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Abstract 

 

Two commercial nanocrystal *BEA zeolites with different textural properties and a 

microcrystal synthesized *BEA zeolite, were desilicated using different alkaline treatment; 

classical in presence of NaOH alone, or mixed with a pore directing agent. All parent zeolites 

and some selected desilicated samples were chosen for catalytic cracking of n-hexane, where 

no significant improvement of n-hexane conversion was observed after desilication.  

To investigate the impact of desilication on the hydroisomerization of n-C10, all parent 

and the some selected desilicated zeolites were transformed into their bifunctional form by 

platinum loading. The improvement of the textural properties by desilication using the different 

pore directing agents, was not always the cause behind an increase or decrease in the activity 

and selectivity of the catalyst, but rather was more the location of the Pt particles and their 

predicted distance from the acidic sites. However, there exists a synergetic effect between both 

the textural and bifunctional characteristics. Tests on the hydroisomerization of n-C12 and n-C14 

to investigate the impact of chain length were done. In the nanocrystal series, a special 

phenomenon on n-C12 appeared where the isomerization yield seemed to be less than that 

obtained on n-C10 and n-C14, suggesting that this would be due the confinement effect, which 

was shown to be more effective in case of n-C12. The microcrystal series showed an 

improvement of the activity over all the catalysts in case of n-C14 transformation in comparison 

with n-C10, but a decrease in isomers selectivity as observed due to probable diffusional 

limitations within the zeolites’ channels. 

Key words: zeolite, n-hexane, hydroisomerization, diffusional limitations, hierarchization. 

 

 

 

 

 

 

 



 

 

 

Résume 

 

Deux zéolithes nanocristaux de type *BEA commerciales avec de différentes propriétés 

texturales, et une zéolithe microcristaux de type *BEA qui a été synthétisée durant cette thèse, 

ont été modifiées par une desilication en utilisant de différents traitements alcalins. Toutes les 

zéolithes parentes et certaines désilicées ont été sélectionnées pour le craquage du n-hexane, où 

aucune amélioration significative de la conversion n'a été observée après la désilication.  

Toutes les zéolithes parentes et quelques désilicées sélectionnées ont été transformés en 

leur forme bifonctionnelle par imprégnation du platine pour étudier l'impact de la désilication 

dans l'hydroisomérization de n-C10. On a constaté que l'amélioration des propriétés texturales 

par la désilication n'était pas toujours la cause d'une augmentation ou d'une diminution de 

l'activité et de la sélectivité du catalyseur, mais plutôt de la localisation des particules de Pt et 

leur distance prédite des sites acides. Cependant, il existe un effet de synergie positif entre les 

propriétés texturales et bifonctionnelles. Nous avons également étudié l'impact de la longueur de la 

chaîne dans l'hydroisomérization de n-C12 et de n-C14. Un phénomène spécial dans le cas de n-

C12 est apparu, où le rendement d'isomérisation semblait inférieur à celui obtenu sur n-C10 et n-

C14, ce qui suggère que cela résulte de l'effet de confinement. La série microcristaux a montré 

une amélioration de l'activité dans la transformation n-C14 en comparaison avec n-C10, mais une 

diminution de la sélectivité des isomères à cause des limites de diffusion potentielles. 

Mot clés : Zéolithe, n-hexane, hydroisomerization, limitations diffusionnelles, hiérarchisation. 
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General Introduction 

Zeolites are crystalline aluminosilicates that possess mono- or multidimensional 

microporous system. Many aspects of our daily life are related directly or indirectly to the 

interference of zeolites acting as molecular sieving materials. Being rich with unusual features, 

they are used in wide range of applications: adsorbents in fields as oil refining and 

petrochemistry, water and wastewater treatments, agriculture, in addition to their use as ion-

exchangers and catalysts for catalyzing many industrial processes. They are known materials 

to have high surface area, which is in relation to their microporous structure. Moreover, their 

compositional flexibility and framework, physical and hydrothermal stabilities, cations that act 

as exchanging species, non-toxicity, and their accepted cost to benefit ratio, make them the 

most attractive candidates for these industrial applications.  

The success of the zeolites in the industrial catalytic reactions is surely due to their 

micropores in which most of the catalytic sites are located and where the reactions take place. 

These materials consist of cages and channels whose sizes are very close to the usual organic 

molecules. Notwithstanding the positive effect induced by these micropores with respect to 

shape selectivity, they may still provoke negative impacts by lowering the rate of access of 

molecules into the crystals of the zeolites, and favor unwanted adsorption effects of the 

reactants or the products as they undergo the catalytic action. For example, in the 

hydroisomerization of n-alkanes, while short alkanes can rapidly diffuse in the micropore to 

undergo the reaction even deep inside the zeolite crystal, long alkanes will experience severe 

diffusion obstacles and will tend to react in a preferred undesired way on the active acidic sites 

located shortly after penetrating the pore. Hence, it was of much importance to seek after 

materials that withstand the bulky molecules without distorting the main objective.  

Bulky molecules that cannot diffuse properly into the zeolite micropores might induce 

negative impact on the efficiency and activity in the media containing such substrates. These 

limitations have stimulated the researchers to follow up after new zeolitic structures. The 

discovery of ordered mesoporous materials (OMMs) that possess uniform mesopores with the 

pore size larger than that of micropores (> 2nm), however, was not serving as alternative 

strategy to the use of microporous zeolites owing to the fact that the former do not possess the 
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zeolite’s properties as the acidity and hydrothermal stability. Other methodologies to minimize 

diffusion limitation and enhance catalyst effectiveness were followed. Synthesizing zeolites 

with larger micropores and decreasing the zeolite crystal size to reduce the intracrystalline 

diffusion path length, were two of the strategies used to overcome diffusional limitations. 

However, a more generally applied strategy to obtain materials with sufficient molecular 

transport properties is to synthesize hierarchical zeolites. These zeolites combine the primary 

micropore system and a secondary one that consists of mesopores (2–50 nm) inside the 

microporous zeolite crystals. These improved structures enhance diffusion of bulky reactants 

and products molecules into and out of the pores respectively. This makes the distance to the 

active sites shorter and thus facilitates adsorptive and catalytic reactions. 

The synthesis of these zeolites can be achieved by two different ways, either by 

constructive pathways (bottom-up approaches) or by destructive ones (top-down approaches). 

The constructive pathways concerns the direct creation of the secondary porous system during 

the synthesis of the zeolite by introducing for example structural directing agents. In the other 

hand, the destructive pathway is a post-synthetic procedure that accounts to subject an already 

synthesized zeolite to treatments that target there pore structure thereby introducing 

mesoporosity. More details will be discussed about the destructive pathways, namely 

desilication, in the first chapter of this thesis. Nonetheless, the post-synthetic procedures may 

affect not only the pore system of the zeolite, but also the structural, compositional, acidic and 

as well the final catalytic performance of the catalyst.  For that it is of much importance to be 

aware not to induce severe changes in the intrinsic properties of the zeolites by introduction 

some organic molecules that afford some protection to the zeolites crystals during their 

dissolution in the treatment solutions.    

The catalytic dewaxing (or n-alkanes isomerization) of the long chain linear paraffin, 

presents itself as a model reaction to characterize the diffusion pathways inside the zeolitic 

channels. This dewaxing/hydroisomerization process occurs through the bifunctional 

mechanism that requires metallic and acidic functions. The catalysts used to catalyze such 

reactions are said to be bifunctional, associating both hydro-dehydrogenating (metallic) 

functions that are provided by a noble metal (e.g. platinum or palladium), and the acidic 

functions that are on the basis of zeolites like beta (BEA), MFI (ZSM-5), Y, etc. However, 

stopping the reaction of catalytic dewaxing or hydroisomerization is required before the paraffin 

to undergo cracking (hydrocracking), where cracking is pronounced more with high carbon 
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number paraffin. Therefore, it is important to use an adequate catalyst that possess catalytic 

properties that can further induce high selectivity towards isomerization products. The acidic 

support of these catalysts should possess high textural properties provided either by the small 

crystals (nanocrystals) or by the secondary pore system (mesopores) that can afford the 

shortening of the diffusional path length, hence, favoring the activity and the selectivity towards 

the desired products. Knowing also that the catalytic cracking of n-hexane is a model reaction 

to characterize the acidic sites of the zeolites, it can be also used to investigate about the 

diffusional pathways inside the zeolitic channels. 

The aim of this work was firstly to synthesize a microcrystal *BEA zeolite which is a 

purely microporous zeolite, and further subject it to several desilication treatments to induce 

hierarchization to the structure, and to study the impact of desilication on the structural, 

elemental, acidic and textural properties of the zeolite. Moreover, it was challenge to apply the 

desilication post-synthesis modification by different alkaline treatments on an already 

hierarchical nanocrystal commercial *BEA zeolites, and study the impact on their global 

characteristics as well. This will be discussed in chapter 3 of this manuscript. 

After transforming the selected parent and modified zeolites to their bifunctional form 

by impregnation of the noble metal, platinum, the second objective of this thesis was to study 

the impact of hierarchization of nano- and microcrystal *BEA zeolites on the catalytic 

performance in hydroisomerization of n-alkane (chapter 4). The impact platinum content on the 

activity of the catalyst and its selectivity towards isomerization was also studied (chapter 4). 

The last objective was to study the impact of chain length on the catalytic performance 

of the requested catalysts in the hydroisomerization of n-C12 and n-C14, and if desilication would 

account for better performance of the catalysts by the improvement of the textural properties. 
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I  Chapter I: Literature Review 

 Zeolites: History 

The history of zeolites really began with the discovery of a mineral (stilbite) by the 

Swedish mineralogist Crönstedt since 250 years ago, which (the mineral), due to its high water 

content, swelled when heated in a flame [1]. To this new family of minerals (hydrous 

aluminosilicates), he gave the name of zeolites derived from the Greek words zeo and lithos: 

the stone that boils. It is the advent of synthetic zeolites and simultaneously the discovery of 

large sedimentary basins that have allowed their use for many application.  

Specialists in the synthesis of zeolites have been (and continue to be) particularly creative, 

due to the fact that only about forty different zeolites have been found in nature, while more 

than 180 have been synthesized. Moreover, the field of synthesis remains widely open, with 

theoretical considerations that suggest possible higher number of zeolite structures [2]. 

The first synthetic zeolites (called X, Y, and A) had quickly found applications in three 

major domains: 

 Adsorption: Drying refrigerant gases and natural gas and for the separation n / isobutane 

on zeolite A (Isosiv process, 1959); 

 Catalysis: Isomerization (1959) and cracking (1962) over zeolites X and Y; 

 Ion-exchange: Replacement of polyphosphate pollutants in detergents (1974) by zeolite 

A. 

Over the last 20 years, spectacular progress has been made with the synthesis of non-

aluminosilicic microporous zeolites (silicoaluminophosphates [3], titanosilicates [4], etc.) and 

mesoporous zeolites [5,6]. The size of the channels of these mesoporous zeolites (≥ 2 nm) 

makes it possible to envisage their use for the transformation of very congested or bulky 

molecules. However, these solids generally do not have the appropriate active sites and 

therefore can’t be used as such. Increasing the accessibility of zeolite active sites is an 

alternative widely exploited during the last two decades with the synthesis of nanocrystalline 

zeolites [7], or the delamination of zeolites into sheets [8]. An important research effort has 

been made to introduce zeolites into new fields: membranes, optoelectronics, functional 

nanomaterials, etc., but still their applications are limited to particular areas [9]. 
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1.1 Composition and structure 

Zeolites, also known as molecular sieves, are defined as microporous and crystallized 

solids belonging to the tectosilicate family. Their particular structure is related to the regular 

polymeric combination of primary building units (PBU), with tetrahedral geometry. Each 

oxygen atom, forming the vertices of these tetrahedra, is connected to two atoms of trivalent or 

tetravalent T elements (T = Si or Al) located in the center of the tetrahedron (O-T-O-T-O 

sequence, illustrated in Figure I.1): thus the O / T ratio is strictly equal to 2. 

 

Figure I.1 Scheme of the tetrahedral assemblies of SiO4 and AlO4
-. 

Zeolites in general have the following chemical formula: 

|My/q(H2O)z| [SixAl yO2(x+y)] ; with q = 1 or 2 and x/y ≥ 1          Equation I.1 

Where M represents the alkaline (Na+, K+) or alkaline-earth (Ca2+, Mg2+) cations, being 

the protons compensating the charges induced by the presence of trivalent AlO4- tetrahedra 

within the zeolite framework, q being the electronic charge of M, and z the quantity of water 

physisorbed. 

The tetravalent tetrahedra SiO4 has a zero electronic charge and therefore do not 

contribute to the overall load of the framework. The Si/Al atomic ratio that defines the intrinsic 

acidity of the zeolite is in all cases greater than 1. This is explained by an energy differential 

evaluated at 60 kJ/mol when two AlO4
- tetrahedra are adjacent, compared with an alternation 

of AlO4
- and SiO4 tetrahedra [10]. This alignment is therefore less energetic: this is the 

Loewenstein rule [11]. 

Nowadays, “zeotypes” is the definition that has been extended to any crystalline 

mesoporous solid formed of silicon oxide where some of Si atoms have been replaced by 
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trivalent element atoms (Al, Fe, B, Ga, etc.), tetravalent (Ge, Ti, Zr, etc.) or even pentavalent 

element atoms (P, As) [12,13]. The combination of these secondary building units (SBUs) serve 

as reference units for classifying and describing the various structures of zeolites and their 

microporous networks. In 2007, 23 different SBUs were listed as demonstrated in Figure I.2. 

 

Figure I.2 The 23 secondary construction units (SBUs) listed [14]. Each edge corresponds to a 

T-O bond. Their frequency of occurrence is indicated in parentheses. 

These SBUs can recombine with each other forming one of the 47 Composite Building 

Units (CBU), precursors of the zeotypes. Finally, the periodic assembly of these CBUs with 

other SBUs and / or CBUs leads to the formation of structures, characterized by a single porous 

network consisting of channels and cavities with calibrated morphologies and sizes (from 0.3 

to 1.5 nm, up to 2.0 nm in the case of germanosilicates or metallophosphates) [15–17]. 

Figure I.3 illustrates these various steps. 

 

Figure I.3 Formation of FAU, LTA and SOD structural zeolites from the same "sod" 

composite construction unit (CBU), passing through the combination of primary building 

units (PBU) into secondary units of Construction (SBU). 
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For the moment, various structural zeolite types, natural or synthetic, have been 

discovered. Each of these structures is assigned a mnemonic code consisting of three letters and 

proposed by the Structural Committee of the International Zeolite Association (IZA). An 

asterisk is added to the mnemonic code in the case of a zeolite structure with structural defects 

and a dash is placed following this code to indicate that the structure of the zeolite is interrupted. 

The IZA structure commission (IZA-SC) describes around 232 zeolite structures by 2016. 

Regular updates can be found on the IZA website (http://www.iza-structure.org/databases/). 

1.2 Porous structure of zeolites 

The use of zeolites in catalysis is linked to the presence of acid sites in their porosity 

(protonated zeolites). The size of the pores is also an important factor because only those 

products whose kinetic diameter is in line with that of the pores will be formed. Moreover, since 

the catalytic adsorption / desorption processes involve the diffusion of molecules through the 

pores of the zeolite, only the opening pores containing at least 8 oxygen atoms O or 8 T atoms 

(T = Al, Si) allow this diffusion. Zeolites are classified into 3 main categories according to their 

porosity: 

 Small pore zeolites (8MR): the opening of the pores (diameters of 0.30 - 0.45 nm) is 

delimited by 8 atoms (O or T) (e.g. LTA, SAPO-34).  

 Medium pore zeolites (10MR): the pore opening (diameters 0.45 - 0.60 nm) is delimited 

by 10 atoms (O or T) (e.g. MFI, ZSM-22, MCM-22).  

 Large pore zeolites (12MR): the opening of the pores (diameters of 0.60 - 0.80 nm) is 

delimited by 12 atoms (O or T) (e.g. FAU, MOR, *BEA). 

The comparison of the pore openings of the zeolites with the kinetic diameter of the 

molecules (e.g. n-butane 0.43 nm, isobutane 0.50 nm, benzene 0.585 nm, etc. [18]) clearly 

shows that zeolites can be used for molecular sieving. It should be noted, however, that these 

dimensions depend on temperature, which increases both the flexibility of the organic 

molecules and the "respiration" of the network and the pore mouth of the zeolites. 

1.3 Zeolite Acidity 

It is agreed that the transformation of the hydrocarbons occur on the protonic sites rather 

than Lewis sites. The latter do not intervene directly in these reactions, but can increase the acid 

strength of neighboring proton sites. The origin of this protonic acidity is associated to the 
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negative charge on the AlO4
- tetrahedra that form the zeolite framework. In acid catalysis, the 

activity of a zeolite obviously depends on the number of proton sites and their activity. The 

activity of proton sites depends on their location (accessibility), their strength (the stronger the 

site, the more active it is), and sometimes their concentration. [19] 

The protonic acidity of the zeolites arises mainly from bridged hydroxyls: Al(OH)Si. 

However, other hydroxyl groups are present, generally created by zeolites’ dealumination 

during their pretreatment: silanol groups, hydroxylated EFAL species (extra-framework 

Aluminum species), etc. These hydroxyl groups sometimes have an acidic force sufficient to 

start certain catalytic reactions. [19] 

The protonated oxygen atom, which is connected to an Al atom in the zeolite structure, 

forms three different bonds. A positive charge is observed then because of an excess bond on 

the oxygen atom. However, the high electronegativity of the oxygen atom provokes a 

displacement of the hydrogen electrons towards the first, leading to a transfer of the positive 

charge to the hydrogen atoms. This process gives the O-H bond a weak ionic character that can 

be easily subjected to breakage. Therefore, the Brønsted acid sites are at the origin of the proton 

that can have a large mobility over the zeolite structure as shown in Figure I.4 [19–22].  
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Figure I.4 Proton mobility in a zeolite. 

The maximum number of protonic acid sites (bound to bridged hydroxyls) is equal to the 

number of framework aluminum in the tetrahedral position. Since the aluminum atoms can’t be 

adjacent to each other taking into account that Al-O-Al bond is much too unstable in the 

framework (Lowenstein rule), the maximum number of proton sites is that obtained for the 

lowest Si/Al ratio which is equal to 1 (8.3 mmol of H+ per gram of zeolite [19]). However, no 

pure protonic zeolite can be prepared with this low Si/Al framework ratio. For this Si / Al ratio 

but also for higher ones, the actual number of protonic sites is smaller than the theoretical 

number obtained. This is due to an incomplete proton exchange of cations and dehydroxylation 

or even dealumination phenomena during the activation of the zeolite at high temperature (500-
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550 °C) before its use in any catalytic test. The parameters that affect the acidic strength are 

illustrated in Figure I.5 below: 

 

Figure I.5 Parameters determining the acidic strength of the protonic sites.  

In other words, it is said that the acidic strength of the protonic sites depends on the rate 

of exchange of the alkaline cations of the zeolite, and it increases as might be expected with the 

percentage of exchange. However, at approximately 100% exchange rate, this increase in acid 

strength seems to arise not only due to the creation of very strong protonic acid sites but also 

due to the increase in the acid strength of the protonic sites itself that are already present in the 

zeolite [23]. 

Moreover, the EFAL species (octahedral or tetrahedral aluminium atoms) generated 

through dehydroxylation and dealumination [19,20,24], together with the tri-coordinated Al 

located in the  structural defects are responsible for the Lewis acidity in the zeolites. Lewis acid 

sites can be found in several types in the zeolitic structures: Al 3+, AlO+, Al(OH)2+, AlO(OH)3, 

Al(OH), Al2O3 (neutral Al), ≡Si+ (silicate species) [25–27]. 

1.4 Shape selectivity 

The catalytic reactions over zeolites occur mainly within their intra-crystalline porous 

systems, where the major part of the active catalytic sites is located. Consequently, the size and 

shape of the zeolites’ cages, channels and pore apertures, can highly influence the diffusion of 

the molecules, entry and exit of reactants and products respectively, as well as disturb the 

formation of some intermediate compounds (bulky molecules) or transition states in some 

reaction mechanisms. This “shape selectivity” plays an important role in the zeolite industrial 

application [19,24,28–32]. It has become the basis of many industrial processes in oil refining 

and petrochemical processes [33]. Conversion and product yields can be influenced by a simple 
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change in the zeolites pore architecture. Furthermore, the zeolite structure can be selected in 

order to favour or prevent a desired reaction.  

Three theories of zeolite shape selectivity are widely accepted and the other five are less 

acknowledged [34]. The reactant, product and transition state shape selectivity mechanisms are 

widely accepted theories as been proven in literature [32,35,36]. On the contrary, the other 

theories are still subjects of debate: pore-mouth / key-lock shape selectivity [37–40], molecular 

traffic control [41–43], inverse shape selectivity [44,45], “nest effect” [41,46], and the “window 

effect” [47,48]. 

1.4.1 Reagent shape selectivity 

This mechanism distinguishes between different competing reactants. It is based on the 

molecular size exclusion at or very near the pore mouth. Consequently, only a portion of the 

reactants can, in an easy way, access the active sites located inside the pores of the zeolite [34]. 

Therefore, this type of shape selectivity depends on the pore geometry  of the zeolite structure. 

One example of this mechanism is on the selective catalytic “dewaxing” of branched paraffins 

over ZSM-5 zeolite [37] (Figure I.6).  

 

Figure I.6 Reagent shape selectivity example in catalytic dewaxing. Adapted from [49]. 

1.4.2 Product shape selectivity:  

This mechanism refers to the case where the pore diameter is small enough to interfere 

on the product molecules of the reaction exiting the pores. Therefore, even if large molecules 

are formed in cages or channel intersections, these can only exit the zeolite structure if they are 

small enough to diffuse out of the zeolite’s pore aperture [34]. An example of this mechanism 

is the selective toluene disproportionation for the production of para-xylene [50,51] (Figure I.7). 

Zeolite

+

Zeolite

+
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Figure I.7 Product shape selectivity example in Toluene disproportionation [49]. 

1.4.3 Transition-state shape selectivity 

The current mechanism belongs to reactions where the geometry of the pores around the 

active sites endures steric constraints on the transition state [35]. Thus, the pore size causes 

formation inhibition of unstable transition states or reaction intermediates [46].  

 

Figure I.8 Transition state shape selectivity example in disproportionation of 

metaxylene [49]. 

1.4.4 Pore-Mouth / Key-Lock shape selectivity  

This mechanism is concerned only in the interactions between the n-/iso-alkane and the 

zeolite pore over one-dimensional zeolite with non-intercepting medium pore zeolites 

[31,39,40]. In the hydroisomerisation reaction, this theory explains the high selectivity of such 

catalysts towards the formation of monobranched isomers. Figure I.9 shows schematically the 

possible adsorption configurations of long chain paraffin over the medium pore TON zeolite. 
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Figure I.9 Favored adsorption configurations of a iso-paraffins over TON zeolite [39]. 

According to this mechanism, only the linear paraffins are able to enter the zeolite 

structure due to the small pore sizes of the zeolite used. Consequently, monobranched isomer 

formation is favored, but once the isomerized form of the paraffin is formed, it will be less able 

to access the zeolite framework once more. Note that in the pore mouth mechanism, the 

molecules enter and exit from the same pore aperture, i.e. they do not exit from the other 

extremity of the pore. 

1.4.5 Molecular traffic control 

This theory is concerned specifically in the molecular sieves where two or more different 

pore systems with different diameters intersect. It considers the case where one of the molecules 

can easily diffuse on both pore systems and a second species can only diffuse on one of the pore 

systems [52]. Therefore, reactants that enter by one pore system can be converted in the 

molecular sieve and diffuse out through an alternative pore system. ZSM-5 is an example of 

zeolite structure of this theory [41,53]. 

1.4.6 Inverse shape selectivity 

This mechanism theory seeks to explain the preferential adsorption of large molecules 

within the zeolite pores [34,44,45]. 

1.4.7 Window effect 

The “window effect” refers to the variations of the diffusivity of the n-paraffins on the 

molecular sieves with increasing carbon number (Figure I.10).  
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Figure I.10 “Window effect” example [54]. 

1.4.8 Nest effect  

This theory was proposed to point for the shape selectivity changes in non-shape selective 

active sites on the crystallites external surface. The theory suggests that the acid sites located 

within cavities formed by the terminal of the pore at the surface level, are able to provide 

different shape selectivity than those inside the pore itself [34]. For example, in submicron 

crystals, if the external surface sites have the same catalytic behavior as the intracrystalline  

sites, or maybe more active than them, then the shape selectivity could be changed by these 

surface sites [55]. 

1.5 Zeolites in catalysis 

Each type of zeolite can be obtained with a wide range of composition, even by direct 

synthesis and / or by post-synthesis treatments (exchange, dealumination, desilication, etc.). In 

addition, various compounds can be introduced into the pores of these zeolites or even 

synthesized therein (ship in a bottle synthesis). This explains why zeolites can be used as in 

many industrial processes that impose the presence of acidic, basic, acid-base, redox, 

bifunctional catalysts. However, the main applications are based on acid (monofunctional) and 

bifunctional catalysis. [19] 



 

21 

  

1.5.1 Monofunctional catalysis on zeolites 

Most of hydrocarbon reactions and many transformations of functional compounds are 

catalyzed only by the acidic sites of the zeolites [19]. Many examples exist in literature that 

show the utilization of only a monofunctional zeolite (H-zeolite). Etherification of glycol have 

been reported to take place over H-*BEA and MFI (H-ZSM-5) zeolites [56]. The use of acidic 

zeolites were also seen to be catalyzing a Friedel-Crafts alkylation processes (over H-*BEA) 

[57], molecules cracking processes (over H-*BEA) [58,59], as well as dehydration processes 

(H-ZSM-5, H-*BEA, H-USY) [60], etc. 

1.5.2 Bifunctional catalysis on zeolites 

The catalysts responsible for catalyzing such mechanisms comprise a 

hydro/dehydrogenation function (HDF) represented by a metal, and an acidic function (AF) 

provided by the acidic support [61]. Zeolites, silicoaluminophosphates (SAPO), mesostructured 

and amorphous silica alumina, represent the acidic functions. Tungstated- and sulfated-zirconia, 

modified tungsten and molybdenum carbides and oxides [62], in addition to heteropolyacids 

[63], are also forms of acidic supports. 

The HDF may be represented by noble metals (Pd, Pt) or non-noble transition metals 

(Mo, W, Co, Ni) [64]. Several studies were carried out to investigate the values of obtained 

conversion and selectivity with the indicated noble metals [65–67]. They were also found to be 

effective in the hydroconversion of LTFT waxes (low temperature Fischer-Tropsch) [64].  

These bifunctional zeolitic catalysts are used in various industrial processes: 

isomerization of light and heavy alkanes, hydrocracking processes, dewaxing, aromatization of 

alkanes, isomerization of the aromatic C8 cut, etc. The HDF components associated with the 

zeolite can be very different and located in different positions:  

 well-dispersed noble metals (Pt, Pd, etc.), being located in the pores of the zeolites, e.g. 

Pd/HFAU [68], or deposited on another support, e.g. PtAl 2O3/HY catalysts used for 

hydroisomerization of heavy alkanes [69]; 

 Generally mixed metal sulphides deposited on alumina, e.g. hydrocracking catalysts 

NiMoS / Al2O3-HFAU; 

 Metal oxides, e.g. Ga2O3 combined with an HMFI zeolite in the aromatization of light 

alkanes, the dehydrogenating sites being formed by a complex process in the first reaction 

moments [70].  
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Bifunctional catalysis reactions involve a succession of catalytic steps of 

hydro/dehydrogenation, rearrangement, cracking, etc., that result sometimes in the formation 

of small quantities of intermediates. These have to migrate from HDF sites to AF sites (and 

vice versa), this migration being in some cases the kinetic limiting step of the reaction. 

1.5.3 Hydroisomerization reactions over zeolites 

Due to the convenient acidic and shape selectivity properties of zeolites, they are often 

used to catalyze the hydroisomerization reactions. Zeolites like, BEA, MOR, TON, MFI and 

FAU, are often used for this purpose [64,71]. 

As referred, the small acid site density as well as its strength are important to improve the 

isomers selectivity. Nonetheless, the molecular shape selectivity governed by the zeolite pore 

system can highly intervene. The use of medium pore zeolites, e.g. ZSM-22 (TON zeolite), 

improves the catalysts selectivity towards monobranched isomers [31,37,72–74] through the 

Pore-Mouth / Key-Lock shape selectivity mechanism described in section 1.4.4. However, low 

activities are exhibited due to the nature of the mechanism, where only active sites located at 

the pores entrance and external surface of the zeolite framework are accessible for reaction 

[75,76]. Consequently, it is more preferred to use high external surfaces when using medium 

pore zeolites. 

The use of large pore size zeolites allows the full access to all the available active sites 

within the pores, and therefore yields higher activities exhibited with the catalysts [77]. The 

lack of molecular shape selectivity enables the formation of multibranched isomers and can 

cause further cracking steps. The higher potential to cracking of molecules in the large pore 

zeolites is directly linked to the higher probability for the reagent to find an accessible acidic 

site. Therefore, the reduction of the acid sites density and their strength as well, will induce the 

selectivity towards isomers, but may reduce the catalyst activity in the same time. Another 

strategy can be efficient by reducing the molecules residence time inside the framework of the 

zeolite (small diffusion pathway), thus reducing the probability of these to be more in contact 

with the active sites. High external surface zeolites possess high meso- and macropore volumes, 

thus they enable a quick exit of the reaction products from the framework of the zeolite.  

Among the large pore zeolitic structures, *BEA zeolite is one of the most used in the 

hydroisomerization catalytic processes [78–82]. This zeolite, has proven to be quite active in 
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hydroisomerization, as well as being easy susceptible to synthesis post-synthesis procedures in 

order to decrease the products residence time inside the framework. 

1.6 Beta zeolite (*BEA) 

The interest in Beta zeolite has grown steadily in recent decades. Indeed, it possesses 

certain characteristics, e.g. large pore structure and large cavities that result from the 

interconnection of its channels, in addition to its controllable acidity, make it a good candidate 

to perform in heterogeneous catalysis, playing the role of an additive for the reactions of FCC 

(Fluid Catalytic Cracking) [83], hydroisomerization reactions [78,84–87], as well as for organic 

chemistry reactions [88,89]. 

1.6.1 Structure of Beta zeolite 

The *BEA type zeolite is an alumino-silicate compound which was synthesized for the 

first time in 1967 by Wadlinger, Kerr and Rosinski [90], from an aluminosilicate gel in a basic 

medium (NaOH) and in the presence of tetraethylammonium cation. The silica / alumina ratio 

of the framework of this zeolite is between 10 and 200 [88]. Before the knowledge of its 

structure in 1988 [91], Martens had classified this zeolite as a large-pore zeolite [92]. Its channel 

network is in fact the interconnection of two channel systems, one monodimensional and the 

other two-dimensional. Respectively, the first is parallel to the axis <100> and has channel 

openings of 12 tetrahedra (7.6-6.4Å). As for the second, it is parallel to the axis <001> and 

consists of sinusoidal channels with pore openings of 12 tetrahedra (4.5-5.5Å) [93] 

(Figure I.11). 

  
 

View by <001> 

axis 

View by <100> 

axis 

Structure view by <010> 

axis 
Intersections 

Figure I.11 *BEA zeolite representations. 
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Due to its complexity, the structure of the beta zeolite was only elucidated 21 years after 

its discovery, simultaneously by two teams: Newsam et al. (1988), and Higgins et al. (1988) 

[94,95]. Structural determination is the result of information provided by high resolution 

electron microscopy, X-ray diffraction and computer-aided modeling. *BEA zeolite results 

from the intergrowth of two neighboring structures (polymorphs), each provided with a three-

dimensional system of 12-tetrahedron-formed pores. One of the structures is of tetragonal 

symmetry (polytype A), and the other is of monoclinic symmetry (polytype B) [93,96]. The 

different polymorphs proposed are given in Table I.1. 

Table I.1 Proposed polymorphs for *BEA zeolite family [97]. 

Polymorph Space group 
Crystal unit 

paramters 

Type of 

12 MR channel 

A 

(BEA) 
P4122 ou P4322 

a = b = 1,26 nm 

c = 2,64 nm 

2 linear 

1 sinusoidal 

B C2/c 

a = b = 1,79 nm 

c = 1,43 nm 

β =114,8° 

2 linear 

1 sinusoidal 

CN 

(BEC) 
P42/mmc 

a = b = 1,28 nm 

c = 1,30 nm 
3 linear 

CH P2/c 

a = b = 1,79 nm 

c = 1,43 nm 

β = 114,8° 

2 linear 

1 sinusoidal 

DN P2/m 

a = b = 1,28 nm 

c = 1,38 nm 

β = 108,4° 

3 linear 

 

1.6.2 Structural defects of *BEA zeolite 

Most of the defects discovered are due to inter-growth of different phases and stacking 

defects [98,99]. The observation of a large number of silanol groups in the *BEA zeolite could 

not be explained for many years, but it has been proposed that when two stacks occur within 

the same layer, the structures of the two polymorphs are incapable to connect at the extremities, 

leading to the formation of abnormal pores which can accommodate silanol groups. This type 

of defect is observed along the axis <100>. 
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Figure I.12 shows the two polymorphs A and B of the *BEA zeolite and illustrates the 

formation of structural defects. The HRTEM images, recorded along the direction <100> of the 

*BEA zeolite, show the existence of numerous double pores of a size approximately equivalent 

to that of a pore at 17 MR or 15 MR (Figure I.12-a). Figure I.12-b shows the presence of pore 

at 12 MR (large white dots) surrounded by pores at 4, 5, and 6 MR (small white dots). It was 

found that the two polymorphs A and B intersect together and form numerous defects arranged 

in a disordered manner.  

 

Figure I.12 Structural defects of *BEA zeolite. 

Figure I.12-f illustrates the crystal growth sequence suggestion, indicating how defects 

are formed and how construction units adopt different orientations at defects (similar subunits 

are stained with the same colors). When the two polymorphs meet, they are unable to connect 

to form normal pores. Many open links are created on the wall of these defective pores 

(Figure I.12-f), on which silanol groups can be connected. 

 Hydroisomerization of alkanes 

The hydroisomerization of n-alkanes contributes to the quality of diesel fuels and oils 

[100]. The issue behind dewaxing of diesel fuels and oils by means of hydroisomerization, i.e. 

to transform them from linear to branched alkane chains (mainly monobranched chains), is to 

improve the cold properties of these materials. This is called the isodewaxing process [19]. The 

isoparaffinic nature of these molecules are considered high quality diesel fuels [101,102]. They 

exhibit outstanding properties indispensable for a better engine performance: high cetane 
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number, low or no sulfur, nitrogen and aromatic emissions, which reduces the pollution caused 

by the engine’s emissions [64]. 

2.1 Reactions involved in hydroisomerization 

Two different types of active sites are required for the hydroisomerization process  to take 

place. The acidic function (AF) represented by the zeolite support, and the 

hydro/dehydrogenating function (HDF) represented by the metallic element [19,24,28,64,103]. 

Elementary reactions occur on these functions separately, but when combined together, they 

form the bifunctional mechanism which is responsible to hydroisomerize the linear paraffins. 

2.1.1 Metallic function reactions 

The reactions that take place on the metallic function are of high importance for this 

bifunctional mechanism, being responsible for the first reaction step (as will be discussed later). 

The dehydrogenation and the hydrogenation reactions consist in the alkane transformation into 

its corresponding alkene and vice-versa. Other reactions like hydrogenolysis (cleavage of a C-

C bond) and the skeletal isomerization of hydrocarbons, can occur on these functions [104]. 

However, no deep details on these reactions will be discussed due to the minimal impact 

accompanied by them. 

As the hydrogenation and the dehydrogenation are in fact inverse reactions, the 

description will be focused only on the hydrogenation reaction mechanism. 

The particular metallic function reaction that takes place in this bifunctional mechanism 

is the hydro/dehydrogenation reaction. The hydrogenation reaction consists in the saturation of 

a double bond with hydrogen. It is considered a highly exothermic reaction. Consequently, this 

reaction is thermodynamically favoured at low temperatures and high pressures. On the other 

hand, in order for such a reaction to take place, the catalyst should require a metal, e.g. platinum. 

The role of the catalyst is then the activation of the hydrogen so that the reaction can take place. 

This is due to the fact the thermal breakage of the H-H bound is energetically unapproachable. 

An example is given on the hydrogenation of ethylene molecule in Figure I.13. 



 

27 

  

 

Figure I.13 Reaction mechanism of ethylene hydrogenation [105]. 

2.1.2 Acidic function reactions 

The acidic sites of a zeolite are capable of inducing several chemical reactions. Cracking, 

isomerization, oligomerization, hydrogen transfer, alkylation, etc., are examples of such 

reactions [28,104]. These reactions happen through the activation of the hydrocarbon, even by 

the addition or by subtraction of a proton or a hydride / halogen, respectively. The Brønsted 

acid sites are then responsible the protonation of the hydrocarbon [19,28,106–108], and the 

Lewis sites perform the hydride / halogen subtraction [28,104,109–111]. Regardless of the type 

of acid site used in these reactions, the activation of the hydrocarbon always results from the 

formation of a carbocation. 

2.1.2.1 Carbocation chemistry 

The hydrocarbon transformation over the acidic function of the catalyst occurs through 

the formation of carbocations as reaction intermediates [19,112,113]. Here are two different 

types of carbocations: the carbenium ion, which is the most common possessing a positively 

charged ion on a three-coordinated carbon atom (Figure I.14-A); and the carbonium ion which 

represents a positively charged ion but with a five-coordinated carbon atom (Figure I.14-A)  

[28,104,114].  

Catalyst surface
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Figure I.14 Schematic representation of the carbenium (A) and three different configurations 

of carbonium (B) ions [28]. 

The carbocation stability is also a parameter to take into account when considering the 

possible formation of an intermediate, as the hydrocarbon transformation via highly unstable 

carbocation is very unfavored. Several factors may affect the stability of carbocations. For 

example, the presence of a double bond near the charge or an electron attractor group on the 

molecule, can highly stabilize the carbocation [28]. Moreover, a counter ion or polarizing solid 

(e.g. zeolite) near the molecule may also play a role in stabilizing the carbocation [28]. 

However, one rule can be generalized to summarize all forms: as much as the substitution 

degree of the carbon containing the positive charge is higher, as much the stability of the 

carbocation will be. Indeed, the occurrence of a carbocation on a carbon with three substitution 

groups (tertiary carbocation) is more likely to be formed than on a carbon with only one 

substitution group (primary carbocation) (Figure I.15). 

 

Figure I.15 Carbeniums stability. Heat formation values are taken from [106]. 
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The figure shows also the values of the energy (heat) required to form these carbemium 

ions. Less energy is required to form the tertiary carbenium ion intermediate, which makes it 

the easiest to be formed in competition with the others. 

2.1.2.2 Isomerization 

The formation of the carbenium is followed by its transformation through isomerization. 

This reaction occurs intramolecularly in these molecules. The isomerization reaction can take 

place through two different types:  

Type A isomerization, where the structure of the carbenium ion remains unchanged, and 

occurs by the migration of a negatively charged alkyl group (R-) to one or two positions way 

[115], as described in Figure I.16.  

 

Figure I.16 Type A isomerization: R group migration (e.g. methyl) [28]. 

It is important to know that the migration rate of the alkyl group highly depends on the 

nature of the carbocation before and after migration to take place, e.g. Tertiary  Tertiary >> 

Tertiary  Secondary. 

Type B isomerization is defined when the transformation of the hydrocarbon occurs 

through the formation of a cyclic carbocation. It is characterized by an increase or decrease of 

the branching degree. In this case, the transformation is very unlikely since the isomerization 

of a linear into branched carbocation requires the formation of primary carbenium ion as an 

intermediate. 

2.1.2.3 Cracking 

The cracking reaction is defined by the scission of a C-C bond. From a thermodynamic 

view, this reaction is favored at high temperatures and low pressures due to the increase in the 

entropy and due to the endothermic nature of it [19,63]. Two cracking mechanisms exist on 

acid catalysts: the β-scission and protolytic cracking. Both of these mechanisms require the 

formation of carbocations as intermediates [19,28,104,116–119]. 
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β-scission mechanism is defined by the promotion of the scission of a C-C or C-H bond 

in a carbenium ion just located in the β position of the positively charged carbon (Figure I.17). 

 

Figure I.17 Susceptible bonds to β-scission (R: H, CH3, C2H5) [28]. 

The -scission corresponds to the electrophilic attack by the C-C bond located in  

position of the positive charge (Figure I.18). This leads to the cleavage of the molecule into two 

parts to form smaller carbocation and an olefin. 

 

Figure I.18 Mechanism of cracking reaction through -scission (Rn: H, CH3, C2H5…) [28]. 

Like in isomerization, the nature of the carbenium ion before and after the scission is 

directly related to the reaction rate. The relative reaction rates of the different types of -scission 

for the n-decane cracking on the bifunctional Pt/HUSY catalyst are presented in Table I.2. 

Table I.2 Relative -scission rates for n-C10 transformation on Pt/HUSY catalysts at 405 

K [120]. -scission type B2 is taken as reference. 

Transformation Relative rate 

Type A (Tertiary  Tertiary) 1050 

Type B1 (Secondary  Tertiary) 2.8 

Type B2 (Tertiary  Secondary) 1.0 
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Type C (Secondary  Secondary) 0.4 

Type D (Secondary  Secondary) ≈ 0 

 

On the other hand, the protolytic cracking which occurs through the Haag-Dessau 

mechanism, is defined by the direct protonation of an alkane with the formation of a carbonium 

ion [104,119]. The formed unstable intermediate will collapse forming a carbenium and a 

smaller alkane (or hydrogen molecule) [63,119]. This mechanism becomes evident only at 

temperatures around 800 K or higher [104,119].  

No further details will be provided about this mechanism since it requires higher 

temperatures than needed during the hydroisomerization reaction, taking into consideration that 

the latter performs at milder conditions to avoid as much as possible cracking reactions. 

2.1.2.4 Other acidic reactions 

Several reaction may take place over the acidic sites through acid catalysis, e.g. 

oligomerization and other reactions. However, the relevance of these reactions is ignored 

therefore will not be discussed. Nonetheless, reactions like coke formation or hydride transfer 

have no impact on the desired reaction, thanks for the presence of strong hydrogenation sites. 

2.1.3 Bifunctional mechanism 

The combination between the hydro/dehydrogenating functions (HDF) and acidic 

functions (AF) reaction, was proved since long time to be in fact the basis of this bifunctional 

mechanism [28]. This bifunctional mechanism that explained the different steps of the 

hydroisomerization reaction, was proposed by Weisz in the 50’s [121–123]. 

Weisz’s bifunctional mechanism proposal considers that the HDF and AF have an 

independent catalytic action. Nonetheless, each one of these functions has a complementary 

action to the second function. According to the classical reaction mechanism proposed, the 

hydrocarbon is dehydrogenated through the HDF action to form its corresponding alkene, 

where the latter diffuses to the AF where will be transformed into a carbocation that undergoes 

several possible transformations like: skeletal rearrangement, -scission, cyclization, etc. The 

resulting intermediates diffuse back to the HDF to be hydrogenated into saturated 



 

32 

  

hydrocarbons. The schematic representation of this reaction mechanism can be seen in 

Figure I.19.  

 

Figure I.19 Schematic representation of the proposed classical mechanism [64]. 

This mechanism is discussed more in details in literature. Seven successive steps are 

covered during this model reaction, 3 of which are chemical and 4 of which are physical. The 

chemical steps involve the hydro/dehydrogenation steps being catalyzed over the metallic sites, 

and the skeletal rearrangement for the reaction intermediates being catalyzed on the acidic sites. 

The physical steps require the diffusion of the molecules (alkanes and alkenes in gaseous phase) 

along the zeolite channels from Pt to H+ sites and vice versa [124–126]. This mechanism is 

illustrated in the next figure (Figure I.20) showing the application of this model reaction in n-

heptane transformation over Pt/Hzeolite catalysts [125]. 

 

Figure I.20 Schematic representation of n-heptane hydroisomerization over bifunctional 

Pt/Hzeolite catalysts [125]. 
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However, as proposed by Weisz, the olefin transfer between the active sites could be the 

reaction limiting steps, thus reducing the activity of the bifunctional catalyst and its selectivity 

toward mono-branched isomers [122]. To avoid any transfer limitations for these olefins, the 

HDF and AF active sites should be close enough. This is the “intimacy criterion” proposal. 

However, to obtain an ideal catalyst, the balance between the HDF and AF active sites should 

be taken into consideration so that the HDF are enough in quantity to feed the AF sites with the 

olefins [127]. However, many other parameters to be discussed further, play a crucial role in 

impacting directly the hydroisomerization reaction in terms of activity and selectivity of the 

bifunctional catalyst.  

2.2 Parameters influencing the hydroisomerization reaction 

Many parameters have been widely discussed in literature to define the ideal bifunctional 

catalyst that exhibit the optimal properties that permits to obtain optimal catalytic performance 

in the hydroisomerization reaction. Weitkamp considered that the ideal bifunctional catalysis is 

obtained above certain value of the balance between the HDF and AF, where the activity 

depended more on the acidic activity, with the acidic step being the rate determining step [128]. 

However, Guisnet et. al had shown on bifunctional zeolite catalysts that when the activity is no 

longer depending on the hydrogenating function, there is still an evolution in stability and 

selectivity to reach a plateau only at much higher values of the ratio between the hydrogenating 

and acidic activities [129]. The ideal catalyst was defined after the catalyst in which the apparent 

reaction pattern of alkane transformation is identical to that of alkene intermediate conversion 

[19].  

Nonetheless, besides the independent influence of each of the HDF and AF sites, the 

synergetic influence is also taken into account (e.g. intimacy criterion, na.s, etc.), in addition to 

the textural properties, as well as the chain length effect, etc. 

2.2.1 Influence of textural properties 

2.2.1.1 Porosity 

If the pore opening of the zeolite is small enough, the catalyst exhibits good isomerization 

selectivity for the conversion of n-paraffins [71]. The zeolites of medium pore size favor the 

formation of branched monomethyl isomers. In general, the selectivity to branched monomethyl 

isomers increases as porosity decreases, while branched mono-ethyl and mono-propyl isomers, 
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which are more sensitive to hydrocracking, are obtained on large pore and large cavity zeolites 

[71].  

Several studies were performed on Pt/ZSM-22 catalyst in the hydroisomerization of long 

chain n-paraffins and were observed to obtain significant results in isomerization products 

[39,40,130]. The low cracking tendency of the iso-paraffins, via the β-scission mechanism, on 

this zeolite is explained by the limited penetration of these molecules into the openings of the 

micropores. 

The effect of porosity was also observed in a study carried out by Taylor et. al on a 

mixture of n-C16 and i-C19 with equal molar fractions [131].  According to the authors, only 

transformation of n-C16 was observed on the medium pore zeolites catalysts (Pd/SAPO-11 and 

PD/ZSM-5). On the contrary, large-pore zeolites like Beta (BEA), mordenite (MOR) and USY 

(FAU), had shown low activity for n-C16 conversion until the complete conversion of i-C19. 

In another study in 2008, Soualah et al. have proven the effect of the porous structure of 

zeolites on activity and selectivity towards isomers products [78]. The study was done on large 

(*BEA) and medium pore zeolites (ZSM-5 and MCM-22) in the hydroisomerization of long-

chain n-alkanes. Whatever the chain length was, the acidic sites of the three dimensional porous 

structure in the *BEA zeolite was more accessible to the paraffins than the acidic sites of the 

small diameter straight channels of ZSM-5 and MCM-22. This permitted higher activity 

exhibited with *BEA zeolite catalyst than ZSM-5 and MCM-22. Moreover, the large channels 

of *BEA zeolite, in addition to the smaller crystallites’ size  (20 nm for *BEA and > 100 nm 

for the other zeolties), allowed rapid diffusion of the molecules, and promoted as a consequence 

the formation of monobranched products with limited cracking [78]. However, the case with 

the small porous system of the other two zeolites was not the same, where cracking products 

were the major products obtained to the blockage of the intermediates inside the pores [78]. 

An attempt to improve the molecular diffusion of the olefin intermediates in the pores of 

a nanocrystal *BEA zeolite was performed recently in 2013 by Batalha et al. [81]. The 

nanocrystal *BEA zeolite with an ignored mesopore volume (0.08 cm3/g), was less selective to 

the isomers products in the hydroisomerization of n-hexadecane. The agglomeration of the 

zeolitic crystals seemed to obstacle the diffusion of the molecules in and outside the pores, and 

lead to high residence time inside the pores and consequently provoked cracking reactions to 

occur. However, the direct germination of this zeolite on α-alumina surface prevented the 
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agglomeration of its nanocrystallites without affecting the acidic and textural properties. The 

composite catalysts in this study were seen to be more active and selective than the *BEA 

nanocrystal zeolite [81]. This was attributed to better diffusion of the molecules in and outside 

the pores of the zeolitic phase, which lead to decrease the residence time inside the pores and 

avoid secondary reactions including cracking [81]. 

2.2.1.2 Crystallite size effect 

The size of the crystallites has a great effect on the hydroisomerization selectivity and the 

distribution of the cracking products [132,133]. Decreasing crystal size in the nanometric range 

<100 nm produces substantial changes in the physicochemical properties of the zeolite, 

especially on the outer surface, microporous volume [132,133], and the fraction of acid sites on 

the outer surface of the crystals [134]. The variation of these properties are shown in Figure I.21. 

This decrease most likely affects the performance of zeolite-based catalysts in various ways, 

including altering the activity through changes in the relative contributions of "internal and 

external" acid sites [135]. 

 

Figure I.21 Effect of crystallite size on the physico-chemical properties of the zeolite: (1) the 

outer surface ( 0.01 m2/g), (2) microporous volume (cm3/g), (3) the relative contribution of 

external surface to the acidity of the zeolite [134]. 

Since the effect of the crystallite size of the zeolites cannot be predicted theoretically, 

experimental evaluation is necessary for a better understanding of the catalytic reactions and 

for the formulation of requirements for the design of optimal zeolitic catalysts.  
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Arribas et al. [136] studied the influence of the crystallite size of a *BEA zeolite on the 

conversion of n-heptane. They obtained an iso-heptane yield of 90% and 70% respectively on 

the small (nanometric order) and large crystallites of the zeolite beta. This higher selectivity to 

iso-heptane selectivity was explained by lessening the path length of the molecules through 

these crystallites, improving their diffusion and thereby minimizing cracking reactions.  

Very good catalytic performances were observed for the isomerization of n-heptane using 

platinum supported by *BEA nanocrystals [137]. This experimental result can be explained by 

two factors: the Brønsted acid sites considered to be weaker than those of mordenite, and a 

faster diffusion of the branched isomers through the small crystallites (10-20 nm) of the *BEA 

zeolite, leading to a reduction in the cracking rate [138]. 

During their work on the hydroisomerization of n-hexadecane, Razika et al. [139] have 

shown that initial activity of Pt/HBEA catalysts increased with increase of crystal size from 

0.02 to 10-15 µm. However, this activity was seen to decrease after deactivation of the catalysts 

to 90% on the large crystals, but was maintained on the small crystals (0.02 µm). The yield into 

isomers was also seen to be higher on small crystal sizes than on larger ones. This was explained 

by the probable subjection to several transformations (transformation of mono- to 

multibranched isomers and the later to cracking products) on the accepted quantity of acidic 

sites on large crystals, before being hydrogenated on the next Pt site. The few acidic sites on 

the small crystals before encountering another Pt site reduces the probability to be transformed 

into multibranched isomers and to cracking [139]. 

In 2013, Kim et al. [140] studied the effect of the zeolite crystal thickness of Pt/MFI 

nanosheets on the hydroisomerization of n-heptane. The study showed that the decrease of the 

crystal thickness from 300 to 2 nm improved the selectivity toward i-C7 products by a factor of 

2.2, assuming that the low selectivity of the bulk zeolite might be due the diffusion limitations 

of the branched isomers. Moreover, a study was done by Verheyen et al. in 2013 [141] on the 

MFI nanosheets in comparison with a reference ZSM-g zeolite, in the hydroconversion of n-

C10, noting that the selectivity to isomers products was more on the nanosheets of lowest 

thickness (2 nm). 

Recently in 2016, Amir et al. [142] discussed the impact of downsizing of *BEA zeolite 

crystals on activity and selectivity in the hydroisomerization of n-hexadecane. In order to obtain 

an “ideal” bifunctional catalyst, it was not only the well balance between the HDF and AF sites, 
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but rather the decrease of the zeolite crystal to the nanometric scale in order to minimize the 

residence time of the intermediates within the zeolite crystals [142]. It was observed that the 

downsizing of the crystal sizes had a positive impact on the activity of the catalyst and 

selectivity towards isomers products, However, the extreme downsizing as in the case of a 

nanosponge *BEA zeolite, there was a loss in activity despite that the selectivity towards 

isomers was maximal. This was attributed to the low acidity of the nanosponge that caused low 

activity and consequently a low TOF value.  

2.2.2 Influence of acidity 

Several zeolites were tested in the hydroisomerization of n-hexadecane by Park et al. 

[143]. The acidic strength as well as the catalytic activities of the 0.5%Pt/catalysts varied in this 

order: Pt/ZSM-5 > Pt/Beta > Pt/ZSM-22 > Pt/Y > Pt/SAPO-11. For a conversion of n-

hexadecane from 37 to 45%, the selectivity to isomerization products decreased in the following 

order: Pt/Y (75.7%) > Pt/SAPO-11 (67%) > Pt/beta (50.7%) > Pt/ZSM-22 (31.2%) > Pt/ZSM-

5 (15.6%). The high selectivity of the Pt/Y catalyst is directly related to the low acidity and the 

good dispersion of the platinum.  

The effect of the acidity of the zeolite on the hydroisomerization of n-hexadecane was 

also examined by Carati et al. [144], on two forms of Pt exchanged beta zeolite (borosilicate 

form: BOR-beta and boroaluminosilicate form: Al-BOR-Beta). The Pt/BOR-Beta zeolite shows 

better selectivity in isomerization products compared to conventional Beta zeolites. The 

introduction of small quantities of aluminum into the Beta zeolite (Al-BOR-Beta) leads to an 

increase in the acid sites of the catalyst, which by turn lead to a decrease in the selectivity of 

isomerization products. 

An approach to control the number of acid sites in zeolites is the dealumination of the 

zeolite by acid extraction and/or heat treatment in the presence of water vapor [144]. In a further 

work, Apelian et al. [145,146] tested Beta and mordenite zeolites, treated with oxalic acid and 

exchanged with platinum (0.48 and 0.43%, respectively) in the production of lubricating oil 

from a commercial wax. The authors note an improvement in the lubricant yield over the treated 

zeolites compared to the untreated ones. The beta zeolite have reached better isomers yield 

amongst the tested catalyst. According to the authors, this result may be due to the higher 

surface area and the lower catalytic activity in Pt/Beta cracking compared to Pt/mordenite 

[145,146]. 
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The effect of Na exchange of a H*BEA zeolite on the activity and selectivity of the Pt 

bifunctional catalyst was studied in the hydroisomerization of n-hexadecane by Razika  et al. 

[147]. The exchange by sodium ions of the protonic sites of the parent H*BEA zeolite lead to 

the decrease of the Brønsted acid sites of the zeolite. The parent Pt/H*BEA seemed to be more 

selective toward cracking products than isomers products. This was suggested to be due to  a 

rather high protonic acidity (448 µmol/g). The proton exchanged zeolite by Na+ ions was shown 

to be more selective toward isomers products. The acidity of this zeolite (Pt-Na-H*BEA) 

decreased to 329 µmol/g, but, however, this decrease had a negative impact on the activity were 

it was shown to decrease during the n-C16 transformation. The selectivity of this catalyst toward 

the isomers products was very similar to that reached by Pt-HZSM-22 (80%) in n-C16 

transformation, but its activity was still 2.5 times higher [147].  

2.2.3 Effect of metal concentration (Pt) 

In a study done in 1996 by Keogh et al. [148] about the effect of the Pt concentration for 

activated sulfated zirconia catalysts in the conversion of n-hexadecane, the results showed that 

the conversion of n-hexadecane increases with the increase of the Pt concentration to a 

percentage of 0.6% (Figure I.22) where the conversion was optimal. The conversion of n-

hexadecane appears to be 76.1% at this Pt concentration, but a decrease is then observed at 

higher concentrations. This figure shows the evolution of n-hexadecane conversion with the 

increase of Pt concentration. 

 

Figure I.22 Effect of Pt concentration on n-hexadecane conversion. 
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Recently in 2013, Batalha et al. [82] studied the effect of Pt concentration on the activity 

and selectivity in the hydroisomerization of n-hexadecane. The Pt concentration varied in this 

order: 0.2, 0.5, 1.0, 1.5% of Pt. The results have shown that starting from 1% of Pt there is no 

more evolution neither in activity nor in the selectivity towards isomers. The maximum activity 

per Brønsted acid sites (TOF) and isomers yield were obtained starting from 0.5%, and were 

found to stay constant with Pt increase (with TOF = 30 h-1 and isomers yield of ca. 50%) [82]. 

The figure below (Figure I.23) shows the evolution of the isomers yield as Pt concentration 

increases. 

 

Figure I.23 Isomers yield as a function of conversion over a Pt/H*BEA zeolite with different 

Pt loadings [82]. 

2.2.4 Synergetic effect of HDF and AF sites 

2.2.4.1 Balance between HDF and AF sites (nPt / nH+) 

The activity, selectivity and stability of bifunctional Pt/zeolite catalysts depend 

essentially on the balance between the number of accessible metal sites (nPt) and the number of 

acid sites (nH+) represented by the nPt / nH+ ratio. The relationship between the nPt / nH+ ratio 

and the performances of the Pt/HY catalysts was established in the hydroconversion of the n-

decane by Alvarez et al. [68]. Figure I.24 shows the evolution of the activity, stability and 

selectivity of the catalysts with the ratio nPt/nH+. 

The activity  changes with the nPt/nH+ ratio as provided for by the bifunctional 

mechanism. Thus, for low values of nPt/nH+  (< 0.03), the metallic sites are not sufficient enough 

for the acid sites to be used optimally. The hydrogenating function is the rate limiting steps 
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then. However, when the metallic function is sufficient (nPt/nH+  > 0.03), the activity reaches it’s 

maximum and does not change any more forming a plateau after this value. Therefore, the 

acidic steps responsible for the transformation of the intermediates are then the rate limiting 

steps.  

 

Figure I.24 Impact of the AF and HDF balance on the Pt/HY stability, activity and selectivity to 

isomers in n-decane hydroisomerization (250 °C, Patm, H2/C10 =9) [68]. Adapted from [49]. 

The stability of the catalyst is directly linked to the acid sites possessed by the zeolitic 

support. When the number of acid sites is too large (nPt/nH+ < 0.1), the catalyst deactivates by 

coke. Indeed, the olefinic intermediates can react successively on several acid sites before 

reaching a hydrogenating site. These intermediates will therefore not only be isomerized and / 

or cracked, but additionally will also be condense, forming heavy carbon compounds, which, 

by limiting the access of the reactive molecules to the acidic sites, will gradually decrease the 

activity of these sites. As a result, the catalyst activity will be diminished. 

The selectivity of the catalyst toward the desired products is also influenced by the 

balance between the HDF and AF sites. When nPt/nH+  < 0.03, all the products obtained (isomers 

and cracking products) are apparently primary. They come either from the direct transformation 

of olefins, or from successive isomerizations and cracking on the acid sites during their 

transport stage. In the 0.03-0.1 range, cracking becomes a consequence of isomerization. The 

number of metallic sites becomes too large to give branched olefin intermediates an opportunity 

to adsorb onto new acid sites and crack. However, for nPt/nH+ > 0.1, each olefinic intermediate 

undergoes only one transformation during its diffusion between two hydrogenating sites: 

isomerization in mono-branched products. These isomers are then successively transformed 
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into multi-branched isomers and cracked products. These catalysts are referred to as "ideal 

hydroisomerization and hydrocracking catalysts". In this case, an additional parameter was the 

introduced to define an “ideal bifunctional catalyst”. This parameter is defined by the number 

of acidic steps (na.s) involved in the transformation of the olefinic intermediates (rearrangement 

or cracking) along their diffusion between two Pt sites [82,149].  

However, the preceding discussion was meant with the observations on n-decane 

transformation. In their work, i.e. Batalha et al. [82], similar behavior was observed with a little 

difference in defining the range of the ratio, in the hydroisomerization of n-hexadecane over 

three catalysts series. Series 1 catalysts was defined by Pt/H*BEA agglomerates with different 

Pt loadings (0.2, 0.5, 1.0, 1.5%), series 2 was defined by intimate mixture of Pt/alumina (Pt/A) 

and H*BEA with different loadings of these two, and series 3 was defined by a physical mixture 

of Pt/A and H*BEA with different loadings as in series 2 (Figure I.25). In the previous work of 

Guisnet et al.[19,129,150], they concluded that a nPt/nH+ ratio of at least 0.03 was required to obtain 

a maximum catalyst performance in the hydroconversion of n-decane. However, the catalytic results 

obtained with the Batalha et al. [82], clearly showed that a minimum nPt/nH+ ratio of 0.02 was 

enough for the catalysts to attain a maximum activity without any deactivation (Figure I.26), i.e. 

by the initial increase in the performance until reaching the ratio of 0.02, to attain after a nearly 

constant variation (plateau). This difference was easily explained by the higher reactivity of n-

hexadecane at lower temperature (220 °C in comparison to 250 °C with Guisnet et al.), and the 

higher hydrogen pressure (30 bars). 

 

Figure I.25 Different series catalysts. Adapted from [82]. 
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Figure I.26 TOF values of the catalysts series as function of the nPt / nH+ ratio. Adapted from 

[82]. 

Besides the activity, the selectivity toward the isomers products was increasing with the 

increase in the ratio between HDF and AF sites. The result in series 1 follows this manner to 

certain Pt loading (0.5%) and then maintains constant the products yield into isomers, as shown 

in Figure I.23. In series 2 the trend was more clear with the increase of the HDF to AF ratio. 

Series 3 catalysts maintained low selectivity anyway [82]. 

The effect of nPt/nH+  was also seen to influence the additional parameter mentioned before 

that defines the “ideal bufinctional catalyst” (na.s). In the same work accompanied by Batalha 

et al. [82], the increase in the ratio had a positive influence in the number of acidic steps 

invloved in the transformation of the intermediates, where the latter was seen to decrease 

despite the lower impact in case of series 2 and 3, but the impact was clearly more observed on 

series 1 catalysts. 

2.2.4.2 The intimacy criterion 

It is in too much importance to determine the proximity between the HDF and AF sites. 

From a logic point of view, as much as the distance between the two functions sites increases, 

as much as the probability of the olefin intermediates is more susceptible to rearrangements and 

cracking procedures. The far proximity thus induces lower selectivity to isomers products.  

This issue was also studied in the same work discussed before [82]. The proximity 

between HDF and AF functions increased in the following order:  PtA + H*BEA (S3) < PtA + 

H*BEA (S2) < Pt/H*BEA (S1). Nonetheless, the selectivity towards isomers was also seen to 
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increase in the same  manner. This indicates that as much as the proximity between the active 

sites is closer, as much as the intermediates are less susceptible to cracking procedures. 

However, this suggestion was contradicted two years after, very recently in 2015, by Martens 

et al. [69]. In their work, the utilization of a large pore zeolite Y mixed with an alumina binder 

was chosen to investigate the effect of nanoscale intimacy between the two active sites (HDF 

and AF). It was found that when the Pt particles were in the closest position to the acidic sites 

(impregnated on the zeolite Y) (Figure I.27-a), the feed components were obliged to diffuse 

into the micropores where the Pt particles are located, leading to longer residence time within, 

which increases the probability of these intermediates to be cracked. In the contrary, when the 

metal particles were located on the alumina binder but not on the zeolite (Figure I.27-b), the 

olefin intermediates formed were easily diffusing through the wide pores of the binder to the 

zeolite Y, where isomerization process is more dominant than cracking. Therefore, the optimal 

location for the metal function should not be in the micropores of the zeolites to establish the 

most convenient proximity, but rather on the surface of the crystals or inside the mesopores of 

the zeolite [133,151]. 

 

Figure I.27 Controlled deposition of platinum (Pt) on the zeolite Y (fig. a) and the alumina 

component (fig. b) of Y/A extrudates. Pt particles are colored in yellow, zeolite Y in green, 

and alumina component in red. Adapted from [69].  

2.2.5 Effect of chain length 

The tendency for cracking of the branched n-paraffin increases with the hydrocarbon 

chain length as well as the degree of branching. The cracking of n-paraffin requires more carbon 

atoms (at least 7 C atoms) than isomerization requires (at least 4 C atoms). Thus, pentanes and 
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hexanes can be readily isomerized than cracked. For paraffin having a number of carbon atoms 

greater than 6, there is competitiveness between cracking and isomerization [152]. Figure I.28 

summarizes the results obtained by Weitkamp on the isomerization and cracking of paraffin 

from n-C6 to n-C10 over a bifunctional Pt/CaY catalyst [128].  

The figure confirms also that there is competition between isomerization and cracking showing 

that isomerization takes place at lower temperatures. This confirmation is in agreement with 

the work done by Sie et al. [152]. 

  

Figure I.28 Comparison between hydroisomerization and hydrocracking of n-C6 – n-C10 

paraffin over Pt/CaY catalyst [128]. 

The effect of carbon chain length on the hydroisomerization reactions was also addressed 

by Calemma et al. [61,153]. The hydroconversion of n-C16, n-C28, n-C36 and n-C44 was tested 

by an amorphous silica alumina exchanged with 0.3% platinum. The selectivity towards 

isomers showed a decrease as a function of chain length and with increasing conversion levels. 

In 2008, Soualah et al. [78] reported a similar behavior upon the hydroisomerization of  n-C10, 

n-C14 and n-C16 over three bifunctional catalysts (Pt/H*BEA, Pt/HMCM-22, and Pt/HZSM-5) 

exchanged with 1% of Pt. The results confirmed the previous suggestions that the isomers yield 

is decreasing with the increase in carbon chain length. In addition, the activity was also seen to 

decrease with chain length. However, Martens et al. [69], showed recently the same drawback 

of activity and isomers production as chain length increased from n-C10 to n-C19 and i-C19, but, 

however, the catalysts were seen to be more active on the iso-paraffin. 

2.3 Limitations in Hydroisomerization 

In the hydroconversion of hydrocarbons, certain drawbacks are observed due to 

diffusional restrictions associated with non-convenient pore size [19,82,149,154,155]. For 
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example, the loss in isomers selectivity in the hydroisomerization of n-alkanes may not be 

favored over catalysts possessing low textural properties. It is easy to imagine that the loss of 

selectivity in this case is closely linked to the residence time of the reaction intermediates within 

the porous network [156]. The long time contact within the pores of the zeolite, i.e. long time 

contact with the acidic sites, may subject the intermediates to several acidic steps like 

rearrangements and further cracking.  Decreasing the residence time makes it possible to 

overcome these limitations and may have a significant effect on the catalytic performance.  

Two main strategies have and still being used to overcome these limitations, even to 

reduce the zeolite crystal size to the nanometer scale, or to introduce secondary pores with 

diameters larger than 2 nm (meso- or macropores), to give respectively nanosized and 

hierarchical zeolites [157]. These improved zeolites structures enhance the diffusion of bulky 

molecules into and out of the pores. This shortens the distance to the active sites and reduces 

the residence time with them and facilitates adsorptive and catalytic reactions [157]. 

The use of nanozeolites with crystal sizes < 100 nm can overcome diffusional limitations 

[157]. They possess properties that result in longer lifetimes, higher activities and better 

performances. The large surface areas they have, the more accessible active sites and shorter 

diffusion path lengths, as well as the well-controlled surface properties, are, in addition to more 

others, factors behind the improved overall catalytic performance [158–160].  

In the other hand, the hierarchical zeolites can be generated by the introduction of a 

further porosity range via post-synthesis modifications of the zeolite crystallites. These post-

synthesis modifications are classified as “top-down” or “destructive” [161] approaches, they 

consist of a selective extraction of the metallic atoms (Si or Al) from the network. The 

simplicity of the implementation of demetallation techniques, their limited cost and their low 

environmental impact, made it possible to industrialize these processes. 

Targeting the porous network of the zeolite and, thus, improving its textural properties, 

have a significant influence on the residence time of the reaction intermediates within the pores. 

As has been discussed in literature, post-synthesis methods to obtain hierarchical zeolites, e.g. 

“desilication”, have shown a positive impact on the activity of the catalysts and their selectivity 

towards the desired products, i.e. their catalytic performance [56,162–165].  
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 Hierarchical zeolites 

 The hierarchical zeolites combine the catalytic power of the micropores with the 

facilitated access and improved transport consequence of a complementary mesopore network 

[166–168]. This makes the use of the zeolite based catalysts more effective. They are considered 

alternative zeolites to overcome the drawbacks observed in several catalytic transformations. 

In fact, such materials have high external surfaces [169,170], which means the ability of more 

active sites to perform the reaction, enhancing therefore the activity of the reaction. Moreover, 

the large pores equipped within these zeolites reduces the residence time of the reaction 

intermediates within the framework structure, lessening by that the undesired secondary 

reactions as cracking. 

Hierarchical zeolites are divided into three different material types as shown in 

Figure I.29: hierarchical zeolite crystals, zeolites with nanosized crystals and supported zeolites 

crystals. The pore size distribution associated to each type (in the same figure), confirms always 

the presence of micropores with the additional meso-or macropores depending on the type. 

However, the synthesis of these hierarchical zeolites is carried out through different techniques 

to be discussed.  

 

Figure I.29 Hierarchical zeolite materials classification with their typical pore distribution 

[166]. 
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3.1 Synthesis of hierarchical zeolites 

Different strategies can be used to prepare hierarchical zeolite materials with combined 

micro- and mesoporous networks [167,171–173]. The preparation could be done even through 

structure breaking or so-called “destructive” modification pathways and approaches, or through 

structure building or so-called “constructive” pathways [161]. Structure breaking is concerned 

by the modification of the microporous structure through mesopores inducement by post-

synthesis treatments. The second pathway covers direct or two-step synthesis routes that use 

multiple templates or small zeolite-based building blocks such as seeds or nanocrystals, which 

give rise to mesopores associated with the micropores of the zeolite [161]. Figure I.30 below 

summarizes the various synthesis approaches. 

 

Figure I.30 Brief overview on the various synthesis routes towards hierarchical zeolite 

materials. Adapted from [161]. 

3.1.1 Destructive versus constructive pathways 

Applied zeolites in industry that combine the micro- and mesoporous network are 

principally synthesized by post-treatment modifications. Certain pathways as dealumination 

and desilication, have been proposed for mesopore introduction [161]. Much promise is held 
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by these processes, thanks to its low cost requirements, simplicity, and reported important 

results concerning final material characteristics, in addition to no major HSE concerns 

(Health/Safety/Environment issues).   

In the other hand, enormous progress over the last years has been followed in the synthesis 

and characterization of the hierarchical zeolites that comprise structured mesoporosity obtained 

through constructive methods. However, the high amounts of the organic materials used in such 

synthesis approaches, and consequently their high cost, is a real problem as it marks a major 

drawback on a large industrial scale. The high operating conditions associated with presence of 

large quantities of organic molecules used, are considered highly inconvenient and may be 

behind the release of effluent gases that may cause environmental problems. In addition to 

detrimental effect on the final framework structure caused by high applied temperatures.  

These concerns get in the way of the eventual industrializing of the constructive synthesis 

methods, and, consequently, their effective application in industry is somehow limited [161]. 

Table I.3 summarizes the advantages and disadvantages associated to the destructive and 

constructive approaches towards hierarchical zeolites synthesis.  

Table I.3 Summary of the advantages and disadvantages of the destructive and constructive 

approaches towards the synthesis of hierarchical zeolites [161]. 

 Formation route Production cost 
HSE 

issues 

Hydrothermal 

stability 

Flexibility 

in Si/Al 

Destructive 

Dealumination Low No High Medium 

Desilication Low No High Little 

Constructive 

Zeolitization of 

mesoporous material 
High Yes Low Medium 

Soft templating Medium/High Yes Medium/High Yes 

Hard templating High Yes High Yes 

Mesostructuring of 

zeolites 
High Yes Medium/High Yes 
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As said previously, the low production cost, with the negligible HSE concerns, in addition 

to the higher hydrothermal stability associated with the destructive routes towards 

hierarchization of zeolites, makes them more advantageous over constructive methods.  

3.2 Destructive pathways 

The introduction of mesopores into the zeolite crystals by destructive post-synthetic 

treatments can be achieved through selective extraction of atoms from the zeolitic framework. 

As zeolites are considered aluminosilicates, the most two studied destructive techniques are 

dealumination and desilication processes. Herein will be a brief look on the different destructive 

dealumination pathway, with more attention given to techniques performed by means of 

desilication by alkaline treatments in the next section. 

Dealumination: One of the post-synthetic treatments is dealumination of the zeolite 

framework. It consists in extracting the aluminum from the zeolite framework by hydrolysis of 

the Al-O-Si bonds through calcination [174–176], steaming [161], acid leaching [177,178], or 

other chemical treatments [161]. Originally, the dealumination treatments were done to control 

the concentration and the strength of the acid sites by increasing the Si/Al ratio of low-silica 

zeolites [161]. The defects created in the structure of the zeolite during the removal of aluminum 

atoms are then at the origin of a partial collapse of the framework, thus generating mesopores 

(Figure I.31). During some thermal treatments, and depending more on the thermal conditions 

and zeolite type, the mobility of aluminum species increases, where part of them is removed 

from the framework to form extra-framework aluminum (EFAL). A mild acidic treatment is 

necessary after to dissolve the EFAL species to establish finally the micro- and mesoporous 

network without further extraction of more framework aluminum atoms. Dealumination 

treatments require perfect control of the operating conditions (concentration, pH, temperature) 

in order to generate mesopores without the collapse of the zeolitic structure. 
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Figure I.31 Dealumination of zeolites. Adapted from [19]. 

However, besides the positive effects and the simplicity of this treatment, negative aspects 

are also observed. For example, partial amorphisation of the zeolitic framework which leads to 

a decrease in the relative crystallinity and lowering the amount of active sites as well as their 

blockage by amorphous debris [179]. Moreover, the introduction of mesopores is not fully 

controllable and are obtained in a random or/and non-optimized way [180,181]. Furthermore, 

for dealumination to be effective and induce sufficient amount of vacancies that form the 

mesopores, a minimum amount of Al species is required [182].  

3.3 Desilication 

Another well-known demetallation approach for generating mesopores is through the 

selective extraction of silicon from the zeolite framework by treatment with an aqueous alkaline 

solution [183–185]. This method was first reported in 1992, when it was shown that treating a 

conventional zeolite crystals with an alkaline solution resulted in a selective extraction of Si 

from the framework [183]. It has been known since long time that this technique yields lower 

Si/Al ratios with small changes in framework acidity [186–189]. The desilication method can 

be used effectively for the introduction of mesopores when the Si/Al ratio of the parent material 

is in a certain range. An optimal Si/Al range of 25-50 has been found to lead to a well-controlled 

formation of mesopores in ZSM-5 zeolites [167,190–192]. As suggested by Cizmek et al. [189], 

the charge on lattice Al prevents the extraction of the Si neighbors from the zeolite framework. 

Therefore, for high concentrations of Al, i.e. low Si/Al ratios, the extraction of Si is too much 

limited. However, when the Si/Al ratio of the parent zeolite is high (> 50), no selective 

extraction takes place due to excessive Si removal, consequently, no selective mesopore 
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formation (large meso- and macropores) as shown in Figure I.32. However, it has been known 

that this range is apparently applicable for other zeolites studied than ZSM-5 [161,190]. 

 

Figure I.32 Schematic representation of how Si/Al ratio dictates the formation of mesopores 

in ZSM-5 desilicated by NaOH [190]. 

The classical desilication treatments are performed in the presence of strong inorganic 

bases (e.g. NaOH, Na2CO3, NaAlO2, KOH, LiOH, etc.) [157,161]. The developed porosity 

seems to be obtained by preferential extraction of Si atoms from the framework due to 

hydrolysis in the presence of HO
-
 anions (Figure I.33), where the Si atom becomes five-bonded 

after HO
-
 attack, and then by a second mechanistic step, by the action of H2O molecules, the 

silicon is extracted from the framework in the form of Si(OH)4 normally [193]. The vacancy 

left by this extraction is attributed to the porosity developed hereafter. However, the pore 

directing role of framework aluminum is sometimes behind the extraction of dissimilar silicon 

containing species of different size in the various zeolites. Fragment X stands even for the 

hydroxyl group in case of monomeric species or for a siloxane chain for polymeric entities 

(Figure I.33). 
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Figure I.33 Hydrolysis of framework Si in alkaline medium. Adapted from [157]. 

Besides the desilication by inorganic bases, hierarchical zeolites combining the micro- 

and mesoporous network were prepared by desilication of the parent zeolite in aqueous solution 

of organic based compounds such as tetrapropyl- and tetrabutylammonium based organic 

compounds. However, these organic compounds are less reactive and less selective towards the 

dissolution of silicon than inorganic solutions [161]. To be more effective, these treatments 

require more elevated temperatures and/or longer desilication durations for the formation of 

important mesoporosity which allows high control of the dissolution process. Moreover, the 

direct use of only organic hydroxides produced directly the protonic form of the final 

mesoporous product after calcination, without any need for ion-exchange with NH4NO3 species. 

This is only in case there is no incorporation with the inorganic species, e.g. NaOH, where ion-

exchange is necessary to eliminate the Na+ cations from the zeolite framework. It was shown 

that tetraalkylammonium based organic compounds when dissolved, produce the 

tetraalkylammonium cations (TMA+, TEA+, TPA+ or TBA+) that are usually used as structure-

directing agents during the synthesis of zeolites. They are well known to largely protect the 

zeolite crystal by interacting  preferentially with the surface to stabilize the structure and hinder 

the attack of HO- anions by steric effect [194]. Therefore, these organic structural agents (pore 

directing agents) are considered promising variant to the classical treatments, as they preserve 

way better the intrinsic properties of the zeolite, for example microposrosity and crystallinity 

[195–197], in addition to better conservation of the mass yield after desilication [157]. 

Figure I.34 shows the difference between desilication in presence of inorganic species (e.g. 

NaOH) and in presence of organic ones (e.g. tetraalkylammonium hydroxides). The figure 

illustrates how the tetraalkylammonium cations adhere to the surface of the zeolite and protects 

it against HO
-
 attack, leading to a lower extent in material loss, preserving way better the 

properties of the zeolite. It is also seen in the figure that the Si/Al ratio decreased more in 
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presence of inorganic species (from 42 in starting material to 26 in desilicated one), while the 

effect was less in the one desilicated in presence of organic species (from 42 to 36). 

 

Figure I.34 Comparison of desilication of zeolite in presence of organic (TPAOH, TBAOH) 

and inorganic (NaOH) species. Adapted from [191]. 

This post-modification method was firstly applied to the average pore MFI zeolite (ZSM-

5) [198,199], but later on was extended on wide range of zeolites: MOR [200–202], MTW 

[203,204], ITQ4 [205,206], BEA [207–210], TON [170,211], and small pore zeolites (e.g. 

CHA) [212], etc. The diffusion path of these obtained hierarchical pore zeolites, was constituted 

of microporosity interconnected by a mesoporous network [213]. However, among the reported 

zeolites subjected to such alkaline treatments, beta zeolites were more susceptible to Si 

extraction, i.e. mesoporosity development, since the Al species in beta zeolites are not stable as 

in MFI, FER, and MOR zeolites [207,214], and therefore cannot moderate Si extraction. In all 

cases, it is generally accepted that the Al atoms in the AlO4
- negatively charged tetrahedra, 

protect the Si atoms against HO
- attack [162]. In beta zeolites, the surface is poorer in Al atoms 

than the bulk, which makes this type of zeolite more prone to Si extraction from the surface 

[162]. Unlike ZSM-5, the surface zone is highly enriched with the AlO4
-
tetrahedral, which 

makes it more resistant to desilication in basic solutions [215].  
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3.4 Impacts of desilication on the zeolite properties 

The main issue behind the proposal of such treatments as said before is the introduction 

of mesopores as auxilliary network to the already existing micropores. Nevertheless, these 

treatments had shown to influence the properties of the modified parent zeolite, where the 

elemental, textural, acidic, and the catalytic properties are highly affected post to these 

treatments. An overview on these effects will be further discussed.  

3.4.1 Impact on zeolitic structure 

The X-ray diffraction patterns always show the preservation of the zeolite structure 

characteristics of the parent material after post-modification via desilication. But, however, in 

the majority of the cases, a decrease in crystallinity is observed. To compare the crystallinity 

before and after desilication, relative crystallinities were calculated by estimation from the 

diffraction peaks intensities, considering the crystallinity of the parent material to be 100% 

crystalline [216]. 

In a study done by Tarach et al. [162], the structural characteristics of the *BEA zeolite 

was seen not to show any change, thus indicating the preservation of the parent’s structure after 

desilication (Figure I.35). However,, it was seen that in presence of the inorganic species 

(NaOH), the relative crystallinity decreased to 66%, indicating that NaOH leads to partial 

amorphization of the zeolite. Nevertheless, the crystallinity was recovered again in a solution 

containing organic compounds (TBAOH) to 100%. The role of these organic species, as said 

before, is to protect the surface of the crystal and prevent material loss and debris formation. In 

another study by Abello et al. [191], no change in the peaks position in the XRD patterns was 

observed in ZSM-5 zeolite before and after desilication, which indicates the preservation of the 

parent’s zeolitic structure characteristics. Figure I.36 below shows also that the desilication with 

NaOH alone (AT curve), causes more loss in crystallinity than when desilicated in presence of 

TPAOH (OT-3 and OT-4 curves), in comparison to the parent zeolite’s curve (P curve). This 

was revealed by the decrease more or less in the intensities of the peaks relative to the parent’s 

ones. 
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Figure I.35 X-ray diffraction patterns of parent and desilicated *BEA zeolite. Adapted 

from [162]. 

 

Figure I.36 X-ray diffraction patterns of parent and desilicated ZSM-5 zeolite. With 

treatments: AT (0.2NaOH), OT-4 (1M TPAOH, 300 min) and OT-3 (1M TPAOH, 480 min). 

Adapted from [191]. 
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3.4.2 Impact on chemical composition 

It is known that during the process of creating mesopores by means of desilication, it’s 

the Si atoms being extracted predominately. However, it is both Si and Al atoms are removed 

from the framework, where the Al atoms re-aluminate again on the external surface of the 

zeolite [193]. The removal of Al atoms is, however, not that much considered at low 

concentrations of the alkaline solution.  

Sadowska et al. [215] studied the effect of NaOH concentration on the chemical 

composition, and its consequences on the Si/Al ratio upon the desilication of ZSM-5 zeolite. 

The ratio was shown to decrease more and more as the NaOH concentration increased.  

However, it was shown also that the percentage of extracted Al was negligible (0.5, 2 %) at low 

NaOH concentrations (0.1, 0.2 M), but it was more pronounced (elevated to 18, 62 %) when 

the concentration was more than the double (0.5, 1.0 M). In the other hand, upon the desilication 

of  the same zeolite in presence of protective organic species (TBAOH), the Si/Al ratio was 

seen to decrease but in a lower extent in comparison with desilication by NaOH alone. 

Moreover, the percentage of extracted Al was also lower in this case [215].  

The studies reported by Tarach et al. [162] and Abello et al. [191], reveal also the same 

aspect. The studied showed that the Si/Al ratios decreased after desilication by NaOH alone, 

but the decrease was reduce upon incorporation of the organic species. This reduced influence 

reflects the protective effect of the organic species on the chemical composition of the zeolite. 

3.4.3 Impact on textural properties 

The main objective of the constructive and destructive pathways is to reduce the 

diffusional pathways of the molecules within the pores of the zeolites. This is achieved by 

targeting its textural properties even by introducing mesopores as auxiliary porosity to the 

micropores, or by decreasing the crystal sizes to the nanometric scale ( < 100 nm). Upon the 

route covered by desilication destructive pathways, it was not only the mesopores being 

influenced, the micopores, external and BET surfaces were also affected, in addition to the size 

and shape of the zeolite crystal in some cases. 

Figure I.37-A below shows the nitrogen sorption isotherms of three desilicated zeolites: 

ZSM-5, beta and USY, where P stands for parent and M for modified zeolite after alkaline 

treatment. The adsorption curves show always that the adsorbed volume is increased at high 

relative pressure, a significance for creation of mesopores. As well known, when there is no 
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elevation of the curve at high relative pressure, i.e. where there is a plateau conservation, it 

means the material is considered to be microporous exhibiting type I isotherm [217]. This is 

clearly seen in USY (P) zeolite in the figure below. However, after deslication, this material 

seems to have an elevation in the curve at high relative pressure. The type of isotherm it exhibts 

now is type II  isotherms [164], which correspond to mesoporous industrial adsorbents [217]. 

This aspect is also seen in ZSM-5 zeolite where it was purely microporous before the treatment, 

and became micro- and mesoporous zeolite after desilication. However, the beta zeolite in this 

case was already possessing mesopores, but the more attracting is that the already existing 

mesopores seem to adsorb more nitrogen volume after desilication, a sign of increase in the 

mesoporous volume. Moreover, part B of the figure shows the pore size distribution in the 

parent and modified zeolites. It is shown that the three zeolites exhibit mespores after 

desilication with different diameter distributions which are all > 2 nm (typical of mesoporous 

solids [217]). Beta (M) zeolite possessed also a bimodal distribution of pores, reflected by the 

centering of the peaks at 7.5 and 25 nm. 

 

Figure I.37 Nitrogen adsorption isotherms (A) and pore size distribution (B) of parent and 

modified zeolites. Adapted from [164]. 



 

58 

  

To investigate deeply the impact of desilication on the textural properties, it is important 

to discuss quantitively the textural parameters before and after desilication. It was seen in this 

study, that the mesoporous surface, BET surface and total pore volume have increased after the 

alkaline treatments, knowing that the BET equation cannot be held on microporous solids and 

to a lesser extent on mesoporous materials according to several hypotheses [218]. The more 

important is to preserve the micropore volume unchanged. This was seen in ZSM-5 zeolite, but 

in a less extent in USY (from 0.359 to 0.289 cm3/g) and beta zeolites (from 0.199 to 0.190 

cm3/g) [164]. 

In another study by Tarach et al. [162], it was seen the usage of NaOH alone caused more 

drop in micropore volume (from 0.18 to 0.10 cm3/g ) than in presence of NaOH and TBAOH 

(from 0.18 to 0.14 cm3/g) during the treatment of a beta zeolite. This indicates the protective 

effect of these organic molecules. Moreover, Figure I.38 shows the morphology of the crystals 

before (a and a’) and after desilication by NaOH alone (b and b’) and NaOH+TBAOH (c and 

c’). It is well observed that the samples treated with NaOH&TBAOH show a more uniform 

mesopore network spreading through the whole zeolite particle, while the treatment with NaOH 

alone results in -as said- core–shell particle [162], in which the mesopores are located at the 

crystallite’s external surface, while the inner part remains almost unmodified. 

 

Figure I.38 TEM images of the parent Beta zeolite (a at 500 nm and a’ at 200 nm) and Beta 

zeolite treated with 0.2 M NaOH (b at 500 nm and b’ at 200 nm) and 0.2 M NaOH&TBAOH 

mixture (c at 500 nm and c’ at 200 nm). Adapted from [162]. 
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In the study performed by Sadowska et al. [215], it shows that the crystallites of ZSM-5 

zeolite show the formation of the mesopores after desilication, as illustrated by the TEM images 

in Figure I.39. 

 

Figure I.39 TEM images of ZSM-5 zeolite before (A) and after (B) desilication. Adapted from  

[215]. 

3.4.4 Impact on acidity 

Four bands are usually observed in the IR region that correspond to the vibration of OH 

groups with different configurations (e.g. ZSM-5). The band at 3740 cm-1 corresponds to the 

Si-OH groups on the crystallites external surface (Figure I.40), or on the mesoporous surface if 

mesopores were already existing. The increase in such a band is attributed to the formation of 

mesopores and increase in its volume and surface [162]. However, at high base concentrations, 

this band may decrease, pointing to a destruction of the pore system of the zeolite due to the 

severe base concentration [215]. The highly acidic groups that are presented by the Si-OH-Al 

groups, peaked at 3610 cm-1, may increase upon desilication due to the selective extraction of 

Si, which is concurrent with the decrease in the Si/Al ratio. It is important to note that high 

basic concentrations may induce Al extraction also, causing a decrease in the corresponding 

acidity (Figure I.40). The hydroxyl nests (Figure I.41), possessed in microporous solids, that 

appear at 3400-3500 cm-1 region, are referred to Si-OH defects bonded by hydrogen that is 

bonded to the framework oxygen [215]. Gil et al. [203] and Holm et al. [219] reported the 

disappearance of these groups upon desilication. Therefore, it may be concluded that these 
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defect sites are the places the most incurred to the attack of the base, due to the probable least 

stable Si atoms that are bonded via oxygens (low Si atoms stability due to absence of Al in 

neighborhood), to other three Si atoms and to the OH in defects, being removed easily by NaOH 

treatment.  

 

Figure I.40 IR spectra of OH groups of parent ZSM-5 zeolite and its desilicated forms with 

different base concentrations. Adapted from [215]. 
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Figure I.41 Silanol (3746 cm-1) and hydroxyl nests (3460 cm-1) in ZSM-5 zeolite. Adapted 

from [219]. 

Furthermore, it is possible to determine qualitatively and quantitatively the Brønsted and 

Lewis acid sites from IR spectra after pyridine adsorption at different temperatures. Bands at 

1545 and 1637 cm-1 correspond to Brønsted acidity (PyH) and bands at 1455 and 1622 cm-1 

correspond to Lewis (PyL) sites, in addition to the band at 1490 cm-1 attributed to pyridine 

adsorbed on both Brønsted and Lewis sites [220,221]. Studies showed that desilication tend to 

decrease both acidities [163,222]. This was seen to be reflected by the decrease in the peaks’ 

intensities at 1545 and 1455 cm-1 (corresponding to most common Brønsted and Lewis acidities 

respectively) as in Figure I.42. It was suggested that desilication causes the removal of strong 

acid sites through dissolution of the zeolite framework and the disappearance of aluminum in 

the tetrahedral coordination position [222]. However, an increase in the Brønsted acid sites 

could also be seen due to the decrease in the Si/Al ratio, pointing, as generally accepted, to an 

increase in the Al concentration [162]. Lewis acid sites increase could also be observed due to 

a redistribution in the strength of Lewis acid sites within the sample [221] (ZSM-5M zeolite in 

Figure I.42).  

 

Figure I.42 IR spectra showing the evolution of Brønsted and Lewis sites before and after 

desilication of USY, Beta and ZSM-5 zeolites. Adapted from [164]. 
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3.4.5 Impact on catalytic performance 

As well said, the objective of hierarchization is to reduce the diffusion path length which 

by turn lessens the diffusional limitations exhibited within small pore sized zeolites. The lower 

the diffusion path length, the lower the time contact between the intermediates and the active 

acidic sites, in particular, the Brønsted sites. In the conversion of methanol to hydrocarbons 

studied by Liu et al. [223], the hierarchized porous zeolite Beta was seen to exhibit larger 

conversion capacity, with faster reaction rate and a remarkably longer lifetime when comparing 

to the conventional zeolite Beta. Moreover, the hierarchical ZSM-5 and Beta zeolites with 

inter/intra-crystalline mesoporosity had shown excellent activity and selectivity in the synthesis 

of wide range of aromatic and heterocyclic ketones, as in the work reported by Kore et al. [224]. 

It was suggested by this team that there was high accessibility of the reactant molecules to the 

acid sites located at the pore-mouth or inside the channels, which enhanced the diffusion of the 

reactants as well as products after desorption through the inter-crystalline mesopores [224]. 

In the hydroisomerization of n-alkanes, lower activities and selectivities toward isomers 

products are observed with small pore sized zeolites [78,211]. In a study done by Martens et al. 

[78,211], it was seen that the hierarchization of ZSM-22 zeolite by means of desilication, had 

registered a remarkable effort in improving the activity of the catalyst and the selectivity 

towards isomers product in the hydroisomerization of n-decane, n-nonadecane and pristane. 

Some hydrocarbons are also known to readily isomerize, e.g. monoterpenes. These molecules 

have also been studied using hierarchical zeolites [225,226]. In these studies, ZSM-12 zeolite 

was desilicated in NaOH alkaline treatment to produce a ZSM-12 zeolite with a mesoporous 

network. This mesoporous material was found to have enhanced activity in comparison with 

the conventional ZSM-12 zeolite in the isomerization of α-pinene. 

 Objective 

While no much studies have been reported on the catalytic performance of hierarchical 

*BEA zeolites in the hydroisomerization reactions of n-alkanes, we tend in our work to go deep 

in this issue, and try to investigate the impact of hierarchization on the activity and isomers 

selectivity of the related catalysts. The work will be consisting of several tasks. One of the tasks 

is to synthesize a microcrystal *BEA zeolite that possess only micropores in its pore system, 

and subject it to several post-modifications by means of desilication in presence of inorganic 

and organic hydroxyl compounds. The impact of desilication of the microcrystal *BEA zeolites 
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on their structural, textural, acidic and catalytic performance properties in the 

hydroisomerization of n-C10 and n-C14, will be investigated and discussed. Moreover, another 

task will be accomplished by the attempt to subject two commercial mesoporous *BEA zeolites 

that possess both the micro- and mesoporous network, to desilication treatments also in 

presence of inorganic and organic hydroxyl compounds, seeking for additional mesoporosity 

that may enhance more and more the diffusional pathways of the olefin intermediates within 

the pores. As in the first task, the impact of desilication will be investigated on the zeolites’ 

properties, and their catalytic performance in the hydroisomerization of the desired n-alkanes. 
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II  Chapter 2: Experimental procedures, techniques,  and catalytic tests.  

 Zeolites and catalysts preparation 

1.1 Parent nanocrystal *BEA zeolites 

Two commercial nanocrystal *BEA zeolites were used in the different catalytic tests to 

be discussed later in this chapter. The first *BEA zeolite referenced CP811, denoted by P1, 

where “P” stands for parent, was supplied by PQ Corporation. The second parent *BEA zeolite 

referenced CP814E, denoted by P2, was supplied by Zeolyst Company. Despite of the fact that 

they are both commercial *BEA zeolites, but they still have some differences in the elemental, 

textural, and acidic properties. The structural and different physico-chemical properties will be 

presented and discussed in chapter III.  

Both zeolites were subjected to alkaline treatments to induce some textural modifications 

seeking for a solution to the diffusion limitations found within the zeolites’ porous structure. 

The treatments were said to be post-synthesis treatments, i.e. top-down approaches were used 

to modify the zeolite structure. Among the variable post treatments found in literature, the most 

recent one was desilication, and was as used method in the work presented.  

P1 zeolite was desilicated by the classical way, in presence of NaOH alone, and by the 

alternative way in presence of a solution mixed of NaOH and tetrapropylammonium bromide 

(TPABr. P2 zeolite was desilicated in solutions of NaOH alone, solutions of NaOH and 

tetrabutylammonium hydroxide (TBAOH), and solutions of NaOH and tetrapropylammonium 

hydroxide (TPAOH). The mixtures’ concentrations as well as the molar fractions of the 

tetraalkylammonium based pore directing agents were varied to study their effects on the zeolite 

properties. The desilicated samples of P1 will be denoted by P1-Dn (with n the number of 

desilication performed), and will be referred to series 1 zeolites. Similarly, The desilicated 

samples of P2 will be denoted by P2-Dn (with n the number of desilication performed), and 

will be referred to series 2 zeolites, as seen in Table II .1. 

After each desilication, the suspension was cooled down in an ice-bath, filtered and 

washed with distilled water to reach neutral pH. The Na+ species were exchanged by NH4
+ 

through a threefold successive ion-exchange treatments, with a 0.5M NH4NO3 solution, at 80 

°C for 1 hour. The final powders were calcined at 550 °C for 6 hours, and the mass after 

calcination was measured to determine the yield of each desilication reaction, represented by 

the following equation: 
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� ሺ%ሻ = �  � ͳͲͲ                                       Equation II .1  

where, 

Y is yield of desilication; 

mf is the final mass after desilication; 

mi is the initial mass before desilication. 

The conditions of desilications as solutions, concentrations, of P1 and P2, are reported in 

Table II .1, knowing that all reactions were performed at 65 °C for 30 minutes. 

Table II .1 Desilication conditions for P1 and P2 zeolites. 

Sample [NaOH] (M) DPA [DPA] (M) [HO-] (M) R (TBAOH 
molar ratio) 

P1 - - - - - 

P1-D1 0.2 -  0.2 - 

P1-D2 0.2 TPABr 0.2 0.2 - 

P2 - - - - - 

P2-D1 0.1 - - 0.1 - 

P2-D2 0.2 - - 0.2 - 

P2-D3 0.5 - - 0.5 - 

P2-D4 0.15 TBAOH 0.1 0.075 0.2 

P2-D5 0.225 TBAOH 0.025 0.1 0.04 

P2-D6 0.202 TBAOH 0.134 0.13 0.385 

P2-D7 0.12 TBAOH 0.2 0.13 0.625 

 

1.2 Microcrystal  *BEA synthesis and post-synthesis treatments 

Besides the nanocrystals and the effects of desilications on its properties and catalytic 

performance (to be discussed later), a microscrystal *BEA zeolite was synthesized to make the 

same investigation processes, based on the procedure mentioned in literature [227].  The 

synthesis was finalized in accordance to the molar compositions presented in Table II .2. 
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Table II .2 Molar compositions of the starting materials for MC synthesis. 

Compounds SiO2 Al  TEAOH HF H2O 

Molar composition (mol) 1 0.033 0.573 0.573 7.033 

 

 The synthesis was carried by adding the amounts of aluminum (Al), tetrethylammonium 

hydroxide solution (TEAOH) and tetraethoxysilane (TEOS), to a teflon beaker. The mixture 

was kept under stirring for two days at room temperature. After two days the amounts of water 

and hydrofluoric acid (HF) were added and the mixture was mixed well. The teflon beaker was 

then put in an autoclave and the later was transferred into an oven. The mixture was allowed to 

crystallize at 170 °C for 14 days. The final suspension was collected from the beaker, filtered, 

washed several times to insure no more impurities and to reach neutral pH, then dried and 

calcined at 550 °C for 6 hours. The final product was denoted by “MC”, an abbreviation of the 

term: microcrystal. 

The protonic form of the MC *BEA zeolite obtained finally after calcination, was 

subjected to three desilication treatments. The solutions used were a) NaOH solution, b) a 

solution of NaOH and TPABr, and c) a solution of NaOH and TBAOH. The desilicated forms 

were also ion-exchanged and calcined using the same procedures followed previously with the 

nanocrystals desilications. The desilicated samples of MC will be denoted by MC-Dn (with n 

the number of desilication performed), and will be referred to series 3 zeolites (Table II .3 

Desilication conditions of MC). 

The conditions of desilications as solutions, concentrations, time and temperature, of the 

microcrystal *BEA zeolite, are reported in Table II .3, with the same time and temperature 

followed in series 1 and 2. 

Table II .3 Desilication conditions of MC. 

Series 3 [NaOH] (M) DPA [DPA] (M) ] (M)-[HO R 

MC - - - - - 

MC-D1 0.2 - - 0.2 - 

MC-D2 0.2 TPABr 0,2 0.2 - 
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MC-D3 0.12 TBAOH 0.2 0.13 0.625 

1.3 Bifunctional catalysts preparation 

All the parent and desilicated zeolites used in the hydroisomerization catalytic tests, were 

transformed into their bifunctional form by the impregnation of platinum (Pt). The 

impregnation was based on the ion exchange principle using the Pt(NH3)4(NO3)2 salt. The 

exchange was performed during 24 hours under continuous stirring at room temperature. 

NH4NO3 salt was added to supply the mixture with NH4
+, respecting the molar ratio between 

NH4
+ and Pt to be 100.  The ratio between the volume of the water and the mass of the zeolite 

(VH2O / mzeolite) was equal to 50 mL.g-1. After the exchange, the zeolite was filtered, washed and 

dried at 100 °C over night. Finally, the dried sample was calcined under air flow of 150 mL.min-

1, following the temperature program present in Figure II .1. 

 

Figure II .1 Platinum exchanged *BEA zeolites calcination program. 

In series 1, the balance between the metallic and acidic sites was studied by the 

impregnation of different platinum loadings: 0.44, 0.98, 1.1 and 1.5 wt. percentage of platinum. 

The metal loadings of the desilicated forms of P1 and of series 2 catalysts contained 

approximately 1.5 wt. percentage of Pt to insure obtaining a well-balanced catalyst. Series 3 

catalysts contained less amounts of Pt loading, despite the effort made to impregnate 1.5%wt. 

of Pt. But unexpectedly, the loading was 0.75% in MC and 1.0% in its desilicated forms. 

Hereafter, these catalysts will be called xzeolite, were “x” represents the platinum loading wt. 

%, and “zeolite” represents the parent (P) or desilicated (D) zeolite. 

Troom

100 °C (1 h)

450 °C (4 h)

5 °C.min-1

2 °C.min-1

Air flow 
(150 mL.min-1)
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 Techniques used for the physico-chemical characterization of the 

zeolites and their related catalysts 

2.1 Study of zeolitic structure by X-ray diffraction (XRD) 

2.1.1 Principle 

The X-ray powder diffraction patterns were determined to seek information about the 

crystalline phases existing on the parent and desilicated materials before being tested to check 

if they still maintain the *BEA zeolite characteristics. It was also important to use the 

integration of the peaks’ areas for each desilicated material to estimate the crystallinity 

percentage in comparison with the parent material (considered to be 100% crystalline). 

Moreover, through the Scherrer method, the resulting diffractograms helped to estimate the size 

of the crystal size of the microcrystal synthesized zeolite. In addition to that, the associated 

XRD software can be used to determine the Miller indices of the different crystalline phases 

accompanied with each sample. 

The crystalline bodies can be considered as assemblies of atomic planes, called reticular 

planes, separated by a characteristic distance, the inter-reticular distance (dhkl). When an X-ray 

beam irradiates a crystalline material, it is reflected by a family of planes with a Miller's index 

(h k l) encountered at a certain angle, called the Bragg angle (θ). The X-rays diffracted during 

the angular scanning of the surface of the sample are collected by a detector. Each diffracted 

peak thus corresponds to an angle θ which can be connected to the inter-reticular distance 

according to the Bragg's law: ʹ݀ℎ × θ݊�ݏ = ݊ ×                                      Equation II .2 

where, 

d is the distance between two Miller index planes; 

 is the X-ray wavelengths; 

n is the diffraction orders; 

and θ is the incident angle of the X-ray beam (Bragg’s angle).  
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2.1.2 Experimental procedure 

All the XRD patterns were obtained on a D5005 BRUKER AXS diffractometer using a 

CuK radiation (=1.5406 Å) as incident beam, obtained by summiting a copper anode to a 

tension of 40 kV and an intensity of 30 mA. The CuK radiation and the eventual fluorescence 

were eliminated by a graphite monochromator. 

The acquisition method ranged from 5 to 60 °2 on all the samples including the parent, 

the desilicated, and the synthesized materials as well.   

2.1.3 Scherrer method 

As said before, to estimate the average crystallite size, the Scherrer method was used. The 

corresponding Scherrer equation (equation II.3) was applied to the most intense peak, which in 

case of the *BEA zeolite (microcrystals only) corresponds to 22.4 °2 (Miller index 3 0 2). ܦ = ��ிௐெ�.cos �                                           Equation II .3 

where, 

D (Å) is the crystallite size; 

K is the shape factor (typically 0.9); 

 (Å) is the incident x-ray radiation wave length; 

FWHM (rad) is the full width at half maximum of the peak; 

and  (rad) is the incidence angle or Bragg’s angle [228]. 

2.2 Induced Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES) 

The compositional weight of Pt, Si, Al and Na, allowed the determination of the total 

Si/Al (Si/Al total) ratio of the pure *BEA samples before and after desilcations, was obtained by 

the elemental analysis with the aid of atomic emission spectrometry (ICP-AES) on a Perkin 

Elmer Optima 2000 DV. 

2.2.1 Principle 

Inductive plasma emission spectrometry (ICP-AES) is based on the formation of plasma 

in a rare gas stream. The liquid sample is nebulized then transferred to the plasma (Argon). It 

undergoes various stages of decomposition, atomization and ionization, leading to the 
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excitation of atoms and ions. After excitation, the atoms contained in the sample emit light with 

a characteristic wavelength. The light is transmitted via the optical system to a detector which 

allows dosing. A prior calibration of the element to be assayed makes it possible to quantify it. 

2.2.2 Experimental procedure 

The analysis was carried out in an argon plasma using a Perkin-Elmer OPTIMA 2000DV 

spectrometer. The sample is diluted in aqueous solution and then vaporized using a plasma to 

measure the emission intensity of a radiation characteristic of the element to be assayed. 

2.3 Nitrogen Physisorption 

The textural properties were determined by nitrogen physisorption technique. It was 

possible to obtain several samples characteristics through this technique, such as: surface area, 

external surface, pore volume and pore size distribution.  

2.3.1 Experimental procedure 

The experimental data on the nitrogen adsorption-desorption isotherms were obtained by 

using a Micromeritics ASAP 2000 apparatus. The samples were first outgased for 1 h at 90°C 

then at 350°C for at least 4h. After, the nitrogen isotherm was determined at -196 °C. 

2.3.2 Isotherm classification 

Besides to all the properties that the nitrogen physisorption technique provides us with, 

the isotherm itself allows to classify the type of the material studied through the observation of 

the isotherm type. The majority of the physisorption isotherms are included into the six types 

as shown in Figure II .2. 

Type I – This type of isotherm corresponds to adsorption in gaseous phase on 

microporous solids. It is typical of single-layer adsorption, with saturation when the layer is 

completely filled. This is the most frequent case encountered for zeolites and activated carbons. 

It demonstrates a relatively strong interaction between the adsorbate and the adsorbent, and is 

reversible over the entire pressure range. A decrease in the diameter of the micropores results 

in both the increase in the adsorption energy and a decrease in the relative pressure at which the 

filling of the microporous volume occurs. The narrow range of relative pressure necessary to 

reach the plateau is an indication of the narrow pore size distribution. In addition, the fact that 

this plateau is almost horizontal indicates that the external surface is very weak. Type I (a) 

isotherms are for materials with micropores smaller than 1 nm diameter, while Type I (b) 
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isotherms are for those with a larger pore size (up to 2.5 nm). The mesoporous materials whose 

pore size is between 2 and 2.5 nm are thus included in the type I isotherm (b). 

 

Figure II .2 Types of physisorption isotherms [217]. 

Type II – This isotherm results from multilayer adsorption on an open surface and are 

characteristic of nonporous and macroporous materials. Point B in an indication to the stage at 

which monolayer coverage is complete and multilayer adsorption is about to begin. They may 

exhibit the hysteresis phenomenon. 

Type III – These isotherms with a convex curvature are rare and characterize very weak 

adsorbate-adsorbent interactions. 

Type IV – Very typical type IV isotherms (a) are characteristic of mesoporous materials, 

and generally exhibit a hysteresis phenomenon: this indicates the presence of mesopores where 

the adsorbate is found in its condensed form. These isotherms are characteristic of strong 

molecular interactions. Type IV isotherms (b) are concerned with materials whose mesopores 

are cylindrical or conical in shape. 
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Type V – This isotherm type is uncommon and related to the Type III isotherm in the 

mesure that the adsorbent-adsorbate interaction is said to be weak, but still it is obtained with 

certain porous adsorbents. Type V isotherms with convex curvature are also quite rare. They 

indicate a lower adsorbate-adsorbent interaction, and the appearance of a hysteresis is related 

to the presence of mesopores. 

Type VI – These types are due to a multi-layer adsorption process on materials with 

orientation on a particular crystal face (multilayer adsorption on a homogeneous non-porous 

surface). Argon or krypton on graphitized carbon blacks are the most popular examples of this 

type of isotherm obtained at liquid nitrogen temperature. 

2.3.3 Specific Surface – BET surface 

The Brunauer, Emmett and Teller equation (BET) [229], which is an extension of the 

Langmuir equation [230] was used to estimate the specific surface area of the zeolitic materials. 

Therefore, the values obtained for the “specific surface” through the BET equation will be then 

designated by BET surface (SBET).  

In order to get the value the BET surface it was needed to calculate first the amount of 

gas needed to fill the monolayer (vm). The following equation was used to fit the experimental 

data to, thus obtaining the monolayer and the BET surface after. 

��0௩ቀଵ− ��0ቁ = −ଵ௩. . ��0 + ଵ௩.                                  Equation II .4 

 where, 

P, pressure at equilibrium (mmHg), on zeolites: P/P0 < 0.1; 

P0, saturation pressure (mmHg); 

v, quantity of adsorbed gas (mol); 

vm, quantity of monolayer gas (mol); 

C, BET constant. 

 However, as said in the literature review, the BET equation cannot be held for 

microporous materials and a in lesser extent to mesoporous ones according to several 

hypotheses [218]. 
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 The BET constant (C) depends on the molar heat of adsorption of the first layer on the 

surface of the material (El) and the molar heat of liquefaction of the diazote (EL). Strong 

adsorbent-adsorbate interactions are characterized by a high value of the constant C. The 

exponential equation of this constant is presented by equation below: ܥ = �݁ ቀா−ாಽோ் ቁ                                            Equation II .5 

Once the vm was determined, the BET surface was obtained by using the following 

equation: ܵா் = �. �ሺ ଶܰሻ. ܰ                                       Equation II .6 

where, 

SBET, BET surface (m2.g-1); 

vm, quantity of monolayer gas (mol); 

 (N2), Nitrogen surface area (16.2 x 10-20 m2); 

NA, Avogadro’s number (6.022 x 1023 mol-1). 

2.3.4 External surface 

The external surface (Sext) includes the external surface of crystals and the area of 

mesopore, was obtained through the t-plot method to be described below. 

2.3.5 Pore Volume 

The pore volume of the analyzed sample was also determined by nitrogen physisorption. 

It was also possible to classify the samples pore volumes according to their sizes into three 

different categories [217]: 

i. Macropores: greater than 50nm (not detected with nitrogen physisorption); 

ii.  Mesopores: between 2 and 50nm; 

iii.  Micropores: less than 2nm; 

Moreover, the micropores can be also divided into ultra-micropores (less than 0.8 nm) 

and super-micropores (between 0.8 and 2 nm).  
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2.3.5.1 Total pore volume 

It is important first to determine the total pore volume through the volumic amount of 

nitrogen adsorbed on the sample needed to attain a relative pressure (P/P0) of 0.97. It is 

calculated according to the following relation in the next equation: �் �� = ெ.�ೞಾ.��                                           Equation II .7 

where, 

Vtotal, total pore volume (cm3.g-1); 

M, molar weight of nitrogen gas (28 g.mol-1); 

VM, molar volume (22414 cm3.mol-1); 

liq, density of liquid nitrogen (0.808 cm3.g-1). 

2.3.5.2 Micropore volume (Ø <  2 nm) 

The method proposed by Dubinin and Raduskhevitch enables the determination of the 

volume of all the pores with less than 2 nm (Vmicro) [231]. This method considers that instead 

of filling the pore layer by layer, it is done by capillary condensation, and according to this 

point the following equation can be derived: �݃ሺ�ሻ = ሺ����ሻ݃� − ்2ఉ ଶ݃�] ቀ ��0ቁ]                      Equation II .8 

 where, 

V, pore volume (cm3.g-1) ; 

Vmicro, micropore volume (cm3.g-1) ; 

B, constant; 

T, isotherm temperature (K); 

, adsorbate affinity coefficient; 

P, pressure at equilibrium (mmHg); 

P0, saturation pressure (mmHg); 
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The linear equation �݃ሺ�ሻ = ݂ ଶ݃�] ቀ ��0ቁ] allows to determine Vmicro by the 

extrapolation of the linear curve part between [�݃ଶ ቀ ��0ቁ] = ʹ �݊݀ , as shown Figure II .3. 

 

 

Figure II .3 Determination of the micropore volume of *BEA zeolite (CP811) through the DR 

method. 

2.3.5.3 Ultra micropore volume (Vultra  - Ø <  0.8 nm) 

The t-plot method was used to calculate the ultra-micropore volume (Ø < 0.8 nm) once 

the micropore volume was determined. Figure of t-plot (Figure II .4) illustrates different types 

of t-plots, which represents graphically the adsorbed volume (Vads) against the statistical 

thickness of the adsorbed layer (t). For nonporous materials (a), a straight line passes through 

or very close to the origin. In materials possessing mesopores (b),  the plot shows a deviation 

from the straight line at high nitrogen relative pressures, whereas for microporous materials, 

deviations take place at low nitrogen relative pressures (c) [232–234]. In some zeolitic materials 

possess both micro- and mesopores, their t-plot therefore fits to that presented in d.    
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Figure II .4 Different types of t-plots: (a) nonporous solid; (b) mesoporous solid; (c) 

microporous solid and (d) micro- and mesoporous solid. 

Different mathematical models (Halsey, Harkins-Jura, Broekhoff-de Boer) were 

suggested to obtain the statistical thickness of the adsorbed layer (t), depending on the studied 

solids [232–234]. In our case, case of zeolites, it was demonstrated that the Harkins-Jura 

isotherm was the suitable one [235]. Consequently, the equation repsesented by the Harkins-

Jura isotherm is as follows: 

ݐ = √ ଵଷ.ଽଽ.ଷସ−ቀ ��0ቁ                                        Equation II .9 

 where, 

t, thickness of the adsorbed layer (Å); 

P, pressure at equilibrium (mmHg); 

P0, saturation pressure (mmHg). 

In microporous solids (c, d), at low relative pressures (low t values) and after the complete 

filling of the micropores volume that occurs, a linear region appears in the plot. It is possible 

then to determine the ultra micropore volume (Vultra) and the external surface (Sext), from the 

interception at t=0 and the slope of the straight line respectively, as shown in Figure II .5. As 

said before, it should be taken into consideration that the value of external surface comprises 

both the external surface of crystallites and the mesopore area. 
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Figure II .5 T-plot example for *BEA zeolite (CP811). 

2.3.5.4 Mesopore volume (2 <  Ø <  50 nm) 

The mesopores volume was finally the difference obtained between the total pores 

volume (Vtotal) and the micropore volume (Vmicro).  

2.3.6 Mesopore size distribution 

The BJH method (Barret, Joyner and Halenda) [236] was used to obtain the pore size 

distribution. This method describes the adsorption-capillary condensation process that takes 

place inside the mesopores [232]. In the capillary condensation region (P/P0 > 0.4), the increase 

in pressure causes the thickening of the layer adsorbed on pore walls, as well as capillary 

condensation in pores having a core (empty pore space) size rc defined by the Kelvin equation 

as follows: �݊ ቀ ��0ቁ = − ଶఊಾ cos �ோ்�                                       Equation II .10 

 where, 

P, pressure at equilibrium (mmHg); 

P0, saturation pressure (mmHg); 

, surface tension (N2 : 8.85 m.Nm-1); 

VM, molar volume (N2 : 22414 cm3.mol-1); 

, contact angle; 
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R, gas constant; 

T, temperature (K); 

rc,  radius for cylinder pores. 

By assuming the pore geometry, it is possible to calculate the contribution of a thickness 

of the adsorbed film to the total adsorption and the core volume. Therefore, from these results 

and from the assumed pore geometry it is possible to transform the core volume and core size 

into pore volume and pore size respectively. Finally, the mesopore size distribution can be 

determined by following the isotherm step by step in the range 0.4 < P/P0 < 0.97. 

2.4 Scanning Electron Microscopy (SEM) 

The SEM was used to observe the morphology of the samples. It was also possible 

through this technique to determine the crystals sizes of all *BEA samples. Its principle is based 

on the detection of the secondary electrons emerging from the surface of a sample under the 

impact of a very thin primary electron beam that sweeps the observed surface. These secondary 

electrons are collected and allow reconstruction of an enlarged image of the surface after certain 

scanning duration. 

2.4.1 Experimental procedure 

The samples morphology and size of crystals were determined through scanning electron 

microscopy (SEM) performed on a FEG-SEMJEOL miscroscope (JSM 5600-LV model). In 

order to be analyzed the samples were dispersed on a double face carbon adhesive tape that was 

deposed on a microscope slide and finally were covered with a carbon layer. 

2.4.2 Particle size distribution 

The SEM images were used to obtain the *BEA crystals particles size distribution. This 

was performed by measuring the size of at least 500 different particles with the help of ImageJ 

software. 

2.4.3 Average particle size 

Once the particle size distribution is determined, the average particle size can be 

determined by this arithmetic formula. ܦ = ଵ ∑ ݀ଵ                                          Equation II .11 
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 where, 

Dp, average particle size; 

n, number of particles; 

dpi, size of the particle i. 

2.5 Transmission Electron Microscopy (TEM) 

The TEM technique was also used to observe the morphology of the crystals of the parent, 

desilicated and synthesized *BEA zeolites. 

2.5.1 Experimental procedure 

The morphology of the samples was determined by transmission electronic microscopy 

(TEM) using a Philips CM 120 microscope equipped with a LaB6 filament. To prepare the 

sample, a small drop of a suspension in ethanol was put on a gold grid (Au) and after that the 

solvent was evaporated. 

2.5.2 Platinum particles average size and distribution 

The platinum particles size distribution and average size were obtained though the same 

methodology used in scanning electron microscopy (SEM). 

2.6 Infrared  spectroscopy 

The infrared spectroscopy experiments were done using a Fourrier Transform Infrared 

spectroscopy (FT-IR) apparatus. In the work reported, this technique was used for the following 

purposes: 

 To study the hydroxyl (OH) stretching vibrations bands in the range of 3500 – 3800 cm-

1 IR region. 

 To use the probe molecules pyridine and CO, for the quantification of the samples acid 

sites density and platinum dispersion respectively. 

 To determine the framework Si/Al ratio of the *BEA zeolite through the use of the zeolite 

structure bands. 

2.6.1 Stretching vibration bands of hydroxyl groups (OH)  

In general, the hydroxyl groups of zeolites and acid catalysts are often associated to the 

Brønsted acidity. Their vibrations generate IR adsorption bands in 3500 and 3800 cm-1 IR 
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region. The quantification of the density of the hydroxyl groups acidity is not possible, since 

when the Brønsted acid sites density increases, the O-H bond weakens thus decreases the OH 

frequency [237]. On the other hand, the O-H bond also depends on the location of the hydroxide 

group, which means the pore structure and presence of an extra-framework phase. Therefore, 

the comparison of these groups between zeolites is not possible, as well as between OH groups 

in case located on different environments inside the same sample [237]. 

2.6.1.1 Experimental procedure 

All the experiments were done in a quartz IR cell equipped with CaF2 windows, connected 

to vacuum as well as precised atmospheric systems, in addition to a temperature controlled 

oven. The catalyst was pressed prior to analysis into a self-supported 2 cm2 wafer (0.5 ton) that 

weighed between 10 and 30 mg. The sample is then placed in the IR cell and was calcinated 

over night at 450 °C under air flow (60 mL.min-1). Following the calcination, the sample was 

outgased (10-5 bar) during 1 h at 200 °C, after which finally an IR spectrum was taken. 

The figure below (Figure II .6) shows the example of a *BEA zeolite OH stretching 

vibration bands, where: 

 

Figure II .6 *BEA’s OH stretching vibrations bands. 

 The band at 3782 cm-1 refers to hydroxylated monomeric EFAL species and framework 

defects with Lewis acidity [238]. 

 The most intense band at 3740 cm-1 corresponds to the silanol groups (Si-OH) which are 

similar to those of silica and with a very weak acidity [237,239], [240]. Sometimes two 

bands may overlap. The first band from 3730 to 3740 cm-1 which is attributed to the 

internal Si-OH and the second band at 3745 cm-1 attributed to external Si-OH [241,242]. 

3500355036003650370037503800
Wavenumber (cm-1)
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 The band at 3664 is ascribed to the Al-OH hydroxyls. They refer to the aluminum those 

that does not make part of the zeolite framework [14], [243]. 

 The band at 3608 cm-1 is ascribed to bridging OH groups that are responsible for the 

Brønsted acidity [237,239]. 

2.6.2 Determination of Brønsted and Lewis acidity 

To determine the acidity of some materials like oxides and zeolites, pyridine is widely 

used as a molecule to probe these materials [239,244,245]. The interactions between the 

pyridine molecule and the material’s acid sites are responsible for the appearance of several 

bands in the IR spectra. These bands appear in the 1400 – 1700 cm-1 IR region. The bands at 

1490, 1545 and 1640 cm-1 are attributed to the formation of pyridinium ions on the Brønsted 

sites (PyH+) and those at 1455, 1490 and 1600-1630 cm-1 are attributed to the coordination of 

the pyridine on the Lewis sites (PyL) [237,246]. The corresponding spectrum is shown below 

in Figure II .7. 

 

Figure II .7 Pyridine interaction bands (1400 – 1700 cm-1) of H*BEA zeolite (CP811) drawn at 

different temperatures. 

The integration of the areas under the bands at 1545 and 1455 cm-1 enables the 

determination of the Brønsted and Lewis acid site density as explained bellow.  
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2.6.2.1 Experimental Procedure 

All the experiments were done in a quartz IR cell equipped with CaF2 windows, connected 

to vacuum as well as precise atmospheric systems, in addition to a temperature controlled oven. 

The catalyst was pressed prior to analysis into a self-supported 2 cm2 wafer (0.5 ton) that 

weighed between 10 and 30 mg. The sample is then placed in the IR cell and was calcinated 

over night at 450 °C under air flow (60 mL.min-1). Following the calcination, the sample was 

outgassed (10-5 bar) during 1 h at 200 °C, after which an IR spectrum was taken. The sample 

was then cooled to 150°C and subjected to exposure of 1.5 mbar pyridine pressure during 5 min 

and once again outgassed (10-5 bar) in order to eliminate the physisorbed pyridine probing 

molecules. A spectrum was then recorded at 150°C after 1 hour followed by three other spectra 

taken at 250, 350 and 450 °C with 1 hour gap between every spectrum. This enables to have 

further understanding of the acid sites strength. The characteristic spectra of the adsorbed 

pyridine at each temperature were, consequently, obtained by difference with the reference 

spectra taken at 200 °C. 

All the spectra were determined on a THERMO NICOLET 6700 FTIR spectrometer 

between 1000 and 4000 cm-1 IR region with a resolution of 2 cm-1 and 64 analyses per 

spectrum).  

As explained before, the pyridine interaction with a support enables to determine both 

Brønsted and Lewis acid site densities on this support. This is achieved through the correlation 

between the 1455 and 1545 cm-1 bands integrated absorbance and, respectively, the Lewis and 

the Brønsted acid sites density given by a modified Lambert-Beer law, which ultimately results 

on the following equation: 

The Lambert-Beer law allows the calculation of the acid sites densities by fitting the 

values of the integrated bands at 1455 and 1545 cm-1 of the the Lewis and the Brønsted acid 

sites respectively, in the following equation: ܿ = .ௌ�.                                                Equation II .12 

 where, 

c, Brønsted or Lewis acid site density (µmol.g-1) 

A, Wafer surface area (2 cm2); 

, molar absorption coefficient (B = 1.13; L = 1.28)  
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m, wafer weight (g) 

S, are under integrated peak (cm2.mol-1). 

2.6.3 Platinum dispersion determination 

The carbon monoxide adsorption followed by FT-IR spectroscopy enables to estimate the 

amount of metallic sites on some catalysts.  The bond between the platinum and the CO 

molecules as proven to be linear, consequently, only one CO molecule is adsorbed by accessible 

platinum atom [25, 84]. Moreover, this interaction generates a stretching band, around 2080 

cm-1, that can be used to determine the amount of accessible platinum atoms [85, 86].  

2.6.3.1 Experimental Procedure 

All the experiments were carried out in a quartz IR cell equipped with CaF2 windows, 

connected to vacuum and atmospheric systems, as well as temperature controlled oven. Prior 

to analysis, the catalyst was pressed into a self-supported wafer 2 cm2 (0.5-2 ton) that weighted 

between 10 and 20 mg. Once placed in the IR cell the sample was reduced over night at 450 °C 

under hydrogen flow (60 mL.min-1). After, the sample was outgased (10-5 bar) during 2 h. 

Finally, the sample was cooled to room temperature, thus finishing the pre-treatment. 

The reference spectrum was taken at room temperature under vacuum (before CO 

introduction). All spectra were taken in a 1000 to 4000 cm-1 range on a THERMO NICOLET 

5700 FTIR spectroscopy (resolution: 2 cm-1, 64 analysis per spectrum). Then, precise amounts 

of CO were introduced in the IR cell, using a calibrated volume (V = 0.9837 mL), until complete 

sample saturation. Between, each CO injection an IR spectrum was recorded. The characteristic 

spectra of the adsorbed CO molecules were, consequently, obtained by difference against the 

reference spectra. 

2.6.3.2 Accessible platinum sites (platinum dispersion) 

As it was said before, the interaction between the CO molecules and the platinum atoms 

generates a stretching band that can be observed by IR spectroscopy. In the particular case of 

platinum, the adsorption band appears around 2080 cm-1 representing the CO molecules linearly 

connected to the CO. Additionally, another less intense band may be observed around 1850 cm-

1 representing the bridged CO bonds, as shown on Figure II .8. 



 

87 

 

 

Figure II .8 IR spectrum of CO adsorbed on Pt/H*BBEA (CP811). 

The evolution of the 2080 cm-1 band surface with the amount of CO introduced in the IR 

cell allowed to determine the amount of accessible platinum sites (nPt), as shown on Figure II .9, 

considering that each CO molecule was only adsorbed on a single metal site (linear structure). 

 

Figure II .9 Accessible platinum sites determination (nPt) by CO adsorption followed by IR 

spectroscopy. 

Once determined the nPt amount it was possible to determine the platinum dispersion (D) 

on the analyzed sample by using the following equation: ܦ = �.ெ��ሺ௪�ሻ ͳͲͲ                                             Equation II .13 
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where, 

D, platinum dispersion (%); 

nPt, accessible platinum atoms (mol.g-1); 

M, platinum molar weight (195 g.mol-1); 

Pt(wt), sample platinum loading (g.g-1). 

After the platinum dispersion determination it was possible to estimate the platinum 

particles size, assuming that these were under a cubic form (typical for platinum particles). 

Consequently, the platinum particle average size (d) is given by the following equation: ݀ = ͷ. ͳͲ ெ�..ௌ                                           Equation II .14 

where, 

d, platinum particle average size (nm) 

M, platinum molar weight (195 g.mol-1); 

D, platinum dispersion (%); 

, platinum metal density (21.45 g.cm-3) 

S, platinum’s metal surface (cm2.mol-1) 

2.6.4 Zeolite structure bands 

The bands are attributed to the vibrations of the T-O (T = Si, Al), which adsorb between 

400 and 1300 cm-1. However, these result from the vibration of the whole zeolitic structure and 

not only a single bond [90].  Some of these bands frequencies have been proven to depend 

linearly on the amount of framework aluminum. Therefore, they can be used for the 

determination of zeolite framework Si/Al ratio.  

2.6.4.1 Experimental procedure 

The zeolite structure bands were measured on a THERMO NICOLET 5700 FTIR 

spectrometer in a 500 to 1300 cm-1 range (resolution: 2 cm-1, 64 analysis per spectrum).  

Due to the high absorbance of the zeolitic structure bands, the zeolite (≈ 2wt.%) was 

dispersed in potassium bromide (KBr), which did not absorb on the same range. The resulting 
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powder was pressed (≈ 7 ton.cm-2) into a self-supported wafer, which was directly analyzed 

without further treatment. 

2.6.4.2 Framework Si/Al ratio 

The zeolite framework aluminum content (NAl) was determined by using the following 

equation found in [247]: 

ܰ = ሺଵଽଽ.ଵ−௩ሻଷ.ଷଷ                                            Equation II .15 

where, 

NAl, framework aluminum content; 

v, wavenumber of the band near 1090 cm-1 (Figure II .10). 

The framework aluminum content NAl is referent to the *BEA zeolite chemical formula ��ே�ܵ�ସ−ே� ଵܱଶ଼ [194, 264]. Therefore, the framework Si/Al ratio is given by                                 

Equation II .16. ܵ�/����௪� = ሺସ−ே�ሻே�                                 Equation II .16 

 

Figure II .10 H*BEA (CP811) structure bands. 
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 Catalytic tests – n-alkane hydroisomerization  

The following section will describe all the important parameters for the different n-alkane 

(n-C10, n-C12 and n-C14) hydroisomerizations including the experimental procedure.  

3.1 Catalyst shape  

The direct use of catalyst under the powder form may lead to various engineering 

problems. The lack of interspace between the powder particles may cause some pressure 

problems, and serious threats may rise due to the possibility of the powders to be dragged into 

the pilot lines. Consequently, the catalyst powders were pressed under a pressure of 6 ton.cm-2, 

crushed then sieved to obtain particles between 0.2 – 0.4 mm. The size preserved has already 

proven to cause no any diffusional limitations [248].  

All the catalysts used in our case in all the hydroisomerization reactions, undergo the 

same procedures prior to any test. 

3.2 Chemical Product  

The catalytic tests only required the use of each chemical product alone, no need for 

incorporation of any other product as a solvent. The characteristics of n-decane, n-dodecane 

and n-tetradecane are reported in Table II .4. 

Table II .4 Characteristics of reagents used. 

Reagent Chemical 

formula 

TF 

(°C) 

TB 

(°C) 

Density 

(cm3/g) 

Supplier Purity 

(%) 

n-tetradecane 

n-dodecane 

n-decane 

C14H30 

C12H26 

C10H22 

5.5 

-9.6 

-30 

253 

216 

174 

0.762 

0.75 

0.73 

Acros Organics 

Fischer 

Scientific 

Sigma Aldrich 

99.9 

99.9 

  99.9 

 

3.3 Experimental apparatus  

The n-alkanes hydroisomerization reactions were performed in two fixed bed reactors 

located inside the “Microactivity Effi” apparatus. The Microactivity Effi reactor is probably the 
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most advanced worldwide modular laboratory system for measurement of catalytic activity and 

for the study of the yield and kinetics of chemical reactions. It is produced by PID Eng&Tech. 

PID Eng&Tech, is a worldwide leading company at sector of Microreactors for Catalytic 

studies. This instrument has been developed as a standard unit that can be adapted to whatever 

performance is needed for catalytic testing through different configurations and options. 

The Microactivity Effi is a compact reactor that is completely automated. It is equipped 

with cutting-edge process control technology in the market. This enables the user to program a 

series of experiments from the computer, even on the network, and obtain real-time results with 

the highest degree of reproducibility and accuracy.  

This equipment has been designed to save time and resources at both, catalyst 

development stage and factory report process during catalyst screening.  

This apparatus (shown in Figure II .11) comprises the following main parts: 

 Liquid feed systems. 

 Reactors and heating system. 

 Automatic six-port valves.  

 High pressure Liquid/Gas separators.  

 On-line analysis system. 

 Independent safety levels separate from PC. User-defined functions for alarms.  

 PC with User-friendly software with real time supervision and program recipes 

Distributed control. 
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Figure II .11 Different parts of the “Microactivity Effi” apparatus. 

3.3.1 Liquid feed systems 

There exists up to 2 HPLC pumps (0.02 – 5 ml/min). It consists of heating option up to 

90 ºC for heavy liquids. In addition to a syringe pump for very low and accurate flow (from 

0,01 μL/min). 

3.3.2 Reactors and heating systems 

Two SS316 tubular reactors, with 9.1 mm. internal diameter, with easy loading of up to 

3.3 ml. catalyst. A thermocouple connected inside the oven is placed directly in the catalyst bed 

(Figure II .12). 

The maximum working reactor temperature is up to 1100ºC ± 1ºC, it depends on the 

reactor material. In our case being SS316 as standard: 9,1 mm ID x 300 mm length, with a 20 

μm porous plate. All the layout inside the hot box made with hot air convector. The maximum 

temperature held is up to 200ºC ±1ºC. 

The apparatus is also associated with a maximum working pressure up to 100 ± 0.1 bar. 

Based on micrometric servo-controlled valve design. 
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Figure II .12 Reactors and heating systems. 

3.3.3 Automatic six-port valves 

These valves are present for different purposes. It acts as a liquid-gas separator valves, 

and as an up/down flow selector. 

They are also responsible to take the product into the reactor that contains the catalyst, 

where the reaction takes place at the desired reaction temperature. It can also allow the product 

to skip the reactor and take them into analysis directly (mainly for blank tests to check for 

impurities). Figure II .13 below shows the location and external view of the valves. 

 

Figure II .13 Automatic six-port valves. 
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3.3.4 High pressure Liquid/Gas separators 

The liquid-gas separator shown in Figure II .14 is associated with a capacitive level sensor 

that detects very low dead volume (less than 1 ml.). It allows real time results without 

accumulation. The level controlled valve (LCV) is based on micrometric servo-controlled 

valve. 

 

Figure II .14 Liquid-gas separator. 

3.3.5 On-line analysis system 

The reaction products were analyzed on-line using a “Bruker” SCION 456 gas 

chromatograph (GC) equipped with a Flame Ionization Detector (FID), placed just left to the 

“Microactivity effi” apparatus.  

3.4 Catalytic test conditions  

The transformation of n-alkanes were carried out under the following conditions: 

temperature = 200-300°C, total pressure = 10  bar, H2/n-Cx molar ratio = 7 and WHSV (weight 

hourly space velocity) = 38-95 h-1. In order to obtain different conversion values, the 

temperature was varied in thr range mentioned above in operating conditions, while the flow 

rate of the reagent (n-alkane) was kept constant during its complete conversion. Before use, the 

catalysts were reduced in situ under hydrogen flow of 50 ml/min at 450ºC according to the 

following program (Figure II .15): 
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Figure II .15 Catalysts reduction program. 

3.5 Reactor Filling  

Once the catalyst particles are under the form of 0.2-0.4 mm, every catalyst was mixed 

with SiC (Carborundum – VWR; 0.25 mm particle size) so as to achieve a total weight of 500 

mg. This procedure avoids preferential paths and always ensure the same catalyst bed height. 

As shown in Figure II .16, this mixture (Catalyst + SiC) was placed at the center of the reactor, 

between the glass cotton wool. In order to decrease the empty volumes inside the reactor, glass 

beads were added under and above the catalytic bed as seen in the figure. 
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Figure II .16 Schematic view of the charged reactor with 0.2 – 0.4 mm catalyst particles. 

3.6 Chromatographic analysis  

As said before the reaction products analysis were performed on a “Bruker” SCION 456-

GC equipped with an FID. In order to well separate the reaction products, a capillary column 

with the following characteristics was used: 

 Length: 50 m;  

 Internal diameter: 0.25 mm;  

 Stationary phase: Nonpolar fused silica;  

 Film thickness: 0.5 μm.  

3.6.1 Analysis conditions  

The GC analysis was made under the following conditions:  

 Vector gas: Hydrogen; 

 Capillary column flow: constant pressure of 10 psi;  

 Split ratio: 20; 

 Injector temperature: 50 °C;  

 Detector temperature: 300 °C;  
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 Oven temperature program (Figure II.17): 

Figure II.17 GC oven temperature program for the three reagents (n-C10, n-C12 and n-C14) 

transformation products. 

3.6.2 Product identification 

High amount of products resulting from the n-alkanes hydroisomerization process were 

produced. The reaction products were separated into three main different groups: Cracking 

products (C), multibranched isomers products (B) and monobranched  isomers products (M). 

Three examples of chromatograms corresponds to n-C10, n-C12 and n-C14 hydroisomerization 

products with the identified groups are shown below in Figure II .18. 
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Figure II .18 Chromatogram examples of: a) n-C10, b) n-C12, and c) n-C14 hydroisomerization. 

The multi- and monobranched isomers products carry always the same carbon number as 

was the starting material. The cracking products are a result of cleavage of C-C bond, thus the 

carbon number is always lower than that of the starting material. In case of n-C10 

hydroisomerization, n-C9 cracking product is not well identified since it may overlap with the 

multibranched isomers (B). Similarly, in n-C12 and n-C14 hydroisomerizations, n-C11 and n-C13, 

respectively, are also not well identified. However, in the example given on n-C14, C1 and C2 

cracking products, as well as their corresponding complementary C12 and C13 cracking products 

respectively, show no peaks, a sign of absence of hydrogenolysis side reactions. This aspect may 

also be observed in case of n-C10 and n-C12 hydroconversions, where C1 and C2 products, and their 

corresponding complementary cracking products may not appear due to the same reason. 
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3.6.3 Chromatogram results exploitation 

The data resulting from the n-alkane hydroisomerization chromatograms allowed 

determining the following parameters: n-alkane conversion; catalyst activity; Turn-Over-

Frequency (TOF); and products mass and molar yield.  

3.6.3.1 n-Hexadecane conversion (x)  

The n-alkane conversion (x) defined by the ratio between the amount of reactant before 

and after reaction, is given by the following equation: � = ቀͳ − ���∑ � ቁ ∗ ͳͲͲ                                     Equation II .17                                           

Where, 

x, n-alkane conversion (%);  �௫, n-alkane (nCx) peak area;  

ai, all the peaks areas. 

3.6.3.2 Catalyst activity (a) 

The equation below allows the calculation of the catalyst activity: � = �� ∗ ௫ଵ        Equation II .18 

Where, 

a, catalyst activity (gnCx.gcat
-1.h-1); ܦ௫, n-alkane liquid flow (g/h);  

m, catalyst weight (g);  

x, n-alkane conversion (%). 

3.6.3.3 Turn-Over-Frequency (TOF)  

The TOF represents the activity per Brønsted acid site and is given by the following 

equation: ܱܶ� = �ெ∗�+                                             Equation II .19                                          

 Where, 
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TOF, Turn-Over-Frequency – activity per Brønsted acid site (h-1);  

a, catalyst activity (gnCx.gcat
-1.h-1);  

M, n-alkane molar weight (g.mol-1);  ݊�+, catalyst Brønsted acid site density (mol.gcat
-1), determined by pyridine adsorption 

followed by IR at 150°C (see section 2.6.2 of this chapter). 

3.6.3.4 Products mass and molar yield (Y) 

The mass yield of a certain product or products group (mainly monobranched, 

multibranched and cracking products), is given by the following equation: �� = ∑ �ೕೕ∑ � ∗ ͳͲͲ                                           Equation II .20 

 Where,   

Yi, product or group of products mass yield (wt.%);  

aj, product or group of products peak area;  

ai, all the peaks areas. 

On the other hand, the products molar yield was determined taking into consideration that 

the FID signal intensity was proportional both to the amount and the carbon number of the 

detected molecule, and was given by the following equation: 

�� = ∑ �ೕೕೕ∑ � ∗ ͳͲͲ                                          Equation II .21 

Where, 

Yi, product or group of products molar yield (mol%); 

aj, product or group of products peak area;  

ai, all the peaks areas;  

ci, cj, molecule carbon number. 
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 Catalytic tests – n-hexane cracking 

The cracking of n-hexane is a reaction which requires high acidity (activation energy E). 

It is used as a model reaction to characterize the acidity of zeolites.  

4.1 Operating conditions  

The catalytic tests were carried out in an assembly consisting of a quartz reactor with 

fixed bed with a descending flow placed in a three-zone furnace. The temperature of the bed is 

checked by a thermocouple (Chrome-Nickel) placed at the same height were the catalyst is 

present. The upper part of the reactor is provided with a coil, which makes it possible to prolong 

the residence time of the reactant in the furnace, thus ensuring its vaporization before reaching 

the catalytic bed. As for the lower part, it is linked to an automatic storage valve (10 loops) and 

a 6-way electric valve which allows their injection in chromatography. 

Before each test, the materials are pretreated in situ under N2 at 540 °C overnight. The n-

hexane (Sigma Aldrich > 99% purity) is then injected with a Metrohm 725 Dosimat infuser 

after dilution in dinitrogen. The standard operating conditions are shown in Table II .5 below. 

Table II .5 Operating condition of n-hexane cracking. 

n-hexane transformation 

Reaction temperature (°C) 540 

Pressure (bar) 1 

Contact time  (g.mol.h-1) 1.3 

N2/n-C6 (molar ratio) 9 

The reaction products are injected manually into a "VARIAN 450" gas chromatography 

equipped with a capillary column (Al2O3/KCl: 50 m, diam. = 320 μm) and a FID flame 

ionization detector. The temperature program of the furnace of the column and the conditions 

of analysis (detector and injector) are presented in the following diagram: 
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Figure II .19 Oven temperature program and analysis conditions of the GC. 

4.2 Pilot plant flowsheet 

All the reactor outlet lines, as well as the storage and injection valves, are heated to about 

200 °C in order to avoid condensation of the products. The overall layout of the assembly is 

shown in the diagram below (Figure II .20): 

 

Figure II .20 Pilot plant flowsheet. 
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4.3 Results exploitation 

The n-hexane cracking chromatograms allowed determining the following parameters: n-

hexane conversion; catalyst activity; Turn-Over-Frequency (TOF); and products mass and 

molar yield. One example of these chromatograms is present in Figure II .21. 

 

Figure II .21 n-Hexane cracking chromatogram example. 

4.3.1 n-Hexane conversion (x)  

The conversion (x) of n-hexane defined by the ratio between the amount of reactant before 

and after reaction, is given by the following equation: � = ቀͳ − ���∑ � ቁ ∗ ͳͲͲ                                     Equation II .22                                           

Where, 

x, n-hexane conversion (%);  �௫, n-hexane (nCx) peak area;  

ai, all the peaks areas. 

4.3.2 Catalyst activity (a) 

The equation below allows the calculation of the catalyst activity: � = �� ∗ ௫ଵ        Equation II .23 
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Where, 

a, catalyst activity (mol.gcat
-1.h-1); ܦ௫, n-hexane liquid flow (mol/h);  

m, catalyst weight (g);  

x, n-hexane conversion (%). 

4.3.3 Turn-Over-Frequency (TOF)  

The TOF represents the activity per Brønsted acid site and is given by the following 

equation: ܱܶ� = ��+ �ͳͲͲͲͲͲͲ                                    Equation II .24                                          

 Where, 

TOF, Turn-Over-Frequency – activity per Brønsted acid site (h-1);  

a, catalyst activity (mol.gcat
-1.h-1);   ݊�+, catalyst Brønsted acid site density (mol.gcat

-1), determined by pyridine adsorption 

followed by IR at 150°C. 

4.3.4 Products mass and molar yield (Y) 

The mass yield of a certain product is given by the following equation: �� = �ೕ∑ � ∗ ͳͲͲ                                           Equation II .25 

 Where,   

Yi, product mass yield (wt.%);  

aj, product peak area;  

ai, all the peaks areas. 

The molar yield is calculated using the following relation: �� = ∑ ೕ ∗ ͳͲͲ                                          Equation II .26 

Where, 
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Yi, product molar yield (mol %); 

aj, product molar weight given by: n = aj / M, with M molar mass of the product; 

nj, summation of molar weights of all products. 
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III  Chapter III: Desilication of *BEA zeol ites us ing  different alkaline treatments: Impact on the catalytic crac king of n-hexane.  

 Introduction 

The promising properties of hierarchical zeolites, as known materials to be combining the 

microporous network with an auxiliary mesoporous one, have issued great effort to improve 

the catalytic performance of these zeolite [249–252], as it was shown to induce better diffusion, 

exhibit higher activity, selectivity and lifetime [253–256]. Researchers have tried to 

industrialize these zeolites through destructive approaches, i.e. post-synthesis procedures, to 

enhance their catalytic performance, especially those associated with diffusional limitations 

[56,162,163,165,214]. However, in particular with *BEA zeolites, post-synthesis treatments 

were applied on both types of porous structure: i) purely microporous *BEA zeolites to 

introduce mesoporosity [56,162,165,257], and on ii) *BEA zeolites compirising micro- and 

mesoporous network with the attempt to increase their mesoporous content [163,164,214,258].  

Desilication by alkaline treatment is one of the most widely applied methods recently to 

induce mesoporosity, taking into account its simplicity and efficiency [196,259–261]. It is a 

controlled silicon extraction from the zeolite framework in alkaline aqueous solution [162]. 

Desilication applied in presence of NaOH is the classical way of desilication. Nonetheless, it 

leads to dissolution of both Al and Si species, but, however, the reomoved Al species 

realuminate on the external surface of the zeolite, thus lowering the final material Si/Al ratio 

[258]. The organic structural agents (pore directing agents) like tetraalkylammonium based 

organic compounds, were known to be promising variants to the classical treatment, as the 

intrinsic properties of the zeolite are way better preserved, e.g. microporosity and crystallinity 

[195–197]. This definitely seems to rely on the affinity of these compounds to the zeolite 

surface [262], and how they can direct the attack of HO- anions. However, the utilization of the 

desilication approach for introducing or increasing mesoporosity to *BEA zeolites structures, 

had shown to have a positive impact on their activity and selectivity, i.e. their catalytic 

performance [56,162–165,214]. 

The catalytic cracking of n-hexane is one of the most important routes that focuses on the 

production of light olefins (ethylene, propylene and butene), which are used as significant raw 

materials in the chemical industry like production of polymers and alkyl benzenes [263–265]. 

Due to their properties as intrinsic acidity, variety of frameworks and managed pore structures, 

acidic zeolites are the most catalysts used broadly in the catalytic cracking of n-hexane, with 

HZSM-5, H-Beta and HY zeolites the most extensive studied catalysts for this reaction [266–
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269]. However, due to the presence of narrow intracrystalline micropores, molecules suffer 

some diffusional limitations within the channels of such zeolites, highly affecting the catalysts 

activity, selectivity and lifetime [270–273]. Altering the porosity system of these microporous 

zeolites is one of the strategies followed to recover back their activity and selectivity in the 

desired reaction. The generation of mesopores hereafter by subjecting the zeolites to alkaline 

treatments for example, results in the formation of the hierarchical zeolites that can provoke 

facile access to the active sites and reduces catalyst deactivation.  

The objective in this work is to study the impact of desilication of already hierarchical 

nanocrystal *BEA zeolites and a synthesized microcrystal *BEA zeolite (purely microporous), 

on the structural, elemental, textural and acidic properties of these zeolites. It is also meant to 

study if the increased mesoporous content (in the hierarchical series) or the introduced 

mesopores (in the microcrystal series) would account to any improve in the catalytic activity 

and selectivity of the catalysts in the catalytic cracking of n-hexane. 

 Catalysts characterizations 

It is meant to investigate the impact of desilication on the zeolites’ different characteristics 

as a function of total concentration of HO- anions, sourced either by NaOH alone, or by the 

company of NaOH and TBAOH when used together. When the treatment is composed of NaOH 

and TPABr, it is only the HO- anions sourced by NaOH that are measured. In figure 1, different 

colors are present. The black color refers to the samples of series 1, the red color to the samples 

of series 2, and the green to the samples of series 3. The white filled points are the samples 

desilicated by NaOH, the shaded ones are the samples desilicated with NaOH and TPABr, and 

the filled ones are the samples desilicated by NaOH and TBAOH. All the previous specification 

are presented as follows: 
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2.1 Mass yields and crystallinity 

The percentage yield of the different samples was calculated by dividing the final mass 

after desilication treatment, to the initial mass of the corresponding parent zeolite before 

treatment, multiplied by 100.  

Figure III .1-a shows the general decrease of the yield with HO- increase for all the 

desilicated samples, an observation that resembles that obtained with Verboekend et al. [274]. 

Verboekend reported that high Si/Al zeolites (MFI in their case) showed more pronounced 

reduction in yield even at lower concentrations of HO-, but as for lower Si/Al zeolites, it was 

seen that higher concentrations were required to dissolve the Si species and induce 

intracrystalline mesopores. In our case, the case of *BEA zeolites, starting from 0.2M of total 

concentration of HO- anions was enough to cause a loss of around 35% of the starting material 

(% yields are reported in Table III .1). Nonetheless, in the microcrystal *BEA series, the Si/Al 

ratio was higher than that in the nanocrystals (series 1 & 2), but still at low concentrations 

(0.13M of HO-), the loss of material was more pronounced (to ca. 50% of starting material), 

due to more dissolved Si species of higher Si/Al series (series 3).  

 

Figure III .1 Variation of (a) mass yield and (b) crystallinity vs. total concentration of 

hydroxyl anions, and of (c) mass yield vs. crystallinity. 

The diffractograms shown in Figure III .2, show also the preservation of the characteristics 

of *BEA zeolite structure, no matter what the series is. Note that only the diffractograms 

referring to the catalysts used in the catalytic tests are shown in the related figure.  
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Figure III .2 XRD diffractograms of the selected zeolites of series: (1-3). 

Table III .1 records the % of crystallinity of the desilicated samples in comparison with 

their parent material (considering the parent zeolite 100% crystalline) that are represented also 

as a function of [HO-] t in Figure III .1-b. The percentage of crystallinity was calculated by 

determining the area under the X-ray pattern of the desilicated sample, then dividing it by that 

of the parent’s material, multiplying finally by 100.  

Table III .1 Mass yield and relative crystallinity of all the  

zeolites of series: (1-3) 

Sample Mass Yield (%) % Crystallinity 

P1 100 100 

P1-D1 66 68 

P1-D2 66 91 

P2 100 100 

P2-D1 72 82 

P2-D2 50 69 

P2-D3 25 29 

P2-D4 73 83 

P2-D5 - 80 

(1) (2) (3) 
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P2-D6 62 72 

P2-D7 34 60 

MC 100 100 

MC-D1 54 50 

MC-D2 57 50 

MC-D3 60 60 

 

Figure III .1-b shows that a general decrease in the crystallinity was also observed as [HO-

] t increased. The % crystallinity of P1-D1 (68%) desilicated by NaOH alone, in comparison 

with their parent zeolite, seems to be recovered after the company with the 

tetrapropylammonium ions (TPA+) sourced by the TPABr pore directing agent, as seen in P1-

D2 (91%). This signifies the protective effect of the TPA+ ions to the zeolite surface provided 

by the adhesion affinity characteristic [275,276]. The loss to ca. 30% of crystallinity due to 

NaOH treatment as shown with P1-D1 has already been reported [208,216], where it was 

assumed that NaOH leads to partial amorphization of the zeolite’s structure. 

In series 2 zeolites, P2-D1, P2-D2 and P2-D3 zeolites, seem to have a clear crystallinity 

decrease with [HO-] t as shown in Table III .1. However, the TBA+ ions in the other samples of 

this series seem not to have a clear effect on the protection to the zeolite’s surface, due to the 

low concentrations used, e.g. P2-D4, P2-D5. Nonetheless, amongst these two zeolites, it is 

shown that the crystallinity is decreasing with [HO-] t, as the very low molar ratio of TBAOH 

was also decreasing, leading to a lower protection. Amongst this series, comparing P2-D4 and 

P2-D5 with P2-D1, the total concentrations of HO-  anions in the formers are slightly lower than 

P2-D1, and though the crystallinity, signifying that the action of TBA+ ions here is somehow 

neglected due to their low concentration as shown in (Table II .1). As the [HO-] t increased in 

case P2-D6 and P2-D7, the crystallinity decreased more, noting that decreasing also the molar 

ratio of TBAOH in P2-D7, leads to more loss in crystallinity, signifying also the protective 

effect of the TBA+ ions as that of TPA+ ions.  

Series 3 zeolites, the microcrystal *BEA series, is more reactive with the attack of 

hydroxide anions, owing to the high Si/Al ratio in this series, which highlights on the lacked 

zeolite’s self-protection offered by the neighboring Al atoms [277]. The influence of aluminum 
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species on the structure stability after desilication have been discussed in literature [277]. It is 

accepted that the Al atoms in the AlOସ− tetrahedral protect the neighboring Si atoms just near 

them against the attack of HO- anions. The lack of Al effect is seen by the more loss of 

crystallinity to around 50%, where Si atoms are more prone to extraction in the case of high 

Si/Al zeolites [162]. However, in case of MC-D3, the crystallinity increases again to 60%, 

thanks to the lower [HO-] used in this treatment. A linear relation in  

Figure III .1-c arises between the percentage yield and percentage crystallinity indicating 

the direct proportionality between the structural destruction and the loss of the material. 

2.2 Crystals size of the zeolites 

To study more the effect of the pore directing agents, the TEM images in Figure III .3 

allowed the estimation of the crystallites size reported in Table III .2 by counting around 200 

particles for the investigated zeolites (except for MC that was estimated by Scherrer method), 

as we have reported that in our work [278]. 
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Figure III .3 TEM microphotographs of P1, P2, MC, P1-D1, and P1-D2 zeolites, and 

Pt/P2-D6 catalyst. 

 

 

Table III .2 Crystallite average size of some selected zeolites. 

Zeolites Crystal size (nm) 

P1 20 

P1-D1 13.5 

P1-D2 14.9 

P2 20 

P2-D6 19.6 

MC 780 

MC-D1 - 

MC-D2 - 

MC-D3 - 

 

The TEM images revealed that the average crystal size of P1 and P2 zeolites was ca. 20 

nm (Table III .2). More TEM images are provided in the annex of this thesis. This was also 

reflected by the bar graphs of the crystal size distributions (Figure III .4), where it shows that 

there is domination in the 17.5-20 nm range. The desilication of P1 by NaOH alone (P1-D1), 

leads to a decrease of the crystal size to ca. 13.5 nm, by NaOH and TPABr to 14.9 nm (P1-D2), 

which was also reflected in the bar graphs where there is a domination in the 10-15 nm range 

in P1-D1, and in 12.5-15 nm range in P1-D2 (Figure III .4). The decrease in nanocrystal size in 

P1-D1 is suggested to be referred to the attack of the HO- anions along the surface of the zeolite. 

This aspect was also revealed in P1-D2 but in a lower extent, which could be attributed to the 

adhesive characteristics of TPA+ cations as said above. However, as reported by Verboekend 

et al. [262], such cations are partially dispersed in the solution, and as a result they are not 

completely adhered to the zeolite surface. This permits the attack of HO- anions to be partially 

oriented along the crystallite surface and partially through the bulk of the zeolite.  
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Figure III .4 Crystallites size distributions of the zeolite of series (1) and two zeolites of 

series (2). 

In the other hand, no clear decrease in the crystal size in P2-D6 (19.6 nm), as reflected 

also by the dominating range of the crystal size distribution between 17.5-20 nm, which may 

be attributed to the probable stronger affinity of the TBA+ cations to the zeolite’s surface [262]. 

Note that the TEM image provided for P2-D6 zeolite is for its corresponding catalysts 

impregnated by Pt that was studied in the hydroisomerization reactions of this research 

(chapters IV and V).  

 

From Scherrer equation and with the aid of the diffractogram related to MC, the crystal 

size of this synthesized zeolite was estimated to be 760 nm (Table III .2), as also revealed in the 

TEM image (700-800 nm) of MC. After desilicating MC by NaOH alone, the crystal seems to 

be deformed losing by that the initial shape of the crystal as shown for MC-D1 (Figure III .5), 

which is attributed to the attack of the HO- anions starting from the surface of the crystal. 

However, the company of the pore directing agents seem to preserve way more the initial form 

of the parent’s crystal as in MC-D2 and MC-D3 (fig. 2), due to the protection of the crystal’s 

surface by the action of the pore directing agents, followed by the attack of the HO- anions 

through the bulk of the crystal. 

(1) (2) 
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Figure III .5 TEM images of parent and desilicated zeolites of the microcrystal series (S3) at 

100 nm scale. 

2.3 Elemental composition 

Table III .3 shows the total Si/Al ratios of the zeolites and those of the framework 

composition. 

Table III .3 Elemental composition of the zeolites. 

Sample Si/Al total Si/Alfw 

P1 12.0 15.0 

P1-D1 7.6 32.9 

P1-D2 9.0 26.4 

P2 11.8 20.0 

P2-D1 9.8 18.4 

P2-D2 7.7 10.5 

P2-D3 7.2 7.2 
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P2-D4 9.7 15.6 

P2-D5 - 15.5 

P2-D6 8.6 18.0 

P2-D7 8.4 23.5 

MC 35.0 23.0* 

MC-D1 26.8 16.4 

MC-D2 28.9 14.5 

MC-D3 29.1 16.2 

* Same synthesis protocol used by Astafan et al. [142]. 

The total Si/Al ratio was seen to decrease in all the desilicated samples, in agreement with 

the concept of desilication [56,162,163,262,279]. Again, as seen in series 1 zeolites, NaOH 

alone caused more drop in the total Si/Al ratio (7.6) than that obtained after treatment with 

TPABr (Si/Al = 8.9), a significance of the protection influence provided by the TPA+ ions right 

here. In series 2 zeolites, upon desilication by NaOH alone (i.e. P2-D1, P2-D2 and P2-D3 

zeolites), the Si/Al ratio was seen to be more reduced continuously with [HO-] increase. 

However, the addition of TBAOH as shown for zeolites P2-D6, P2-D7, afforded an additional 

protection to the structure, where the TBAOH played a similar role as that for TPABr, and 

caused less drop in the ratio (from 11.8 in P2 to 8.6 and 8.4 in P2-D6 and P2-D7).  Less 

extensive desilication of the parent *BEA zeolites in presence of the quaternary ammonium 

ions (TPA+ and TBA+ ions) is assigned the protective influence of these ions of the zeolite 

structure. Such observations were seen in literature when organic pore directing agents were 

used and compared with inorganic alkaline bases as NaOH [162,280]. Note that the total Si/Al 

ratio decreased in P2-D4 similarly as in P2-D1, where the [HO-] t were very slightly different, 

with as said before, the interference of TBA+ ions is not too much effective due to low 

concentration. In the microcrystal series, the same manner of silicon extraction was observed, 

where it was more pronounced in presence of NaOH (Si/Al ratio dropped from 35 to 26.8) as 

in MC-D1, and less pronounced in presence of the quaternary ammonium ions directing agents 

(Si/Al ratio dropped from 35 to ca. 29), as in MC-D2 and MC-D3. The drop in the framework 

Si/Al ratio in this series (from 23 to almost around 15), reveals also the high drop in crystallinity 

amongst this series. This confirms again the easy extraction of Si species in the higher total 

Si/Al zeolite due to the lack of the Al atoms that provide structural protection. 
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2.4 Textural properties 

Figure III .6 shows the nitrogen adsorption isotherms of the zeolites investigated in the 

catalytic cracking of n-hexane only. From these isotherms, we were able to calculate the micro- 

and mesopore volumes of the different zeolites, as well as the external and specific surface 

areas, as reported in Table III .4  

Figure III .6 Nitrogen sorption isotherms and there corresponding BJH curves of the selected 

zeolites of series: (1-3). The isotherms are shifted by 150 cm3/g. 

Figure III .7-a displays the relative micropore volumes of the desilicated samples with 

respect to their parent ones, as a function of total concentration of HO- anions. A clear 

decreasing trend was observed with [HO-] t except in P1-D2 which reflects the clear preservation 

of microporosity due to the presence of TPA+ cations [164].  P1-D1 showed a reduction in the 

micropore volume from 0.22 to 0.16 cm3/g, which is consistent with the higher degree of 

(1) (2) (3) 
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amorphization (loss of crystallinity) of the zeolite structure after desilication 

[163,214,257,280].  

Table III .4 Textural properties of the parent and desilicated zeolites. 

Sample Vmicro (cm3/g) Vmeso (cm3/g) SBET (cm2/g) Sext (cm2/g) 

P1 0.22 0.58 577 254 

P1-D1 0.16 0.50 401 156 

P1-D2 0.22 0.44 576 297 

P2 0.20 0.54 605 176 

P2-D1 0.19 1.03 592 206 

P2-D2 0.16 1.14 639 309 

P2-D3 0.08 0.97 415 238 

P2-D4 - - - - 

P2-D5 0.19 0.62 611 216 

P2-D6 0.18 0.61 572 208 

P2-D7 0.16 0.55 635 300 

MC 0.21 0.02 502 125 

MC-D1 0.15 0.25 574 274 

MC-D2 0.16 0.29 617 276 

MC-D3 0.16 0.38 655 330 

 

In the zeolites of series 2, the micropore volume decreased extensively with [HO-] in P2-

D1, P2-D2 and P2-D3. This was also consistent with the degree of lost crystallinity of these 

three samples, where severe alkaline media in the case of P2-D3 kept only ca. 29% of the crystal 

phase of the zeolite, leading to ca. 71% of debris formation. However, the company of the TBA+ 

cations (P2-D4 to P2-D7) was shown not to preserve the microporosity, since similar amounts 

of total HO- concentrations were used as in P2-D1 (where NaOH was used without any of the 

protecting agents), but have shown no impact.  

In series 3 zeolites, the effect of desilication was more pronounced relative to the 

nanocrystal series, no matter what was the treatment used. The micropore volumes could not 

be preserved by the action of the quaternary ammonium cations. This may be explained by the 

external surface area exhibited in the parent MC of this series. In comparison with the 
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nanocrystals, the external surface area of MC is half that of the nanocrystal ones. Moreover, at 

the microscopic level, the interaction of the quaternary ammonium cations with the external 

surface will be lower than that at the nanoscale. Consequently, the affinity of these cations to 

the surface will be less pronounced in the MC zeolite, and will have a very weak protective 

effect. This was reflected in the amorphization (to ca. 40-50%) and debris formation after 

desilication, as well as the decrease in the micropore volumes even in presence of these cations.  

Figure III .7-b shows the variation of the normalized microporosity of the zeolites in terms 

of crystallinity, as a function of [HO-]t. A horizontal straight line is obtained which attributes 

the preservation of the *BEA structure characteristics after desilication. This implies that in 

most cases the pore directing agents had no influence on the micropore volume (as clearly seen 

in series 2 zeolites), but the direct influence was on the crystallinity by which in its turn affects 

the microporosity [163,214,257,280].  

Figure III .7 Variation of porosity characteristics as a function of total concentration of 

hydroxyl anions. 

Figure III .7-c shows the difference in the mesopore volume between that of the desilicated 

sample and its parent zeolite. Four regions were assigned in the current image. The region that 

corresponds to the P1 series (series 1), show non-surprisingly a negative difference. The 

isotherms of series 1 zeolites display lower N2 uptake for the desilicated samples at high relative 

pressure, a sign of mesopore reduction. Despite of the attempt to increase more the mesopore 

volume within these zeolites, but the result wasn’t though. As assumed before, the attack of the 

HO- anions was said to be along the surface crystals, by which it caused a reduction in these 

crystals. Because of crystal reduction, certain portion of the intercrystalline mesopore volume 
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was missed, due to the following aspect that when the crystals are reduced, they will be more 

compact over each other and thus the volume of the voids in between them will decrease. This 

observation is explained more inFigure III .8.  

 

Figure III .8 Sheme shwoing the decrease of intercrystalline mesopore after desilication (series 

1 zeolites). 

Moreover, the hysteresis loop displayed for P1-D2 is a sign of mesopore organization; 

this leads us to confirm again that the HO- attack was occurring via two ways, along the 

crystallites surface and through the bulk of the zeolite introducing also some intracrystalline 

mesopores. Consequently, the attack through the bulk have just organized the pores, while that 

along the surface was more effective by reducing the size of the crystal. Moreover, for both 

desilicated samples of this series, the introduction of intracrystalline mesopores due to the attack 

of HO- anions through the crystals could not have compensated the loss in the intercrystalline 

mesoproes, for that we observe a decrease in the total mesopore volume. For the zeolites of 

series 2, the desilication in presence of NaOH alone was more effective in generating 

intracrystalline mesopores than the desilication in presence of TBAOH, which assumes that 

TBAOH played a negative role towards the increase of the mesoporous content in case of 

nanocrystals. This is due to the high protective effect on the zeolite surface which limits the 

attack of HO- anions as shown with Abello et al. [280]. 

The mesopore volumes were shown to be increasing after desilication in case of 

microcrystals, a sign of the generation of intracrystalline mesopores through the bulk of the 

crystallite owing to the large sized crystals. If we look on the TEM images of this series (fig. 

2), we see the intracrystalline mesopores are being formed starting from the surface of the 

crystal in the case of MC-D1. However, the use of the pore directing agents shows after 

desilication a hollow-like formation in the formed intracrystalline mesopores. This observation 
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is at the basis of a gradient in the distribution of these mesopores, where in the core of the 

crystal they exist less than near the surface. This observation is suggested to be due to attack of 

the HO- anions through the bulk of the crystal, introducing however more intracrystalline 

mesopores near to the crystal surface than the core of it. 

Concerning the pore size distributions, the BJH curves obtained are shown in Figure III .6. 

In series 1 zeolites, no change in the bimodal distribution of the sizes (where the peak at 2 nm 

reveals the microporous nature of the pores, and that at 5 nm reveals the mesoporous nature), 

except that there is an increase in the peaks’ intensities on the desilicated zeolites, reflecting 

probably a more organized porosities. In series 2, it was evident according to our results (not 

all shown here), that the desilication with NaOH caused a preservation of the mesopore size 

diameter (at ca. 10 nm as was initially in P2), but was reduced in case of TBAOH company (to 

4-5 nm). In series 3, all the zeolites possessed pore size of 2 nm, revealing the microporous 

nature of these zeolites, with a little upwards shifting of the BJH curves of the desilicated 

samples of this series in the region higher than 2 nm, reflecting the initial creation of mesopores.  

2.5 Acidic properties 

The hydroxyl groups spectra in parent and desilicated zeolites of the different series are 

presented in Figure III .9 of the supporting information (only for zeolites used in catalytic tests). 

The band 3608 cm-1 stands for the Si(OH)Al groups, band 3664 cm-1 for Al -OH groups, band 

3740 cm-1 for Si-OH groups, and finally band 3782 cm-1 for the external framework aluminum.  

Figure III .9 Hydroxyl groups of the selected zeolites of series (1-3). 

(1) (2) (3) 
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The distinct increase in the silanol groups (Si-OH) in the zeolites of series 2 and 3 

desilicated zeolites reflects the increase (P2-D6 and P2-D7) or development (MC-D1, MC-D2 

and MC-D3) of mesoporosity. The decrease in this band in P1-D1 is referred to the decrease in 

its mesopore volume (from 0.58 to 0.50). The shift of the Si(OH)Al bands to lower intensities 

signifies the decrease of the acidity of the zeolite [162]. This was seen on all the displayed 

zeolites, except in P2-D7, where this band seems to be the same after desilication (associated 

with a slight increase of its acidity from 346 to 365).  The EFAL band at 3782 cm-1 seems to 

decrease in all the desilicated samples except in D2 where there is a slight increase in 

comparison with the corresponding parent zeolite P1. In the MC parent zeolite, a broad band 

appears in the 3400-3550 cm-1 range that corresponds to the hydroxyl nests typical for 

microporous solids, being referred to Si-OH defects bonded by hydrogen that is bonded to the 

oxygen in the framework [281]. As reported by Gil et al.[282] and Holm et al [283], the 

hierarchization of the zeolite by means of desilication leads to the disappearance of this band. 

This is confirmed in the other zeolites of series 1 and 2, where these hierarchical zeolites show 

no appearance of such a band. However, these Si atoms located in Si-OH defects, are bonded 

via oxygens to other three Si atoms and to the OH in defects, and are probably the least stable 

sites being the most incurred for the attack of the HO- anions. 

Table III .5 Acidic properties of the zeolites of series 1-3. 

Sample BAS (µmol/g) LAS (µmol/g) 
[H +] theor. 

(µmol/g) 

BAS/[H +] theor 

P1 463 352 949 0.48 

P1-D1 267 275 347 0.77 

P1-D2 334 442 486 0.68 

P2 346 349 677 0.48 

P2-D1 339 323 730 0.46 

P2-D2 396 369 1299 0.30 

P2-D3 221 277 1944 0.11 

P2-D4 407 394 875 0.47 

P2-D5 370 425 847 0.44 

P2-D6 295 446 659 0.45 

P2-D7 365 422 549 0.66 

MC 523 99 543 0.96 
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MC-D1 285 190 922 0.31 

MC-D2 362 137 1063 0.34 

MC-D3 431 168 941 0.46 

 

The Brønsted [PyH+] acidities [PyH+] are reported in Table III .5 for all the zeolites 

before and after desilication, and are illustrated in the form of ratios between the acidities of the 

desilicated sample and its parent zeolite as a function of [HO-] t (Figure III .10-a). Superior to 

the level of the parent Brønsted [PyH+] acidities, the curve in Figure III .10-a shows a continuous 

apparent decrease of the acidity with [HO-] t. However, taking into consideration the 

crystallinity of the samples, the normalized Brønsted acidities (with respect to their 

crystallinity) show always an increase with [HO-] t in attribution to a probable recrystallization 

during desilication (Figure III .10-b). The Brønsted acidity determined by pyridine adsorption 

at 150 °C, is in fact affected by the Al content of the zeolite, the question that comes concerns 

the different locations of Al after desilication. The desilication treatments leads to dissolution 

of both Si and Al species, however, the realumination process that takes place during 

recrystallization could possess several expectations concerning “where” might be this 

realumination. In the majority of the represented zeolites, the theoretical acidity (Table III .5) 

calculated from the framework Si/Al ratio is always approximately the double that of the acidity 

determined by pyridine adsorption followed by FT-IR measurements (except that of MC). This 

indicates that there is no change of Al location during recrystallization. According to the two 

mentioned figures (Figure III .10-a-b), the desilication and realumination are said to be favored 

at high alkaline media provided by the HO- anions, since as seen that high concentration cause 

a large increase in BAS (normalized), taking into consideration its crystallinity. Moreover, 

according to these curves, it seems that the pore directing agents have no important impacts on 

the Brønsted acidity; this means they were not important parameters for redistribution of Al 

species during recrystallization.  
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Figure III .10 Variation of acidic properties of the different zeolites as function total 

concentrations of hydroxyl anions. 

 

Figure III .10-c that represents the difference between the Lewis acid sites of the 

desilicated sample and that of its parent zeolites, as a function of [HO-] t, shows two different 

trends. The first decreasing trend is referred to negative impact of NaOH alone no matter what 

was the starting material (nano- or microcrystal *BEA), where the difference in Lewis acidities 

falls in the negative region. Contrariwise, the company of the pore directing agents seem to 

have an influence on the redistribution of Al species mainly in the extra-framework positions 

during recrystallization, leading to an increasing trend of the Lewis acidities in the positive 

region of the graph. 

 Catalytic performance in n-hexane cracking 

Recall that all catalysts were used under same operating conditions: temperature of 540 

°C, atmospheric pressure, and the flow rate of n-hexane was fixed as well as the mass of the 

catalysts. Note that the colors used for the catalysts in this part will follow the same manner 

starting from Figure III .11 to Figure III .16. 
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Figure III .11 shows the change in the n-hexane conversion with time on stream (TOS) for 

all catalysts of series 1 and 3, but for only 3 catalysts of series 2 (the parent and two of the 

desilicated samples P2-D6 and P2-D7). 

 

Figure III .11 n-hexane conversion as a function of time-on-stream for the various catalysts of 

series: (1-3). 

As in Figure III .11, the three parent catalysts P1, P2 and MC showed initial conversions 

of 36.9, 29.1 and 37.1, respectively. Although both P1 and P2 represent nanocrystals *BEA 

zeolites with hierarchical porosity system, but the acidity in P1 is higher than that in P2, which 

accounts for the higher conversion in the former catalyst. The MC catalyst possess initial 

conversion similar to that of P1, knowing that this microcrystal *BEA is purely microporous 

zeolite, in which diffusional limitations may occur. However, the higher acidity of MC with 

respect to P1 might have compensated for the lack of a porous system that can favor better 

diffusion. All these parent catalysts possess slight deactivation at higher TOS due to coke 

formation. However, despite of the high coke formed on P1 catalyst, but it is assumed that the 

coke formed is not toxic being located in the mesopores where no probable diffusional 

limitations would occur (see Figure III .13).  

(1) (2) (3) 
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Figure III .12 Catalysts initial activities (a), ratios between final and initial activities (c), coke 

content (d) as a function of acidity, and ratios between final and initial activities as a function 

of coke content (b). 

In series 1 catalysts, both desilicated samples of P1 seem to have worse initial conversion 

in comparison with P1, which may be due to the lower mesopore volumes and acidities as well. 

Similar deactivation behaviors were observed due to coke formation, but the coke content was 

still much lower than in P1 due to the lower acidity possessed (Figure III .13). In series 2 

catalysts, the conversion of n-hexane was improved by the P2-D7 (ca. 33%) catalyst that 

possessed higher Brønsted acidity and mesoporous content after desilication, in contrary to the 

sample that  possessed a lower acidity (P2-D6), attributing to the lower conversion as well (ca. 

24%), despite of the slightly improved mesoporous content. In series 3 catalysts, although there 

was hierarchization in both MC-D1 and MC-D3 by generation of intracrystalline mesopores, 
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but still the conversions of n-hexane registered are lower than that in the parent MC catalyst, 

probably due to the lower acidity possessed in these two catalysts.  

 

(1) (2) (3) 

   

Figure III .13 Coke content as a function of acidity of the catalysts of the series: (1-3). The 

empty boxes correspond to the coke in the micropore, and the filled one in the mesopore. 

The linear relation between the activity of the majority of the catalysts and their acidity 

in Figure III .12-a, shows that the higher the acidity, the higher the activity of the catalyst. This 

implies that this model reaction (cracking of n-hexane) is very acidity dependent, and as said 

in literature it can be used to characterize the acidic sites [284]. However, the points that are 

displaced from the line should account for different issues. Any point that is clearly above the 

line should account to an exaltation of the Brønsted acid sites by the Lewis acid ones. On the 

contrary, the points below the line attribute to diffusional limitations. Being all the points nearly 

on the curve without any significant deviation, implies that neither there exist exaltation nor 

diffusional limitations on any of the catalysts even the purely microporous zeolite (MC). 

Figure III .12-b shows a general decrease of the stability of the catalysts with the coke content 

with some exceptions of lower deactivation (points above the general trend of the curve line) 

that account for presence of the coke in the mesopores (non-toxic coke). Moreover, the stability 

of these catalysts seem to be recovered in the same time by their acidity, as Figure III .12-c 

shows an increase of the stability with acidity. Nonetheless, the coke content seems also to be 

formed more and more as the catalyst is more acidic (Figure III .12-d). So how could it be that 
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there is deactivation of the catalysts with the formation of coke, and in the same time recover 

of stability and increase of coke content with acidity? This is explained by the presence of the 

coke probably in in the micropores and the mesopores as well. 

 The light blue point in Figure III .12-d corresponds to the purely microporous zeolite 

(MC), which means that all the coke content formed in present in the micropores only. 

Consequently, any point that lies on this line will account the amount of coke present in the 

micropore. Moreover, for any point that is present above the line corresponds to the global 

amount of coke formed. As a result, the coke formed in the mesopores is then the difference 

between the global amount and the point that corresponds to the vertical projection of the global 

coke content on the dotted line of the microporous coke content as drawn on Figure III .12-d. 

Figure III .13 shows clearly the decrease of the content found in the micropore with the 

acidity of the corresponding catalysts. However, the evolution of the global content is attributed 

to different suggestions. In series 1 catalysts, it is true that the mesopore coke content is 

decreasing with acidity, but this can be also due to the amount of intercrystalline mesopore 

volume possessed. As to say, as the crystal size of the desilicated samples of P1 was reduced, 

the intercrystalline mesopore volume was also reduced, so the accumulation of the coke right 

here is favored by larger intercrystalline mesopores. In series 2 catalysts, the decrease in the 

mesopore coke content in in relation to the amount of silanol groups possessed that are able to 

trap the precursors of the coke molecules [285]. With P2-D7 possessing significant increase in 

the silanol band at 3740 cm-1 (Figure III .9), coke was highly formed. In the microcrystal series 

(series 3) the observation is different concerning the global coke content where there is a 

decrease with acidity. This is suggested to be due to more accumulation of coke in the 

intracrystalline mesopores (formed after desilication). Moreover, between these formed 

hierarchical zeolites of series 3, more coke was formed in the mesopores generated upon NaOH 

treatment alone, than in presence of the pore directing agents. This is probably related to the 

shape of the mesopores generated upon the dissolution of the crystal starting from the surface 

as revealed in the TEM image of MC-D1, where the mesopores are probably formed in the form 

of ink-bottle shape, which favors more the accumulation of coke.` 
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Figure III .14 Variation of paraffin (a) and olefin (b) products molar yield as a function of n-

hexane conversion for all the selected catalysts. 

Figure III .14 displays the variation of the reaction products with conversion. The passage 

of the curves through the origin indicates that the reaction mechanism taking place is the 

monomolecular one, knowing that it is operating at low pressure (atmospheric) and high 

temperature (540 °C) [286]. This mechanism usually takes place in the micropores of the 

zeolites; however, there was no change in the mechanism despite of presence of mesopores in 

all the corresponding catalysts. Figure III .14-a shows that all the paraffin products seem to be 

elevating with conversion no matter what catalyst is used. C3 paraffin are always produced in 

the highest amount no matter what was the catalyst used, and it seems also to be more 

pronounced with increased conversion. Taking into consideration that the cracking of n-hexane 

will take place respecting the reactants and products stoichiometry, the production of C3 paraffin 

and olefins should be equal. However, this not the case. If we compare the molar yields of C3 

paraffin Figure III .14-a to that of C3 olefin in Figure III .14-b, the amount of olefins exceeds that 

of paraffin to almost the double, which assumes that the produced paraffin are undergoing 

hydrogenation over the strong Brønsted acid sites to form excess olefins and dihydrogen (H2). 

C5 paraffin are rarely seen, as well as their olefin form as in Figure III .14-b. Nonetheless, the 

production of the same amounts of paraffin and olefin C5 suggests that all C5 paraffin are 

dehydrogenated to form the alkene form of this carbon chain. 
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Figure III .15 Ratios of initial paraffin to olefin (a) and normal to isomers (b) molar yields 

products as a function of n-hexane conversion for all the selected catalysts. 

Figure III .15-a points to previous observations that more olefins are produced than 

paraffin, owing to the ratio of paraffin to olefin products molar yields, which is less than 1. 

These observation were also seen by Nakao et al. [287], were they suggested also that the coke 

formation which was the origin of the deactivation of the catalysts used (HBEA), was due to 

the polymerization of the propylene olefins that exceeded the propane molecules. 

  

Figure III .16 Variation between initial (in black) and final (in red) “paraffin to olefin” (a) and 

“normal to isomers” (b) molar yields vs n-hexane conversion for all the selected catalysts. 

Moreover, following the olefin to paraffin ratio also at the end of the reaction (TOS of 60 

min) as in Figure III .16-a, the whole ratios still fluctuate in the same range as the values taken 

at initial conversion, despite of the deactivation of the catalysts (lower final conversions). This 



 

133 

 

observation provides our suggestion that probable dehydrogenation is taking place despite of 

the coke formed. The normal to isomers products molar yields ratios in Figure III .15-b which 

is smaller than 1 signifies in spite of coke formation on the acidic sites, isomers products are 

still produced. Figure III.16-b illustrates the comparison of this ratio at initial and final 

conversions, which also seemt to be higher at the end despite of coke formed. This may signify 

that the strength of the acidic sites played a major role in the isomerization of the products even 

at higher TOS without being affected by the coke formed on them.  

 Conclusions 

Three parent *BEA zeolites two of which are commercial nanocrystals zeolites (series 1 

and 2) and one of which is a synthesized microcrystal zeolite (series 3), were subjected to 

different alkaline treatments in presence of NaOH alone, NaOH+TPABr, NaOH+TBAOH, 

seeking for improved textural properties for better diffusion of molecules within the channels 

of the zeolites. It was found for the three series that the mass yield, crystallinity and 

microporosity were seen to decrease continuously with [HO-] t. Particular cases for preservation 

of both crystallinity and microporosity were seen in the nanocrystals only (P1-D2 zeolite of 

series 1), as well as preservation of crystallites size (P2-D6 zeolite of series 2), attributing these 

observations to the protective effect played by the pore directing agents. The normalization of 

the microporosities of the samples with respect to their crystallinities revealed that the 

desilication treatments had a direct impact on the crystallinity and not the microporosity, and 

he *BEA characteristics are still preserved. A decrease in the mesoporous content was 

consistent with the decrease of the nanocrystal size. Moreover, the use of NaOH alone was 

more effective than the company of pore directing agents in the introduction of intracrysatlline 

mesopores in case of nanocrystals, while in microcrystals the effect was comparable with a high 

sign of surface protection when pore directing agents were used. The increase of Brønsted 

acidity at lower HO- concentrations was attributed to probable recrystallization and 

realumination, with a pronounced decrease at higher alkaline media. Negative impact of NaOH 

alone was observed on the Lewis acidity, while the company of the pore directing agents was 

seen to provoke the formation of new Lewis acid sites as referred to the redistribution of Al 

species in the extra framework positions.  

Monomolecular mechanism of n-hexane cracking was always the observed mechanism 

in spite of the presence of mesopores. However, the improvement of the textural properties in 
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some of the catalysts did not influence positively their catalytic performance in the cracking of 

n-hexane.  A loss in the catalytic activity was attributed mainly to the decrease in the Brønsted 

acidity of the desilicated catalysts. The fast deactivation of the catalysts is referred to the fast 

formation of coke. Highly formed coke may not influence negatively the performance of the 

catalyst being as non-toxic deposits in the mesopores. The higher olefin to paraffin molar 

weights are at the origin of dehydrogenation reactions taking place even though coke is formed. 

The formation of isomers products in high amounts at the end of the reaction signifies the 

strength of the Brønsted acid sites that was still pronounced in spite of coke formed. 
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IV  Chapter IV: Impact of desi lication of *BEA zeolites on the catalytic performance in hydroisomerization of n-C10  

 Introduction 

It is of much importance for bifunctional redox-acid refining catalysts to possess a rational 

design that requires the definition of some parameters that govern their behavior as well as the 

knowledge of their quantitative effect. This has been seen to be achieved with the Pt-H-zeolites 

that catalyze the isomerization of alkane products [124–126,288]. As said before, the n-alkane 

hydroisomerization reaction requires the incorporation of the redox-acid bifunctional catalyst, 

in which a metal (Pt in our case) presents the redox part, and the H-zeolite support (H-*BEA) 

presents the acidic one. Seven successive steps are covered during the hydroisomerization 

reaction, 3 of which are chemical and 4 are physical [124–126]. However, drawbacks are 

observed in such types of catalytic transformation of hydrocarbons, due to diffusional 

limitations associated with non-convenient zeolites’ pores sizes [19,82,149,154,155]. 

In this chapter will be shown how the hierarchization of synthetic micro- and commercial 

mesoporous *BEA zeolites, affects the zeolite’s characteristics, and in turn with the catalytic 

bifunctional properties, how they improve or worsen the catalytic performance of the requested 

zeolites in the hydroisomerization of n-decane. 

 Catalysts characterizations 

As discussed in chapter 3, the parent commercial *BEA zeolite P1 (CP811) was 

desilicated in presence of NaOH alone and NaOH+TPABr to yield P1-D1 and P1-D2 

respectively, while the parent commercial *BEA zeolite P2 (CP814E) was desilicated in 

presence of NaOH+TBAOH to yield P2-D6. In addition, the synthesized microcrystal *BEA 

zeolite (MC) was desilicated in presence of NaOH alone, in presence of NaOH+TPABr, and in 

presence of NaOH+TBAOH to yield finally MC-D1, MC-D2 and MC-D3 respectively. 

Table IV.1 Conditions of desilications on the different parent zeolites. 

Zeolite 
[NaOH] 

(M) 
PDA 

[PDA] 

(M) 

[HO-]t 

(M) 
R 

T 

(°C) 

t 

(min) 

P1 - - - - - - - 

P1-D1 0.2 - - 0.2 - 65 30 

P1-D2 0.2 TPABr 0.2 0.2 - 65 30 

P2 - - - - - - - 



 

140 

 

P2-D6 0.12 TBAOH 0.2 0.13 0.625 65 30 

MC  - - - - - - - 

MC-D1 0.2 - - 0.2 - 65 30 

MC-D2 0.2 TPABr 0.2 0.2 - 65 30 

MC-D3 0.12 TBAOH 0.2 0.13 0.625 65 30 

The desilication conditions of these zeolites are rereported in Table IV .1. All of these 

zeolites were transformed into their bifunctional form by the impregnation of Platinum. The 

bifunctional characteristics are shown in Table IV .4 and will be discussed in section 2.2 of this 

chapter.  

2.1 Impact of desilication on zeolites’ properties 

A brief summary here about the important influenced properties of the zeolites requested 

in this chapter will be given. The main structural, elemental, textural, and acidic properties of 

these zeolites are reported in Table IV.2 and Table IV.3. The structural characteristics of the 

*BEA zeolite was totally preserved after desilication, with some differences in the relative 

crystallinities as was discussed in chapter 3. A decrease in the crystal size was observed in P1-

D1 (13.5 nm) and P1-D2 (14.9 nm) in comparison with P1 (20 nm), while it was almost 

preserved in case of P2-D6 (19.6 nm) in comparison with P2 (20 nm). The textural properties 

of all the zeolites deduced from the nitrogen sorption isotherms showed a decrease in micropore 

volume in P1-D1 (0.16 cm3/g) and a preservation in P1-D2 (0.22 cm3/g).  In addition to that, 

the mesopore volume has decreased in both P1-D1 and P1-D2 from 0.58 to 0.50 and 0.44 cm3/g 

respectively. It was suggested that the decrease of the crystal size enhances missing of some 

portion of the pores. In series 2, the micropore volume was preserved in P2-D6 (0.20 to 0.18 

cm3/g), while an increase in the mesopore volume (0.54 to 0.61 cm3/g) was observed, owing to 

the strict orientation of the HO- anions through the pores of the zeolite. In series 3 zeolites that 

was meant with desilicating a purely microporous *BEA zeolite, showed a clear decrease in the 

micropore volume which was consistent with the decrease in crystallinity to almost around the 

half, and a clear introduction of mesopores in the three desilicated samples.  
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Table IV.2 Structural, elemental and acidic properties of parent and desilicated zeolites. 

Zeolites % Cryst. 
Si/Al [PyH+] 

(µmol/g) 

[PyL] 

(µmol/g) Total Framework 

P1 100 12 15 463 352 

P1-D1 68 7.6 33 267 275 

P1-D2 91 8.9 26.4 334 442 

P2 100 12 20 346 349 

P2-D6 72 8.6 18 295 446 

MC 100 36 23 523 99 

MC-D1 50 26.8 16.3 285 190 

MC-D2 60 2.8 14.5 362 137 

MC-D3 50 29.1 16.2 431 168 

Table IV .2 shows also the records of the Brønsted and Lewis acidities of all the zeolites, 

where there is a decrease to ca. 40% in P1-D1, to ca. 30% in P1-D2, and to ca. 15% in P2-D6, 

in comparison with the acidities of the parent zeolites. Similar loss in Brønsted acidity was 

observed in the desilicated forms of MC. In the contrary, an increase in the Lewis acidity was 

observed on all the zeolites in comparison with their parent ones, except in P1-D2 where there 

was a decrease up to 20%.  

Table IV.3 Textural properties of the parent and desilicated zeolites. 

Zeolites 
Crystal size 

(nm) 

Pore volume (cm3/g) Surface area (cm2/g) 

Micro  Meso External Specific 

P1 20 0.22 0.58 254 577 

P1-D1 13.5 0.16 0.50 253 401 

P1-D2 14.9 0.22 0.44 297 576 

P2 20 0.20 0.54 176 605 

P2-D6 19.6 0.18 0.61 388 693 

MC 780 0.21 0.02 125 502 

MC-D1 - 0.15 0.25 274 573 

MC-D2 - 0.16 0.29 276 618 

MC-D3 - 0.16 0.38 330 655 
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2.2 Bifunctional characteristics of the catalysts 

Table IV .4 represents the properties of the related zeolite catalysts. It is remarked in the 

table the platinum contents that varied from 0.44 to 1.5%wt. over P1 catalysts, and ca. 1.5%wt. 

on the others of series 1. This preceding gradual increase of Pt is done to study the impact of Pt 

content on activity of the related catalysts and their selectivity towards isomers products, where 

it was that 1.5% of Pt was the amount of impregnation needed to obtain the ideal bifunctional 

catalyst. Because of this finding, series 2 catalysts contained 1.5%wt. of Pt on P2 and P2-D6 

catalysts. Finally, series 3 contained 0.75%wt. of Pt on the parent MC and 1.0 on the MC-D1, 

MC-D2 and MC-D3, in spite of the attempt to impregnate 1.5% of Pt to these zeolites, 

respecting all the calculations needed to impregnate this amount, but surprisingly, this series of 

microcrystal *BEA zeolites showed a strange response after impregnation. Several bifunctional 

characteristics could be further deduced from the amount of Pt content in each catalyst, e.g. 

dispersion of Pt, size of Pt, concentration of Pt, and final the balance between their 

concentration and the Brønsted acid concentration of the catalyst. Note that Table IV.4 includes 

also the values of the Brønsted acidities of the catalysts and not the related zeolites, i.e. the 

acidity was calculated after the impregnation of Pt.  

Table IV.4 Bifunctional characteristic of all the catalysts. 

Zeolites 
Pt [PyH+] 

(µmol/g) 
nPt / nH+ 

Wt. (%) D. (%) d (nm) n (µmol/g) 

P1 0.44 25 4.52 5.64 408 1.40 

P1 0.98 48 2.35 24.1 371 6.50 

P1 1.10 48 2.35 27.1 464 5.80 

P1 1.50 33 3.42 24.2 489 5.00 

P1-D1 1.38 9 12.5 6.40 219 2.92 

P1-D2 1.60 55 2.05 45.1 253 17.8 

P2 1.48 13 8.69 9.90 304 3.20 

P2-D6 1.53 9 12.5 7.10 303 2.34 

MC 0.75 15 7.53 5.60 372 1.50 

MC-D1 1.00 56 2.01 29.2 294 9.93 

MC-D2 1.00 46 2.45 23.6 286 8.25 

MC-D3 1.00 41 2.75 21.0 365 5.75 
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The dispersion of Pt was found to vary from low to moderate values in the different 

catalysts. It was also possible to calculate the size of Pt particles (dPt) from the dispersion values 

(section), and was found that it differed from catalyst to another from 2 to 12.5 nm. The 

knowledge of the Pt particle size is of too much importance in order to determine if they were 

located inside or outside the pores, i.e. on the surface of the zeolite’s crystallites. Consequently, 

some of the catalysts contained Pt particles that were located outside the pores (1.38P1-D1, 

1.53P2-D6, and all series 3 catalysts), being larger than the pore aperture. The high temperature 

of the calcination program after the ion-exchange reaction (required to impregnate Pt), is 

responsible for the low dispersion of Pt, and consequently responsible for their location on the 

external surface. All the other catalysts contained Pt particles less than the pore aperture, i.e. 

the particles can be located inside the mesopores (being larger than micropore diameter and less 

than the mesopore diameter).  

Concerning the catalysts acidities, the Pt impregnation caused a general decrease between 

a minimum of 10 to a maximum of 30% of the initial acidity, marking also a slight increase in 

1.50P1 (5.6%), in 1.53P2-D6 (2.7%), and 1.00MC-D1 (3%), which can be referred to the error 

accompanied with the final measurements. It was also possible to determine the number 

(concentration) of accessible Pt atoms (nPt), and was found to be much lower than that of 

Brønsted acid sites (nH+). Consequently, the values of the ratios between the accessible Pt atoms 

and Brønsted acid sites (nPt / nH+) were very low in the range 0.014-0.178. As the size of Pt 

particle size knowledge was important, though was the knowledge of the metal to acid ratio. 

This ratio determines the value after which the performance of the catalyst is optimal, thus the 

catalyst can be considered a well-balanced catalyst [125].  

 Catalysts activities 

In order to obtain a well-balanced catalyst that exhibits the highest activity, different 

platinum contents (0.44, 0.98, 1.1, & 1.5%wt. of Pt) were impregnated on the reference parent 

P1 *BEA zeolite of series 1. Regardless of the platinum content, all the P1 catalysts exhibited 

a stable activity (measured at 230 °C on all catalysts). It is well seen that as the Pt content 

increases a little from 0.98 to 1.1%wt. of P1, the activity was maintained constant at 0.4 gC10.gcat
-

1.h-1 (reported in Table IV.5). Unexpectedly, the activity increased sharply (to 5 gC10.gcat
-1.h-1) 

over 1.50P1 due to the appearance of a very highly active catalyst at lower temperatures, where 

1.50P1 starts conversion at 190 °C and the others (0.44, 0.98 and 1.10P1) start at higher 
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temperatures. This comparison was done between the different Pt content P1 catalysts, in order 

to quantify the best amount of Pt that allows to obtain the optimal activity, which was found to 

be 1.5% of Pt.  

Table IV.5 Activities of the different Pt content P1 catalysts measured at 230 °C. 

Catalyst Activity (g C10.gcat-1.h-1) 

0.44P1 - 

0.98P1 0.4 

1.10P1 0.4 

1.50P1 5.0 

 

In the other hand, the activity comparison was further investigated between the highest 

Pt content P1 catalysts (1.50P1) and its desilicated forms, and between the catalysts of the other 

two series themselves (series 2 and 3). In accordance to a previous work [289] during the 

hydroisomerization of n-hexadecane, a plateau for the maximum activity per Brønsted acid sites 

(or the turnover frequency (TOF)), was obtained over 0.5, 1, & 1.5%Pt-H*BEA catalysts. 

Consequently, and according to this result, all the other catalysts (except series 3 catalysts), 

were impregnated by ca. 1.5%wt. of Pt to insure maximum activity of the catalysts for n-C10 

transformation.  

 



 

145 

 

Figure IV .1 n-C10 conversion as a function of temperature of the catalysts of series 1. 

The comparison was done by plotting the curves of conversion of n-C10 versus 

temperature as shown in Figure IV .1, where it clearly shows for series 1 the higher activity of 

1.50P1 catalyst demonstrated by earlier conversion at lower temperatures, in comparison to 

1.38P1-D1 and 1.60P1-D2 catalysts. These two catalysts 1.38P1-D1 and 1.60P1-D2 exhibit 

similar activities with a very small difference (Figure IV.1). This slight difference was reflected 

also by the slightly higher activity value for 1.38D1 (0.5 > 0.3) (Table IV .6). 

Table IV.6 Activities of the different series 1 catalysts measured at 230 °C. 

Catalyst Activity (g C10.gcat-1.h-1) 

1.10P1 0.4 

1.50P1 5.0 

1.38P1-D1 0.5 

1.60P1-D2 0.3 

Series 2 conversion vs temperature curves show that 1.48P2 converts earlier n-C10 than 

1.53P2-D6 does (Figure IV .2). This implies that the parent zeolite catalyst is more active than 

its desilicated form. This aspect was reflected also in the activity values measured at 230 °C, 

where there was a drop down from 1.2 on 1.48P2 to 0.3 gC10.gcat
-1.h-1 on 1.53P2-D6 catalyst. 
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Figure IV .2 n-C10 conversion as a function of temperature of the catalysts of series 2. 

The values of the activities of series 2 catalysts are in the Table IV .7. 

Table IV.7 Activities of the series 2 catalysts measured at 230 °C. 

Catalyst Activity (g C10.gcat-1.h-1) 

1.48P2 1.2 

1.53P2-D6 0.3 

In series 3 catalysts, the desilicated forms of MC show different aspects, where some 

register higher activity and the others lower one. As revealed in the conversion vs temperature 

curves in Figure IV.3, MC-D1 and MC-D3 converts n-C10 in the same time but clearly earlier 

than MC, and the latter converts earlier than D5. This indicates that MC-D1 and MC-D3 are 

more active than MC, which in turn is more active than MC-D2.  

 

Figure IV .3 n-C10 conversion as a function of temperature of the catalysts of series 3. 

This was verified by the values of activities measured at 230 °C, where 1.00MC-D1 and 

1.00MC-D3 catalysts exhibit higher activity than MC (4.7-4.8 > 1.9), and 1.00MC-D2 exhibits 

a very slightly lower activity to that of 0.75MC catalyst (1.8 gC10.gcat
-1.h-1). The values of the 

activities measured are presented in Table IV.8. 
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Table IV.8 Activities of the series 3 catalysts measured at 230 °C. 

Catalyst Activity (g C10.gcat-1.h-1) 

0.75MC 1.9 

1.00 MC-D1 4.7 

1.00 MC-D2 1.8 

1.00 MC-D3 4.8 

The nPt / nH+ ratios (ratio between number of  accessible Pt atoms and the total number of 

protonic sites) of the catalysts varied in the range 0.014-0.178, which indicates that the rate of 

some reactions was limited by the metallic step (for nPt / nH+ < 0.03), and the others by the acidic 

step (for nPt / nH+ > 0.03) [290]. It can be seen in Table IV .9 that the values of the turnover 

frequencies (TOF), activity per Brønsted acid sites measured at 230 °C, are in the same range 

(7-16 h-1) in case of 0.98 & 1.10P1, and the desilicated forms of P1, 1.38P1-D1 & 1.60P1-D2. 

This value was found to be too much high on 1.50P1 (72 h-1). In case of 1.48P2, the TOF value 

(28.5 h-1) was much higher in comparison with all forms of P1 except 1.50P1, but unexpectedly 

it decreased to 6.9 h-1 over its desilicated form, 1.53P2-D6. Note that TOF value of 1.53P2-D6 

is also less than those obtained with P1 catalysts and their desilicated forms as well. The TOF 

values registered for series 3 catalysts are in general considered higher than series 1 and 2 

catalysts, but still the 0.75MC parent catalyst exhibit TOF value (36 h-1) lower than 1.00MC-

D2 (44 h-1),  1.00MC-D2 lower than 1.00MC-D3 (92.4 h-1), and the latter lower than 1.00MC-

D1 (112 h-1). The metal to acid ratios and the TOF values are presented in Table IV.9. 

Table IV.9 Values of nPt / nH+ ratio and turnover frequencies for all the catalysts. 

Catalyst nPt / nH+ (x100) TOF (h-1) 

0.44P1 1.40 - 

0.98P1 6.50 8.2 

1.10P1 5.80 7.0 

1.50P1 5.00 72.2 

1.38P1-D1 2.92 16.0 

1.60P1-D2 17.8 8.6 
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1.48P2 3.20 28.5 

1.53P2-D6 2.34 6.9 

0.75MC 1.50 36.0 

1.00 MC-D1 9.93 112.0 

1.00 MC-D2 8.25 44.0 

1.00 MC-D3 5.75 92.4 

 Reaction products and selectivity 

During the completion of transformation of n-C10 over all the catalysts, the products 

formed were the isomerization products I (monobranched isomers M and multibranched 

isomers B) and the cracking products C. However, the products distributions depended on the 

catalysts themselves and on degree of n-C10 conversion (X). It was discussed in literature [291] 

that the isomers yield evolution is said to be unique due to the fact that the effects of the 

operating conditions on the isomerization or cracking are identical, or in a less way similar. To 

be more specific, Thybaut et al. [291] clarified that even upon varying the temperature under 

which the reaction is running to have complete conversion, the activation energies of the acid-

catalyzed steps would be similar. This makes the isomers distribution unique and susceptible 

to comparison with each other. 

The isomerization products were distributed into mono- and multibranched isomers. The 

monobranched isomers M were mainly methylnonanes, ethyl-branched isomers were rarely 

formed. Propyl-branched isomers were not observed as well. The mainly formed multibranched 

isomers were dimethyloctanes; 3-methyl-4-ethylheptane and small amounts of 3,4,5-

trimethylheptane. 2,3-dimethyloctane was hard to be detected. 

Figure IV.4 presents the yield into isomers (I) and cracking (C) for series 1 as a function 

of n-C10 conversion. It is clearly shown that the Pt content favored positively the maximum 

isomers yield as the latter is increasing over P1 catalysts. The yield in isomers increased from 

ca. 30% over 0.44P1, to ca. 40% over 0.98P1, to 47% over 1.10P1, and finally to ca. 59% over 

1.50P1. On the desilicated zeolites, the maximum yield observed over the highest Pt content P1 

catalyst (59%), decreased over 1.38P1-D1 catalyst, to reach a maximum yield which is between 

that obtained by 0.98 and 1.10P1. However, a very slight increase was observed over 1.60P1-
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D2 catalyst more than the highest P1 Pt content from 59 to 61%. The isomers evolutions are 

shown in Figure IV .4. 

Figure IV .4 Yield in isomers (I) (a) and cracking (C) (b) products vs n-C10 conversion 

obtained over series 1 catalysts. 

The parent zeolite catalyst of series 2, 1.48P2 catalyst, yielded approximately around 45% 

of isomers products. This yield resembled that obtained over 0.98P1, 1.10P1, and 1.38P1-D1 

catalysts. However, the desilicated form of this catalyst showed an unexpected decrease in the 

maximum isomers yield to ca. 13% over 1.53P2-D6 catalyst. The isomers yield evolution of 

this catalysts series is shown in Figure IV .5. 
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Figure IV .5 Yield in isomers (I) (a) and cracking (C) (b) products vs n-C10 conversion 

obtained over series 2 catalysts. 

With the lower Pt content of series 3 catalysts in comparison with other series, it has been 

seen that the maximum isomers yield is almost high (more than 54%) in comparison with the 

other series. The maximum yield obtained over the parent zeolite catalysts of this series 

(0.75MC) was ca. 54%. This yield increased over all its desilicated forms, to be 68% over MC-

D1, 60% over MC-D2 and 67% over MC-D3 catalysts. The evolution of the isomers yield of 

this catalyst series is shown in Figure IV .6.  
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Figure IV .6 Yield in isomers (a) and cracking (C) (b) products vs n-C10 conversion obtained 

over series 3 catalysts. 

It is possible also to describe the transformation reaction of n-C10 by the reaction scheme 

shown in Figure IV .7, in which every single step is considered irreversible, and follows a 

pseudo kinetic of order 1 [147]. This happens regardless of any of the characteristics of the 

tested catalysts, that is to say, the rate of reaction is proportional to the concentration of the n-

C10 reagent. The hydroconversion of n-C10 occurs through following three reactions: 

- isomerization, where k1 and k4  rate constants represent the isomerization of n-C10 into 

monobranched isomers (M), then into multibranched isomers (B); 

- cracking, where k3 and k5 rate constants represent M (monobranched) and B 

(multibranched) cracking, respectively; 

- hydrogenolysis, represented by k2 rate constant. 

The values of the rate constants calculated by a software we possess that follows a 

classical simplex kinetic model that applies the Runge-Kutta method [292], are shown in 

Table IV .10. A rather good agreement between the experimental values and the theoretical 

curves was obtained for our catalysts (examples in Figure IV .8). 
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Figure IV .7 Reaction scheme of n-C10 transformation. 

According to this kinetic model, the low isomers yield in 0.44P1 and 1.53P2-D6 catalysts, 

is confirmed by the high value of k2 (1.11 and 0.59 respectively) presented in Table IV.10, the 

kinetic constant responsible for direct transformation of n-C10 to cracking products, in 

comparison with the other catalysts. Still these values are not high enough to say that the 

hydrogenolysis reaction is occurring on the Pt particles. For that, this side reaction is said to be 

neglected.  

Table IV.10 Kinetic constants calculated by Runge-Kutta method. 

Catalyst k1 k2 k3 k4 k5 k6 

0.44P1 1.00 1.11 0.00 1.35 2.28 0.33 

0.98P1 1.00 0.05 0.00 1.54 3.39 0.13 

1.10P1 1.00 0.04 0.15 1.05 1.65 0.12 

1.50P1 1.00 0.04 0.00 1.99 1.96 0.00 

1.38P1-D1 1.00 0.11 0.00 1.79 3.20 0.10 

1.60P1-D2 1.00 0.05 0.00 0.93 3.49 0.10 

1.48P2 1.00 0.10 0.00 1.68 3.32 0.10 

1.53P2-D6 1.00 0.59 4.90 1.04 1.38 0.10 

0.75MC 1.00 0.00 0.00 1.25 4.89 0.06 

1.00 MC-D1 1.00 0.16 0.00 2.66 2.09 0.00 

1.00 MC-D2 1.00 0.00 0.00 0.98 4.12 0.06 

1.00 MC-D3 1.00 0.04 0.00 0.82 2.86 0.02 

In addition to that, the high value of k3 for 1.53P2-D6 catalyst, the kinetic constant 

responsible for transformation of monobranched isomers to cracking products before being 

transformed into multibranched isomers, confirms the high yield of cracking products 
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produced. This value was 4.9 on 1.53P2-D6 catalyst but was almost null on all the other 

catalysts. The high isomers yield in series 3 catalysts was also reflected by the very low k2 and 

k3 kinetic constants for these catalysts (almost zero values). 

Figure IV.8 shows a good agreement between the experimental and theoretical data 

obtained for some catalysts for the hydroisomerization of n-C10. The good agreement is shown 

by the fitting or partial fitting of the theoretical data to the experimental ones. However, for low 

isomers selective catalysts, the fitting is more pronounced on high isomers selective ones. 

Figure IV .8 Yield into monobranched (M), multibranched (B), isomers (I) and cracking (C) 

products. Experimental points (points) and theoretical curves (continuous lines) obtained from 

the kinetic model. 

The cracking products formed were mainly C3 to C7 molecules, as shown in Figure IV.9. 

The absence of methane (C1) and presence of very low amounts C2 and C8 products allow to 

confirm that hydrogenolysis side reactions over Pt sites can be neglected. Let us consider Cn-x 

and Cx the cracking products formed by n-C10, for example C1 and C9, C2 and C8, etc. As well 

seen in Figure IV .9, C1 and C9 products are not observed over any catalyst. In addition, the 

C2/C8 molar ratio is always close to unity over all the catalysts. The C3/C7 and C4/C6 molar 

ratios are also always close to unity, which gives finally a global symmetric distribution of the 

cracking products, and signifies that no secondary transformation of the cracking products had 

taken place over all the catalysts exept in 0.44P1. The maximum C product produced over all 

catalysts was always C5 product, except over 0.44P1 were it was C3 product due to a possible 

secondary transformation of cracking products. 
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Figure IV .9 Cracking products distribution as a function of carbon number on the catalysts 

series: (1-3). 

It is known that at low conversion (low X values), if the experimental curve follows the 

dotted line that bisects the two axes into equal parts, it means there is a total selective formation 

of isomers, i.e. only I products appear as primary ones and C products appear as a secondary 

transformation of isomers [289]. In this case, the scheme of transformation is then successive 

as follows:  n-C10 ⇄ I → C. 

This aspect is observed at low X values on 0.98, 1.10P1, 1.38P1-D1 and 1.48P2 catalysts, 

and it was even more pronounced at higher X values on 1.50P1, 1.60P1-D2 and all series 3 

catalysts. However, no points on the dotted line were detected for 0.44P1 and 1.53P2-D6 

catalysts. In this case, some of the C products were directly transformed from the n-C10. This is 

in agreement with the kinetic constants shown in Table IV.10, where k2 is higher in 0.44P1 

(1.11) and 1.53P2-D6 (0.59) catalysts, which signifies that this step is taking place on these 

catalysts but not in a well-observed extent (neglected hydrogenolysis). In contrast, all the other 

catalysts maintain this kinetic constant even lower than 0.1. 

This significance can be quantitatively expressed also as well by the initial value of 

cracking/isomers (C/I) yield ratio drawn by the extrapolation at zero conversion of (C/I) vs 

conversion curve [289]. Table IV .11 provides information about the initial (C/I)0 at zero X 

values for all the catalysts. This value is almost high in both 0.44P1 (0.45) and 1.53P2-D6 (0.5) 

catalysts. In contrast, in series 1, this value decreases as Pt content on P1 parent zeolite 

increases. The initial C/I ratio of D2 catalyst is similar to those obtained by 0.98 and 1.10P1 
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catalysts, but it increased to 0.1 on 1.38P1-D1 catalyst. P2 and all series 3 catalysts possessed 

low values, as 1.00MC-D1 and 1.00MC-D3 catalysts marked the lowest (0.005) amongst all. 

Table IV.11 Initial multi- to mono-branched isomers ratios, initial cracking to isomers ratios, 

and number of acidic steps involved during n-C10 transformation, on all the catalysts. 

Catalyst (B/M)0 (C/I)0 na.s 

0.44P1 0.28 0.45 2.16 

0.98P1 0.15 0.06 1.35 

1.10P1 0.12 0.04 1.22 

1.50P1 0.08 0.01 1.14 

1.38P1-D1 0.20 0.10 1.50 

1.60P1-D2 0.09 0.05 1.26 

1.48P2 0.04 0.04 1.17 

1.53P2-D6 0.36 0.50 2.26 

0.75MC 0.02 0.03 1.11 

1.00MC-D1 0.005 0.005 1.02 

1.00MC-D2 0.01 0.018 1.07 

1.00MC-D3 0.02 0.005 1.04 

Figure IV.10 shows the variation of these ratios as a function of the ratio between the 

concentration of accessible Pt sites and the concentration of Brønsted acidic sites (nPt / nH+) for 

all the catalysts. It is clearly shown that the production of initial cracking products decreases 

sharply initially with a slight increase of nPt / nH+ ratio, and then a very slightly decreasing curve 

is observed after a nPt / nH+ value of ca. 0.03 (Figure IV.10-a). Another significance of this 

aspect can also be seen (Figure IV .10-b), where the majority of the maximum isomers yield on 

the catalysts seems to be increasing with the increase of nPt / nH+ ratio starting also from ca. 

0.03.  
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Figure IV .10 (a) Variation of initial C/I ratios, (b) variation of maximum isomers (I) yield; on 

the different catalysts as a function of nPt / nH+. 

Table IV.11 provides another information about the number of acidic steps (na.s) 

responsible for the rearrangement and cracking of the olefin intermediates along their diffusion 

between Pt sites [289,293]. It was advanced that in order to obtain optimal catalytic 

characteristics, two conditions should be satisfied: nPt / nH+ ratios high enough so that the rate 

of the reaction would be limited by the acidic steps, and the number of acidic steps (na.s) between 

two Pt sites low enough to catalyze one step of skeletal rearrangement or to crack the olefin 

intermediates [125]. The nPt / nH+ ratio seems to be low in 0.44P1 and 1.53P2-D6 catalysts, and 

the number of acidic steps (na.s) involved is also higher than in the others. This implies that the 

optimal catalytic characteristics criterion are not satisfied for these two catalysts. This signifies 

the high number of cracking products produced initially and during the transformation of n-C10.  

As the na.s number decreases, the maximum isomers yield increases, consequently, 

cracking decreases. This is what is clearly shown on all the catalysts, by comparing the number 

of acidic steps also to the earlier production of cracking products (C) as shown in the figures 

up (Figure IV .4, Figure IV.5 & Figure IV.6) for the three series, it is concluded that C products 

are produced more at lower X values as the number of the acidic steps involved is increasing. 

This is demonstrated by the shifting of the C curves left- and upwards. For example, in series 3 

catalysts, Figure IV .6 shows that C products are produced earlier in 0.75MC and 1.00MC-D2 
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catalysts. These curves referring to series 3 catalysts are in agreement with the values of na.s 

which are slightly higher in 0.75MC and 1.00MC-D2 than in 1.00MC-D1 and 1.00MC-D3. 

However, these series catalysts all preserve the na.s. value close to 1. This indicates that the 

olefin intermediates are undergoing only 1 step of rearrangement between two Pt sites. 

 Impact on the catalytic performance 

After having a global overview on the characteristics of these zeolites before and after 

deislication in chapter 3, it is important to discuss how they impact, besides the bifunctional 

characteristics of the catalysts, the process of n-C10 hydroconversion.  

It is well known that the activity and selectivity of bifunctional catalysts depends 

significantly on ratio between the (de)hydrogenating and acidic sites. The increase in the 

(de)hydrogenating sites has a positive influence on: i) initial activity of the catalyst, ii) stability 

of the catalyst, iii) selectivity toward isomerization products [294]. In our work, the increase of 

the platinum content on the different P1 catalysts, increases clearly the yield in mono- and 

multibranched products, i.e. the total isomers yield (I = M+B). In addition, the activity was still 

maintained constant for the moderate Pt content, until the impregnation of the highest Pt content 

where there was a sharp increase in activity and TOF as well. This indicates that the increase 

in the Pt content serves in better feeding the acidic sites with the olefin intermediates and 

increases the activity of these sites at the highest Pt content [125,289,294]. It should be also 

noted that the ratio of nPt / nH+ increases from 1.4 (lowest Pt content) to a range of 5-6 on the 

high ones (0.98, 1.1, and 1.5%Pt), but the yield in isomers (I) is still increasing in spite of a 

maintained balance between the accessible metallic and acid sites. The case reported in [294] 

demonstrates the increase in nPt / nH+  ratio by increasing the Pt content while preserving acidity, 

i.e. a global increase in the ratio. In our work, the acidity was still being modified on the same 

support after impregnating different Pt contents, so the ratio was maintained constant even with 

high Pt contents. However, the same aspect was seen and the results were in agreement with 

the previous work [294].  

The maximum isomers yield obtained by the 1.50P1 catalyst decreased again from 59 to 

38% on the 1.38P1-D1 catalyst, but marks an unnoticeable increase to 61% on 1.60P1-D2 

catalyst. In case of 1.38P1-D1 catalyst, the decrease in both the micro- and mesopore volume 

in P1-D1 (in spite of the appearance of a small hysteresis in the isotherm pattern), suggests to 

be ascribed to the contributions on inter-particle voids due to a disordered agglomeration of the 
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small crystals [214]. This allows the intermediates to suffer some diffusional limitations 

although a decrease in the crystal size was observed. This lead to their long-lasting contact with 

the acid sites, thus favoring their cracking. It seems that the crystal size here did not have a 

stronger impact than the volume of the mesopores. Moreover, the low metal to acid ratio (nPt / 

nH+ = 0.02), can also attribute to the decrease in the isomerization yield noting that it is less than 

0.03. This indicates that the acidic sites governed between two Pt sites are high enough to induce 

further cracking of the intermediates before being hydrogenated and exited from channels as 

well.  

The case here between 1.50P1 and 1.60P1-D2 concerning the production of isomers is 

similar, but in every catalyst, a major factor is behind this observation. It is accepted that the 

value of the metal to acid balance in 1.50P1 is enough to induce isomerization (0.05 > 0.03), in 

addition to the high mesopore volume possessed (0.58 cm3/g). However, a decrease in the 

isomerization yield over 1.60P1-D2 was expected due to the decrease in the mesopore volume 

in 1.60D2, but the decrease of the crystal size that may favor easier diffusion of the 

intermediates (decrease of contact), in addition to the increase in the metal to acid ratio that was 

triple that of 1.50P1, removed this expectation. Therefore, it is suggested that it is not majorly 

the organization of the mesopore that increased slightly the yield, instead it is the diminish of 

the crystal size and the high metal to acid balance that permitted more isomerization steps to 

occur between Pt sites before cracking to take over. 

Taking a look on the number of acidic steps involved in the olefin intermediates 

transformation on 1.50P1, 1.38P1-D1 and 1.60P1-D2 catalysts, it seems that it is less in 1.50P1 

(1.14) and 1.60P1-D2 (1.26) in comparison to 1.38P1-D1 (1.5). These measurements confirm 

that the intermediates formed within the channels of 1.38P1-D1, were more trapped with the 

acidic sites, and subjected then to more acidic transformations. Nonetheless, the low mesopore 

volume, and the lack in the organization of these pores (unlike in P1-D2), would attribute to 

diffusional obstacles within this catalyst (1.38P1-D1). Therefore, the cracking of these 

molecules is then preferred over any other isomerization reactions, in order to decrease their 

size and facilitate their desorption and exit from the channels as well.  

Moreover, an unexpected decrease in the maximum isomerization yield was seen from 

45 to 13% on 1.53P2-D6 catalyst, in comparison with its parent 1.48P2 catalyst, in spite of an 

increase in the mesopore volume after the alkaline treatment by NaOH and TBAOH (0.54 to 
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0.61 cm3/g). However, the low nPt / nH+ and the bad dispersion of Pt, together, allow us to 

assume that activity as well as the isomers selectivity will decrease. The decrease in activity is 

easily related to the idea that the number of Pt atoms is not enough to highly feed the acidic 

sites with the olefin intermediates. The aspect seen in the isomers selectivity decrease was seen 

by Martens et al. recently in 2015 [295]. They proposed another criterion to characterize the 

catalytic performance of a catalyst. The proposition says that the nanoscale intimacy between 

the metallic and the acidic sites of the support is better for the selectivity of the bifunctional 

catalysts towards isomers products [295]. In their work, the utilization of a large pore zeolite Y 

mixed with an alumina binder was chosen to investigate the effect of proximity between the 

metallic and acidic sites. Previously, it was suggested that having the metal functions as close 

as possible from the acidic functions, should prevent undesired secondary transformations 

[289]. However, the results with Martens et al. [295] contradicts the previous suggestion. It was 

found that when the Pt particles were in the closest position to the acidic sites, the feed 

components were obliged to diffuse into the micropores where the Pt particles are located. This 

leads to trap the olefin intermediates in the micropores due to their strong adsorption on the 

acidic sites and slow diffusion and longer residence time, which increases the probability of 

these intermediates to be cracked. In the contrary, in the same work reported, when the metal 

particles were located on the alumina binder, which means outside the zeolite crystals, the olefin 

intermediates formed were easily diffusing through the wide pores to the zeolite Y, where they 

undergo isomerization rather than cracking. Summing up these results with another ones 

[296,297], it is said that the optimal location for the metal function should not be in the 

micropores of the zeolites, but rather on the surface or in the mesopores of the zeolite. 

According to these assumptions and taking into consideration large Pt particles in 1.53P2-

D6 (12.5 nm) that are larger than the mesopore diameter (ca. 5 nm), makes them more probably 

located outside the mesopores, i.e. on the zeolite surface. However, since the Pt dispersion is 

very low, and though the number of Pt particles, it is suggested that the distance covered by the 

intermediates between every two Pt sites is long enough to induce the secondary 

transformations and favor cracking. This explains the low intimacy between the Pt and acidic 

sites. 

In contrast, it was also expected that the microcrystal *BEA (MC) would have performed 

less efficient in comparison with all the other catalysts, due to the presence of large crystals 

which enhances long time contact of the intermediates with the acidic sites and, thus favors 
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their cracking. Moreover, the presence of only micropores in the structure should have 

enhanced the cracking of the olefin intermediates, due to their slow diffusion, long residence 

time and stronger adsorption with the acidic sites inside the micropores. However, in 0.75MC 

catalyst, the Pt size (7.53 nm) in fact is larger than the diameter of the pores, so the Pt is located 

on the zeolite’s external surface, and the transformation is then occurring on the surface rather 

than inside the pores. According to the assumptions in [295–297], the presence of the metal 

particles on the zeolite surface induces high nanoscale intimacy between metallic and acidic 

functions, and thus favors isomerization and reduces their cracking.  

Followed by desilication, 1.00MC-D1, 1.00MC-D2 and 1.00MC-D3 catalysts produced 

the highest isomers yield amongst all catalyst. Figure IV.6 shows that the yield increase up to 

68% over 1.00MC-D1 in comparison with the parent MC, to 60% on 1.00MC-D2, and to 67% 

on 1.00MC-D2. The location of Pt particles (> 2 nm size) being more probably on the zeolite 

surface, with their high dispersion, suggests that the metal and acidic sites were at the intimacy 

that allows only one acidic transformation of the intermediates between two Pt sites, which is 

clearly revealed in the number of acidic steps involved (na.s is ca. 1). Moreover, the increase in 

the mesopore volume could have also played a crucial role in the fast desorption of the 

intermediates from the acidic walls lowering their contact time with them and facilitating the 

fast diffusion of the molecules as they enter and exit the channels.  

The very low initial B/M ratios in series 3 catalysts shown in Table IV.11, points to the 

aspect that the initially formed multibranched products were neglected, close to zero. In 

addition, the zero value of the k3 kinetic constant responsible for direct transformation of mono 

to cracking products over these catalysts implies that no cracking took place for the 

monobranched products, and all cracking products were formed from multibranched products. 

This indicates the successive scheme followed in the n-C10 transformation n-C10 ⇄ M → B → 

C.     

 Conclusions 

The desilication of *BEA nanocrystal zeolites by NaOH alone and by NaOH incorporated 

with a low zeolite surface affinity pore directing agent (TPABr), caused a diminishing in the 

crystal size but a drawback in the textural properties, especially in presence of NaOH alone 

where no protection for the zeolite surface was provided. The use of TBAOH, which has 

stronger affinity to the zeolite surface, preserved the crystal size by total protection, and allowed 
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an improvement of the textural properties by orienting the attack of hydroxyl ions through the 

pores only. In the synthesized microcrystal *BEA series, the use of the three alkaline treatments 

caused an improvement of the textural properties.  

The designation of an “ideal” bifunctional catalyst was achieved by increasing the Pt 

content and then testing in the hydroisomerization of n-C10. Is spite of the improvement of the 

textural properties by use of TBAOH in the nanocrystal *BEA (in 1.53P2-D6), there was a drop 

in activity due to the low Pt content that wasn’t enough to feed well the acidic sites, and a drop 

in selectivity due to the large Pt particles located on the zeolite surface, that probably induced 

far distance between each two Pt sites, i.e. many acidic sites were accessible to wide range of 

rearrangement and cracking processes. In the other hand, the diminishing of crystal size caused 

by NaOH alone, and consequently the diminish of the diffusional path length, should have 

enhanced the catalytic performance of the 1.38P1-D1 catalyst. However, the drawback in the 

textural properties in this zeolite catalyst (P1-D1), in addition to the low bifunctional 

characteristics as Pt dispersion, did not improve its global catalytic performance. The use of 

TPABr that decreased the crystal size, in addition to the high Pt dispersion, and high metallic 

to acidic balance possessed with this catalyst (1.60P1-D2), preserved its activity and improved 

the selectivity.  

The same alkaline treatments were applied on a synthesized microcrystal *BEA. It was 

found that there is an improvement in the catalytic performance in terms of activity and 

selectivity due to a probable high nanoscale intimacy between the Pt and acidic sites on the 

zeolite surface and not inside the micropores or the initially formed mesopores (Pt size larger 

than pore aperture, i.e. located on zeolites surface), in addition to the improved textural 

properties which enhances better diffusion through the channels of the zeolite.  
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V Chapter V: Impact of desil ication of *BEA zeolites on the catalytic performance in hydroisomerization of n-C10 , n-C12 & n-C14 

 Introduction 

In the hydroisomerization of paraffin, it is not always evident that the pore structure is 

behind the expected catalytic performance, but rather the bifunctional characteristics might 

account for larger influence. For example, as reported in literature, the location of the 

hydro/dehydrogenation sites is of much interest when being inside the mesopore or on the 

external surface of the crystallites, hence an optimal nanoscale intimacy between them and the 

active sites might induce further isomerization instead of cracking [295,298,299]. In the 

previous chapter, it was found that in case of the microcrystals, higher selectivity to isomers 

products was obtained in spite of the lower textural properties comparable to nanocrystal 

hierarchical zeolites in the hydroisomerization of n-C10. This was attributed to the bifunctional 

properties that were behind the observation of such an aspect.  

Seeking for the factors that might further improve the catalytic performance in 

hydroisomerization reactions is continuous. However, it is also precious to find how might 

bulky molecules have an impact in such reactions. For example, it was stated by Marcilly that 

during the conversion of paraffin, the rate of cracking was increasing as the carbon number 

increased to reach a maximum with carbon number equal to 16, then a decrease was observed 

[300]. He also mentioned in his book that this was in contradiction with previous results 

observed by Vynckier and Froment where the carbon number of which maximum rate constant 

was reached and after decreased, was 9 [300]. Soualah et al. [301] reported that isomers were 

the main products produced over Pt/H-*BEA, while cracking is the main reaction to be 

observed over Pt/H-ZSM-5 and Pt/H-MCM-22, with bulky molecules as long chain paraffin. 

The large channels of *BEA zeolite contribute to such an aspect, and the blockage of 

intermediates in the other zeolites lead to extensive cracking. The isomerization yield was 

continuously decreasing in the investigated catalysts as the chain length was increasing from 

10 to 14 and finally to 16 carbon number n-alkanes [301]. Konnov et al. [302] reported the 

results of hydroisomerization of different n-alkanes (n-hexane, n-octane and n-hexadecane)  

over Pt-MOR catalyst. They found that the activity, unlike the selectivity towards isomers 

products, increased with chain length.  

Martens et al. [303] study showed that the isomerization yield of n-C10 exceeded that of 

a tetra-branched paraffin (pristane i-C19), but surprisingly was lower than the normal n-C19 form 

by 20% of yield, over conventional and hierarchical Pt/ZSM-22 catalysts. Rossetti et al. jumped 
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to higher carbon number chains, and studied the difference between n-C16 and n-C28 over 

Pt/SiO2-Al 2O3 catalyst. It was found over this catalyst, that the activity of the bulkier molecules 

was slightly more active than the lower one, but the isomerization yields were highly 

comparable. 

The objective in this chapter is to investigate if  the chain length increase have an impact 

on the activity and isomers selectivity over only the nanocrystal *BEA series catalysts (series 

1 & 2), in the hydroisomerization of n-C10, n-C12 and n-C14, and to verify if the presence of 

inter- and intracrystalline mesopores have an impact on the chain length in the 

hydroisomerization reaction. 

 Catalysts activities and products selectivity 

2.1 Catalysts of series 1 

2.1.1 Catalysts activities 

Figure V.1 shows that 1.50P1 catalyst is always more active than its desilicated forms in 

the three alkanes transformations. As reported in the previous chapter that was concerned in the 

hydroisomerization of only n-C10 over the same catalysts, that the activity was shown to 

increase with Pt content, where its maximum was observed with 1.5% of Pt on P1 catalyst. 

Figure V.1 shows the evolution of the activity during the different n-alkanes transformations 

over the catalysts of this series (S1). As discussed previously, 1.38P1-D1 catalyst was more 

active than 1.60P1-D2 catalyst during n-C10 transformation, but with increasing chain length, 

the latter becomes more and more active than the former catalyst, where the 1.60P1-D2 

conversion curves shift leftwards to be leading that of 1.38P1-D1 in n-C12 and n-C14 

transformations. In all cases, the 1.50P1 catalyst is more active than its desilicated forms.  
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n-C10 n-C12 n-C14 

   

Figure V.1 n-alkanes conversions vs temperature over series 1 catalysts. 

The TOF values (Table V.1) increased as well with the increase of chain length, especially 

in 1.50P1 and 1.60P1-D2. However, a remarkable increase was noticed in the TOF exhibited 

by 1.38P1-D1 on n-C12, and in a lesser extent over 1.60P1-D2. The TOF values of 1.50P1 

catalyst is always exceeding that of its desilicated forms, and 1.60P1-D2 always that of 1.38P1-

D1 except on n-C10 where they were similar. 

Table V.1 The nPt / nH+ ratios, activity and TOF values of series 1 catalysts. 

Catalysts 
 n-C10 n-C12 n-C10 

nPt / nH+ 
Activity 

(gC10.gcat-1.h-1) 
TOF 
(h-1) 

Activity 
(gC12.gcat-1.h-1) 

TOF 
(h-1) 

Activity 
(gC14.gcat-1.h-1) 

TOF 
(h-1) 

1.10P1 5.8 0.4 7 0.75 9.5 0.8 10 

1.50P1 5.0 5.0 72 8.0 97 9.4 97 

1.38P1-D1 2.92 0.5 16 2.3 61 1.2 27 

1.60P1-D2 17.8 0.3 9 3.2 75 3.5 69 

 

2.1.2 Products selectivity 

The increase of Pt content on the P1 catalyst influenced positively the selectivity towards 

isomers products. As shown in Figure V.2 for series 1 catalysts, the increase in Pt content 

caused an increase in the isomers yield from ca. 30% on the least Pt content (0.44P1) to 59% 

on the highest (1.50P1). However, this yield decreased over 0.44P1 as chain length increased, 
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but the decrease was more realized during n-C12 transformation. Over 1.10P1, the decrease was 

very slightly observed even though there was, as chain length increase, with even more decrease 

during n-C12 transformation. On the highest Pt content 1.50P1, the yield was maintained 

constant on n-C10 and n-C12 (59%), but decreased to ca. 40% on n-C14. Note that during n-C14 

transformation, starting from ca. 1% wt. of Pt was needed to obtain a balanced catalyst where 

we see nearly similar selectivity to isomers as Pt exceeded 1% wt. The desilicated form 1.38P1-

D1 was less selective towards isomers in comparison with1.50P1 in n-C10 hydroconversion. 

However, the selectivity of 1.38P1-D1 improved on n-C12 but dropped again on n-C14. No 

change in the yield was observed by increasing the n-alkane chain length over the 1.60P1-D2 

catalyst (ca. 60%). 

n-C10 n-C12 n-C14 

   

Figure V.2 Yield in isomers over series 1 catalysts in the three n-alkanes transformations. 

Figure V.3 shows the cracking product distribution over the catalysts of the this series 

during the different n-alkanes transformations. The data of the cracking products were taken at 

10-20% cracking yield. The cracking products formed were mainly C3 to C7, C3 to C9 and C3 to 

C11 molecules, on n-C10, n-C12 and n-C14 respectively. The absence of methane (C1) and 

presence of very low amounts ethane (C2) and its corresponding second cracked product, i.e. 

C8 on n-C10, C10 on n-C12, and C12 on n-C14, allow us to consider that hydrogenolysis side 

reactions over Pt sites can be neglected. Let us consider Cx-m and Cm the cracking products 

formed by n-Cx, for example C1 and C9, C2 and C8 in case of n-C10, with the same manner 

followed in n-C12 and n-C14. 
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n-C10 n-C12 n-C14 

   

Figure V.3 Cracking products distribution over series 1 catalysts in the transformation of the 

three n-alkanes. 

In the transformation of n-C10, C1 and C9 products are not observed over any catalyst of 

this series. The molar ratios of C2/C8, C3/C7 and C4/C6 are always close to unity, which gives 

finally a global symmetric distribution of the cracking products, and signifies that no secondary 

transformation of the cracking products had taken place over all the catalysts. However, an 

asymmetrical distribution caused by high C3/C7 molar ratio was observed due to a possible such 

transformation over 0.44P1 (not well-balanced catalyst). The maximum C product produced 

over all catalysts was always C5 product, except over 0.44P1 were it was C3 product. The 

transformation of n-C12 have shown asymmetrical distributions on the majority of the catalysts 

of series 1. However, increasing the Pt content over P1 catalysts was efficient to reach a near 

quasi plateau of distribution. The same aspect was observed on n-C14 transformation, which 

indicates that 1.5% wt. of Pt was the best amount to obtain a well-balanced catalyst and not 

starting from 1% as mentioned above. Note that the molar ratios between the small and large 

cracking products of all catalysts of this series 1 (except 1.50P1) during n-C12 and n-C14 

transformations were all higher than 1, which indicates that possible secondary transformation 

were observed on these catalysts.  
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2.2 Catalysts of series 2 

2.2.1 Catalysts activities 

In the catalysts of series 2, the 1.53P2-D6 catalyst, the desilicated form of 1.48P2 catalyst, 

is always less active no matter what the chain length was. This was displayed in the activity 

curves where 1.48P2 catalyst always converts the three n-alkanes at earlier temperatures than 

1.53P2-D6 catalyst does (Figure V.4).  

n-C10 n-C12 n-C14 

   

Figure V.4 n-alkanes conversions vs temperature over series 2 catalysts. 

Similarly, the TOF values (Table V.2) exhibited for the desilicated samples are always 

less than the parent ones, marking always the highest value during n-C12 transformation. The 

lower activity and TOF values exhibited in 1.53P2-D6 catalyst is due to the low number of Pt 

atoms unable to feed enough the acidic sites with the olefin intermediates, knowing that the 

metallic to acidic ratio is low (0.023). 

Table V.2 The nPt / nH+ ratios, activity and TOF values of series 2 catalysts. 

Catalysts nPt / nH+ 

n-C10 n-C12 n-C14 

Activity 
)1-.h1-cat.gC10(g 

TOF 
(h-1) 

Activity 
(gC12.gcat-1.h-1) 

TOF 
(h-1) 

Activity 
(gC14.gcat-1.h-1) 

TOF 
(h-1) 

1.48P2 3.20 1.2 29 1.7 33 1.6 27 

1.53P2-D6 2.34 0.28 6.9 0.35 9.4 0.25 5.7 
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2.2.2 Products selectivity 

The isomers yield on 1.48P2 decreased more on n-C12 than on n-C14 in comparison with 

n-C10 (Figure V.5). The 1.53P2-D6 catalyst have also shown dramatically a decrease in this 

yield to around 13% without a remarkable change with chain length. Note that the mesopore 

volume and pore size diameter for these two catalysts are the highest among all catalysts of this 

work, but surprisingly the yield was not though.  

n-C10 n-C12 n-C14 

   

Figure V.5 Yield in isomers over series 2 catalysts in the three n-alkanes transformations. 

The aspects of the cracking product distributions revealed over the catalysts of this series 

are similar to those observed over series 1 catalysts, with no particular catalyst of the two 

catalysts of this series is showing an asymmetrical distribution of cracking products in n-C10 

transformation. Figure V.6 shows the distribution of the cracking products on the three n-

alkanes. Note that on n-C12 and n-C14 the shape obtained did not reach a plateau, signifying the 

non-well balanced catalysts of this series. 

n-C10 n-C12 n-C14 
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Figure V.6 Cracking products distribution over series 2 catalysts. 

 Catalytic performance 

The nanocrystal catalysts series were investigated in the transformation of different n-

alkanes to study the impact of chain length in the hydroisomerization reaction. It was meant at 

the beginning to study the effect of Pt content (in P1) on catalysts activity and isomers 

selectivity. The well-balanced P1 catalyst (1.50P1) was observed to have stable activity and 

selectivity to isomers during n-C10 and n-C12 transformations, whereas a decrease in isomers 

selectivity only was observed during that of n-C14. To explain the evolution of the catalysts 

performance during n-C14 in specific, it is good to rely on either the textural or the bifunctional 

characteristics, and sometimes we might rely on both. No doubt that the textural and 

bifunctional characteristics should account for the increase and decrease of the isomers yield 

after 1.50P1. However, in the cases to be reported, one of the characteristics would dominate 

over the other. It was expected as in 1.50P1 that the 1.60P1-D2 would be less selective to 

isomers as we reach to n-C14, however the result was not though. The porous system of P1 

zeolite is better than that of P1-D2, but the hysteresis loop obtained for P1-D2 catalyst 

(Figure III .6; chapter III), suggests the appearance of organized inter- and intracrystalline 

mesopores, which helps the diffusion of the intermediates to be more facile, and reduces the 

risk of being trapped inside to induce further cracking. Nonetheless, the majority of the 

crystallites in P1-D2 zeolite are smaller than that possessed in P1 (Figure III .3 and Figure III .4; 

chapter III) which may account to a facilitated diffusion of the molecules no matter what the 

chain length was. Moreover, the metallic to acidic ratio of 1.60P1-D2 is ca. 3 times that of 
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1.50P1 catalyst, that might be also an additional parameter that enhanced the maintained 

isomers yield in n-C14 over 1.60P1-D2 and not over 1.50P1. 

Over the catalysts of series 2, the dispersion of Pt seems to be low on the catalysts, 

consequently, the concentration of Pt sites will be low, and large Pt sizes will be obtained. 

However, still the Pt size in P2 catalyst is less than the pore diameter, so it is assumed to be 

located inside the mesopores, in opposition to the location of Pt particles on P2-D6, assumed to 

be more probably on the surface being larger than the pore diameter. However, the low 

dispersion exhibited in 1.53P2-D6 catalyst, causes higher distance between the metallic and 

acidic sites, and suggests more cracking steps to be induced. This is reflected in the number of 

acidic steps involved where it was always high (ca. 2). Comparing P2 catalyst with series 1 

catalysts, the higher textural properties of P2 didn’t mark an influence in this case, but rather 

the bifunctional characteristics. According to Martens et al. [295], the optimal location for the 

metal particle shouldn’t be in the micropores, but rather in the mesopores or on the surface of 

the zeolite. However, in spite of the Pt presence inside the mesopores, but their low dispersion 

in P2 catalysts was low, which makes the distance between them and acidic sites larger, causing 

in more acid steps, and thus reduces the isomers yield. As a summary, the low bifunctional 

characteristic of this series dominated the influence of the high textural properties possessed 

within both catalysts. Moreover, still the 1.53P2-D6 catalyst possesses lower bifunctional 

characteristics, highly reflected in the low activity and selectivity to isomers products.  

Similarly as for n-C10 different steps transformations in chapter 4, the values of the rate 

constants of the different occurring steps for n-C12 and n-C14 transformations, calculated using 

the classical simplex kinetic model provided by Runge-Kutta method [292], are shown in 

Table V.3.  Note at the beginning that the values of k2 are the lowest in comparison to all of the 

other rate constants. This confirms the ignorable side reactions as hydrogenolysis to be taking 

place. Moreover, the value of k3 is found to be also near to zero over all the catalysts except on 

0.44P1 and 1.53P2-D6, the lowest isomers yielding catalysts (most cracking yielding ones), 

which indicates that the formed monobranched isomers are being cracked in high extent over 

these two catalysts. The value of this rate constant (k3) is noticed to be increasing with chain 

length, which is also confirmed by the decrease of isomers yield (increase in cracking yield) 

with chain length increase. However, the second hydrocracking step occurring (cracking of B 

products), exhibit rate constants (k5) higher than those (k3) in the first hydrocracking step 
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(cracking of M products). This is behind the fact that β-scission becomes more favorable as the 

branching degree of the carbon chain increases [147]. 

Globally, summing up the overall behavior of the rate constants, it is noticed that there 

is an increase in the values of the majority as chain length increases, except in hydrogenolysis 

rate constant k2 where there is a decrease, suggesting that it is more and more pronounced for 

hydrogenolysis to disappear as chain length increases. 
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Table V.3 The corresponding kinetic constants of the different reaction steps during n-C10, n-C12 and n-C14 transformations, calculated by 

Runge-Kutta method. 

 

Catalysts 
n-C10 n-C12 n-C14 

k1 k2 k3 k4 k5 k6 k1 k2 k3 k4 k5 k6 k1 k2 k3 k4 k5 k6 

0.44P1 1.00 1.11 0.00 1.35 2.28 0.33 1.00 0.45 3.99 3.36 4.33 0.29 1.00 0.19 3.59 4.60 4.10 0.42 

1.10P1 1.00 0.04 0.15 1.05 1.65 0.12 1.00 0.00 1.02 1.54 1.46 0.33 1.00 0.00 0.28 1.81 1.9 0.33 

1.50P1 1.00 0.04 0.00 1.99 1.96 0.00 1.00 0.01 0.00 0.70 1.53 0.14 1.00 0.07 0.00 1.81 3.41 0.21 

1.38P1-D1 1.00 0.11 0.00 1.79 3.20 0.10 1.00 0.00 0.00 0.88 1.47 0.13 1.00 0.00 0.68 1.07 1.43 0.28 

1.60P1-D2 1.00 0.05 0.00 0.93 3.49 0.10 1.00 0.02 0.00 0.6 3.02 0.18 1.00 0.00 0.00 0.42 2.3 0.45 

1.48P2 1.00 0.10 0.00 1.68 3.32 0.10 1.00 0.37 0.49 2.26 4.26 0.74 1.00 0.00 1.28 1.17 1.98 0.56 

1.53P2-D6 1.00 0.59 4.90 1.04 1.38 0.10 1.00 0.41 12.0 0.00 16.5 0.98 1.00 0.20 7.84 5.74 11.6 0.78 
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No dense information about the impact of chain length on the activity per Brønsted acid 

sites (TOF) in the hydroisomerization reactions. Nevertheless, some researchers reported the 

constant evolution of the TOF with chain length, that was in the 30-40 h-1 range with n-C10, n-

C14 and n-C16 over Pt-*BEA catalysts [301]. Other researchers reported recently in 2013 the 

enhanced activity as chain increased (n-C6, n-C8 and n-C16) over Pt-MOR catalysts [302]. 

However, it is expected in our work to have an increasing trend of TOF values with chain 

length, but as we see in Figure V.7-a, the shape of the TOF change is resembling a parabola 

behavior, with a maximum obtained during n-C12 hydroconversion. In the beginnings of 1970’s, 

R. L. Gorring [304] measured the diffusivities of n-paraffin ranging from ethane to n-

tetradecane, and found that the diffusion of n-dodecane was faster than that of n-decane and n-

tetradecane. This phenomenon was termed the “window effect”.  However according to the 

results we have, the selectivity to isomers products obtained is not always in agreement with 

this “window effect” assumption as it is not reliable to say that the diffusion of n-C12 is more 

rapid than the other two n-alkanes. This is because despite of the maximum TOF observed 

during n-C12 transformation, no improvement of isomers selectivity was shown on the majority 

of the catalysts but rather a decrease in comparison to n-C10 and n-C14, as Figure V.7-b 

illustrates that more acidic steps are involved during n-C12 transformation, i.e. higher selectivity 

to cracking.  

 S1 S2 
a 
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b 

  
Figure V.7 TOF values (a) and na.s (b) vs carbon number for catalysts of series 1 and 2. 

The higher TOF exhibited in case of n-C12 transformation with the associated higher 

selectivity to cracking products means that the apparent strength of the acidic sites might be 

higher. This indicates that the interaction of these molecules with the zeolite is changing in case 

of n-C12 and seems to be different from that with n-C10 and n-C14. In the late 1980’s, Derouane 

[305] described the confinement effect in zeolites in which interactions between the sorbate and 

the walls of the zeolite play a major role in the sorption and catalytic activation, that is to say 

that adsorption and catalytic properties of zeolites are strongly influenced by the confinement 

effect [306]. Moreover, as reported recently in 2014 by Iglesia et al. [307], that the combined 

effects of confinement and acidic strength on the reactivity of the Brønsted acid sites were seen, 

and as stated in literature that it accounts for the stability of the adsorbed intermediates that 

further determine the reactivity and selectivity in acid catalysts [218,308,309]. This effect that 

depends also on the size of the molecule traversing the channels, seems to be more pronounced 

with n-C12 molecules than the other n-alkanes. According to what was advanced, the more 

confined molecules in the channels of the zeolite will lead to higher interaction with the acidic 

sites, and will consequently provoke higher activity and selectivity towards cracking products. 

This phenomenon appeared to be dominant on the hydroisomerization of n-C12 molecules over 

the used *BEA zeolites based catalysts.  

 Conclusions 

In studying the impact of chain length on the catalytic performance of the requested 

commercial and desilicated *BEA zeolites in the hydroisomerization of n-C10, n-C12 and n-C14, 

it was seen that the textural and bifunctional characteristics can be behind the positive or 

negative influence either together or separately as one might dominate over the other. A special 
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phenomenon appeared with the increased TOF values during n-C12 transformation. The high 

selectivity to cracking products in case of n-C12 as a result of the apparent higher strength of 

the acidic sites, was said to be due the confinement effect and the stronger interactions of the 

n-C12 molecules with the zeolite’s acidic sites (higher TOF values) than the other two alkanes.  
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General Conclusions 

Zeolites are the most important molecular sieves used in most of refining and 

petrochemical industry. However, diffusional limitations may rise due to the small size of the 

zeolite’s micropores possessed. The hiearchization of these zeolites by post synthetic 

procedures is the most common recent strategy to favor the fast diffusion of large molecules 

inside the zeolite channels by targeting the pore system of the zeolites. Seeking for improved 

diffusion of molecules inside the zeolitic pore systems of *BEA zeolites, we tend to subject 

commercial nanocrystal *BEA zeolites and synthesized microcrystal one to several alkaline 

treatments by NaOH alone and by NaOH mixed with pore directing agents as 

tetrapropylammonum bromide (TPABr) and tetrabutylammonium hydroxide (TBAOH).  

It was found the mass yield, crystallinity and microporosity were seen to decrease 

continuously with total concentrations of HO- anions. Particular cases for preservation of both 

crystallinity, microporosity and crystallites size in case of nanocrystals, attributing these 

observations to the protective effect played by the pore directing agents. The normalization of 

the microporosities of the samples with respect to their crystallinities revealed that the 

desilication treatments had a direct impact on the crystallinity and not the microporosity. The 

mesoporous content was seen to elevate more upon use of NaOH alone especially in the 

nanocrystals, while the contrary was seen in case of microcrystals where the company of the 

pore directing agents served in introducing more mespores. The increase of Brønsted acidity at 

lower HO- concentrations was attributed to probable recrystallization and realumination, with a 

pronounced decrease at higher alkaline media. Negative impact of NaOH alone was observed 

on the Lewis acidity, while the company of the pore directing agents was seen to provoke the 

formation of new Lewis acid sites as referred to the redistribution of Al species in the extra 

framework positions.  

In the catalytic cracking of n-hexane, a monomolecular mechanism was always the 

observed mechanism in spite of the presence of mesopores. However, the improvement of the 

textural properties in some of the catalysts did not influence positively their catalytic 

performance in the cracking of n-hexane.  However, the loss in the catalytic activity was 

attributed to even the diffusional limitations occurring within the microcrystal zeolite or even 

due to the decrease in the Brønsted acidity of some the desilicated catalysts. The fast 

deactivation of the catalysts was referred to the fast formation of coke. Highly formed coke may 
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not influence negatively the performance of the catalyst being considered as non-toxic deposits 

in the mesopores. The higher olefin to paraffin molar weights are at the origin of 

dehydrogenation reactions taking place even though coke is formed. The formation of isomers 

products in high amounts at the end of the reaction signifies the strength of the acidic that was 

still pronounced in spite of coke formed. 

 In the hydroisomerization of n-alkanes, prior to any test on the hydroisomerization of n-

C10, the designation of an “ideal” bifunctional catalyst was achieved by increasing the Pt 

content, where the catalysts activity and isomers selectivity were seen to relate with Pt content. 

The catalytic performance of the catalysts was seen to be improved sometimes and sometimes 

not despite of the high textural properties possessed in the majority of the catalysts (except for 

the microcrystal. However, the bifunctional characteristics was always an additional parameter 

to the textural properties behind the catalytic performance of the catalyst. Possessing high 

textural and bifunctional characteristics was evident in increasing the catalysts activity and 

isomers selectivity. Nonetheless, in spite of the high textural possessed within a catalyst, but 

the low bifunctional properties might account for a worse performance. This was explained by 

the large Pt-H+ distance as a result of low dispersion and non-well balanced catalyst as well. 

The large Pt-H+ distance enhances several acidic steps to take place between two Pt sites, 

namely cracking, thus lowering the isomerization yield.   

In the other hand, despite that the microcrystal *BEA zeolite comprise no high textural 

property, but the catalytic performance was high. The size of the Pt particles dispersed on the 

microcrystal *BEA zeolite was larger than the pore aperture, which means they are located on 

the surface of the crystals. In this case the n-alkanes molecules are not obliged to diffuse into 

the micropores to perform the reacting but rather it will perform on the crystallite surface, i.e. 

no diffusional limitations will be suffered and the catalyst’s activity and isomers selectivity will 

elevate. Moreover, the desilication of this microcrystal *BEA zeolite with the different alkaline 

media resulted in hierarchical zeolites that have shown to improve more and more the catalytic 

performance in comparison with all the other catalysts. This was on the basis of the synergy 

between the improved textural properties and the high bifunctional characteristics (high metal 

to acid ratio, high dispersion), that assumes that the Pt-H+ distance was short enough to induce 

more isomerization rather than cracking. 

The impact of chain length on the catalytic performance of the requested commercial 

and desilicated nanocrystal *BEA zeolites in the hydroisomerization of n-C12 and n-C14 was 
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also studied. It was seen as in the case of n-C10 transformation that the textural and bifunctional 

characteristics can be behind the positive or negative influence either together or separately as 

one might dominate over the other. However, a special phenomenon appeared during n-C12 

transformation. The TOF was seen to elevate more on the majority of the catalysts, which was 

assumed to be due to the window effect that says that n-C12 molecules diffuse faster than the 

lower and higher carbon number molecules. However, the faster diffusion would have also 

favored the isomerization steps rather than cracking, but surprisingly, the aspect was not though. 

This led us to refuse the suggestion that it might be the windows effect phenomenon appearing 

right here. It was assumed finally that these molecules are probably being more confined in the 

zeolite channels, leading to stronger interactions with the acidic sites of the zeolite, increasing 

apparently their strength. This increase in the acidic strength increases the activity of the 

catalyst per Brønsted acid site, but non-interestingly, favors cracking. This phenomenon was 

evident to appear more during n-C12 transformation rather than n-C10 and n-C14 transformations. 
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Perspectives 

The work developed during this Ph. D. allowed to answer several questions concerning 

the impact of desilication of *BEA zeolites on their various properties, and the impact of 

desilication on the catalytic performance in the hydroisomerization of n-alkanes and cracking 

of in-hexane. Nonetheless, research is always in progress and much more remains to do. In this 

section, several suggestions will be made to continue the studies made on the performed studies 

developed during this thesis. 

1. Desilication 

As was seen that the desilication of the nanocrystal *BEA zeolites was interesting in terms 

of crystal size reduction but rarely in the creation of additional mesopores except in case of 

desilication of CP814E *BEA zeolite with NaOH. It is important to try to multiple the potential 

toward wide range of pore directing agents in order to see which might target in an optimized 

way the textural properties without having an important negative impact on structure, 

crystallinity, acidity and so on. It is important also to study the effect of temperature and time 

change of the desilication reactions. 

 

2. Hydroisomerization reactions 

2.1. Impact of chain length 

 Intense experiments on the hydroisomerization reactions of higher carbon number n-

alkanes chains ( > 14), should be done in order to investigate whether the confinement effect 

that appeared is particular to n-C12 or still can be observed with other higher (or lower) carbon 

number chains. It is interesting to further investigate also if the new desilicated *BEA zeolites 

have a positive impact on the catalytic performance of higher carbon number chains. 

2.2. Proximity between active sites 

 As discussed in the thesis that Martens et al. have studied the impact of the proximity 

between the metallic and acidic functions within extrudates of zeolite Y and alumina binder, 

and it was found the optimum proximity between the both is when the metal particles are not 

in the micropores but even on the binder or on the surface/in the mesopores of the zeolite. Being 

the *BEA zeolites one of the most catalysts effective in such reactions, it is important to study 

where could be the optimized proximity on such zeolites, and is the presence of binders 
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important in this case and plays a major role ? Could the nanoscale intimacy in the closest 

positions be more effective in the presence of binders ? 
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Annex 

1. Catalytic performance of series 3 catalysts (impact of chain length) 

1.1. Catalysts activities 

The catalysts of this series were not tested on n-C12.Remarkably, these catalysts have 

marked globally the highest activity among all series on both n-C10 and n-C14 transformations. 

Always, and on the two n-alkanes, the parent MC seems to be more active than its desilicated 

form 1.00MC-D2, but less active than 1.00MC-D1 and 1.00MC-D3 catalysts, as seen in figure 

1. 

n-C10 n-C14 

  

 Figure 1. n-alkanes conversions vs temperature over series 3 catalysts. 

The quantitative analysis of the activities of series 3 catalysts measured at 230 °C, are 

reported in (table 1). The activities seemed to be 1.5 times higher during n-C14 transformation 

than that in n-C10. No clear difference was observed in the TOF values on both n-alkanes. The 

better activity exhibited on the desilicated zeolites may be attributed to the increase in their 

external surface area with respect to their parent zeolite (MC) (Table III .4; chapter III). An 

increase in this area was observed to be more than the double on the desilicated forms, and as 

much as the surface area increases, as much as the interaction with its components will be, 

namely the acidic sites, knowing also that the transformation is taking place on the surface and 

not inside the pores (dPt > dpore). 
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 Table 1. The nPt / nH+ ratios, activity and TOF values of series 3 catalysts. 

Catalysts nPt / nH+ 

n-C10 n-C14 

Activity 
)1-.h1-cat.gC10(g 

TOF 
(h-1) 

Activity 
(gC14.gcat-1.h-1) 

TOF 
(h-1) 

0.75MC 1.50 1.9 36 3.2 50 

1.00MC-D1 9.93 4.7 112 6.2 106 

1.00MC-D2 8.25 1.8 44 3.1 55 

1.00MC-D3 5.75 4.8 92 6.8 95 

 

1.2. Products selectivity 

In this series, the desilication of the parent 0.75MC have shown an improved selectivity 

toward isomers during n-C10 transformation (figure 2). It was found that the size of Pt particles 

amongst all the samples of this series was always higher than the micropore diameter, and in 

the desilicated forms less than the initially formed mesopores diameters. This suggests that Pt 

sites are not located inside the micropores, but more probably on the surface of the zeolite in 

case of MC, and probably inside the initially formed mesopores in the desilicated forms. This 

is also in agreement with Marten’s [295] and other researchers proposition [296,297], that when 

the location of the Pt particles is inside the mesopores or on the surface of the crystallites, the 

isomerization reactions will be dominating over any other acidic transformation (namely 

cracking). Furthermore, besides the optimal location of the Pt particles possessed, the slightly 

improved textural properties, i.e. the initial formation of the mesopores, have played a crucial 

role in making the catalysts more selective to isomers during n-C10 conversion, by facilitating 

their diffusion through the channels of these zeolites, making their contact time with the acidic 

sites lower. However, the increase in chain length (n-C14) made a step backward, where there 

was a decrease in the isomers yield from 54-70% to be around 40% over all the catalysts of this 

series. This suggests that the n-C14 paraffin are suffering some diffusional limitations within 

this series, in spite of the advantageous bifunctional properties possessed. This indicates that 

the effect of chain length increase is more pronounced in the case of microcrystals.  
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n-C10 n-C14 

  

Figure 2. Yield in isomers over series 3 catalysts in the transformations of n-C10 and n-C14. 

As in series 1 and 2, the cracking products distribution over n-C10 and n-C14 are 

resembling those of all the previous catalysts of series 1 and 2. 

n-C10 n-C14 

  

Figure 3. Cracking products distribution of catalysts of series 3 in the 
transformation of the n-C10 and n-C14. 
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2. Table of ratios of multi to monobranched isoemrs, cracking to isomers, and na.s. 

 

  

Table 2. Ratios of multi- to monobranched isomers, cracking to isomers, and na.s of the 

different Pt-*BEA catalysts for transformation of n-C10, n-C12 and n-C14. 

Catalysts n-C10 n-C12     n-C14 

 (B/M)0 (C/I)0 na.s (B/M)0 (C/I)0 na.s (B/M)0 (C/I)0 na.s 

0.44P1 0.28 0.45 2.16 0.36 0.30 2.00 0.41 0.15 1.80 

1.10P1 0.12 0.04 1.22 0.32 0.03 1.44 0.22 0.02 1.32 

1.50P1 0.08 0.01 1.14 0.14 0.05 1.32 0.24 0.01 1.31 

1.38P1-D1 0.20 0.10 1.50 0.16 0.02 1.26 0.24 0.01 1.32 

1.60P1-D2 0.09 0.05 1.26 0.1 0.04 1.25 0.15 0.02 1.25 

1.48P2 0.04 0.04 1.17 0.60 0.20 1.9 0.60 0.01 1.58 

1.53P2-D6 0.36 0.50 2.26 0.50 0.30 2.1 0.80 0.10 1.88 

0.75MC 0.02 0.03 1.11 - - - 0.24 0.03 1.32 

1.00MC-D1 0.005 0.005 1.02 - - - 0.3 0.02 1.35 

1.00MC-D2 0.01 0.018 1.07 - - - 0.2 0.01 1.39 

1.00MC-D3 0.02 0.005 1.04 - - - 0.3 0.01 1.30 
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3. Table of kinetic constants of catalysts of series 3 in the transformation of the n-C10 

and n-C14. 

 

  

Table 2. The corresponding kinetic constants of the different reaction steps during n-C10 and n-C14 

transformations, calculated by Runge-Kutta method, for catalysts of series 3. 

 

 

Catalysts 

n-C10 n-C14 

k1 k2 k3 k4 k5 k6 k1 k2 k3 k4 k5 k6 

0.75MC 1.00 0.00 0.00 1.25 4.89 0.06 1.00 0.01 0.87 1.42 1.69 0.32 

1.00MC-D1 1.00 0.16 0.00 2.66 2.09 0.00 1.00 0.00 0.99 1.89 1.96 0.25 

1.00MC-D2 1.00 0.00 0.00 0.98 4.12 0.06 1.00 0.03 0.04 2.73 2.72 0.28 

1.00MC-D3 1.00 0.04 0.00 0.82 2.86 0.02 1.00 0.05 0.13 2.21 2.55 0.27 
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