to know the influence of Fe on the activity and deactivation on original and 

mesoporous zeolites, wet ion exchange (Fe) was carried out on the original as well as the 

alkali treated zeolite (AT 2h).  

 

5.5.4.1 Characterisation  
 

Fig.5.50 shows the XRD pattern of the original and AT 2h and their respective Fe exchanged 

forms. The AT 2h corresponds to the zeolite that was treated with 0.2 M NaOH for 2 h at 80 

°C (See Chapter 5.5.2). The XRD patterns of all iron-containing ZSM-5 showed the typical 

patterns of MFI structure. However, it was observed that the peak intensities decrease in the 

presence of Fe. This reduction is attributed to the higher X-ray absorption coefficient of Fe 

compounds than NH4 compounds [167]. No evidence of the presence of Fe2O3 (intense peak at 

2θ = 33.15˚ and 35.65˚) or any other phase beside ZSM-5 was found. 

 

0 10 20 30 40 50

AT 2h + Fe

Original + Fe

AT 2h

2θθθθ

Original

 
100 200 300 400 500 600

 

 

T
P

D
 s

ig
na

l [
a.

u]

Temperature [°C]

 Original
 AT 2h
 Original + Fe
 AT 2h + Fe

 
Figure 5.50: XRD patterns of original, mesoporous 
(AT 2h) and their Fe exchanged variants (M 55). 

Figure 5.51: NH3 -TPD of original, mesoporous (AT 
2h) and their Fe exchanged variants (M 55). 

 

Crystallinity of the samples was calculated on the basis of the QAl value from equation 4.1. 

Crystallinity values of the alkali treated samples are tabulated in table 5.10. The incorporation 

of Fe, led to a decrease in crystallinity. The Original + Fe showed a crystallinity reduction of 

13 %. The crystallinity reduction of AT 2h + Fe is even more noticeable, since the alkali 

treatment leads to a decrease in crystallinity.  
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The Fe content and the Fe/Al ratio of the Fe-ZSM-5 catalyst are shown in Table 5.10. 

Fe (wt. %) in both original and mesoporous zeolites have approximately the same values. 

Lately, it has been reported [168, 169] that low exchange degree of iron is usually achieved 

on ZSM-5 and higher iron exchange can alternatively be achieved by shortening the 

diffusional lengths. In the previous sections of this work it was pointed out that the alkali 

treatment promotes the creation of mesoporous zeolite and its consequence is the reduction of 

the diffusion path length, and it was expected that the content of iron in the mesoporous 

zeolite was higher than in the original. The reason why the mesoporous zeolite could not 

allocate more iron inside may be explained by the fact that a period of 6 h (Fe ion exchange) 

was sufficient time to reach the equilibrium. 

 

Table 5.10: Chemical composition of original, mesoporous zeolite (AT 2h) and their Fe exchanged counterparts. 

Sample 

XRD ICP NH3-TPD 

QAl  Si/Al Fe Fe/Al Acidity NH4/Al 

[-] [-] [wt. %] [-] [µmol/g] [-] 

Original 0.89 19.2 0.02 2.8x10-4 587 0.8 

AT 2h 0.62 11.8 0.02 2.8x10-4 601 0.5 

Original + 

Fe 
0.77 19.3 3.7 0.94 705 1 

AT 2h + Fe 0.48 17.7 3.6 0.82 695 0.9 

 
The acidic properties of these zeolites have been checked using the NH3 TPD. The figure 5.51 

represents the NH3-desorption curves obtained for the samples containing iron. It can be 

noticed that the incorporation of Fe in the original zeolite led to a slight increase in the high 

temperature peak, however the presence of Fe to the mesoporous zeolite reduced the intensity 

of the high temperature peak and widens the peak. The corresponding peaks deconvolution 

results are also tabulated in table 5.10. 
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5.5.4.2 N2O Decomposition  
 
The N2O decomposition activity of the alkali treated samples along with the untreated 

samples was compared. The temperature of the catalyst bed (300 to 500 °C) was the variable 

in the N2O decomposition reaction. The modified residence time was kept constant at 90 

g·min/mol. In the figure 5.52, solid lines and dotted lines denote the conversion of N2O on 

non-iron (traces of Fe) and iron exchanged catalysts respectively. 
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Figure 5.52: N2O decomposition on original, mesoporous zeolite (AT 2h) and their Fe exchanged variants. 
 

The alkali treated zeolite exhibitted similar catalytic behaviour till 425 °C as the original 

zeolite. At higher temperature ranges (> 425 °C), the AT 2h showed slightly higher N2O 

activity than the Original zeolite. According to ICP and EPR analysis, the amount and state of 

the Fe were the same in these zeolites, respectively.  

 

The addition of Fe to these zeolites has brought markedly higher N2O decomposition activity 

as well as low temperature activity (about 375 °C). The AT 2h + Fe showed a significant N2O 

conversion above 350 °C and reached complete conversion at approximately 475 °C. The 

Original + Fe exhibited lower activity than the AT 2h + Fe. The activity profile is shifted by 

20 % at high temperatures. As far as the Fe exchanged samples are concerned, the Fe contenet 

is nearly the same. But the the state of Fe is unknown.  
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In [170], it has been reported that the improved N2O decomposition activity of alkali treated 

zeolites are due to the changes in iron speciation leading to a higher concentration of Fe2+ 

species that are able to activate N2O and improved desorption of O2. Our results are not in 

agreement with these findings for the following reasons. 

• The traces of Fe present in Original and AT 2h are predominantly of Fe2+ speciation. 

• In AT 2h+Fe, it was initially alkali treated and then ion exchanged with Fe. 

 

5.5.4.3 Influence of Fe on the original catalyst in BTOP 
 

This section contains the comparison of original catalyst (traces of Fe) and Fe exchanged 

original catalysts (Original + Fe; 3.7 % of Fe) in order to ascertain the influence of Fe on 

benzene to phenol activity.  
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Figure 5.53: Comparison of initial conversion of 
benzene (TOS = 5 min) for original and iron exchanged 
catalyst (original + Fe) at different temperature; 
Reaction conditions: τmod = 94 (g·min)/mol, molar feed 
ratio N2O:C6H6 = 1:1. 

Figure 5.54: Relative deactivation of original and 
iron exchanged catalyst (original + Fe) at different 
temperature; Reaction conditions: τmod = 94 
(g·min)/mol, molar feed ratio N2O:C6H6 = 1:1. 

 

The initial benzene conversion (TOS = 5 min) of Original increases with an increase in 

temperature (Fig. 5.53). The initial benzene conversion of original+Fe is not much affected by 

the increase in temperature till 440 °C. A further increase in temperature to 480 °C resulted in 

reduction in starting conversion. The comparison of these 2 catalysts at 400 °C shows that the 

incorporation of Fe clearly increases the initial conversion of benzene by 10 %. The 

corresponding higher relative deactivation of original + Fe (Fig. 5.54) compared to original 

indicate that this undergoes faster deactivation. At 440 °C, Initial conversions of both the 
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zeolites are nearly the same. With an increase in temperature to 480 °C, the initial benzene 

conversion of original + Fe decreases by 13 % than the original.  

 

The relative deactivation of the original + Fe was higher for 400 and 440 °C than the original 

itself. But at 480 °C, The relative deactivation of Original+Fe was lower than the original. 

The reason could be the very faster deactivation caused by the high reaction temperature.  

 

Yield of phenol is noticed to be slightly lower for iron catalyst (original + Fe) at 5 min time 

on stream. From 5 min to 140 min TOS, a drastic drop in phenol yield is noticed for iron 

catalyst (12 % to 0 %). See figure 5.55. 
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Figure 5.55: Phenol yield as a function of catalyst time 
on stream for original and iron catalyst (original + 
Fe), Reaction condition: T = 400 °C, feed ratio 
C6H6/N2O = 1:1, τmod = 94 (g·min)/mol 

Figure 5.56: Phenol yield (%) as a function of catalyst 
time on stream for original and iron catalyst (original 
+ Fe), Reaction condition: T = 440 °C, feed ratio 
C6H6/N2O = 1:1, τmod = 94 (g·min)/mol. 

 

Presence of Fe in the proper form is important for the catalytic performance. Here the 

investigated Fe containing zeolite (3.7 wt.%) showed a higher or parity initial conversions and 

a subsequent faster deactivation. The very high loading and the corresponding low phenol 

yield suggest the Fe present was predominantly in inactive form for the BTOP. Reaction at 

440 ˚C was also carried out on iron catalysts (Original + Fe) while other reaction parameters 

were maintained constant. The corresponding initial yield of phenol decreases at this 

temperature for both samples along with the one obtained at 400 ˚C. No phenol production 

was observed after 95 min at 440 °C. This again indicates that the elevation of temperature 

leads to faster coking, because at 400 ˚C the phenol yield was observed till 140 min. No 

byproduct formation was observed in the above cases. Unfortunately no coke content could be 

quantified. The phenol selectivity was seriously affected in both cases. The original zeolite 

shows at this temperature a drastic decrease in the selectivity values compared to the results 
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obtained at 400 ˚C (figure not shown). Even though the selectivity decreased considerably for 

the original zeolite the values observed are higher than the original + Fe. At this point, it is 

quite important to identify the “state of Fe” in the zeolite framework. This can be achieved by 

both XPS and EPR measurements. 

 

5.5.4.4 Influence of Fe on the mesoporous catalyst in BTOP 
 

The scope of this section is to compare the influence of Fe on alkali treated zeolites. The 

figures below show the comparison of catalytic behaviour of the AT 2h and its Fe exchanged 

counterpart AT2h+ Fe at a reaction temperature of 440 ˚C. The reaction parameters were 

maintained constant. 
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Figure 5.57: Benzene conversion as a function of catalyst time on stream for alkali treated catalysts (AT 2h and 
AT 2h + Fe), Reaction condition: T = 440 °C, feed ratio C6H6/N2O = 1:1, τmod = 94 (g·min)/mol. 
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Figure 5.58: Phenol yield (%) as a function of catalyst 
time on stream for alkali treated catalysts (AT 2h and 
AT 2h + Fe), Reaction condition: T = 440 °C, feed 
ratio C6H6/N2O = 1:1, τmod = 94 (g·min)/mol. 

Figure 5.59: Phenol selectivity (%) as a function of 
catalyst time on stream for alkali treated catalysts (AT 
2h and AT 2h + Fe), Reaction condition: T = 440 °C, 
feed ratio C6H6/N2O = 1:1, τmod = 94 (g·min)/mol. 
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Initial benzene conversion of AT 2h + Fe was higher than the AT 2h. From the figure 5.57, it 

can be noticed that conversion of benzene drops drastically for AT 2h + Fe from 46 % to 14 

% within four hours. Conversion of benzene for AT 2h catalyst drops from 36 % to 28 % in 4 

h TOS. This shows that the rate of deactivation is faster for AT2h+Fe containing iron. The 

very high concentration of iron might have a negative effect on the catalytic activity and led 

to a faster deactivation of AT 2h + Fe. The incorporation of iron in the alkali treated zeolite, 

led to an increase in the acidity. A drastic drop in phenol yield is observed for AT 2h + Fe 

(from 19 % to 1 %) in a period of 4 hours. Drop in phenol yield is less for AT 2h sample 

(from 22 % to 18 %) with time on stream. The selectivity for the AT 2h + Fe dropped much 

more at this temperature, however the selectivity of AT 2h was not affected by the increase in 

temperature. It seems that for AT 2h, the selectivity was enhanced at this temperature (Figure 

5.59). The figure 5.60 shows how the inclusion of Fe affects the initial activity and the 

relative deactivation. For the investigated temperatures, the relative deactivation of AT+Fe 

was always very high than its counterpart. 
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A) B) 

Figure 5.60: A) comparison of initial benzene conversion (TOS= 5 min) for AT and AT + Fe; Reaction 
condition: T = 440 °C, feed ratio C6H6/N2O = 1:1, τmod = 94 (g·min)/mol; B) Relative deactivation of AT and 
AT+Fe at different temperatures 
 

These differences can be understood as follows: although both samples are mesoporous 

catalysts, which are expected to ease backdiffusion of phenol out of zeolite, the wet Fe 

exchange process (AT 2h + Fe) led to an increase in the acidity of the sample. It may be 

speculated (though not proven) that the diminishing of phenol yield in AT 2h + Fe is due to its 

acidity. The acidity increases the numbers of sites where the phenol can undergo irreversible 

desorption and react further to form coke that blocks the active sites of the catalyst and thus 

preventing them from further reaction. This is in agreement with what has been reported in 

the literature that the Brönsted acid sites are the active site of carbonaceous species formation 
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[17, 171]. In addition the excessive loading of Fe might also form inactive Fe2O3 species 

which block the external surface of the catalyst.  

 

5.5.4.5 Interplay between Fe and porosity in BTOP 
 

This subsection consists of the Fe cexchanged original and alkali treated zeolites. In the 

following figures a comparison between both iron catalysts (original + Fe and AT 2h + Fe) 

will be shown. It is known from the ICP results that the content of iron in both cases was the 

same.  
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Figure 5.61: A) Initial benzene conversion (TOS = 5 min) for different temperatures B) & C) Phenol yield and 
Selectivity respectively as a function of catalyst time on stream for iron catalysts (original + Fe and  
AT  2h + Fe);Reaction condition:  T = 440 °C, feed ratio C6H6/N2O = 1:1, τmod = 94 (g·min)/mol. 

 

The fig. 5.61A shows the comparison of initial conversion of Original+Fe and AT 2h + Fe. 

The initial conversion AT 2h + Fe was found to be higher than that of original + Fe. The 
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initial phenol yield of AT 2h+ Fe was slightly higher than the original + Fe. After 140 min 

TOS, Original + Fe stopped yielding phenol. The reason for this behavior may be that the 

phenol was not able to come out fast from the zeolite as it did in the alkali treated zeolite (AT 

2h + Fe), resulting in a zero production of phenol. Concerning the selectivity, the AT 2h + Fe 

sample showed a higher values than Original + Fe sample. The selectivity dropped to 0 % 

after 140 min time on stream as seen in figure 5.61c.  

 

From these results it can be deduced that the presence of mesopores in the alkali treated 

samples (AT 2h + Fe) led to a slower deactivation of the catalyst. Nevertheless, the NH3-TPD 

results show that the original + Fe sample has slightly higher acidity than the alkali treated 

one (AT 2h + Fe). 

 

5.5.4.6 Summary  
 
In order to know the influence of Fe on the activity and deactivation on original and 

mesoporous zeolites, wet ion exchange (Fe) was carried out on the original as well as the 

alkali treated zeolite (AT 2h). The resultant zeolites were containing 3.7 and 3.6 wt. % of Fe 

for original + Fe and AT 2h + Fe respectively. The inclusion of Fe has not affected the 

structure of the zeolites despite reducing the peak intensities in XRD. Upon Fe exchange, the 

samples resulted in higher acidity.  

 

The N2O decomposition with all the zeolites suggests that inclusion of Fe has led to great 

improvements in the N2O activity. At higher temperature ranges, there was about 20 % higher 

N2O activity observed for the AT 2h + Fe than for the parent + Fe. This could be due to the 

differences in the state of iron species in the zeolite. A further EPR or XPS investigations are 

needed to clarify the differences in the activity.  

 

In addition, the catalytic performances in the direct oxidation of benzene to phenol with these 

zeolites give the following information.  

o The comparison of catalytic performances of the Original and Original + Fe shows 

that the Original + Fe results in a higher initial benzene conversion and 

subsequesnt faster deactivation than the original zeolite. This suggests that though 

it has larger quantities of Fe, this must have been predominantly in an inactive 

form for the BTOP reaction.  



5. Results and discussion            154 

 

o The comparison between AT 2h and AT 2h + Fe shows that the deactivation of AT 

2h + Fe is much faster than for AT 2h. This could be attributed to the excessive 

presence of iron predominantly in an inactive form (Fe2O3) or due to the increase 

in acidity during the process of Fe ion exchange (Table 5.10) 

o The comparison of catalytic behavior of both iron containing catalyst (Original + 

Fe and AT 2h + Fe) show some interesting insights. The deactivation of Original + 

Fe occurs mainly in the first 20 minutes, in this case, it seems that the presence of 

mesopores in the AT 2h + Fe reduced the deactivation in comparison to Original + 

Fe. 

o Though the Original + Fe and AT 2h + Fe are undergoing faster deactivation than 

its non Fe containing preforms (Original and AT 2h), the Fe + AT 2h (iron 

containing - mesopores) is considerably more active and stable than the Fe + 

Original. This serves as a proof that the presence of mesopores is advantageous in 

terms of catalyst deactivation.  
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6 Conclusions and Outlook 
 
 
As it is clearly laid out in the introduction part, the objective of this thesis is to develop ways 

to improve the life time of the ZSM-5 type catalysts and to bring more insights into the active 

site controversy for the direct oxidation of benzene to phenol with N2O.  

During this work, the following results were mainly achieved:  

� Two different possible ways have been proposed to improve the catalyst life time. 

� More insight is brought to clarify the active site controversy over the importance of Fe 

and acidity on the catalytic activity.  

A detailed study has been carried out on each chosen methods covering preparation, 

characterisation and catalytic investigations. The advantages and the limitations of each 

method are described well in detail. The intricacies in the dependence of catalysts 

deactivation on different parameters have been discussed. 

 

The investigations on the chemical aspects cover the testing of influence of acidity 

(M = SiO2/Al 2O3) on catalysts activity/deactivation and clarifying the active site issue by 

preparing an iron and acid free catalysts. The important conclusions from this part are as 

follows: 

� Initially, a set of commercial zeolites with different acidities (varying 

M = SiO2/Al2O3) has been tested for the benzene hydroxylation reaction with an aim 

to find out the influence of acidity on the deactivation. The results have shown that 

there is no relationship between acidity and catalytic performance especially relative 

deactivation (∆X) and catalytic activity.  

� Out of all the tested zeolites, a zeolite with the least crystal size (SiO2/Al 2O3=100; 

M 100; Crystal size ~ 50 nm) showed the best performance in terms of catalyst 

deactivation despite being more acidic than the M 236 (Crystal size ~ 4-6µm). This 

gave an indication that lower crystal sizes might undergo lesser deactivation in this 

reaction. The catalytic inactivity of Silicalite-1 (acid free) showed that the complete 
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absence of acidity is not favourable for this reaction which was later confirmed from 

the results obtained from acid free zeolite (Chapter 5.3) 

� In parallel, in the frame of this thesis, it was successful to prepare Fe and acid free 

zeolites, i.e. zeolites with no iron traces (proven via EPR and ICP) and zeolites with 

zero acidity. As it is known that N2O decomposition is the primary step in the BTOP, 

the catalysts were tested for the N2O decomposition reaction in order to decouple the 

influence of Fe and acidity on the catalytic activity. It was proven that the sole 

presence Fe sites and acid sites alone is not sufficient to catalyze the N2O 

decomposition. It is essential that the catalyst should possess the combination of both 

iron and acidity. This is in conformity with the results obtained with Silicalite-1 (acid 

free) from Chapter 5.2. However, the exact amount of Fe and acidity required for the 

maximum catalytic activity is still not clear. The available results indicate that higher 

Fe (0.12 wt.%) and medium acidity (~145 µmole/g) might be favorable for the 

reaction. 

 

The physical aspects of this work involves the preparation and testing of zeolites with formal 

shorter diffusion path lengths which was achieved via post synthesis modifications namely 

milling (zeolites with smaller crystals) and alkali treatments (extra porosity).   

The conclusions from the milling studies are as follows: 

� In the investigated zeolites, It was found that milling at dry condition does not result in 

reduction in crystal sizes and would rather induce undesired agglomeration. Wet 

milling using water as medium was proven to be an effective tool to achieve the 

crystal size reduction in zeolites. Besides reducing the crystal size, milling also 

resulted in the structural collapse and reduction in acidity. Excessive milling (24 h) 

leads to complete amorphization. 

� The original and wetmilled zeolites were subjected to catalytic investigation for the 

direct oxidation of benzene to phenol. The catalytic investigations of the original and 

milled zeolites from the M 55 (SiO2/Al 2O3 =55) resulted in faster deactivation over the 

catalyst with larger crystal size (original catalyst; 5.5 µm) while the deactivation rate 

is lower in the catalysts with smaller crystals (milled catalysts; 440 and 220 nm). 

These observations are in agreement with the expectation that phenol undergoes 

diffusion limitation in the crystal. The lowest deactivation was observed for the 3 h 

milled catalyst (220 nm) having no noticeable crystallinity and minimal acidity. The 

order of deactivation among the tested catalysts is as follows: original catalyst (5.5 
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µm) > 30 min milled catalyst (440 nm) > 3 h milled catalyst (220 nm). The 24 h 

milled zeolite was catalytically inactive though its crystal size was the smallest of all 

the tested zeolites (200 nm). This was completely amorphous and consisted of no 

noticeable acidity. This shows that the structure is important as well.  

� It should be noted that the crystal size and the acidity have an influence in the catalyst 

deactivation. The smaller the crystals the longer the catalyst lifetime was. In addition 

to that the lesser the catalyst acidity the better was the catalyst life time. It should be 

noted that this statement can not be generalized as an opposite trend was observed in 

the investigation with zeolites of different acidities (Chapter 5.2). At this point it is 

noteworthy to mention that it was not possible to decouple the influence of acidity 

from crystal sizes. NMR results suggested that the best catalyst (3h milled) does not 

possess any EFAl (lewis acidity). 

� The TG-MS analysis of the ex-situ phenol loaded (adsorbed) zeolites reveal that the 

phenol desorption temperature gets shifted to the lower temperature for 3h milled 

zeolites compared to the original (unmilled) zeolite. This indicates an easier 

desorption (lower diffusion limitation) of phenol from the 3h milled zeolite.  

� Further, milling study with varying SiO2/Al 2O3 ratio was also conducted and also 

tested for BTOP subsequently. The milling performance of zeolites with different 

nominal SiO2/Al2O3 ratio (M 27, M 55 and M 236) resulted in considerable reduction 

in the crystallinity, acidity and crystal sizes irrespective of the SiO2/Al2O3 ratio of the 

zeolite. No correlation could be seen between SiO2/Al 2O3 ratio and milling stability. 

� The catalytic performance of these zeolites and their milled variants resulted in 

different results.  The M 27 and M 55 showed better results in terms of its activity and 

relative deactivation along with TOS than that of their unmilled counterparts. These 

improvements are according to our expectation. This can be explained by the 

reduction in acidity and/-or crystal sizes which in turn reduce affinity of the phenol 

inside the crystal or reduce the retention time of phenol from the crystal. But the 

catalytic performance of higher Si containing material (M 236) was worse than its 

unmilled counterpart. This result is quite opposite to our supposition. The reason is 

still unknown. The only possible explanation could be the formation of new Al species 

(5-coordinated) upon milling which must have possessed different kind of affinity or 

interaction with the phenol molecule. Further investigation is required to clarify this 

observation.  
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Besides different available methods to create mesoporosity, alkali treatment has been chosen 

as a means to induce mesopores. The zeolites with different porosity were achieved via alkali 

treatment with different period of time, temperature and NaOH concentration. After the 

screening, optimal treatment conditions were identified and used for further catalytic 

reactions. A detailed study with varying Si/Al ratio was also conducted. 

The main conclusions from the alkali treatment studies are as follows. 

 
� It is shown that (i) a commercial MFI zeolite containing traces of iron is active in the 

benzene to phenol hydroxylation and (ii) the oxidation state of the iron is nearly 

unaffected after the alkali treatment. The activity and the long term stability obtained 

with the mesoporous catalyst were found to be always higher than that of the original 

catalyst. Improvements in these quantities could be attributed to the presence of 

mesopores, as there were no changes in the state of iron upon alkali treatment. These 

results prove that the introduction of mesopores in the original zeolite has a positive 

effect (lower deactivation) in the investigated reaction, as it has been thought to favor 

the intra-crystalline diffusion steps. The results indicate that the mesoporous zeolite 

with the bimodal pore structure could be a suitable catalyst in order to increase 

lifetime of the catalyst for the investigated reaction.  

� The TG-MS analysis of the ex-situ phenol loaded original and mesoporous (AT 2h) 

zeolites show a shift in the phenol desorption towards lower temperature for the 

mesoporous zeolites signalling an easier desorption of phenol for mesoporous zeolites. 

This is supporting the catalytic improvements obtained with the mesoporous zeolites. 

� In addition, it has been identified that the presence of framework Al plays a key role in 

the mechanism of mesopore formation in MFI zeolites in alkaline medium. The 

presence of high Al concentrations in the MFI zeolite framework (Si/Al < 17) prevents 

Si from being extracted, and thus limited pore formation is obtained, whereas highly 

siliceous zeolites (Si/Al > 40) show excessive and unselective Si dissolution, leading 

to creation of relatively larger pores. A framework Si/Al ratio of 17-40 is found to be 

optimal for a substantial intracrystalline mesoporosity combined with generally 

preserved Al centers.  

� The corresponding catalytic activities (BTOP) of these three classes of Si/Al ratios 

also support the assumption that lower Si/Al ratio has no mesopores upon alkali 

treatment and hence no improvement in the catalyst deactivation (diffusion 

properties). The zeolites with Si/Al > 40 (M 236) resulted in reasonable meso and 

other larger pores upon AT and showed better catalytic performances in terms of 
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better relative deactivation. Nevertheless the zeolite with Si/Al of 19 (M 55) showed 

the best catalytic performances. 

� Finally, the presence of Fe in larger amounts is also proven to be non beneficial for the 

reaction. The catalytic performance of the Original and Original + Fe has been 

compared, the Original + Fe shows an initial benzene conversion higher than the 

original zeolite. Nevertheless it seems that the deactivation occurs faster for Original + 

Fe catalyst compared to the Original. The comparison between AT 2h and AT 2h + Fe 

shows that the deactivation of AT 2h + Fe is much faster than for AT 2h. Though the 

Original + Fe and AT 2h + Fe are less active than its non Fe containing preforms 

(Original and AT 2h). The Fe + AT 2h (iron containing mesopores) is considerably 

more active and stable than the Fe + Original. This is a proof that the mesopores 

presence is advantageous.  

 

The routes proposed (crystal size reduction and mesopore creation) in this thesis are potential 

options to improve the life time of the ZSM - 5 type catalysts for the direct oxidation of 

benzene to phenol with N2O as an oxidant. Optimization of crystal sizes and mesopores along 

with the combination of iron content and acidity of the zeolite will definitely lead to a better 

industrial catalyst for this reaction. 

 

In this work the Fe free and acid free zeolites were tested for the N2O decomposition alone as 

it is the preliminary step in the benzene to phenol reaction. The testing of these zeolites should 

be extended to the benzene to phenol reaction to really know their influences in this reaction. 

Though it is proven through the current results that both iron and acidity are needed for the 

N2O decomposition, the exact amount of Fe and acidity needed for an optimal performance is 

still a subject of discussion. Hence the future work should include this aspect as well.  

 

In general the process of zeolite milling and alkali treatment were always accompanied by the 

reduction in acidity. Hence the effects of crystal sizes and mesopores on the catalyst 

deactivation should be decoupled from the effects of acidity. This can be achieved by 

synthesizing zeolites of different crystal with same acidity and synthesizing mesopore 

materials. A systematic diffusion measurements need to be conducted for the all the milled 

and mesoporous zeolites in order to quantify the diffusivities of the reactants and products.  
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8 Abbreviations and Symbols 
 
 
Abbreviations 

BET   Specific surface area - Brunauer-Emmett-Teller   [m2/g] 

FID   Flame ionisation detector 

FTIR   Fourier Transformed Infrared Spectroscopy 

GC   Gas Chromatograph 

GHSV  Gas hourly space velocity      [h-1] 

HPLC   High pressure liquid chromatography 

I   Relative Intensity 

ICP   Inductively Coupled Plasma-emission spectroscopy 

n.d  Not determined 

M   Module of Zeolite (nSiO2/nAl2O3) 

wt. %   Weight fraction       [%] 

MFC   Mass flow controller 

MFI   Structure type of ZSM-5 

MS   Mass spectrometer 

mlN   Millilitre under Normal conditions     [mlN] 

MV  Magnetic valve 

NMP   n-Methyl-Pyrrolidon 

NMR   Nuclear Magnetic Resonance 

NV   Needle valve 

PI   Pressure Indicator 

RMR   Relative Molar Response 

SBU  Secondary building unit 

SEM  Scanning electron microscopy 

TG   Thermo gravimetry 

TG-MS  Thermo gravimetry combined with mass spectroscopy 

TIC   Temperature Indication Control) 

TOS   Time on stream       [min] 

TPD   Temperature programmed desorption 

TCD   Thermal Conductivity Detector 



8. Symbols and Abbreviation            170 

 

XRD   X-Ray Diffraction 

ZSM-5  Zeolite Socony Mobil No. 5 

 

Latin Symbols 

KB   Henry-Constant for benzene      [-] 

KP   Henry-Constant for phenol      [-] 

M   Metal cation 

M   Module of zeolite (nSiO2/nAl2O3)    [-] 

m   Mass        [kg] 

n  Moles         [mol] 

QAl   Measure for Crystallinity     [-] 

t   Time        [min] 

T   Temperature        [K] or [°C] 

W   Weight of the catalyst      [g] 

X   Conversion of benzene     [%] 

Y   Yield of phenol      [%] 

S  Selectivity to phenol      [%] 

 

Greek Symbols 

∆X   Relative deactivation between 5 und 245 min TOS   [%] 

θ  Half of the deflection angle     [°] 

  Zeta potential       [mV] 

τmod   Modified residence time     [g·min/mol] 

α- oxygen Active oxygen species 

 

 

 
 
 
 
 
 



9. Appendix          171 

 

 
 

9 Appendix 
 
A. Preliminary benzene diffusivity measurements in Parent 

(Original) and mesoporous (AT 2h) zeolites 
 

Major results of diffusion experiments 
 

1. Diffusion of benzene in the parent (original) sample is 4 times slower 
compared to the mesoporous sample for benzene. 

2. Activation energy of diffusion decreases from ~18-20 kJ/mol to ~13 kJ/mol. 
3. Characteristic length of diffusion was reduced by a factor of 2 (assuming an 

identical diffusion in the ZSM-5 micropores and no diffusion limitation in the 
mesopores). 

4. Slower deactivation observed in the BTOP reaction with mesoporous could, 
therefore, be attributed to the presence of mesopores. 

5. Decrease in activation energy for mesoporous zeolite shows that the transport 
mechanism is a combination of micropore diffusion and Knudsen-Diffusion, 
which can be quantified in general by the following equations: 

 

pores) lcylindrica (assuming radius mesopore :

massmolecular :

tortuosity:

porosity:

constanthenry  :

diffusionKnudsen  and micropore, effective,:
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4 me
K
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Table 1: Diffusivity data for the parent and the mesoporous ZSM-5 sample. The effective characteristic 
length Leffective for the mesoporous sample was obtained assuming an identical diffusion in the ZSM-5 
micropores as for the parent ZSM-5 sample and no diffusion limitation in the mesopores. 
 

 T Deffective  Leffective  EA 

 (°C) (10-13 m2/s) (10-6  m) (kJ/mol) 

parent 
70 0.63 3.00 

20 100 1.15 3.00 

130 1.80 3.00 

mesoporous 

70 3.90 1.21 

13 100 5.35 1.39 

130 7.75 1.45 
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Figure 1. In- and out-of-phase frequency responses of benzene for the parent and the mesoporous 
ZSM-5 sample at 373 K. The fits were obtained using a slap diffusion model with consideration of 
surface resistances. 
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Figure 2. Out-of-phase frequency responses of benzene for the parent and the mesoporous ZSM-5 
sample at 373 K. The fits were obtained using a slap diffusion model with consideration of surface 
resistances. 
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Figure 3: Arrhenius plot of benzene for the parent and the mesoporous ZSM-5 sample.
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