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ANNOTATION

The hydroisomerization of linear or low branched alkanes through alkene intermediates is a
significant process for the refining of Cs and Cg hydrocarbon fractions to increase the octane
number of automotive fuels. The hydroisomerization leads to the conversion of linear alkanes
with a low octane number to branched isomers with a sufficiently high octane number. The
bifunctional heterogeneous catalysts are a combination of an acid catalyst consisting of oxides
containing acidic active centers and a metal cluster, where the hydrogenation and
dehydrogenation of hydrocarbon reactants take place. The zeolite-based catalysts are
significant in petroleum industry for the hydroisomerization of alkanes, especially the MOR
zeolite type. However, availability of active sites for the n-hexane molecule is restricted by
slow diffusion in narrow channels of MOR zeolite, and overall efficiency of the catalytic
process is thus limited by transport of molecules. Branched alkanes diffuse even more slowly
than linear n-alkanes due to the higher kinetic diameter. The access of acidic active sites in
current industrial catalysts is typically increased by partial dealumination of zeolites, where
the aluminum atoms are extracted from the framework of zeolite resulting in positive textural
changes in the channel structure of the zeolite but at the same time lowering the concentration
of active acidic Brensted centers. For these reasons, various post-synthesis methods of
zeolites such as desilication, dealumination and fluoridation have been used in this work. The
texture parameters of zeolites are adjusted by combination of these methods and allow easier
transport of the hydrocarbon molecules to the active sites, therefore achieving a substantial
increase in the rate of hydroisomerization reaction and shifting the reaction conditions to
lower temperatures where the thermodynamic equilibrium is inclined to forming of multi-
branched alkanes. Another important parameter for the hydroisomerization of Cg is the
amount of acidic centers contained in the zeolites. The analysis of the role of increased
density of strongly acidic protons showed that the high density of non-interacting but close
and strongly acidic structural hydroxylgroups significantly lowers the activation barrier in the
isomerization reaction compared to far-distant acid sites and provides higher reaction rates

compared to state-of-the-art Pt/H-zeolite catalysts.
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NAZEV PRACE

Vyvoj strukturovanych zeolitickych katalyzatora pro proces hydroizomerizace n-hexanu

ANOTACE

Hydroizomerizace linearnich nebo malo vétvenych alkand, prostiednictvim alkend jako
meziproduktii, je vyznamnym procesem pro rafinaci Cs a Cg uhlovodikovych frakci pro
zvySovani oktanového cisla automobilovych paliv. Hydroizomerizace vede k transformaci
linearnich alkanli s nizkym oktanovym c¢islem na vétvené izomery s dostatecné vysokym
oktanovym ¢islem. Pro hydroizomerizaci alkani se osvéd¢ilo pouziti bifunkénich
heterogennich katalyzatorti, které jsou kombinaci kyselého katalyzatoru slozené¢ho z oxida
obsahujicich kysela aktivni centra a klastra kovu, kde probiha hydrogenace a dehydrogenace
uhlovodikovych reaktantd. V ropném pramyslu jsou pro hydroizomeraci alkani vyznamné
katalyzatory na bazi zeolitu, zejména typu MOR. Nicméng, dostupnost aktivnich center pro
molekuly Cs je omezena pomalou difuzi uzkym kanalem zeolitu a celkova ucinnost
katalytického procesu je tak limitovana transportnimi jevy. Vétvené alkany vzhledem k
vy$§imu kinetickému praméru difunduji jesté pomaleji nez linearni n-alkany. Dostupnost
kyselych aktivnich center v sou¢asnych primyslovych katalyzatorech je typicky zvySovana
castecnou dealuminaci zeolitl, kdy dochazi k extrakci €asti atom@ hliniku ze strukturni
miizky, coZ vede k pozitivnim texturnim zméndm v kandlové struktufe zeolitu, ale zaroven ke
snizeni koncentrace aktivnich kyselych Brenstedovskych center, jejichz pfitomnost v zeolitu
je podminéna piitomnosti hliniku ve strukturni miizce zeolitu. Z téchto divodu byly v této
préci pouzity rizné post-syntézni Upravy zeolitl jako je desilikace, dealuminace a fluoridace.
Jejich kombinaci se upravy texturni parametry zeolitl, coZ umozni snadngjsi transport
molekul uhlovodikd k aktivnim centriim, a tim se dosahne podstatného zvySeni rychlosti
hydroizomeriza¢ni reakce, a posunu reakénich podminek k niz8§im teplotam, kde je
termodynamicka rovnovaha naklonéna K tvorbé vicerozvétvenych alkand. Dalsim dalezitym
parametrem pro hydroizomerizaci Cg je mnozstvi kyselych center obsazenych v zeolitech.
Analyza role zvySené¢ hustoty silné kyselych protoni ukdzala, Ze vysoka hustota
neinteragujicich, ale blizkych a siln€ kyselych strukturnich hydroxylovych skupin, vyznamné
snizuje aktivacni bariéru v izomeriza¢ni reakci ve srovnani se vzdalenymi aktivnimi misty, a
muze poskytnout vysSi reakéni rychlost ve srovnani k nejmodernéjsimi Pt/H-zeolitovymi

katalyzatory.
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INTRUDUCTION

1.1 Hydroisomerization of linear Cg alkane

The gasoline contains predominantly the hydrocarbons with 4 - 10 atoms of carbon, higher
hydrocarbons are present only in a trace amount.

The Cg alkanes are present in significant amount in the crude oil and form an important
part of gasoline. However, these hexanes occur predominantly in the linear form characterised
by very low octane number (only about 25) in contrast to branched Cg isomers having high
octane number (up to about 90). The basic processes how to increase the octane number are
methods of the reforming, catalytic cracking, alkylation or hydroisomerization. The
hydroisomerization of light gasoline fractions has recently become one of the most widely
used processes in the petroleum industry due to its relevance to environmentally friendly and
economical production of gasoline *.

This hydroisomerization reaction is become a key reaction for the production of
automotive fuels focusing to transform the linear Cg alkanes with low octane number into the
branched isomers: 2, 2-dimethylbutane, 2, 3-dimethylbutane, 3-methylpentane and 2-
methylpentane with sufficiently high octane numbers.

This complex catalytic hydroisomerization reaction consists of several steps.
Hydroisomerization of linear Cg alkanes start with dehydrogenation of a linear alkane to an
alkene on a noble metal, and followed by skeletal isomerization of the formed alkene via
protonization and a cyclopropyl intermediate on a strongly acidic site and re-hydrogenation of
the branched alkene to the alkane .

1.2 Hydroisomerization reaction over zeolites

Currently, the most used catalysts for hydroisomerization of Cs and Cg hydrocarbon fraction
are based on chlorinated alumina, sulfated oxides or zeolites. Though low operating
temperatures are highly important for isomerization catalysts, they are not the only criterion
of their efficiency. The all process characteristics have to be consider, e.g. feed hourly space
velocity (FHSV), the operating pressures, the composition of raw materials (the Cs : Cg ratio)
and contents of naphthenes, benzene, sulfur and H,O microadmixtures, etc.*

The chlorinated alumina has several disadvantages, since the chlorination occurs by

reversible chemical exchange of the surface hydroxyl groups of the alumina support. That is



the reason why the use of this catalyst is associated with constant supply and formation
organochlorine compounds during the hydroisomerization reaction *, which leads to serious
questions about the environmental impact. Created organic chlorines have to be removed
using scrubbers. The neutralization of fluegases and ellimination of environmentally harmful
wastes raises the cost of operating’. Advantage of chlorinated alumina catalysts is their high
activity at temperatures as low as 150 °C 89,

For the aforementioned reasons, the development is focused on enviromentaly friendly
catalysts based on zeolites. Most of important acid-catalyzed industrial processes for
production of fuels in oil processing, of chemical commodities, and fine chemicals in
numerous organic syntheses are catalyzed by zeolite-based catalysts. Zeolites are used
primarily as catalysts for catalytic cracking and hydrocracking in the petrochemical industry,
for the production of chemicals (e.g. ethylbenzene, cumene, cyclohexanone) or fuels, for the
oligomerization of olefins, xylene synthesis and isomerisation, production of gasoline and
synthesis of light olefins from methanol. The 95% of the synthetic zeolites is applicated in
catalytic cracking (FCC) and hydrocracking (HDC). These catalytic applications are based on
the Y type zeolite of the FAU family. Other zeolites are used in petroleum industry such as
based on the MOR zeolite applied in hydroisomeriztaion of Cs-C;, the BEA zeolites used in
alkylation reactions, or ZSM-5 zeolites applied for oligomerization of light olefins and
hydrocracking of heavy aromatics into light oleffins *°.

Aluminosilicate crystaline framework of zeolites forms define micropores of large inner
surface area and dimensions similar to kinetic diameters of organic molecules determining the
space for the formation of reaction intermediates and products. Structure of thermally stable
zeolites has the unique catalytic properties governed by the concentration and distribution of

strongly acidic protons, and shape selectivity of inner micropores.
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Figure 1.  Illustration of complex reaction mechanism for n-hexane hydroisomerization on bifunctional Pt/H-zeolite catalysts.



For hydroisomerization are used bifunctional Pt/H-zeolite catalysts. The acid active sites in
zeolites catalyse the skeletal isomerization reaction and Pt particles have
dehydrogenation/hydrogenation functions. The reaction scheme of the hydriozomerization of
Cs alkanes using H/Pt zeolites is shown in Figure 1. The first step of hydroisomerization
reaction is dehydrogenation of the linear n-hexane to n-hexene on the Pt particles. This
dehydrogenation reaction provides a low and stable concentration of n-hexene. From the n-
hexene, the branched isomers are formed on strongly acidic active sites in the zeolite via
cyclic carbocation intermediate. The presence of hydrogen gas blocks the formation of carbon
deposits on catalysts *. Dehydrogenation is a very fast reaction and do not limit overall
reaction rate of the process at proper dispersity and concentration of platinum. The reaction

rate of the process is controlled by acid catalysed reaction steps.

1.3 Zeolites as heterogenous catalysts in hydroisomerization of n-hexane

More than 150 commercial catalysts based on zeolites were proposed for refining processes
(e.g. isomerization of paraffins and aromatics, hydro-cracking, aromatization reactions). The
high activity and selectivity of zeolites and lower coke formation relative to the previous
generation of catalysts (amorphous silica—alumina’s) allowed refiners to increase gasoline
output *°. The success of zeolites in the industrial catalytic reactions is due to their relatively
high acidity or mild basicity, stable structure at high temperatures (>400-800 °C) allowing
use in the very harsh conditions, their channels pore system for optimum management of the
molecular transport, their shaping (extrudates, spheres, microspheres) making them easy to
handle and to separate in various catalytic reactor configurations, their non-corrosive and non-
toxic character, their versatile composition (Si/Al ratio) and properties adaptable using the
ion-exchange *.

The unique catalytic properties of zeolites are based on the concurrent interaction of a
hydrocarbon molecule with the acidic site ** and adsorption in the confined reaction space of

12-13

zeolitic channels . The acidic sites in zeolitic channels of similar dimensions to

hydrocarbon molecules provide high activity and selectivity in a wide range of relevant acid-

catalysed reactions not available in other non-zeolitic catalysts ***°.



1.3.1 Structure of zeolites

Zeolites are crystalline microporous aluminosilicates and their frameworks are built from TO,
tetrahedra (T= Si or Al atoms), where every oxygen atom is shared between two T atoms. The
chemical composition of a zeolite framework can be therefore expressed as a combination of
the SiO, and AlO, units. SiO; units are neutral, but every AlO, unit has one negative charge
which is normally compensated by a cation, e.g. Na* or K. These metal cations can be
exchanged by other cations, including protons forming the Brensted acid centers. Lewis acid
centers are associated with the presence of coordinated unsaturated metal cations, e.g.,
aluminum cations or network defects *°. These acid centers of zeolite play a dominant role in
the catalysis. The strength of the centers depends on the structure of the zeolites, but it is
known that the strongest centers are isolated centers. The creation of the acidic centers in the
zeolite structure and incorporation of precious metals into the zeolites led to the forming the
classical catalysts with dehydrogenation and hydrogenation functions and the formation of
bifunctional catalysts. These catalysts are used for technological processes such as
hydrocracking or hydroisomerization of n-alkanes.

Aluminosilicate crystalline structure of channels in zeolites forming defined micropores
system determining the space for the formation of reaction intermediates and reactant
transport allows the use of these materials as shape-selective catalysts. This phenomenon was
first described by Weisz at al. *” based on the determinant influence of the shape and size of
zeolite micropores on the type of products created as a result of the catalytic reaction. On the
zeolites was observed that the selectivity of the substrate, intermediate or final product can be
based not only on particle blocking larger than the zeolite channels but also on the difference
of diffusion coefficients in pores *’.

The structural formula of zeolites based on the crystallographic unit cell is:

My [(AIO2)y (SiO2),] -w H20

where M represents the exchangeable cation of a valence n, y/x is the framework Si/Al molar

ratio and w is water content inside of the zeolite channels.



Very important parameter of the zeolites is Si/Al ratio. From this parameter is unfolding
properties of zeolites, such as their thermal stability, strength of acid centers, and ion
exchange capacity for ammonium or other metal ions. In depending on the Si/Al ratio,
zeolites have different affinities for polar molecules. Low silicon zeolites (LTA, FAU, MOR,
natural zeolites) are hydrophilic and strongly interact with other polar molecules, while high
silicon zeolites (ZSM-5) are hydrophobic. The smallest and possible Si/Al ratio according to

Lowenstein’s rule is 1, the Al-O-Al bonding is not allowed *®.

1.3.2 Types of zeolites

The strong development of zeolite chemistry has led to the fact that currently 235 unique
structures can be distinguished (for the IZA Structural Committee, April 2018). In spite of this
large amount, it is important to realize that only a few types of zeolites are used in the
industrial scale. The most important types of zeolites include FAU, *BEA, ZSM-5, MOR and
FER *°.

Mordenite zeolite (MOR) is one of the most industrially important catalyst based on
zeolites for hydroisomerization of Cg alkanes working at temperature about 220-290°C *. This
zeolite has the two types of channels: large 12-memberedd-ring (12-MR) channels (7.0 x 6.7
A) and small 8-MR side pockets located between 12-MR channels (Figure 2A and Figure 3).
The hydroisomerization of Cg alkanes was suggested to be controlled by the concentration of
acid sites in the channels of MOR zeolite. It has been proved that the active sites located in
the 8-MR channels provide five times higher catalytic activity compared to the active sites
located in the 12-MR channels %. However, the accessibility of these 8-MR side pockets
compared to 12-MR channels is limited. Diffusion limitations due to restricted access for n-
hexane (cf. the size of the channel openings and kinetic diameters of the hexane isomers in

21-24

Figure 2) and slow transport to/from the active site decrease catalyst efficiency and

support further transformations of desired products 2*2°,
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Figure 2. Illustration of the size-restriction of 8-ring compared to 12-ring channels in skeletal isomerization of
n-hexane over mordenite zeolite. A) Topology of microporous mordenite zeolite consisting 12-ring
(7.0 A x 6.5 A) channel and 8-ring (5.7 A x 2.6 A) side-pockets, B) kinetic diameters of hexane isomers %,

Beta zeolite (BEA) is ranked between industrially catalyst based on zeolites used usually
for alkylation of aromatics or hydrocracking *°. But, in this work we wanted shown the
potencial of this zeolite for the hydroisomerization of n-hexanes. The BEA network is
crystallized in a tetragonal system and its elementary unit consists of 64 tetrahedral atoms.
This zeolite has 3D structure containing the large 12-MR channels with size of opening
window 7.6 x 6.4 A (Figure 3).

Zeolite ZSM-5 (Zeolity Socony Mobil 5) was first synthesized in Mobil Oil laboratories in
1972. The unit cell of ZSM-5 zeolite consists of the 96 tetrahedrons. The three-dimensional
zeolite pores system consists of two types of channels that lead into the 10- section windows
(Figure 3). The channels have a straight section of 5.3 x 5.6 A parallel to the direction [010],
and channels elliptical 5.1x 5.5 A elongation in the direction [100]. The wide range of ZSM-5
zeolite in catalytic applications includes the reforming of gasoline, the MTG process

(methanol to gasoline) as well as isomerization or separation of the aromatic compounds °.



Channel system

Pore size dimensionality
Zeolite type Ring opening largest (ring size of
channel
largest channel)
ZSM-5 53x5.6 3D (10-10-10)
MOR 7.0x6.5 2D (12-8)
BEA 7.6x6.4 3D (12-12)
Y 7.4x7.4 3D (12-12-12)

Figure 3.  Schematic illustration of types of zeolite and their size of channels system.

The synthetic zeolites X and Y were first synthesized in the years 1949-1954 in the Linde
Laboratories of Union Carbide Corporation. They have a FAU structure consists of 192
tetrahedral TO, atoms. The FAU zeolites have high microporous volume availability ~ 50%.
At the beginning of 50 years of last century, the zeolite Y was used in cracking heavy
petroleum fractions and was led as the most important commercially used zeolites. Zeolites X
and Y have the same structure but different Si/Al ratio (Si/Al 1.0-1.5 for X and 1.5-3.0 for Y).
Because of the difficulty of directly obtaining the stable zeolite FAU structure with Si / Al
ration more than 3 which would have the sufficient acidity required in reactions involving
hydrocarbons, the post-synthesis modifications are used. The first of them is the removal of
aluminum atoms from the zeolite structure leading to an increase in the framework Si/Al
ratio. The dealumination is carried out using steam at high temperatures leading to the
stabilized zeolite USY. In the first step, the aluminum is separated from zeolite framework

under the influence of water vapor. In the second phase, the resulting free positions from



aluminum are replaced by silicon originating from the locally collapsed zeolite matrix. The
choice of suitable dealuminated conditions allows control of the modification of the zeolite
matrix because too harsh conditions could resulted in a loss of the crystalline structure of the
zeolite %', The first stabilized Y zeolite (USY = ultrastabilized Y) was described by
McDaniel and Maher in 1968 . Appropriate acidity and hydrothermal stability in the
resulting zeolite USY has enabled its use on an industrial scale.

1.4 Hierarchical zeolites

In recent years, considerable efforts have been devoted to improve pore accessibility and
molecular transport of reactants to active sites in micropores, namely in ZSM-5 zeolites, to
enhance the activity to desired products in major chemical processes. Diffusion limitations
due to restricted acces and slow transport to/from the active sites decrease catalyst efficiency
and support further transformation of desired products. These facts represent a major
drawback in most indrustrial reactions catalysed by zeolites in hydrocarbon cracking,
hydroisomerization, alkylation, transalkylation and esterification.

Several approaches to minimize diffusion limitations and enhance the catalyst
effectiveness were developed. Synthesis of zeolites by using nanosheets 2°, methods creating
larger micropores * and the synthesis of zeolite prepared by confined crystal growth %2 or
with using polymers as mesoporogens ** were suggested . These strategies can overcome
some diffusional limitations.

Nevertheless, the most of these methods are not really applied in the industry due to of
demanding technical and synthetic operations. Therefore, we tried find such the synthesis of
hierarchical zeolites which will be easier, cheaper, enviromentaly friendlier and can be really
used in the industry.

The potentially suitable strategy to obtain resulted products is to synthesize hierarchical
zeolites that combine the primary micropore and a secondary system which is consisted of
mesopores (2-50 nm) inside the microporous zeolite crystals, through using post-synthesis
desilication and dealumination processes® 3. The advantage of the presence of mesopores
in the zeolite crystals for reaction rate is accompanied by the formation of the non-shape
selective enviroment of the acid sites in the mesopores. These are easily accessed by reactants
but behave like non-selective sites on open surfaces.

The current industrial catalysts use acid-treated partially dealuminated MOR of improved

textural properties. But the dealumination leads to a loss in the concentration of Brosted sites,



formation of Lewis sites and small changes of micropores. The intruduction of secondary
mesoporosity into MOR provides opportunity for much dramatic enhancement of accessibility

of active sites with preservation of a vast amount of acid sites.

1.4.1 Hierachical structure trough desilication and dealumination methods

As already mentioned, it is possible to create zeolites with micromesoporous structure using
special dealumination or desilication leaching procedures leading to the enhanced access to
the active sites located in the inner part of zeolites with secondary mesoporous structure and

thus eliminate the problem with diffusion of reactants and products to these active sites.

1.4.1.1 Desilication of zeolites

The principles of desilication of zeolites were described by Groen at al. with H-ZSM-5 zeolite
crystals by their treatment in alkaline solution. Their group stressed the importance of Si/Al
ratio in the zeolites and that the presence of Al atoms in zeolite framework is important for
stabilization a neighbouring siliceous parts of the crystal zeolite 3*.

It was found that the optimal Si/Al ratio for development of mesoporosity with preserved
Al centers inside zeolite framework is 25-50. Lower Si/Al ratios (Si/Al<20) enable limited
formation of mesopores becouse the desilication is restricted by higher concentration of
aluminum atoms (the negatively charged AlO, tetrahedra were found to prevent the Si
extraction). On the other side, Si/Al ratios > 50 lead to the excessive and unselective Si
dissolution which can lead to formation of relative large pores but also to destruction or
completly dissolution of zeolite structure. For these reasons, conditions of desilication have to

be optimized carefully for each type of zeolite %.

1.4.1.2 Dealumination of zeolites

It has also been found that for the preparing hierarchical zeolites with using dealumination is
better applied to zeolites with a higher Si/Al ratio. The higher Si/Al ratio is beneficial for
stability during dealumination of zeolite and forming acid sites with higher strength “°.
Dealumination can be done with using hydrolysis at steamtreatment or by direct
application of acids of a proper concetration. Special dealumination with adding water steam
is used for syntehsis of zeolite Y with higher Si/Al ratio (USY zeolite). In this process,

aluminum from the framework of zeolite can be removed during calcination, thus the defect
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sites and Al extra-framework species in the zeolite are formed. These Al extra-framework
species are washed with diluted acid and removed. As a result of this process the mesopores
with size distribution about 2-50 nm are created ?* “°. Dealumination can be applied on the
other zeolites such as mordenite, *BEA, ZSM-5 zeolite or ferrierite. However, the mesopores
are created by direct acid treatment with strong acid such as acetic, oxalic, tartaric acid or
nitric, sulfuric or hydrochloric acid at different concentrations. Their concentration is highly
dependent on the nature a types of zeolite. For examples, in a comparison of several zeolite
structures, *BEA zeolite is easier for dealumination than mordenite, while ZSM-5 is nearly
unaffected under similar conditions *°. On the other side, the strong concentration of used acid
can lead to loss of crystallinity or destruction of zeolitic structure. The removing of aluminum
atoms from the zeolite framework during the formation of mesopores leads to a change in
Si/Al ratio and as follows the acidity. In contrast to the dealumination which preferentially
removes Al framework atoms, the alkaline leaching selectively extractes Si framework atoms.
The SiO, atoms are present in significantly higher amount than Al atoms in the zeolite
structure and therefore the desilication does not cause so dramatic changes in Si/Al ration. It
was also shown that mesopore structures are preferentially created at edges or defect sites of
the zeolite crystals.

Sazama at al. *® demonstrated the feasibility of creation of micromesoporous structure in
the zeolites with protonic sites located in the shape-selective environment of micropores
through the mesopores. It was suggested and approved that post-sythesis procedures involving
controlled desilication and subsequent partial dealumination, provide hierarchical zeolites
with such located protons.

Due to the high potential of hierarchical zeolites for industrial application, the research in
this study deals with economically viable and scalable post-synthesis desilikation method. In
contrast to dealumination, the controlled desilication of zeolite framework using alkaline
treatment followed by tailored acid leaching of Al-sites predominantly from the mesopores
leads to a preservation of the concetration of Bronsted sites and formation of well developed
secondary mesoporosity. Hierarchical zeolite with enhanced access to the active sites located
in the shape-selective environment of micropores and accessible through mesopores has high
potentional for partical application in the hydroisomerization of linear Cs-Cg alkanes into the
branched ones with high octane number ***3. Synthesis of these zeolites with tailored
hierarchical structure create an unique opportunity to advance in the new direction of the

efficient use of zeolitic catalysts based on commercially produced types of zeolites.
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1.4.2 Post-synthesis modification of zeolites by fluorination

A fairly young method of achieving the hierarchical structure of zeolite is a combination of a
desiccation and fluoridation method which allows the controlled extraction of Al and Si from
the zeolite to form a micromesoporous structure. This method was described for the ZSM-5

zeolite by Yu at el. *

using the NaOH leaching and impregnation by NHF solution. The
insertion of the fluorination as step prior to desilication allows the creation of secondary
mesoporous structure formed by the extraction of both Si and Al atoms at the same time. The
process allows the formation of interconnected opened channel structures with accessible
acidic active sites of zeolites without large decrease in their concentration. This post-
synthesed modification is optimal for different types of zeolites for creation of secondary
mesoporosity ** (in the case of Si rich zeolites) and forming of supermicroporosity ** (in the
case of Al-rich zeolite). It is expected that modified zeolites prepared by the combination of
desilication, dealumination and fluorination methods can provide the hierarchical structure
more accessible for reactants and with high concentration and availability of Brensted active
sites, thus providing a significantly higher catalytic activity in the hydroisomerization of Cg

alkanes **3,
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2 AIM OF THE THESIS

The aim of this dissertation thesis is to understand relations between the local arrangement of
active sites in microporous and micromesoporous zeolites and skeletal isomerization of n-
hexane in order to adapt the structure of zeolite catalysts to increase their activity and
selectivity for branched Cg alkanes. The major objective was rational design of isomerization
zeolite catalysts providing superior activity and shifting the window of operating temperatures
to the thermodynamically more suitable area for the formation of di-branched isomers.

Two approaches were employed for this purpose in these studies focusing on enhancement
of the concentration and/or the accessibility of active sites. The studies attempted to enhance
the accessibility of the active sites by introducing secondary mesoporosity into mordenite
zeolites coupled while attempting to preserve a large number of acid sites. The objective was
attainment of the enhanced accessibility of acid sites using post-synthesis methods which are
easy for application and really usable in industry. The aim was to explore potential for
effective formation of secondary mesoporosity through postsynthesis alkaline, alkaline—acid,
acid—alkaline—acid, and fluorination—alkaline leaching procedures of conventional
microporous mordenite zeolites. The aim was also the modification of the structure of
mordenite zeolite to provide an increase in the dimensions of the microporous channel
openings, enlargement of the micropores and 3D interconnection of the micropores by
postsynthesis concurrent extraction of Si and Al atoms from the framework using
fluorination-alkaline-acid treatments. The objective of this paper was also analysis of the
effect of a micromesoporous structure on the shape selectivity. A synthesis of zeolites of
*BEA structural topology with unique density and distribution of strongly acid sites was
exploited to increase the concentration of active sites. This approach was used with the aim to
examine of the extent to which the isomerization reaction is affected by high density and

close proximity of strongly acidic centers.

13



3 EXPERIMENTAL PART

3.1 Preparation of hierarchical zeolites using post-synthesis treatment

The several types of parent zeolites were used in this work (Table 1). Two parent zeolites of
the MOR structure (Table 2), designated as MOR/A/12 and MOR/B/5.8, and four parent
zeolite of ZSM-5 structure (Table 3), designated as ZSM-5/A/25, ZSM-5/B/25, ZSM-5/C/15
and ZSM-5/D/22.5 were used for preparation of their hierarchical structure using
postsynthesis treatment. Two zeolite of *BEA structure, designated as *BEA/A/11.3, Al-rich
*BEA sturucture, designated as *BEA/B/4.2 and one zeolite of faujasite structure, designated
as USY/6 were used for analysis and comparing of the catalytic properties (Table 1).

Table 1. List of parent microporous zeolites

Sample Synthesis
ZSM-5/A/15 Microporous ZSM-5 (Zeolyst Int., CBV 3020, Si/Al = 15)
ZSM-5/B/25 Microporous ZSM-5 (Zeolyst Int., CBV 5524G, Si/Al = 25)
ZSM-5/C/25 Microporous ZSM-5 (Zeolyst Int., CBV 5020, Si/Al = 25)
ZSM-5/D/22.5 Microporous ZSM-5 (Alsi Penta, SM-55, Si/Al = 22.5)
MOR/A/12 Microporous MOR (Zeolyst Int., CBV 20A, Si/Al 12.1)
MOR/B/5.8 Microporous MOR (Zeolyst Int., CBV 10A, Si/Al 5.8)
*BEA/A/A.2 Microporous Al-rich *BEA (synthesised, Si/Al 4.2)
*BEA/B/11 Microporous *BEA (Zeolyst Int., CP814B-25, Si/Al 11.3)
USsY/6 Microporous USY (Zeolyst Int., CBV 712, Si/Al = 6)

Schema of preparation of micro-mesoporous mordenite zeolites using postsynthesis
alkaline-acid (Series 1), acid-alkaline-acid (Series Il1), and fluorination-alkaline-acid (Series
I11) leaching procedures is illustrated in Figure 4. One of the parent MOR zeolite, denoted as
MOR/A/12 (Figure 4 and Table 2) was used for preparation of micromesoporous mordenites
using postsynthesis treatment: alkaline-acid leaching (Series 1), acid-alkaline-acid leaching
(Series I1), and fluorination-alkaline-acid leaching (Series I11) procedures **. The Ist series
(Figure 4), micromesoporous mordenites were prepared using alkaline-acid treatments by
leaching MOR/A/12 in an alkaline solution (30 ml 0.2 M NaOH per 1 g mordenite stirred in a
beaker at 85 °C for 2 h, sample mm-MOR/A/8) and subsequent leaching in acid solutions
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(30 ml 0.1 M oxalic acid per 1 g alkaline treated zeolite stirred in a beaker at 85 °C for 20 h,
sample deAl-mm-MOR/A/9, or 40 ml 0.1 M HNO3 per 1 g alkaline treated zeolite stirred in a
beaker at 50 °C for 15 min, sample deAl-mm-MOR/A/9.5). The lIind series (Figure 4) was
prepared using acid-alkaline-acid treatments with dealumination of MOR/A/12 (30 ml 3 M
HNOj3; per g mordenite stirred and heated under reflux at 80 °C for 40 min, sample deAl-
MOR/A/16), subsequent desilication (30 ml 0.2 M NaOH per 1 g dealuminated zeolite stirred
in a beaker at 85 °C for 2 h, sample mm-deAlI-MOR/A/9.1), and finally mild dealumination
(30 ml 0.1 M HNOg per 1 g zeolite at 50 °C for 15 min, sample deAl-mm-deAl-MOR/A/13;
or 30 ml 0.1 M (COOH), per 1 g zeolite at 85 °C for 20 h, sample deAl-mm-deAl-
MOR/A/30). The Ilird series (Figure 4) was prepared by fluorination of MOR/A/12 (5 g
mordenite were impregnated by 15 ml 0.36 M NH4F at room temperature, stored at RT for
8 h, and subsequently dried at 120 °C for 12 h), subsequent desilication (30 ml 0.2 M NaOH
per 1 g fluorinated mordenite stirred in a beaker at 85 °C for 30 min) and calcination at 550
°C for 3 h (sample mm-MOR/A-0.36F/9.4), with subsequent leaching in acid solutions (30 ml
0.1 M HNO; per 1 g zeolite at 50 °C for 15 min, sample deAl-mm-MOR/A-0.36F/13.6) **.

Il. series

MOR/A 0.36F mm-MOR/A-0.36F/9.4 mm-deAl-MOR/A-0.36F/13.6

0 2M NaOH 0.1M HNO3
desuhcatlon dealummatlon

fluorination
0.36M NH,F

Il. series deAl-MOR/A/16 H-MOR/A/12 mm- MOR/A/S . series

dealumination o © desmcatlon
- o o dealumination
3M HNO, o © o 0 2M NaOH 0.1M HNO,

mm-deAl-MOR/A/9.5

0.2M NaOH S
desilicati : dealumination
esilication | 0.1M (COOH),
deAl-mm-MOR/A/9.1 §
‘ mm-deAl-MOR/A/9

0.1M (COOH‘)Z/ \(z.m HNO, §
deAl-mm-deAl-MOR/A/30 deAl-mm-deAl-MOR/A/13
| -

Figure 4. Schema of preparation of micro-mesoporous mordenite zeolites using postsynthesis alkaline-acid

(Series 1), acid-alkaline-acid (Series 1), and fluorination-alkaline-acid (Series I11) leaching procedures.
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0.1M HNO :
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Figure 5. Scheme of the preparation of the supermicroporous mordenites using postsynthesis fluorination-
alkaline-acid (Series I-1V), and acid (Series V) treatments.

The second parent MOR zeolite (Table 2 and Figure 5), denoted as MOR/B/5.8, was used
for preparation of mordenites with enhanced accessibility of micropores using postsynthesis
fluorination-alkaline-acid leaching procedures (Figure 5). The MOR/B/5.8 was treated by
fluorination-alkaline leaching with various concentrations of NH4;F and NaOH and
subsequently by mild dealumination 2. Typically, 5 g of MOR zeolite was impregnated with
15 ml aqueous solutions of NH4F at room temperature, kept at RT for 8 h and was then dried
at 120 °C for 12 h and calcined at 550 °C for 3 h. The alkaline treatments were applied on the
fluorinated zeolites (1 g of fluorinated MOR per 30 ml NaOH solution stirred in a beaker at a
temperature of 85 °C for 30 min). In the Ist series (Figure 5) concentrations of 0.36 M NH,F
and 0.2 M NaOH solutions were used and the sample was denoted as MOR/B-0.36F/5.7. The
lInd series was prepared using 0.5 M NH4F and 0.4 M NaOH solutions and the sample
denoted as MOR/B-0.5F/5.6. For the preparation of the Ilird series (Figure 5), 1 M NH4F and
0.4 M NaOH solutions were used and the sample was denoted as MOR/B-1F/5.4. The IVth
series was prepared using 4 M NH4F and 0.4 M NaOH solutions and the sample was

designated as MOR/B-4F/6.2. Finally, after fluorination and alkaline treatment, the samples
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were mildly dealuminated by adding 30 ml of 0.1 M HNOj per 1 g prepared MOR at 50 °C
for 15 min and the samples were designated as deAl-MOR/B-0.36F/7.0, deAl-MOR/B-
0.5F/6.5, deAlI-MOR/B-1F/6.8 andBdeAl-MOR/B-4F/6.9 (Table 2). For the Vth series, the
parent MOR zeolite was treated only by dealumination with HNO3 (1 g parent MOR zeolite
was added to 30 ml 0.1 M HNOj at 50 °C for 15 min) and the sample was denoted as deAl-
MOR/B/6.6 *.

Table 2. List of prepared micromesoporous MOR zeolites using postsynthesis treatment

Sample Synthesis
MOR/A/12 Microporous parent MOR
mm-MOR/A/8 + 0.2M NaOH

deAl-mm-MOR/A/9
deAl-mm-MOR/A/9.5
deAlI-MOR/A/16
mm-deAl-MOR/A/9.1
deAl-mm-deAl-MOR/A/13
deAl-mm-deAl-MOR/A/30
mm-MOR/A-0.36F/9.4
deAl-mm-MOR/A-0.36F/13.6
MOR/B/5.8
MOR/B-0.36F/5.8
deAl-MOR/B-0.36F/7.0
MOR/B-0.5F/5.6
deAl-MOR/B-0.5F/5.6
MOR/B-1F/5.4
deAl-MOR/B-1F/6.8
MOR/B-4F/6.2
deAl-MOR/B-4F/6.9
deAlI-MOR/B/6.6

+0.2M NaOH + 0.1M (COOH),
+0.2M NaOH + 0.1M HNO,
+3M HNO,
+ 3M HNO;+0.2M NaOH
+ 3M HNO;z + 0.2M NaOH + 0.1M HNO;
+3M HNO; + 0.2M NaOH + 0.1M (COOH),
+ 0.36 M NH4F + 0.2M NaOH
+0.36 M NH,F + 0.2M NaOH + 0.1M HNO,
Microporous parent MOR
+0.36 M NH,4F + 0.2 M NaOH
+0.36 M NH,F + 0.2 M NaOH + 0.1 M HNO,
+ 0.5 M NH,4F + 0.4 M NaOH
+0.5 M NH4F + 0.4 M NaOH + 0.1 M HNO;
+ 1M NH4F + 0.4 M NaOH
+1 M NH4F + 0.4 M NaOH + 0.1 M HNO3
+4 M NH,F + 0.4 M NaOH
+ 4 M NH4F + 0.4 M NaOH + 0.1 M HNO3
+0.1 M HNO;

Several types of parent ZSM-5 zeolites (Table 3) were used for preparation of their
micromesoporous analogues using fluorination—alkaline leaching procedures according to
procedures reported by Yu et al. *. 5 g of ZSM-5 zeolite was impregnated with 15 ml of
aqueous solution of 0.36 M NH4F at room temperature, stored at RT for 8 h, then dried at
120 °C for 12 h, and subsequently calcined at 550 °C for 3 h. The calcined zeolite was than
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leached in an alkaline solution (30 ml 0.2 M NaOH per 1 g of fluorinated ZSM-5 stirred in a
beaker at 85 °C for 30 min). The obtained samples were denoted as mm-ZSM-5/A-F/10.2,
mm-ZSM-5/B-F/15.9, mm-ZSM-5/C-F/15.1, and mm-ZSM-5/D-F/13.4 (Table 3). The
synthesis steps of fluorination and alkaline treatments were subsequently repeated on
modified micromesoporous ZSM-5 samples under the same conditions yielding samples
designated as mm-ZSM-5/A-F/6.9 and mm-ZSM-5/B-F/12.9 (Table 3) **.

All types of prepared zeolites were ion-exchanged with 0.5 mol.dm™ NH4NO; solutions at
RT (1 g of a zeolite per 100 cm® of solution, three times over 12 h) to obtain the ammonium
form of the zeolites. All parent zeolites of MOR, ZSM-5, *BEA and USY structure (Table 1)
were used as a standard for comparing catalytic properties.

For the reaction of hydroisomerization of n-hexane, the Pt was introduced into the zeolites
in the NH4" forms by incipient wetness impregnation of pre-dried (105 °C/2 h) powdered
material by H,PtClg solution to yield 1.5 wt. % of Pt. The amount of aqueous solution of
H.PtCls and its concentration used for the impregnation were calculated based on the porous

volume of each zeolite **43,

Table 3. List of prepared micromesoporous ZSM-5 zeolites using postsynthesis treatment

Sample Synthesis

ZSM-5/A/15 Microporous parent ZSM-5
mm-ZSM-5/A-F/10.2 +0.36 M NH,F + 0.2 M NaOH
mm-ZSM-5/A-F/6.9 +0.36 M NH,F (2x) + 0.2 M NaOH (2x)
ZSM-5/B/25 Microporous parent ZSM-5
mm-ZSM-5/B-F/15.9 +0.36 M NH,F + 0.2 M NaOH
mm-ZSM-5/B-F/12.9 +0.36 M NH,F (2x) + 0.2 M NaOH (2x)
ZSM-5/C/25 Microporous parent H-ZSM-5
mm-ZSM-5/C-F/15.1 +0.36 M NH4F + 0.2 M NaOH
ZSM-5/D/22.5 Microporous parent ZSM-5
mm-ZSM-5/D-F/13.4 +0.36 M NH4F + 0.2 M NaOH
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3.2 Characterization of prepared zeolites

3.21 FTIR

The FTIR spectra of the H-form of the zeolites were measured on a Nicolet nexus 670 FTIR
spectrometer. Self-supporting wafers were made from the zeolite samples and inserted into
the metal holder in the IR cell. The wafers of zeolite samples were evacuated at 450 °C kept

! resolution for each

over 3 h and then recorded at RT by collecting 256 scans at 2 cm™
spectrum.

The CD3CN was used as a molecular probe for analysis of the concentration of Brensted
and Lewis acid sites. CD3CN was adsorbed at a partial pressure of 10 Torr for 20 min at RT
and subsequently desorbed for 15 min at RT. The resulting IR spectra of the stretching C=N
vibrations and the extinction coefficients eg = 2.05 cm.umol™ and &= 3.60 cm.pmol™ were
used for calculations of the acidic Brensted and Lewis sites concentrations *°.

The accessibility of the OH groups for n-hexane in the zeolites was measured using the
adsorption of n-hexane. The n-hexane was adsorbed on the dehydrated samples at a vapour
pressure of 1.4 Torr for 20 min at RT with gradual desorption to 0.005 Torr at RT. The
accessibility of the OH groups in the zeolite samples was determined by subtracting in the
intensity between the absorption bands of the dehydrated spectra of the zeolite and the spectra
after adsorption of n-hexane **.

Information on the oxidation and coordination states of Pt particles in the zeolite was
obtained using the method of CO adsorption as a molecular probe in FTIR spectroscopy.
Before adsorption of CO, the zeolite samples were heated at 450 °C for 1 h and then activated
by reduction in H,. Hydrogenation of the zeolite samples was performed by gradually heating
of the sample from RT to 250 °C, which was maintained for 1 h. Subsequently, the samples of
Pt/H-zeolite were evacuated and CO was applied for 30 min. Finally, the IR cell with the
samples was degassed and the spectra were recorded at RT #4% %,

The 2,6-diterbuttylpyridine (DTBPY), whose the Kinetic diameter is too large to penetrate
into the micropores with 10-MR ring openings (ZSM-5 zeolite) was adsorbed at a partial
pressure of 1.4 Torr at 150 °C. The FTIR spectra of adsorbed (DTBPy) were used for relative
comparison of the populations of acid sites on the external surface of microporous and

micromesoporous ZSM-5 zeolites *.
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3.2.2 XRD

The crystalline structure of the zeolites was analysed by X-ray powder diffraction (XRD). The
XRD patterns were obtained using a Bruker AXSD8 Advance diffractometer with CuKa
radiation in Bragg—Brentano geometry and a position sensitive detector (Vantec-1) in a 26

range 5-90°.

3.2.3 SEM, TEM

SEM and TEM microscopy was used to verify of maintaining of the shape and size of the
crystal zeolite, the Pt particales in the zeolite, the formation of mesopores and the lattice
fringes after post-synthesis treatment. SEM micrographs were obtained on a Hitachi S-4800
field emission scanning electron microscope. Sputter coating of samples with a noble metal
was not necessary. High-resolution transmission electron microscopy (HR-TEM)
measurement was carried out on a JEOL JEM 3010 microscope (cathode LaBg, point
resolution 1.7 A), operated at 300 kV with samples of zeolites calcined at the temperature of

500 °C and subsequently reduced in a hydrogen atmosphere at 250 °C.

3.2.4 Nitrogen adsorption

The texture parameters of modified zeolitic materials were determined by analysis of the N,
adsorption isotherms at the temperature of liquid nitrogen (77 K) in the ASAP 2010 apparatus
(Micromeritics) and by the Ar adsorption isotherms at the boiling point of liquid nitrogen
Ar/LN; in the Micromeritics 3Flex system. Prior to the adsorption measurements, desorption
of the samples was performed at 240 °C for 24 hours. Broekhoff-de Boer t-plot fitting was
used for determining the micropore volume; the total pore volume Vi was obtained from the
adsorption at a relative pressure of 0.8 and converted to the corresponding volume of liquid
nitrogen. A relative pressure of 0.8 should ensure the complete filling of the pores by N, and,
at the same time, this pressure is low enough to leave a substantial proportion in the
interstitial space. The mesopore size distribution was calculated using DFT method based on a
model for the adsorption of nitrogen on oxidic surfaces.

The Ar adsorption isotherms at the boiling point of liquid nitrogen were employed for
analysis of the micropore size distribution, as the spherical and smaller molecule of Ar is

more suitable for analysis of sub-nanometer microporous structure in a low pressure region.
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Micropore size distribution was calculated by the Horwath-Kawazoe method used in the
Saito-Foley extension to cylindrical pores applicable to studies of zeolites. The Cheng-Yang
correction for the non-ideality of the two-dimensional behaviour of the adsorbed gas was
taken into account. All the methods used were performed using Micromeritics software. In
contrast, the numerical values of the micropore volume are influenced by the inaccuracy of
the measurement at higher relative pressures due to working at a temperature below the
temperature of liquid Ar. The adsorption isotherms of Ar are normalised accordingly to the

Gurvich rule by multiplying the adsorption isotherm by Vi n,/Viet ar. The mesoporous

volume Ve and surface area were also calculated from the Ar adsorption isotherms.

3.25 NMR

The solid state 2’Al MAS NMR method was used for characterization of the Al species with
different coordination in the zeolite. The experiments were performed on a Bruker Avance
500 MHz Wide-Bore spectrometer (11.7 T) equipped with a 4 mm double-resonance MAS
NMR probe head. The ?’Al MAS NMR spectra of the fully hydrated samples were measured
with a high-power decoupling pulse sequence with a p/12 (0.7 us) excitation pulse, 1 s
relaxation delay and rotation speed of 12 kHz. The chemical shifts were referred to an
aqueous solution of AI(NO3)s. 2°Si MAS NMR single pulse spectra of hydrated zeolites were
measured at a rotation speed of 7 kHz, with a /6 (1.7 us) excitation pulse and relaxation
delay of 30 s for single pulse spectra. The framework aluminum content (Si/Algr) was
estimated from the intensity of the ?°Si NMR resonances according the equation Si/Aleg =
1/(0.25 1; + 0.5 Iy), where |, 11, and 1, correspond to the total, Si(3Si,1Al), and Si(2Si,2Al)
intensity. The 'H MAS NMR single pulse spectra were collected after 128 scans with a /2 (4
us) excitation pulse and 2s repetition delay at a rotation speed of 11 kHz. To obtain the
protonic form *BEA samples were dehydrated in-situ in 4 mm ZrO, MAS NMR rotors at

450 °C (ramp 1 °C.min"") under dynamic vacuum of 5.10™ Pa for 6 h.

3.2.6 UV-vis

The ability of Al-rich H-"BEA zeolite form carbenium ions was analyzed by UV-Vis
spectroscopy using hexamethylbenzene (HMB) molecule *. The UV-Vis spectra of *BEA
zeolites dehydrated at 500 °C in a vacuum after interaction with HMB at 200 °C for 1, 2 and 3

h and after subsequent interaction with NH; were measured in the range from 20 000 to
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45000 cm™ using a Perkin-Elmer Lambda 950 spectrometer equipped with a Spectralon
integration sphere. HMB was introduced into the dehydrated zeolite by mixing the powdered
zeolite and HMB in a glovebox and the measurements were performed using a cell enabling

collection of the spectra without exposure of the mixture to the air.

3.2.7 Hydroisomerization of n-hexane

The catalytic activity in hydroisomerization of linear n-hexane to the corresponding mono-
branched (1-mehtyl- and 2-methyl-pentanes) and di-branched (2,2-dimethyl and 2,3-dimethyl-
butanes) isomers was performed in U-shaped glass through-flow reactor with catalyst loading
of 0.5 g on a porous glass septum. Preheating of the reactants was performed in spiral tubing
in the inlet part of the reactor. Before each catalytic experiment, activation of the Pt/MOR-
zeolite was performed in an oxygen stream at 450 °C for 3 h and then cleaned with pure
nitrogen for 15 min. After calcination, the temperature was lowered to 250 °C and the catalyst
was reduced in a mixture of 79 mol % H; + 20 mol % N, at 250 °C for 1 h. Then 1 mol % of
n-hexane was fed into this mixture using a glass saturator kept at the selected temperature.
The total gas flow was thus set at 66 cm*.min™, and this corresponded to GHSV 5 000 and
WSHYV 0.25 h™. The reactor temperature was kept in the desired range of 125 — 325 °C,
controlled by an inserted K-thermocouple. The final product containing: n-Cg, is0-Cg and low
molecular products (i.e.: C;, C,, C3, C4 and iso-Cy4, Cs and iso-Cs) was analysed by an on-line
connected GC (Finnigan 9001), furnished with a capillary column (Al,O3/KCI) and a FID
detector. A steady-state regime was typically attained during approx. 0.5 - 1 h of time-on-
stream.

The conversions and yields of branched hexane isomers and lower molecular weight by-
products were also analyzed under process-like conditions. These catalytic tests were
performed using a stainless-steel gas flow tubular PID Eng&Tech Microactivity — Reference
reactor at a pressure of 10 bar with a H, to hexane molar ratio of 6 and amount of catalyst
equal to 2.5 g (5 ml) with a flow rate corresponding to WHSV 0.7 h™* and GHSV 638 h™. The
temperature was controlled by an internal thermocouple and kept at the desired temperature in
the range 200 - 215 °C. Liquid n-hexane was continuously loaded by a Gilson 307 pressure
pump and evaporated in the hot flow of hydrogen gas. The reaction products were analyzed
using an on-line connected Perkin Elmer Clarus 580 gas chromatograph equipped with CP-Sil
Pona CB column (100 m x 0.25 mm x 0.5 pm) and a FID detector.
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4 RESULTS AND DISCUSSION

4.1 Enhancement of accessibility of acid sites in micromesoporous zeolites

This chapter describes the methods for effective formation of secondary mesoporosity
through postsynthesis alkaline, alkaline-acid, acid-alkaline-acid and fluorination-alkaline
leaching procedures of conventional mordenite zeolites. These syntheses attempted to
enhance the accessibility of the active sites by introducing secondary mesoporosity into
mordenite zeolites coupled while attempting to preserve a large number of acid sites. In
contrast to dealumination, controlled alkaline-based treatments of the mordenite framework
lead to better preservation of the concentration of Brensted sites and formation of well-
developed secondary mesoporosity. The process was followed in respect to the state of Al, the
concentration and accessibility of Brensted sites and Al-Lewis sites together with changes in
the micro-meso texture and how these parameters are reflected in n-hexane

hydroisomerization over H/Pt-MOR.

4.1.1 Structural analysis of micromesoporous mordenite zeolites

41.1.1 Effect of dealumination on zeolite structure, concentration, nature and
accessibility of acid sites

The microporous MOR/A/12 parent zeolite is characterised by well-developed crystalline
structure (Figure 6) with the microporous volume 0.19 cm®.g™ (Table 4 and Figure 7) and the
presence of the majority of the Al in the framework in tetrahedral coordination (Figure 8).

The FTIR spectra of the OH groups and adsorbed ds-acetonitrile together indicate a
slightly predominant concentration of Brensted sites in the 12-ring compared to 8-ring
channels, compensating the negative charge of regularly tetrahedrally coordinated Al in the
framework, and a low concentration of Lewis acid sites (Table 5 and Figure 10).
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Figure 6. Representative HR-TEM images of A, D) microporous MOR (MOR/A/12), B) micro-mesoporous
MOR (mm-MOR/A/8), C) dealuminated micro-mesoporous (deAl-mm-MOR/A/9.5), E) fluorinated MOR
(MOR/A-0.36F) and F) fluorinated micro-mesoporous MOR (mm-MOR/A-0.36F/9.4).

Table 4.Preparation and textural properties of micro-mesoporous mordenite zeolites.

Sample Si/AR Si/AlFRb Viot (P/P0~0-8) Vi ¢ Vmeso ‘ Sext ¢
(cm®. g (m?. g%
MOR/A/12 12.1 12.5 0.24 0.19 0.05 42
mm-MOR/A/8 8.7 10.2 0.14 0.06 0.08 79
deAl-mm-MOR/A/9 9 11.2 0.24 0.13 0.11 107
deAl-mm-MOR/A/9.5 9.5 - 0.25 0.13 0.12 114
deAlI-MOR/A/16 16.1 - 0.24 0.19 0.05 44
mm-deAl-MOR/A/9.1 9.1 - 0.26 0.15 0.11 102
deAl-mm-deAl-MOR/A/13 135 - 0.26 0.19 0.09 88
deAl-mm-deAlI-MOR/A/30 30 - 0.30 0.20 0.10 95
mm-MOR/A-0.36F/9.4 9.4 - 0.23 0.14 0.09 104
deAl-mm-MOR/A-0.36F/13.6 13.6 - 0.22 0.14 0.08 104

# from chemical analysis b from 2°Si MAS NMR  © estimated from BdB t-plot method 4 Vieso = Viotal = Vimicro
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Figure 7. Nitrogen adsorption (solid symbols) and desorption (open symbols) at 77 K on microporous
and micro-mesoporous mordenite zeolites prepared by sequential alkaline and acid leaching for
A) Series I, B) Series 1l., C) Series IlI.

Observation of the intensity of the infrared bands corresponding to OH groups in 8-ring
and 12-ring channels upon introduction of n-hexane (Table 5 and Figure 9) was used for
estimation of the accessibility of OH groups located in the distinct channels. The band
attributed to OH groups in the 8-ring channels of MOR was almost unperturbed after
adsorption of n-hexane, indicating low accessibility of these OH groups for the probe
molecule at RT. This is in accordance with the observation of very low accessibility of the
acid sites located in 8-ring channels reported by Eder et al. “’. Both the experimental “**° and
theoretical studies ** of mordenite zeolites showed approximately 1/3 of the Brensted
hydroxyl groups heading toward the centre of 8-ring and centre of the side pocket, which is
non-accessible for larger molecules. This number seems to be independent of the Si/Al ratio *’
and is a result of the distribution of Al atoms in the four tetrahedral sites of mordenite *; this
corresponds well to 64.1% the accessible OH groups for n-hexane in H-MOR/A/12 (Table 5).
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mm-deAl-MOR/A/9.1
deAl-MOR/A/16

|. series

deAl-mm-MOR/A/9.5

deAl-mm-MOR/A/9
mm-MOR/A/8

MOR/A/12

100 80 60 40 20 0 -20
?’Al observed chem. shift (ppm)

Figure 8. %Al MAS NMR spectra for microporous and micro-mesoporous MOR zeolites.

Table 5. The concentrations of bridging hydroxyls and Brensted and Lewis sites in zeolite and accessibility of

OH groups in micro-mesoporous mordenites.

_ Ca® Ca” 0. CaraL’ Accessibilityeof
Sample Si/AIR OH groups

(mmol.g™) (%)
MOR/A/12 12.1 1.23 1.06 0.12 1.30 64.1
mm-MOR/A/8 8.7 1.49 0.44 0.14 0.72 -
deAl-mm-MOR/A/9 9 1.67 0.81 0.35 151 68.7
deAl-mm-MOR/A/9.5 9.5 1.60 0.55 0.20 0.95 79.1
deAl-MOR/A/16 16.1 0.97 0.47 0.13 0.73 92.6
mm-deAl-MOR/A/9.1 9.1 1.65 0.44 0.22 0.88 -
deAl-mm-deAlI-MOR/A/13 135 1.15 0.43 0.45 1.33 91.6
deAl-mm-deAlI-MOR/A/30 30 0.53 0.27 0.20 0.67 74.4
mm-MOR/A-0.36F/9.4 9.4 1.61 0.60 0.24 1.09 90.0

& from chemical analysis

> concentrations of acid Brensted and Lewis sites, respectively, from FTIR spectra of adsorbed ds-acetonitrile
d concentration of Al estimated from the concentration of Bronsted and Lewis sites (ca=Cg+2c)

¢ from FTIR spectra of the bridging OH groups after adsorption of n-hexane
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After partial dealumination of the framework of the parent mordenite zeolite by 3 M HNO3
(Figure 4), the Si/Al ratio was increased from 12 to 16 with a corresponding decrease in the
concentration of the Brensted sites, accompanied by an increase in the ratio oOf
Lewis/Bronsted sites (Table 5) and a significant increase in the absorption bands at 3 727 cm’
! corresponding to internal silanol groups (Figure 10). The decrease in the concentration of
the Bronsted sites and the increase in the band of internal silanol groups are consistent with
the removal of the tetrahedrally coordinated framework Al atoms and the formation of four
internal SIOH groups terminating the framework oxygen atoms. The structural changes

induced by dealumination of mordenite zeolites have been described well in the scientific

literature 2252,

3 I:
3 2
< <
3600 3300 3000 2700 3600 3300 3000 2700
Wavenumber (cm™) Wavenumber (cm™)
Figure 9.  Illustration of analysis of the OH groups accessibility using FTIR spectra of adsorbed n-hexane

from 1.4 Torr to 0.001 Torr, A) MOR/A/12 and B) deAl-mm-MOR/A/9.5.

Removal of the framework Al atoms by acid leaching with nitric acid has been reported to

25, 52

result in secondary micropores that are larger than the main channels or the formation of

small mesopores %, improving the accessibility of the Bronsted OH groups remaining after
dealumination in the side pockets. The similar adsorption/desorption branches of N, sorption
(Figure 7) without a hysteresis loop for both MOR/A/12 and deAl-MOR/A/16 indicate the
absence of a significant volume in intra-crystalline mesopores. The adsorption of n-hexane on
deAl-MOR/A/16 caused a dramatic decrease in the intensity of the absorption bands of OH
groups that clearly show that the Brensted acid sites remaining in the deAl-MOR/A/16
sample zeolite after dealumination are readily accessible for the n-hexane molecule (>90%),

(Table 5).
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Figure 10. FTIR spektra of adsorbed ds-acetonitrile (B, D, and F) and FTIR spectra in the OH stretching
region (A, C, and F) for microporous and micro-mesoporous H-MOR/A zeolites. A, B) Series I.; C, D)
Series I1.; and E, F) Series I11.

28



The absence of mesopores, the increased accessibility of the OH groups and the presence
of internal silanol groups indicates that extraction of the framework Al atoms primarily
induced changes in the distribution of the sizes and/or the connectivity of the microporous
channels. However, in addition to appreciable textural changes, these structural changes
caused a significant decrease in the concentration of the Brensted acid sites to about half and

. . . . . 41
an increase in the ratio of Lewis/Brensted sites ~~.

4.1.1.2 Effect of desilication on zeolite structure

TEM images of the alkaline-leached zeolite mm-MOR/A/8 (Figure 6) clearly show that the
treatment resulted in extensive formation of a secondary mesoporous structure characterized
by numerous cavities about 5-20 nm in size in the microporous crystals. The adsorption
isotherms of desilicated mm-MOR/A/8 zeolite (Figure 7) exhibit a hysteresis loop typical for
mesopores and adsorption in the zeolite micropores with a significant decrease in the volume
of the micropores from 0.19 to 0.06 cm®.g™ (Table 4). The preservation of the crystalline
structure of mm-MOR/A/8, which is obvious from the X-ray diffraction patterns (Figure 11)
and indirectly from the 2°Si MAS NMR spectrum (Table 4), and the lattice fringes in the HR-
TEM images (Figure 6) indicate that the decrease in the microporous volume is not associated
with collapse of the zeolitic structure but with blocking of the channel openings by AIO,
extraframework plugs formed in the mesopores after desilication *®. The extraframework Al
species (Algx) formed in the mesopores during desilication by hydrolysis of perturbed or
dislodged framework Al enrich the surface * and can easily block a significant part of the
pseudo-monodimensional channel structure of mordenite ®. The presence of Alg, in mm-
MOR/A/8 is obvious from i) the broadening and decreasing of the symmetry of the signal at
55 ppm in the 2’Al MAS NMR spectra (Figure 8) characteristic of variously perturbed Al
species in the less-ordered environment compared to ideal tetrahedral coordination of Al
atoms in the zeolite Framework * °*° i) the additional spectral component around 3650 —
3670 cm™ (Figure 10A) due to OH groups bound to extra-framework and/or perturbed
framework Al atoms ®% iii) a higher framework Si/Al ratio estimated from the *Si MAS
NMR spectra compared to the value obtained from chemical analysis (Table 4) and iv) a
significant decrease in the concentration of Brensted OH groups from 1.06 to 0.44 mmol.g'l

determined from the FTIR spectra of adsorbed ds-acetonitrile.
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Figure 11. X-ray diffraction patterns of the micro-mesoporous mordenite zeolites prepared using post-
synthesis A) alkaline-acid (Series 1), B) acid-alkaline-acid (Series 1), and C) fluorination-alkaline

(Series 111) leaching procedures.

Desilication of the partially dealuminated mordenite (deAl-MOR/A/16) (Figure 4) resulted
in better developed secondary mesoporous structure compared to desilication of the parent
mordenite, as indicated by higher and continuously increasing adsorption of N at the relative
pressures 0.1 — 0.8 and a hysteresis loop in the adsorption/desorption branches of the isotherm
(Figure 7B). After the alkaline treatments, the mesoporous volume increased to 0.08 and 0.11
cm®.g? for mm-MOR/A/9 and mm-deAl-MOR/A/9.1, respectively (Table 4). It is well
established that the presence of framework Al atoms stabilizes a neighbouring siliceous part
of the crystal and the extraction of Si is hindered for low Si/Al ratios 3 ®. Consequently, the
lower content of Al in the framework of deAl-MOR/A/16 increased the susceptibility towards

leaching of the framework Si atoms *'. Desilication is also preferred more along crystal
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defects *, which were densely created during the partial dealumination of the parent zeolite,
and which are reflected in the FTIR spectrum of deAl-MOR/A/16 in the absorption bands at
3727 cm™ of the internal silanol groups (Figure 10C). The preferred desilication in the
internal Si-related defects is manifested in a decrease in the intensity of the absorption at 3727
cm™ in the spectra of mm-deAl-MOR/A/9.1 compared to deAl-MOR/A/16. Thus, desilication
is clearly enhanced upon prior partial dealumination of the microporous zeolite as a result of
the higher susceptibility of the zeolite towards leaching at lower concentrations of framework
Al atoms as well in the presence of the framework defect sites **. The analysis of N»-sorption
isotherms by the Broekhoff-de Boer t-plot shows a decrease in the micropore volume after
desilication from 0.19 cm®.g™* in the parent zeolite to 0.06 and 0.15 cm®.g™* for mm-MOR/A/9
and mm-deAl-MOR/A/9.1, respectively (Table 4 and Figure 7). It is probable that a lower
concentration of Al in the parent zeolite and/or more developed mesoporosity providing a
larger number of openings of the pseudo-monodimensional channels lead to lesser blocking of
the micropores in the mm-deAl-MOR/A/9.1 sample **.

4.1.1.3 Effect of mild dealumination on zeolite structure and accessibility of acid sites

Our recent study *® on the formation of secondary mesoporosity through postsynthesis
sequential leaching procedures demonstrated that the Bronsted active sites located in the
environment of non-restricted micropores and accessible through mesopores can be obtained
by alkaline and subsequent mild-acid leaching. Treatment of mm-MOR/A/8 using 0.1 M
oxalic acid (Figure 4, I. series) under mild conditions (deAl-mm MOR/A/9) resulted a very
slight increase in the molar Si/Al ratio, a significant increase in the micropore volume from
0.06 to 0.13 cm®.g™ and further extended the volume of mesopores (Table 4), a significant
increase in the concentration of Brensted sites from 0.44 to 0.81 mmol.g™ and Levis sites
from 0.14 to 0.35 mmol.g™* (Table 5), disappearance of the lowering symmetry of the signal at
55 ppm in the 2’Al MAS NMR spectra (Figure 8), and elimination of the absorption band at
3650 — 3670 cm™ due to Al-OH groups (Figure 10). These findings clearly indicate that the
extra-framework and/or perturbed framework Al species formed in mesopores after
desilication and blocking part of the micropores were removed by acid leaching. The increase
in the concentrations of the acid sites indicates that the leaching selectively removed the
extraframework tetrahedrally coordinated AIO,/(OH), species blocking the micropores,

whereas the framework Al atoms associated with bridging OH groups were barely affected **.
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Acid leaching of mm-MOR/A/8 using 0.1 M nitric acid (Figure 4, I. series) resulted in
slightly more pronounced structural changes compared to the treatment using oxalic acid.
Nitric acid, as a stronger dealumination agent ®, caused a moderately greater increase in the
molar Si/Al ratio, the same increase in the micropore volume from 0.06 to 0.13 cm*.g™ and
further extension of the mesoporous volume to 0.12 cm®.g™ (Table 4). A lower concentration
of Bronsted sites 0.55 mmol.g™ indicates that part of the framework Al atoms was extracted
from the framework and/or perturbed by the treatment in nitric acid. The removal of
extraframework Al in the deAl-mm-MOR/A/9 sample by oxalic acid (Figure 4, I. series)
caused only minor changes in the availability of OH groups compared to the parent zeolite
(Table 5). A significant increase in the accessibility of the OH groups (~80%) occurred after
slight dealumination of the zeolite framework in the deAl-mm-MOR/A/9.5 sample by nitric
acid (Figure 9). It seems that desilication with subsequent removal of extraframework Al can
lead to shortening of the main 12-ring channels, but the number of new channel openings
created in mesopores is not large enough for significant enhancement of the accessibility of
the OH groups in 8-ring side pockets. Partial dealumination of mm-deAl-MOR/A/9.1 using
0.1 M nitric acid (Figure 4, Il. series) caused similar changes to the dealumination of mm-
MOR/A/8; however, they are less pronounced, i.e. opening of restricted micropores with an
increase in the volume of micropores from 0.15 to 0.19 cm®.g™ (Table 4) and increase in the
concentration of Lewis sites from 0.22 to 0.45 mmol.g™ (Table 5). The concentration (0.43
mmol.g™!) and accessibility of Brensted acid sites (~ 92%) are very comparable with deAl-
MOR/A/16. Thus the desilication of deAI-MOR/A/16 (Figure 4, 1l. series) with subsequent
removal of Algx by mild acid leaching resulted in deAl-mm-deAl-MOR/A/13 with well-
developed mesoporous structure and with similar concentration and accessibility of OH
groups for n-hexane as the starting deAl-MOR/A/16 before the subsequent alkaline-acid

treatments 4.
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® Oxygen @ Silicon or aluminum

Figure 12. Schematic illustration of the effect of the extraction of one T atom from 8-ring on the local
structure of the openings of the side-pockets in MOR zeolite. A) Two neighbouring 8-rings and the

same structure with removed B) T4 atom and C) T2 atom.

The hydrolysis of Al-O and Si-O bonds in the 8-ring (formed by T2 and T4 atoms) during
acid and alkaline treatments results in dislodgement of the T atom from the framework
position and dramatic changes in the local arrangement **. Figure 12 illustrates how the
openings of two neighbouring side-pockets in MOR zeolite can be altered by the removal of
one T atom in the T2 or T4 sites. The extraction of the T4 atom leads to a merging of the two
8-ring providing a large void space enabling a diffusion of large molecules, e.g. benzene °°.
The extraction of the T2 atom could possibly provide a large deformed elongated ring,
however, previous reports indicate that the extraction is site specific and the dealumination of
T4 is strongly favoured °°®® The creation of these open connections by the preferable
extraction of Al atoms from the T4 sites explains the dramatic increase in the accessibility of
the bridging of OH for hexane even after very mild dealumination of the mordenite

framework.

4.1.1.4 Effect of fluorination-alkaline treatment on zeolite structure and accessibility of
acid sites

Recently, Yu et al. * showed that impregnation of microporous ZSM-5 zeolite with an
aqueous solution of NH4F prior leaching by a solution of NaOH increases the susceptibility of
the zeolite towards leaching of framework Al atoms and provides controlled extraction of

both Al and Si atoms. We modified the procedure for alkaline treatment of fluorinated
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mordenites and obtained the mordenite zeolite mm-MOR/A-0.36F/9.4 (Figure 4, I1l. series)
with the mesopore volume increased to 0.09 cm®.g™ and the volume of the micropores
concurrently slightly decreased to 0.14 cm’.g™® (Table 4) indicating the formation of
secondary mesoporosity and opening of non-restricted channel openings of the preserved

microporous structure *!

. In addition to the small near circular bright areas reflecting
formation of intracrystalline mesoporosity, HR-TEM images (Figure 6) also show mesopores
formed along boundaries and intergrowths. The dissolution or etching along boundaries and
intergrowths and the indiscriminate dissolution of Al and Si are characteristic of chemical
etching with fluoride ions in NH,F-HF * and Al-directed dissolution of siliceous areas is
typical for alkaline treatment **. Two modes of the formation of the mesoporous structure
were also reported by Svelle et al. * for standard desilication. They demonstrated the creation
of mesopores both as a consequence of Al-directed dissolution of siliceous areas and selective
dissolution or etching along boundaries, intergrowths, and defects within each particle. HR-
TEM images of mm-MOR/A-0.36F/9.4 (Figure 6F) show concomitant contribution of both
modes of mesopores formation. The slight shift of the maximum of peak at about 55 ppm in
the 2 Al MAS NMR spectra (Figure 8) reflects changes in the coordination and local
surroundings of the Al sites and/or a site specific dealumination of the individual T sites %%,
The concentration of Bronsted and Lewis sites, 0.6 and 0.24 mmol.g”, respectively,
determined by adsorption of ds-acetonitrile, and high accessibility (>90%) of bridging OH
groups for n-hexane molecule (Table 5) for the mm-MOR/A-0.36F/9.4 sample show that the
desilication of fluorinated mordenite zeolite yields a micro-mesoporous structure with high
concentration of readily accessible acid sites. The development of secondary mesoporosity
and preservation of microporosity via concurrent extraction of SiO, and smaller amount of Al
is enabled by transformation of a fraction of Si-O-Al into the framework as F-bearing
tetrahedral Al entities after fluorination **. The presence of F-bearing tetrahedral Al species
which are readily dislodged in alkaline medium ** and Al sites in Si-O-Al entities with
persistent resistance to alkaline treatment enabled controlled Al and Si extraction during the
alkaline treatment. The finding that this treatment significantly improved the accessibility of
OH groups for n-hexane is of great importance. The simultaneous removal of Si and Al atoms
and smaller size of part of the formed mesopores with possibly a larger number of new
channel openings results in a large increase in the accessibility of the OH groups for n-

hexane .
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4.1.1.5 Effect of mesoporosity on pore length

In order to illustrate the effect of mesoporosity on the reactant transport a model showing the
shortening of the main 12-ring channels was made, and the desorption of n-hexane was

analysed for the microporous and a representative micro-mesoporous mordenite (Figure 13).
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Figure 13. Analysis of the effect of the presence of mesopores on the length of zeolite channels and
diffusion of n-hexane. Model determining the length of diffusion path through the mordenite channel,
where 4 and 8 nm channels oriented along the axes and internal mesopore volume 0.09 cm®.g™ were

considered.

The model is based on the obtained SEM, HR-TEM and N, adsorption data considering the
mesoporous volume 0.09 cm®g™, which is approximately 15% of the total volume of the
crystal and the crystal size 80 nm. Two cases were modeled with randomly positioned
mesopores of diameter 4 or 8 nm oriented along one of the crystal axes and connected to the
external surface of the crystal. The mesopores that communicate with the external surface of
the mordenite crystal are observed in the high resolution TEM images and the spatial
arrangement of the mesopores in the entire void volume of the crystal was demonstrated by
Milina et al. % using the positron annihilation lifetime spectroscopy for micro-mesoporous
zeolites prepared by desilication using the same amount and the concentration of NaOH

solution.
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Three cases of the diffusion paths were considered: the mordenite channel connects (i) one
mesopore with the external surface of the crystal, (ii) two mesopores, (iii) two external
surfaces (i.e. the diffusion path 80 nm) if there is no mesopore present **. One million
simulations using a pseudo-random number generator yielded the diffusion paths of 42 and 39
nm for the mesopores of the 8 and 4 nm diameters, respectively. The diffusion path depends
only slightly on the diameter of the mesopores since only approximately 15% of the crystal is

removed and a majority of the crystal is not influenced by the mesopores.
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Figure 14. Desorption of n-hexane initiated by changes in the n-hexane partial pressure from 2.5 to 1.5

Torr analysed by FTIR spectroscopy.

The series of FTIR spectra recorded during transient desorption of n-hexane induced by a
very fast decrease in the partial pressure of n-hexane from 2.5 to 1.5 Torr are shown for
MOR/A/12 and deAl-mm-MOR/A/9.5 in Figure 14. The partial pressure 1.5 Torr provides the
loading of one n-hexane molecule per acid site while n-hexane molecules weakly interacting
with the inert channel walls are also present at the partial pressure 2.5 Torr. Under such

decrease in the partial pressure, the changes in transport can be associated with the alterations
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of the pore structure rather than with desorption of n-hexane from the acid sites **. The higher
desorption rate observed for the micro-mesoporous deAl-mm-MOR/A/9.5 compared to
microporous MOR/A/12 is thus consistent with the effective reduction of the crystal domain
by the introduction of the mesopores communicating with both the micropores and connected
with the external surface. The enhanced transport in the micro-mesoporous zeolite can be,
however, also affected by a contribution from a complex interplay of changes in the local

structure of microporous channels and the channel openings *°.

4.1.2 Hydroisomerization of n-hexane using micromesoporous mordenite zeolite

Figure 15 depicts the yields of branched hexane isomers (2-methylpentane, 3-methylpentane,
2,2-dimethylbutane and 2,3-dimethylbutane) and C;-Cs by-products (methane, ethane,
propane, butanes and pentanes) as a function of the reaction temperature in the
hydroisomerization of n-hexane over the microporous and micro-mesoporous Pt/H-MOR
zeolites. The yields of the individual products at 225 and 250 °C are listed in Table 6. With
microporous MOR/A/12, the conversion first started to increase at a temperature of
approximately 150 °C and reached a maximum of 58% at approximately 275 °C before
declining again due to non-selective cracking reactions, as is indicated by the steadily

increasing conversion of n-hexane and yield of C;-Cs by-products.

4.1.2.1 Hydroisomerization over desilicated and partially dealuminated-desilicated
mordenites (series I)

The desilication of the parent sample (Figure 4) resulted in little improvement in conversions
over the entire temperature range, passing through a maximum at 250 °C with the yields
increasing from 53.0 to 59.2% and from 9.6 to 11.5% for all the branched and di-branched
hexanes (Table 6), respectively, then declining due to non-selective cracking at higher
temperatures. The catalytic behaviour of the mm-MOR/A/8 sample is in accordance with the
findings of Monteiro et al. ™, showing that the desilication of mordenite zeolite does not

significantly improve the catalytic efficiency of the mordenite zeolites.
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Figure 15. The yields of branched Cg isomers and C;-Cs by-products in the hydroisomerization of n-hexane
over Pt/H-MOR zeolites. A, B) Series |.; C, D) Series I1.; and E, F) Series I11.
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With the deAl-mm-MOR/A/9 sample obtained by the removal of extraframework Al from
mm-MOR/A/8 using oxalic acid (Figure 4, 1. series), the formation of by-products at high
temperatures was significantly reduced compared to mm-MOR/A/8 or microporous
MOR/A/12 samples and was accompanied by a corresponding increase in the yield of the
desired branched isomers, reaching a maximum of 67.4% at 275 °C. The deAl-mm-MOR/A/9
sample is characterised by shortened 12-ring channels due to well-developed secondary
mesoporous structure, but without significantly enhanced accessibility of the OH groups
compared to the parent zeolite (Table 5).

It seems that the shortening of the main channel and a larger number of channel openings
provide only a slight increase in activity, but lead to a significant increase in selectivity
limiting the non-selective subsequent cracking reactions and consequently increasing the yield
of desired products at higher temperatures **.

The deAl-mm-MOR/A/9.5 sample dealuminated by nitric acid (Figure 4, 1. series) provides
higher yields of branched isomers compared to MOR/A/12 and mm-MOR/A/8 zeolites with
similar yields of by-products (Figure 14). As the difference between deAl-mm-MOR/A/9.5
and deAl-mm-MOR/A/9 lies mainly in significantly higher accessibility of the OH groups
(Table 5), the improvements in the yields of branched isomers at lower temperatures, e.g.
from 53% to 67.7% at 250 °C, can be associated with greater accessibility of the acid sites,
and the improvements in the yield at higher temperatures, e.g. from 58.7 to 67.4% at 275 °C,
also with the shortened main channels and larger number of channel openings. Thus the use of
the deAl-mm-MOR/A/9.5 sample had a positive effect on the yield of branched isomers in the
whole temperature region. The improvements in the catalytic properties are minor, however,
clearly indicating a potential for improvements in the functionality of hydroisomerization
mordenite catalysts via enhanced accessibility of active sites and transport of reactants in the
micro-mesoporous structure.

The durability and stability of the catalytic activity for the deAl-mm-MOR/A/9.5 as a
representative micro-mesoporous Pt/H-MOR zeolite were analysed under the reaction conditions.
Stable values of the yields of mono- and di-branched isomers ~55% and ~9%, respectively, and
by-products ~1% as a function of time-on-stream were obtained over deAl-mm-MOR/A/9.5 at

235 °C for 72 h indicating a sufficient structural stability and no deactivation of the micro-

mesoporous Pt/H-MOR (Figure 16).
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(TOS) in hydroisomerization of n-hexane over deAl-mm-MOR/A/9.5 at 235 °C.

4.1.2.2 Hydroisomerization over partially dealuminated and acid-alkaline-acid treated
mordenites (Series 11)

Figure 15C shows the yields of branched isomers as a function of temperature obtained over
dealuminated deAl-MOR/A/16 and zeolites prepared by subsequent desilication and
desilication/dealumination of the deAl-MOR/A/16 sample. Although the dealumination of
mordenite (deAl-MOR/A/16) leads to a decrease in the concentration of Brensted sites from
1.06 to 0.47 mmol.g™, the accessibility of the remaining acid sites was significantly enhanced,
with ~ 92% Brensted sites accessible for n-hexane (Table 5). Less than half the concentration
of Brensted sites in deAl-MOR/A/16 provided yields of branched hexanes which outperform
the microporous MOR/A/12, cf. e.g. the yields of branched hexanes 36.5% and 54.1% at
225 °C for MOR/A/12 and deAl-MOR/A/16, respectively. The higher specific activity of
acid-treated partially dealuminated mordenites has been well documented in the literature "
and explained by the beneficial effects on the textural properties of extraction of part of the
framework Al atoms by acid treatment, leading to improved accessibility of highly active acid
sites located in the 8-ring side pockets * . Desilication of the deAI-MOR/A/16 sample
yielded micro-mesoporous mm-deAl-MOR/A/9 (Figure 4), which showed no significant
changes in the yields of the branched isomers, nor by-products. The positive impact of the
development of the mesoporous volume (0.11 cm®.g™) was probably offset by the negative
impact of the decline in the microporous volume because of its partial blockage **. The

subsequent partial dealumination of mm-deAl-MOR/A/9 provided the deAl-mm-deAl-
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MOR/A/13 sample with well-developed mesoporous structure and with similar concentration
and accessibility of the OH groups for n-hexane as the deAI-MOR/A/16 sample. The similar
concentrations and accessibility of the OH groups for n-hexane in the deAI-MOR/A/16 and
deAl-mm-deAI-MOR/A/13 samples (Table 5) resulted in similar yields of branched hexane
isomers at < 225 °C (Table 6). The presence of mesoporous structures in deAl-mm-deAl-
MOR/A/13 caused a slightly lower formation of cracking products and a corresponding

increase in the yield of branched hexanes at higher temperatures > 250 °C.

4.1.2.3 Hydroisomerization over fluorinated-alkaline treated mordenites (Series I111)

The vyields of branched Cg isomers in the hydroisomerization with microporous MOR/A/12
without postsynthesis treatment were very low at temperatures < 200 °C (Figure 17). The
yields were increased considerably over the mm-MOR/A-0.36F/9.4 sample, e.g. from 13.5%
to 47.2% at 200 °C, showing that the desilication of fluorinated mordenite zeolite markedly
increased the catalytic activity (Figure 15E). This was accompanied by higher yields of di-
branched isomers (Table 6) and high selectivity without the detectable formation of C;-C4 by-
products at <200 °C (Figure 15F). In comparison with other micro-mesoporous Pt/H-MOR,
the mm-MOR/A-0.36F/9.4 sample provides the greatest enhancement of the yields of
branched Cg isomers achieved at low temperatures (Figure 17). The chemical analysis showed
the absence of fluorine in the mm-MOR/A-0.36F/9.4 treated after fluorination by desilication,
triple ion-exchange with large excess of NH4;NOj3 solution and calcination in the air and
subsequently in a hydrogen atmosphere. The enhancement in the activity is thus associated
with the micro-mesoporous structure providing high concentration of Brensted sites
(cg 0.6 mmol.g™) readily accessible for n-hexane molecules (> 90%), (Table 5).

To exclude a possible effect of traces of fluoride not detectable by the chemical analysis on
the increase in activity, a fluorinated sample of Pt/H-F-ZSM-5 zeolite with small crystals was
prepared and its activity was compared with Pt/H-ZSM-5. The intra-crystalline diffusion does
not affect the overall reaction rates for ZSM-5 for both the n-hexane hydroisomerization ™
and cracking . Accordingly, we observed very comparable yields of branched Cg isomers
over Pt/H-ZSM-5 and its fluorinated analogue Pt/H-ZSM-5-F in the entire temperature region
(Figure 18). Thus, the high concentration of the Brensted sites located in non-restricted
micropores highly accessible via new channel openings in small mesopores formed by the
simultaneous removal of Si and Al atoms results in significantly improved catalytic properties

enabling the reaction at lower temperatures **,
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Table 6. The yields of branched hexane isomers and lower molecular weight by-products for hydroisomerization of n-hexane over microporous and micro-mesoporous
Pt/H-MOR at 225 °C and 250 °C.

Sample Tyiso.ce (%) 2.2-dimetyl- 2,3-dimetyl- 2-metyl- 3-metyl- C1-Cs (%)

225°C 250°C 225°C 250°C 225°C 250°C 225°C 250°C 225°C 250°C 225°C 250°C
Pt/H-MOR/A/12 36.5 53.0 16 3.6 6.0 6.0 7.3 8.4 21.6 35 0.5 5.3
Pt/H-mm-MOR/A/8 40.1 59.2 25 52 52 6.3 7.9 8.6 245 39.1 0.9 7.5
Pt/H-deAl-mm-MOR/A/9 37.5 61.9 21 54 47 6.7 8.7 8.7 22.0 411 0.6 4.1
Pt/H-deAl-mm-MOR/A/9.5 48.7 67.7 1.8 57 6.1 7.3 8.8 10.5 32.0 44.2 3.0 7.6
Pt/H-deAI-MOR/A/16 54.1 60.8 29 49 6.1 6.8 11.2 11.3 33.9 37.8 3.9 16
Pt/H-mm-deAl-MOR/A/9.1 45.8 63.4 28 81 45 6.5 8.6 8.6 29.9 40.2 2.9 10.4
Pt/H-deAl-mm-deAlI-MOR/A/13  50.0 67.5 24 63 50 7.4 8.2 10.0 34.4 43.8 3.7 8.7
Pt/H-deAl-mm-deAl-MOR/A/30  23.7 47.9 06 35 13 4.2 7.3 8.4 14.5 31.8 5.0 124
Pt/H-mm-MOR/A-0.36F/9.4 62.5 59.6 49 74 74 6.2 8.6 8.4 41.6 37.6 6.4 185
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4.2 Enhancement of accessibility of acid sites in supermicroporous zeolite

In this study, the mordenite zeolites (Figure 5) with enhanced activity for hydroisomerization
of n-hexane containing a high concentration of aluminium and corresponding concentration of
acid sites readily accessible for the hexane molecules were prepared. For this purpose,
structure of mordenite zeolite with a high content of lattice aluminium (Si/Al 5.8) (Table 2)
was modified by postsynthesis concurrent extraction of Si and Al atoms from the framework
using fluorination-alkaline-acid treatments (Figure 20). This modification provides an
increase in the dimensions of the channel openings, enlargement of the micropores, 3D
interconnection of the micropores as well as the formation of acidic sites with enhanced
activity. The combination of the supermesoporosity and the occurrence of highly active acidic
sites dramatically increases the activity of mordenite zeolites in the hydroisomerization of n-
hexane to the branched isomers. The high activity shifts the window of operating
temperatures to the thermodynamically more suitable area for the formation of di-branched

isomers *.

4.2.1 Structural analysis of supermicroporous structure in mordenite zeolites

4.2.1.1 Formation of supermicroporous structure in mordenite zeolites

The well-developed crystalline structure of parent MOR/B/5.8 is manifested by smooth lattice
fringes in a representative HR-TEM image (Figure 19), high intensities of the characteristic
lines in the X-ray diffractogram (Figure 22), a micropore volume of 0.16 cm>.g™ (Table 7)
and size distribution of the micropores corresponding to the mordenite structure (Figure 21).
Fluorination-alkaline treatment (Figure 20) resulted in slight decrease in the intensity of
the diffraction lines associated with reducing the density of the structural framework and
slight roughness of the lattice fringes of the crystalline structure in the HR-TEM images. Use
of fluorination-alkaline treatment with concentrations of 0.36 M NH4F in the Ist and 0.5 M
NH4F in the 1Ind series resulted in an increase in the micropore volume (Table 7) to about
0.2cm®g?, with a further increase after mild dealumination to 0.23 and 0.24 cm®.g?,
respectively, with only a minor creation of mesopores with a volume of 0.05 and 0.06 cm®.g%,

respectively, also visible at the HR-TEM images.
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Figure 19. Representative HR-TEM images of A) parent MOR/B/5.8 mordenite, B) MOR/B-0.36F/5.8, C)
deAl-MOR/B-0.36F/7.0, D) MOR/B-1F/5.4, E) deAl-MOR/B-1F/6.8, and F) deAl-MOR/B/6.6.
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Figure 20. Illustration of mechanism of the simultaneous extraction of AI** and Si** atoms and formation

of the extraframework Al species by alkaline treatment of fluorinated Al-rich mordenites.
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In the first series (Figure 5), the micropore volume is increased mainly by an increase in
the number of micropores with dimensions of about 0.7 nm. This enhancement could be
ascribed to enlargement of the narrow openings of the 8-ring channels *2. It is also reflected in
an increase in the accessibility of the OH groups in the 8-ring channels for the n-hexane
molecule in the originally inaccessible pores (see FTIR analysis par. 4.2.1.2). In the lInd
series, the mean pore diameter of the micropores is also increased. The procedure using the

fluorination-alkaline treatment was developed by Yu et al.**

to form a micro-mesoporous
structure in the ZSM-5 zeolite with relatively high content of Al in the framework Si/Al ~ 15.
The introduction of NH4F into microporous ZSM-5 zeolite leads to the formation of F-bearing
tetrahedral Al species which are readily dislodged in the subsequent alkaline treatment **
leading to concurrent extraction of Al and Si. We demonstrated the development of secondary
mesoporosity and preservation of microporosity via concurrent extraction of SiO, and a
smaller amount of Al using the fluorination-alkaline treatment of MOR zeolite Si/Al ~ 12 in

our study “.

Table 7. Preparation and textural properties of fluorinated Al-rich mordenites determined by adsorption of N,

and Ar at the temperature of liquid nitrogen.

b c b

Sample Si/AlI? Vi Ve SEXT-l

emg)  emtg) (M)
MOR/B/5.8 5.8 0.16 0.02 23
MOR/B-0.36F/5.8 57 0.21 0.04 40
deAlI-MOR/B-0.36F/7.0 7.2 0.21 0.05 51
MOR/B-0.5F/5.6 5.6 0.20 0.05 63
deAl-MOR/B-0.5F/5.6 6.5 0.23 0.06 57
MOR/B-1F/5.4 5.4 0.12 0.06 65
deAlI-MOR/B-1F/6.8 6.8 0.24 0.06 68
MOR/B-4F/6.2 6.2 0 - -
deAlI-MOR/B-4F/6.9 6.9 0.12 - 18
deAI-MOR/B/6.6 6.6 0.15 0.04 44

& from chemical analysis
® estimated from BdB t-plot method
¢ Vmeso = Vtotal - Vmicro
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(Series V) treatment.
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The significant increase in the micropore volume, the increase in the size of some
micropores and only minor formation of mesopores observed for the samples in series 1 and 11
prepared from Al-rich MOR (Si/Al ~5.8) (Table 7) show that the high concentration of Si-O-
Al in the framework increases the resistance to alkaline treatment, as also reported for ZSM-5
"® The degree of susceptibility of the parent MOR/B/5.8 zeolite towards alkaline leaching
after fluorination results in controlled concurrent extraction of both Al and Si atoms, indicated
by comparable Si/Al composition before and after leaching (Table 7), leading to desirable
development of microporosity without excessive formation of mesopores. The effect of the
extraction of two neighbouring Al and Si atoms from the walls of the zeolite channels of
MOR zeolite on the micropore structure is illustrated in Figure 23A (for analysis of the local
changes in the structure, see par. 4.2.1.2). It is obvious that the simultaneous extraction of Al
and Si pairs from the MOR framework leads to enlargement and interconnection of the
micropores (Figure 5 and Figure 19). The fluorination-alkaline treatment with a concentration
of 1M NH4F resulted in a decrease in the micropore volume compared to the parent zeolite,
but the subsequent mild acid leaching increased the micropore volume to 0.24 cm®.g™. The
preserved lattice fringes in the HR-TEM images and the intensity of X-ray diffraction pattern
of the zeolite after the fluorination-alkaline treatment are indicative of the preservation of the
crystalline structure (Figure 22). Previous studies showed that hydrolysis of framework Al at
harshened conditions of desilication lead to formation of extraframework Al species which
can easily block the openings the pseudo-monodimensional channel structure of MOR ¥ 4. A
slight increase in the molar Si/Al ratio (Table 7) and the significant increase in the micropore
volume after the mild acid leaching indicate that the extraframework Al blocking part of the
micropores was removed. The size distribution of micropores shows a further increase in their
dimensions associated with supermicroporosity and 3D interconnection of the

monodimensional mordenite channels 2> 4452 7778,
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Figure 22. XRD patterns of prepared MOR samples.

The harshest fluorination treatment by 4 M NHy4F in the I\Vth series (Figure 5) has led to
partial destruction of crystalline structure displayed by a significant decrease in XRD
intensity, negligibly low adsorption of N, in fluorination-alkaline treated sample MOR/B-
4F/6.2 and only partial restoration of the micropore volume of deAl-MOR/B-4F/6.9 after mild
acid treatment (Table 7). The V. series was prepared by acid treatment of MOR/B/5.8
providing mildly dealuminated deAl-MOR/B/6.6 (Figure 5). The size distribution of
micropores determined by Ar adsorption (Figure 21) clearly show their enlargement
compared to MOR/B/5.8. The increase in the sizes and improvement of the connectivity of
the micropore channels given by the extraction of Al from the framework have been described
in the literature % > 2. An addition to these desirable structural changes, a small decrease in
the micropore volume could indicate a partial blockage of some micropores **.

The adsorption measurements supplemented by the HR-TEM images (Figure 19) and the

X-ray diffractograms (Figure 22) show the concurrent extraction of Al and Si by fluorination-
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alkaline-acid treatment of Al-rich MOR essentially alters the monodimensional structure with
low accessible side pockets into supermicropore channel structure (Figure 23) characterised
by high micropore volume (up to 0.25 ml .g™) formed by accessible internal voids with mean

diameter about 7.5 A.

o si* oAPe O

Figure 23. Schematic illustration of mordenite openings before and after extraction of Si and Al by
fluorination-alkaline-acid treatments. A) Illustration of pore size changes and B) structure of the 8-ring a)
before the treatment and an illustration of the changes in local arrangements after extraction of Al from
the T4 site and a neighbouring Si atom from b) the T2 or ¢) the T4 site.
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4.2.1.2 Concentration, nature and accessibility of acid sites in supermicroporous
mordenites

Figure 24 compares the Al MAS NMR spectra of MOR zeolites (Table 7) before and after
fluorination-alkaline-acid (Series I - 111) and acid (Series V) treatments. A symmetric signal at
56 ppm associated with tetrahedrally coordinated aluminium (Alrg) in the zeolite framework
is observed in the Al MAS NMR spectrum of the parent MOR/B/5.8 sample. The high
symmetry of the signal is a result of the symmetric local environment of the tetrahedral
framework Al sites in the hydrated zeolite mitigating the quadrupolar couplings. The
postsynthesis fluorination-alkaline and acid leaching lead to broadening and a shift of the
maxima of the main signal to approx. 54 ppm, the formation of an asymmetric signal of high
intensity at about 40 ppm, a barely visible signal of weak intensity at 30 ppm, and the
appearance of a signal at 0 ppm. The shift in the maximum of the signal of the Td coordinated
Al is an indication of the preferable extraction of Al atoms located in specific T sites. This
interpretation is consistent with previous studies of the acid leaching of MOR zeolites, which

exhibited preferential dealumination of the T4 site °°®®. In the literature 3 40 3% 759, 7982 4,

e
signal at about 40 ppm is ascribed to perturbed Al in the framework in a less ordered
environment and/or Al species partly removed from the framework. The combination of
2"Al {*H} REDOR (3Q) MAS NMR and #’Al {*H} CP (3Q) MAS NMR experiments and
DFT/Molecular computations in previous study % showed that the shoulder at 40 ppm is
associated with a perturbed framework Al in the (SiO)3AIOH groups (61 = 59 — 62 ppm, CQ =
5 MHz, and n = 0.3 — 0.4). A low local symmetry of the group results in the appearance of a
highly asymmetric signal visible as a shoulder of the main signal. The weak signal observed
around 30 ppm was assigned to traces of penta-coordinated extra-framework Al species .
The signal at 0 ppm is associated with octahedrally coordinated extra-framework Al. The
perturbed framework tetrahedrally coordinated Al, the penta-coordinated and tetrahedral
extra-framework Al manifested in the shoulder at 40 ppm and the signals at 30 and O ppm,
respectively, were often observed in faujasite or high-silica zeolites after steaming ***°. The
penta-coordinated and octahedral extra-framework Al could be present in the form of
positively charged oxo/hydroxo moieties (AlO* nH,O, AIOH?*-nH,0) compensating the
negative charge of the MOR framework or Al(OH);-nH20, Al,03-nH,0, AIOOH-nH;0
neutral species (Figure 5) 2. The changes observed in the spectra after the fluorination-
alkaline treatment are thus associated with partial extraction of Al from the framework
preferentially from the T4 sites, the formation of a significant proportion of perturbed

framework Al in the (SiO)sAIOH groups and the formation of a limited amount of extra-
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framework Al species of various structures. Comparison of the >’ Al MAS NMR spectra of the
samples from the series | to series 1, prepared with increasing concentrations of the agents
used for fluorination-alkaline treatments (Figure 24), reveal a considerable increase in the
intensity of the shoulder at about 40 ppm and broadening of the signal at 0 ppm with the
harshness of the treatment, indicative of an increase in the proportion of the perturbed
framework Al in the (SiO);AIOH groups and higher distortion of the local environment of the

extra-framework Al species, respectively **.

—— MOR/B/5.8 —— MOR/B/5.8
—— MOR/B-0.36F/5.7 —— MOR/B-0.5F/5.6
—— deAl-MOR/B-0.36F/7.0 —— deAl-MOR/B-0.5F/5.6

Ist series lInd series

—— MOR/B/5.8 —— MOR/B/5.8
—— MOR/B-1F/5.4 —— deAl-MOR/B/6.6
—— deAl-MOR/B-1F/6.8

Ilrd series Vth series

80 60 40 20 0 -20 -40 60 40 20 0 -20 -40 -60
21Al observed chemical shift (ppm)

Figure 24. ?’Al MAS NMR spectra for hydrated mordenite zeolites after fluorination-alkaline-acid treatments
(Series | - 111), and also simple acid (Series V) treatment.

Similar changes in the ¥’ Al MAS NMR spectra of MOR/B/5.8 after acid leaching (deAl-
MOR/B/6.6, Figure 5, Series V) and those observed after fluorination-alkaline treatments
(Series I - 111) indicate the formation of similar Al species after both the fluorination-alkaline
treatment and the acid treatments. The decrease in the Al concentration (Table 7) and
lowering in the intensity of the bands of the perturbed and extra-framework Al in the spectra
of the acid-treated deAl-MOR/B-0.36F/7.0 sample compared to MOR/B-0.36F/5.7 (Figure 5,
series 1) clearly show that the acid leaching results in concurrent dislocation of the framework
Al and extraction of all the defective forms of the Al species from the zeolite. The gradual
dislocation and extraction of Al from the zeolite framework and related structural changes in

MOR zeolites by acid treatment have been described in detail in the scientific literature 2 %
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Figure 25. Comparison of FTIR spectra of adsorbed ds-acetonitrile (B, D, and F) and the OH stretching region
(A, C, and E) for mordenite zeolites after fluorination-alkaline-acid treatments (Series I - 111), and acid
(Series V) treatment. A), B) Series I; C, D) Series Il and V, and E, F) Series I11.
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Figure 25 presents the FTIR spectra of MOR zeolites before and after fluorination-
alkaline-acid treatment (Series | - IlI), and also simple acid (Series V) treatments, as
manifested before and after ds-acetonitrile adsorption experiments. The spectra of the samples
of all the series display a typical asymmetrical shape of the band in the OH region with a
dominant band at 3610 cm™ and a clearly defined sideband at lower wavenumbers. This shape
of the spectra, characteristic for MOR, was already explained by Wakabayashi et al. *° and
Zholobenko et al. “® and assigned to an OH bond located in the main 12-ring channels, and
the low- frequency component near 3590 cm™ was attributed to OH in the smaller side
pockets with an 8-ring, and connected with the T3 site *°. Further analysis proved this
interpretation and some effort was devoted to use this analysis for semi-quantitative
evaluation of both structures. Despite some controversies in this respect, we used the
recommendation of Makarova “® for the semi-quantitative evaluation, yielding a ratio of
extinction coefficients of the 12 OH / 8 OH bands of about 1.5. Semi-quantitative analysis of
the acidity of the analyzed samples was based on the results of the ds-acetonitrile adsorption
experiments, using the extinction coefficient for ds-acetonitrile interacting with the Lewis acid
sites as €. = 3.60 cm.umol™, and &g = 2.05 cm.pmol™ for ds-acetonitrile interacting with the
OH *®.

The FTIR spectra of the parent MOR/B/5.8 sample represent typical spectra of well-
developed MOR zeolites with relatively high-intensity bands in the region of the Bronsted
OH, with a dominant band at 3610 cm™, i.e. at the position of OH situated in the 12-ring, and
the relatively less intense side band at 3590 cm™ of the OH in the 8-ring. Based on the
guantitative analysis, the relative content of the two 12 OH / 8 OH structures in the parent
zeolite was about 2. The small intensity of the band of the terminal OH (a band at about 3745
cm™) and negligible structure indicated at the position typical of AIOH with the band at 3660
cm™ further demonstrated the regularity of the parent MOR. The results of the adsorption of
ds-acetonitrile (Figure 25B, D, F) provided data for semi-quantitative evaluation of the
Bronsted (a band at 2286 cm™) and two distinguished Al-related Lewis acid sites (with bands
at 2313 and 2323 cm™). Analysis of the spectra in the OH region demonstrated that, after the
ds-acetonitrile adsorption/partial desorption procedure, most of the terminal SiOH were free
of the ds-acetonitrile while, at the same time, full interaction with both the OH groups located
in the 12-ring and 8-ring was achieved. Accordingly, the ds-acetonitrile spectra could have
been used for the semi-quantitative analysis of the concentration of both OH and the Lewis
sites. The relatively intense additional band at 2280 cm™ with a shoulder at about 2277 cm™

was assigned to the ds-acetonitrile molecule interacting with structurally undefined defects in
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the MOR structure and a small part of the terminal SiOH, not fully reconstructed during the
mild desorption of the ds-acetonitrile. It should be noticed that the band at 2280 cm™ was
much less intense in the previous experiments over MOR (Si/Al ~ 12) with lower Al content
in the previous study **.

Generally, all the MOR samples after the postsynthesis fluorination-alkaline (Figure 20)
and acid leaching displayed some uniform features with a decrease in the total OH bands and
well-expressed change in the relative ratio of the 12/8-ring structures. For all samples, the
treatments led to a steep increase in the intensity of the Lewis band at about 2323 cm™. It
seemed significant that both the acid (Figure 5, Series V) and combined treatments (Figure 5,
Series 1-1V) induced elimination of the 2280 cm™ band, assigned to unspecified defect
structures present in the parent zeolite **. Some indication on the presence and relative
concentration of the AIOH structures indicated by the IR band in the 3 660 cm™ region could
be gained, suggesting the formation of this structure after the combined treatment and not
fully regularly decreasing again after acid treatment. These results are to some extent
consistent with previous studies on the acid leaching of MOR zeolites, which indicated

preferential dealumination of the T4 site connected to the 12-ring °®

and accordingly
relatively higher stability of the 8-ring sites, connected with T3 site ®. The same could be
indicated for the formation of the perturbed Al species, connected either to the Al-related
Lewis positions or to the AIOH structure. All these structures could be regarded as perturbed
Al sites in the framework in a less ordered environment and/or Al species partly removed
from the framework *.

The changes in the FTIR spectra (Figure 25) observed either before or after the ds-
acetonitrile adsorption/desorption cycle of the samples exposed to fluorination-alkaline
treatment thus indicate partial extraction of Al from the framework preferentially from the 12-
ring sites, and, formation of perturbed framework Al groups and some amount of extra-
framework Al species, including Al-related Lewis species. Increasing the concentrations of
the agents used for fluorination-alkaline treatments (Figure 24) led to an increase in the Al
elimination process going from Series | to 11l. The change in the spectra of the MOR in Series
V were rather similar, indicating similar production of Al species after both fluorination-
alkaline treatment and acid treatments but with much smaller formation of the (SiO);AIOH

groups after acid treatment.
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Table 8. Concentrations of bridging hydroxyls and Brensted and Lewis sites in zeolite and accessibility of OH

groups in fluorinated Al-rich mordenites.

. a b c a  Accessibility of OH
Sample Si/AI® Cal Cs CL CraL groups '
(mmol.g™) (%)
MOR/B/5.8 5.8 231 097 0.45 1.86 19
MOR/B-0.36F/5.8 5.7 251 037 0.81 1.99 48
deAl-MOR/B-0.36F/7.0 7.2 205 0.5 0.75 2.04 51
MOR/B-0.5F/5.6 5.6 055 022 081 185 54
deAl-MOR/B-0.5F/5.6 6.5 ooa 017 047 111 78
MOR/B-1F/5.4 5.4 265 0.22 071 1.64 64
deAl-MOR/B-1F/6.8 6.8 216 0.24 0.80 1.83 59
deAl-MOR/B/6.6 6.6 222 032 0.96 2.25 24

& from chemical analysis

®:¢ concentrations of acid Bronsted and Lewis sites, respectively, from FTIR spectra of adsorbed ds-acetonitrile
d concentration of Al estimated from the concentration of Bronsted and Lewis sites (ca=cCg+2c)

¢ from FTIR spectra of the bridging OH groups after adsorption of n-hexane

The structural changes in mordenites induced by a partial dealumination using mineral
acids were described at a molecular level by Van Geem  and others °. Preferential removal
of aluminium from the labile T4 site in the 4-ring forming the walls of the main 12-ring
channels results in a widening of a part of the 8-ring channels and a creation of new
interconnections between the main channels ** % . However, a small microporous volume
(Table 7) and a low accessibility of the OH groups for n-hexane (Table 8) in the mildly
dealuminated deAI-MOR/B/6.6 sample indicate that the desirable changes in the channel
structure require a removal of larger proportions of Al from the framework. 2’Al MAS NMR
analysis (Figure 24) and the adsorption measurements (Table 7) clearly showed that the acid
treatment does not extract all the atoms removed from the framework and various extra-
framework species partially block the pores. In contrast, the fluorination-alkaline-acid
treatment (Figure 5, series | — Ill) provides much larger increase in the volume in
supermicropores when a similar amount of Al is extracted from the zeolites (compare, e.g.,
Vi 0.15 and 0.24 cm®.g™ for deAl-MOR/B/6.6 and deAl-MOR/B-1F/6.8, respectively). The
chemism of the concurrent extraction of Al and Si atoms from the zeolite framework by
fluorination-alkaline treatments, as described by Yu et al. *, is shown in Figure 20. After
fluorination, a fraction of Si-O-Al framework entities is cleaved by the incorporation of
fluorides, but the attacked Al sites are still integrated within the framework as F-bearing

tetrahedral Al species “*. The F-bearing Al are extracted from the zeolite in the form of
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[AIF2(OH),]'Na" together with the neighbouring Si atoms during the subsequent alkaline
leaching (Figure 20). Figure 23B shows an illustration of the changes in local arrangements of
the 8-ring after extraction of Al from the T4 site and a neighbouring Si atom from the T2 or
T4 site. Although we do not have data showing the dislocation of specific T-atoms, the
illustration is in a good agreement with the textural data (Table 7) and the extraction of Al
from the framework preferentially from the 12-ring sites is confirmed by the FTIR spectra
either before or after the ds-acetonitrile adsorption.

The changes in the microporous volume, the micropore size and the accessibility of the
acid with the chemical conditions of the fluorination-alkaline leaching (Table 7 and Table 8)
indicate that the proportion of the extracted atoms is controlled by an interplay of the
concentration/distribution of Al in zeolite and the conditions of the treatment. The high
intensities in the signals at 30 and 0 ppm in the >’Al MAS NMR spectra (Figure 24) reflect
high content of the penta-coordinated and octahedral extraframework Al in samples prepared
using the highest concentrations of the fluorination agent (>1 M NH4F). Subsequent acid
leaching of MOR/B-1F/5.4 using 0.1 M HNO;3 (deAl-MOR/B-1F/6.8) resulted in a slight
increase in the molar Si/Al ratio and a significant increase in the microporous volume from
0.12 to 0.24 cm®.g™* (Table 7) and a slight increase in the concentration of Brensted sites from
0.22 to 0.24 mmol.g™ and Levis sites from 0.71 to 0.81 mmol.g™ (Table 8). These findings
indicate that the extraframework Al species formed in channels after the fluorination-alkaline
treatment and blocking part of the micropores were removed by acid leaching. The principle
of the fluorination-alkaline-acid treatment is similar to the coupling of dealumination with
desilication employed for flexible tailoring of the concentration of aluminum related acid sites
in micromesoporous zeolites 3 ** ™ 8 The uniqueness of the fluorination-alkaline-acid
procedure lies in the effective formation of 3D connected supermicroporous channels
enhancing the accessibility of the acid sites without the formation of a significant proportion

of the secondary mesoporosity (V; up to 0.25 cm>.g™, the mean pore size ~ 7.5 A).

4.2.2 Hydroisomerization of n-hexane using supermicroporous mordenite zeolite

Figure 26 shows hydroisomerization activity over the series of MOR zeolites after
fluorination-alkaline and subsequent acid treatments. The catalytic activity is expressed as the
yield of the branched Cg species (the sum of all the di-branched 2,2- and 2,3-dimethylbutanes
and mono-branched 2- and 3-methylpentanes) in dependence of the reaction temperature. The

selectivity is reflected in the yields of all the C;-Cs cracking by-products as the cracking took
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place together in parallel with isomerization at higher temperatures. The yields of the

individual

branched hexane

isomers and

lower molecular weight by-products for

hydroisomerization of n-hexane over all the prepared Pt/H-MOR at 225 °C and 250 °C are

given in Table 9.
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Figure 26. The yields of branched Cg isomers and C;-Cs by-products in the hydroisomerization of n-
hexane over Pt/H-MOR zeolites. A, B) Series I; C, D) Series Il; E, F) Series Il1; G, H) Series IV and 1),
J) Series V.

Over the parent Pt/H-MOR/B/5.8, a very low vyield of iso-Cg isomers first appeared at
150 °C, (see Figure 26A), and then their yield continuously increased up to approximately
44% at 275 °C, and finally decreased again (as a result of unselective cracking reactions,
which began to take place at 250 °C and then increased continuously to high temperatures, see
Figure 26B). Thus the yield of iso-Cs finally attained values below 23% at 325 °C. The
fluorination-alkaline treatments of the parent MOR under mild conditions in Ist series resulted
in a substantial increase in its activity, the isomer yield was improved by more than two-fold
in the broad temperature range 175 - 250 °C (Table 9). Further, the subsequent mild
dealumination led to a further increase and the resultant iso-Cg yield exceeded 62 - 63% of
branched isomers at temperatures of 225 - 250 °C. The corresponding cracking was
analogously elevated at temperatures above 250 °C (Figure 26B). In lInd series (Figure

26C, D) the slightly stronger fluorination followed by stronger alkali treatment compared to
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Series | and the mild acid dealumination of the MOR increased the catalyst activity even
further and 66% is0-Cg yield was obtained at T < 250°C, over both fluorination-alkaline-acid
treated catalysts. Substantially stronger fluorination in series Il (Figure 26E, F) followed by
mild dealumination finally brought the highest isomer yield increase up to 72%, which was
obtained at a temperature as low as 225 °C. All the improved isomer yields were also
accompanied by increased cracking yields of C; - Cs by-products, their values increased
approximately 3 - 4 times compared to the parent/microporous MOR, e.g. the yield increased
from approximately 4% to 15%, from the parent to the last fluorination-alkaline-acid treated
MOR, respectively, at 250 °C and continued to predominate at the highest temperatures.

The strongest fluorination-alkaline treatment of 4M NH4F in I\Vth series caused a dramatic
drop in the yield of isomers (shown in Figure 26G, H), although a slight improvement with
mild dealumination was found, nevertheless not achieving the original activity of the parent
MOR. In this case, the formation of by-products was proportionately suppressed. Thus, using
the optimal fluorination-alkaline-acid step sequence in series 11, a resultant highest yield of
Ce-isomers as high as 72% was achieved at a temperature of 225 °C, compared to 44% at
275 °C achieved on the parent MOR. For comparison, only a 55% yield at 250 °C was
achieved on dealuminated deAl-MOR/B/6.6 (Series V) with a corresponding increase in the
amount of by-products from 4% to 12% at 250 °C (shown in the Figure 261, J).

50
—=— branched iso-C, A | R 2 )
40 4 —A—mono-branched iso—C6 - i
—e— di-branched iso—C6
S 30- —v— by-products (C,-C,)
© r—
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Figure 27. The test of catalytic stability over A) microporous zeolite MOR/B/5.8 and B)
supermicroporous deAl-MOR/B-0.5F/5.6 as a dependence of yields of the individual branched hexane

isomers and C,-Cs by-products on time-on-stream in hydroisomerization of n-hexane.
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Table 9.  Yields of branched hexane isomers and lower molecular weight by-products for hydroisomerization of n-hexane over Pt/H-MOR at 225 °C and 250 °C.

sample SVico.cs (%) 2,2-DMB 2,3-DMB 2-MP 3-MP C1-Cs (%)

225°C  250°C  225°C  250°C  225°C  250°C 225°C  250°C 225°C 250°C  225°C 250 °C
MOR/B/5.8 175 365 0.1 0.7 2.2 3.8 6.6 8.0 86 240 04 2.6
MOR/B-0.36F/5.8 478 621 35 6.5 5.7 7.2 9.4 98 202 386 08 7.4
deAl-MOR/B-0.36F/7.0 637 658 3.0 5.6 7.2 69 125 114 410 419 28 109
MOR/B-0.5F/5.6 571 658 20 5.1 6.4 70 109 121 378 416 07 3.1
deAl-MOR/B-0.5F/5.6 634 668 25 5.1 6.8 66 128 123 413 428 09 35
MOR/B-1F/5.4 328 497 05 1.8 3.6 5.3 85 100 202 326 06 4.8
deAl-MOR/B-1F/6.8 723 689 39 9.1 7.9 67 136 120 469 411 26 152
deAl-MOR/B/6.6 542 556 @ 22 43 5.8 5.9 9.7 90 365 364 29 132
MOR/B-4F/6.2 1.4 6.5 0.0 0.0 0.0 0.3 0.8 35 0.6 2.7 0.2 0.8
deAl-MOR/B-4F/6.9 50 206 00 0.1 0.0 1.2 2.7 6.8 23 125 05 1.4

Table 10.  Yields of products for hydroisomerization of n-hexane. Reaction conditions: WHSV 0.25 h™, molar ratio H,/n-Cg 79, atmospheric pressure.

Sample Ysiso-co (%0) Yompsavp (%0) Y2.20ms (%0) Y2 3ome (%) Yoy-producs (%)
175°C 200°C 225°C 175°C 200°C 225°C 175°C 200°C 225°C 175°C 200°C 225°C 175°C 200°C 225°C

BEA/A/4.2 35.8 62.6 77.3 30.0 51.2 54.6 3.2 6.4 15.8 2.6 5.0 6.9 0.2 0.5 1.9

BEA/B/11 5.9 315 58.6 5.9 27.2 45.9 0.0 2.1 8.2 0.0 2.2 4.5 1.2 4.8 15.5

MOR/A/12 4.5 135 36.5 4.5 11.6 28.9 0.0 0.0 1.6 0.0 1.9 6.0 0.0 0.1 0.5

deAl-mm-

MOR/A/9.5 6.5 22.0 48.7 4.6 17.4 40.8 0.1 0.8 1.8 1.8 3.8 6.1 0.0 0.4 3.0
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The stability of the yields (Figure 27) and selectivity as a function of time-on-stream was
analysed over the parent MOR/B/5.8 and over the resultant fluorination-alkaline-acid treated
deAl-MOR/B-0.5F/5.6 from Series Il (Figure 5) as a typical supermicroporous MOR zeolite.
The yield of the all isomers decreased slightly over the parent MOR/B/5.8, from 24% of the
initial value to 21% after 48 h of continuous Ce-feeding at a reaction temperature of 235 °C. It
was observed to be nearly constant, i.e. 44 - 46%, over deAl-MOR/B-0.5F/5.6 and the yields
of the individual mono-branched (38 - 40%) and di-branched isomers (~ 6%) were also
constant within > 48 h of time-on-stream. The amount of (C; - Cs) by-products was below ~
1% during both reaction runs. All these observations indicate sufficient structural stability and
the absence of any substantial structural damage to the supermicroporous Pt/H-MOR under
the reaction conditions *?; moreover, it also demonstrated some improvement in the time-on-

stream stability when compared with the untreated parent MOR/B/5.8.

4.3 Enhancement of concentration of acid sites in microporous zeolite

In pursuing the present work on the isomerization of linear alkanes over zeolites, we wanted
to specify the role of an increase in the density of the strongly acidic protons countering the
negative charge of the framework in the H-forms of zeolites in relation to the occurrence of
Al-Si-Al sequences, inevitably formed at high concentration of Al in the zeolite framework.
We wanted to determine the effect of variations in the distribution of aluminum providing
charge balance for the corresponding high concentration protons located in the close vicinity
on the reaction rate and selectivity. We therefore employed zeolite "BEA topology (Table 1
and Table 11), which can be prepared in a broad range of Al concentrations and which offers
fast intra-crystalline diffusion of reactants and products through channels with three-
dimensional architecture and 12-MR openings. We exploited recent progress in the synthesis
of the beta zeolite that opened a new potential to manipulate the framework aluminum content
in a very broad range and employed Al-rich beta zeolites with very high concentration of
aluminum (Si/Al > 4) with highly predominant tetrahedrally coordinated Al in the framework
81,8798 Thjs approach enabled us to examine the extent to which the isomerization reaction is
affected by close proximity of strongly acidic centers. We found that the high density of non-
interacting strongly acidic sites facilitates extraordinarily high reaction rates due to a
synergetic effect significantly decreasing the activation barrier of the reaction. This enabled

more rational design of isomerization zeolite catalysts providing superior activity.
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4.3.1 Structural analysis of Al-rich zeolites

4.3.1.1 Concentration, nature and local arrangement of acid sites in Al-rich zeolite

The pair of samples H-*BEA/A/4.2 (Al-rich *BEA) and H-*BEA/B/11 (Si-rich *BEA)
zeolites, exhibiting different concentration of the framework Al atoms corresponding to molar
Si/Aler 4.7 and 11.5, respectively (Table 1 and Table 11), was analyzed for the concentration
and strength of the Brensted sites, the concentration of Lewis acid sites and the presence of
structural defects using 'H MAS NMR spectroscopy, FTIR spectroscopy of the OH groups
and adsorbed ds-acetonitrile, and UV-VIS-NIR spectroscopy of carbocations formed by

protonization upon adsorption of hexamethylbenzene (HMB).

Table 11. Characteristics of the beta (BEA) and mordenite (MOR) zeolites.

. Crystal
Sample SléAl Si/Alpg” car’ ¢’ o’ s)i/ze S
mmol.g®  mmol.g’ mmol.g* um m’g*!
*BEA/A/4.2 4.2 4.7 3.0 1.80 0.22 ~0.4 510
*BEA/B/11 11.3 11.5 14 0.63 0.32 ~0.05 617
MOR/A/12 12.1 12.5 1.3 1.06 0.11 ~0.15 454
deAl-mm-MOR/A/9.5 9.5 11.2 1.6 0.77 0.35 ~0.15 405¢

2 From chemical analysis of the Na* form of zeolites.

® From 2°Si MAS NMR spectra of the Na* form of zeolites.

¢ Concentration of Bronsted and Al-Lewis sites from FTIR spectra of adsorbed ds-acetonitrile.
?External surface area 110 m%.g™.

The 'H MAS NMR spectra of the dehydrated H- BEA/A/4.2 and H-"BEA/B/11 zeolites
(Figure 28) exhibit bands with maxima at 1.6, 2.0, 2.4-2.5, and 3.6-3.8 ppm characteristic of
terminal and internal SiOH, extra-framework AIOH and bridging Si(OH)AI groups,
respectively **%. The main difference in the spectra of H-'BEA/A/4.2 and H-"BEA/B/11 is
in the intensity of the signal characteristic of bridging Si(OH)AI groups. The 3 times higher
intensity of the signal of the Bronsted sites for H- BEA/A/4.2 corresponds to the increase in
the concentration of Al in the zeolite with Al atoms incorporated predominantly in the regular
Tq coordination in the framework. The close positions of the band maxima at 3.6 and 3.8 ppm
for Si- and Al-rich ‘BEA, respectively, can indicate that the acid strength does not greatly
differ. The maxima of the signals of the OH groups in the zeolites are not unambiguously
connected with their acid strengths; however, the shift matches the changes in properties for a
single zeolitic structure 2%, The signal of silanol groups forming a surface termination of

the crystalline structure is weak for H- BEA/A/4.2 due to the low external surface of well-
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developed crystallites compared to high intensity of the band for ‘BEA/B/11 characteristic of
small crystallites. It is obvious that the signal of the internal silanol groups reflecting
structural defects associated with removal of the T-atoms or intergrowth structure also
exhibits barely distinguishable intensity for the Al-rich "‘BEA sample compared to the Si-rich
"BEA. As the intensities of the 'H MAS NMR bands do not depend on the band positions,
they accurately reflect the ratio between the concentrations of the individual hydroxyls. Thus
the low intensity signal of the internal silanol groups and the low signal of the OH groups
bound to extra-framework and/or perturbed framework Al atoms indicate that the Al-rich

"BEA/A/4.2 sample has a well-developed low-defective crystalline structure.

SiOH
.16
Brgnsted OH :
.3.6

H-BEA/A/4.2

H-BEA/B/11
T T

6 4 2 0

'H chemical shift (ppm)

Figure 28. Analysis of acid sites in H- BEA zeolites dehydrated at 500 °C using *H MAS NMR spectroscopy.
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Figure 29. Analysis of acid sites in dehydrated H-'BEA zeolites using FTIR spectroscopy A) the region of the

vo_.1OH vibration and B) in the region of the vo_;C=N vibration after adsorption of ds-acetonitrile.
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Figure 29A and 29B shows the FTIR spectra in the region of hydroxyl group vibrations of
H-"BEA/A/4.2 and H-"BEA/B/11 evacuated at temperatures from 450 up to 550 °C and after
adsorption of ds-acetonitrile, respectively. The FTIR spectra in the region of the hydroxyl
group exhibit approximately 3 times higher intensity of the bands with maxima at about 3610
- 3613 cm™ of the stretching vibration of the bridging hydroxyls, negligible intensity of the

H 7980103 and low

bands at 3650 - 3660 cm™ of perturbed framework or extra-framework AlO
intensity of the band at 3727 - 3745 cm™ of silanols for the H-'BEA/A/4.2 sample compared
to H-'BEA/B/11 in good agreement with the *H MAS NMR results (Figure 28). Only
evacuation at 550 °C produced a considerable loss of the intensity for the bridging hydroxyls.
This indicates sufficient structural stability of Al-rich H-"BEA zeolite at temperatures relevant

for the isomerization reactions. Adsorption of ds-acetonitrile resulted in the appearance of the

bands at 2325 and 2297 cm™ corresponding to the stretching mode of vw(C=N) of ds-

acetonitrile adsorbed on Lewis and Brensted sites, respectively *°. Quantitative analysis of the

acid sites using the integral intensities of the IR bands and the extinction coefficients for the C

=N group interacting with the Brensted and Lewis sites® indicated a slightly predominant

concentration of Brensted sites compared to concentration of Lewis sites in the H-
"BEA/A/4.2 sample (Table 11). The formation of a significant concentration of Lewis sites is
connected with a reversible change in the coordination of the framework Al atoms

9, 104109 and also observed for Al-rich

characteristic of the structure of the "BEA zeolite
“BEA®. Thus the 'H MAS NMR (Figure 28) and FTIR spectra (Figure 29) and OH groups
and adsorbed ds-acetonitrile together show that the increase in the concentration of the
aluminum content does not led to significantly increased dehydroxylation and formation of
Lewis acid sites and the concentration of Brensted hydroxyls in Al-rich beta zeolite is

proportional to the increase in the concentration of Al in the zeolite framework “.
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Figure 30. UV-vis spectra of carbocations formed by protonization of hexamethylbenzene (HMB) in
A) Al-rich and B) Si-rich H-"BEA zeolites. Spectra of a) zeolites dehydrated at 500 °C, b) solid HMB,
c-¢e) zeolite after interaction with HMB at 150 °C for 1, 2 and 3 h, respectively, and d) after subsequent

interaction with NHs.

The ability of the Brensted hydroxyls to protonate hexene, the essential step in the
isomerization reaction (Step Il in Figure 1), is controlled by interplay of the concentration and
strength of the acidic centers and confinement of the hydrocarbon molecule in a constrained
environment of the zeolite channels ?°. However, the protonation of hexene cannot be
experimentally followed because of the unmeasurable hexene concentration under realistic
reaction conditions and at higher concentrations due to the rapid oligomerization of the
akenes and the formation of complex hydrocarbon molecules **°. Therefore, the ability of Al-
rich H-"BEA zeolite to form carbenium ions was analyzed using the hexamethylbenzene
(HMB) molecule, whose protonation yields the relatively stable hexamethylbenzenium cation
providing electronic transitions with characteristic spectral components in the range of UV-
Vis light . The UV-Vis spectra of HMB and carbocations formed by protonization of
adsorbed hexamethylbenzene (HMB) in Al-rich and Si-rich H-"BEA zeolites are shown in
Figure 30. The UV-Vis spectrum of neutral HMB exhibited a typical absorption band at
37000 cm™ characteristic of the z-electron system of the aromatic ring **2. Adsorption of
HMB in both Si- and Al-rich "BEA zeolites resulted in the appearance of an intense band with
maximum at 25 500 cm™ with a shoulder around 29 500 cm™ corresponding to the formation
of the hexamethylbenzenium cation ' 3. The spectra obtained for the two zeolites do not

show significant differences in the positions and shapes of the high intensity bands of the
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carbenium ions and are very similar to those of protonated benzene in a superacidic

solution %2,

The assignment of the bands to the hexamethylbenzenium cation was
demonstrated experimentally by co-adsorption of ammonia, resulting in disappearance of the
band at 25 500 cm™ consistent with proton transfer between ammonia as a stronger base and
the hexamethylbenzenium cation forming the ammonium ion and neutral HMB “.

The negligible intensity of the internal silanol groups, the low signal of the OH groups
bound to extra-framework and/or perturbed framework Al atoms and very high intensity of
the structural bridging OH groups observed in the *H MAS NMR and FTIR spectra of Al-rich
H-"BEA are consistent with non-defective crystalline structure with a high concentration of
non-interacting (isolated) acid sites associated with tetrahedrally coordinated Al atoms in the
zeolite framework. In Al-rich "BEA zeolites (Si/Al 4-5), the Al atoms are predominantly

present in the Al-Si-Al sequences® 82 % 114

with the concentrations of Al-Si-Al ranging from
40% to 100% of the total Al depending on their arrangement in rings or as long sequences %.
It follows that the majority of the H" ions in the H- BEA/A/4.2 sample compensate the
negative charge resulting from substitution of the framework Si(1V) by Al(l11) in the Al-Si-Al
sequences; however, the respective OH groups are reflected in the *H MAS NMR and FTIR
spectra as non-interacting OH groups. Our previous %’Al and *Si (CP) MAS NMR studies
supplemented by FTIR of adsorbed ds-acetonitrile and UV-Vis spectroscopy of Co(ll) ions as
probes of close Al atoms and further supported by DFT molecular dynamic calculations of the
Co(ll) sites in the ‘BEA zeolites revealed that these Al-Si-Al sequences in Al-rich 'BEA
zeolites are mostly located in the zeolite wall separating two channels and the Al atoms of the

sequence thus face two channels (see Figure 31 and Ref. #

). The negative charge of the
framework originating from these sequences is balanced by two H* ions located in different
channels. Therefore the high concentration of Al atoms in the framework of Al-rich beta
zeolites does not result in increased formation of interacting OH groups but the Al-Si-Al
sequences forming the zeolite beta wall provide H™ sites like in a Si-rich zeolite but in
significantly increased concentrations. The calculated deprotonation energies used as a
measure of the acid strengths of the Bronsted sites corresponding to AISiAl and AlSiSiAl
sequences in Al- and Si-rich "BEA, respectively, reported in the previous study,® were in the
range of differences in the deprotonation energy values among the protons associated with
AIOHSi groups at individual T sites in the framework of "BEA zeolites. This is consistent
with the small observed shift in the maxima of the band of bridging hydroxyl groups in the
'H MAS NMR and FTIR spectra, and the similar protonating ability of HMB molecules. The

pair of Al- and Si-rich H-"BEA zeolites thus represents unique material that allows
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elucidation of the effect of the close vicinity of non-interacting acidic protons on activation of
a hydrocarbon molecule in acid-catalyzed reactions over zeolite catalysts, moreover, in the
three-dimensional channel system with 12-MR openings providing easy intra-crystalline

diffusion of reactants and products.
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Figure 31.  Schematic representations of the main Al-O-(SiO),-Al sequences in A) Al-rich and B) Si-rich H-
“BEA zeolites. H' compensates the charge mainly from Al-O-Si-O-Al sequences in Al-rich H-"BEA whereas

the closest Al atoms form an Al-O-(SiO),-Al sequence in Si-rich H-'BEA. The Al-O-Si-O-Al sequences

cross the zeolite wall and the corresponding H* are located in two different channels in Al-rich H-"BEA.

Oxygens in red.

4.3.1.2 Effect of density of acid sites Al-rich zeolite on hydroisomerization of n-hexane

Figure 32 depicts the yields of branched hexanes and low molecular products as a function of
temperature and Arrhenius plots for hydroisomerization of n-hexane over Al- and Si-rich
Pt/H-"BEA zeolites. The high concentration of close strongly acidic sites in Al-rich ‘BEA led
to a greatly improved yield of branched isomers with very low yield of undesired C;-Cy4
products compared Si-rich "BEA zeolites over the entire temperature range from 150 to
225 °C. The high density of Brensted sites facilitated dramatically increased conversion of n-
hexane to iso-hexane from 5.9 to 35.5% practically without formation of side-products (0.2%
yield of C;-C4) at 175 °C (Table 10). More than twice higher TOF calculated per total
concentration of Al for Al-rich "BEA clearly shows the substantially higher specific activity
of the active sites. The remarkable improvement in the catalytic performance is reflected in
the lower apparent activation energy of 104.2 vs. 118.9 kJ.mol™ obtained from the Arrhenius

plots for Al- and Si-rich "BEA, respectively, in accordance with the higher specific activity of
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the active sites. The six-fold higher reaction rate, higher TOF and the lower apparent
activation energy by ca. 15 kJ.mol™ for Al-rich "BEA zeolite clearly indicate a synergistic

effect of the high concentration and close proximity of the OH groups .
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Figure 32. Hydroisomerization of n-hexane over Al-rich "BEA (PtH-"BEA/A/4.2) compared with Si-rich "BEA
zeolite (PtH-"BEA/B/11). A) Effect of temperature on the yields of branched Cg isomers and C;-Cs by-
products and B) Arrhenius plot. Reaction conditions: WHSV 0.25 h™*, molar ratio H,/n-Cg 79,

atmospheric pressure.

4.3.2 Implication of enhanced activity of Al-rich zeolites in hydroisomerization

of n-hexane

It is well established that mordenite zeolites with strongly acidic bridging Si-OH-Al sites are
the most active and selective among all the types of investigated zeolitic hydroisomerization
catalysts #2278 115 However, considerably lower activity of mordenite zeolites compared
to chlorinated alumina necessitates isomerization at higher temperatures leading to
unfavorable thermodynamic equilibrium for branched isomers. An essential solution of the
problem lies in significant enhancement of the isomerization activity that enables reaching
high conversions at lower temperatures in a favorable area of the thermodynamic equilibrium.
The remarkable increase in the yield of branched isomers and an increase in the selectivity for
the desired products limiting cracking reactions over Al-rich Pt/H-"BEA enables a shift of the
operation window to lower temperatures. To analyze the potential of the Al-rich "BEA zeolite
as an environmentally sustainable low/medium temperature hydroisomerization catalyst, the

activity, selectivity and durability of Al-rich Pt/H-"BEA were compared with state-of-the-art
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microporous and micro-mesoporous mordenite zeolites under model reaction conditions and
also the relevant conditions of the hydroisomerization process, i.e. at elevated pressure and at
high concentrations of n-hexane in the reaction stream. The yields of branched hexane
isomers and C;-Cs by-products as a function of temperature at low pressures of n-hexane
compared for Al-rich Pt/H-"BEA/A/4.2 and microporous and micro-mesoporous Pt/H-
mordenite zeolites are shown in Figure 33. The distribution of the formed mono-branched
isomers (2-methylpentane and 3-methylpentane) and di-branched isomers (2,2-
dimethylbutane and 2,3-dimethyl butane) is listed in Table 10. The yield of branched isomers
was approximately 7 times higher (at 175 °C) over Al-rich *BEA than over MOR, while the
yield of C;-Cs by-products was comparable or lower to that over mordenite catalysts. The

performance of the mordenite catalysts was comparable to Si-rich "BEA catalysts.
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Figure 33. Comparison of Al-rich "BEA (PtH-"BEA/A/4.2) with microporous PtH-MOR/A/12 and partially
dealuminated micro-mesoporous PtH- deAl-mm-MOR/A/9.5 zeolites in hydroisomerization of n-hexane.
Effect of temperature on the yields of branched Cg isomers and C,-Cs by-products. Reaction conditions:
WHSV 0.25 h*, molar ratio H,/n-Cs 79, atmospheric pressure.

Table 12. The yields of branched hexane isomers and lower molecular weight by-products for

hydroisomerization of n-hexane analyzed under process-like conditions.

PtH-*BEA/A/4.2  PtH-*BEA/B/11 PtH-MOR/A/12 PtH-deAl-mm-MOR/A/9.5

200°C  215°C 200°C 215°C  200°C  215°C 200 °C 215°C
Vsiso-co (%) 51.1 768 121 318 10.1 25.4 105 28.1
Yamprawe (%) 44.8 621 119  29.1 8.8 21.8 9.5 24.5
Ya.20m8 (%) 15 67 008 15 0.32 1 0.95 0.95
Ya.3oms (%) 48 8 0.2 12 0.93 2.6 0.86 2.67
Yoyprodueiscca (%) 0.11 20 107 267 0.58 13 0.65 17

Reaction conditions: WHSV 0.7 h™%, molar ratio H,/n-Cs 6, pressure 10 bar.
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The performance characteristics of Al-rich Pt/H- BEA compared to Si-rich Pt/H-"BEA and
MOR zeolites under elevated pressure and at high concentration of hexane in the hydrogen
stream relevant to the catalytic processes are listed in Table 12.

A threefold increase in the concentration of the active sites and the synergetic effect clearly
resulted in the desired increase in activity and selectivity. The Al-rich Pt/H-"BEA/A/4.2 gives
an isomer yield of 51.1% at a temperature of 200 °C, whereas the Si-rich Pt/H-zeolites lead to
isomers yields from 10.1 to 12.1% at the same temperature. Stable values of the yields of
isomers ~77% and by-products ~1.2% as a function of time-on-stream were obtained at
215 °C for 72 h that indicates stability of the Al-rich Pt/H-"BEA (Figure 34). It is clear that
the unique density and distribution of the strongly acidic sites are ultimately connected with
catalytic performance highly exceeding that of state-of-the-art Si-rich zeolite catalysts. There
is no evidence in the scientific literature that the strength of the acidity of the Al-rich H- BEA
zeolite is significantly weakened due to its high aluminum content, at least with respect to
acid-catalysed transformations of hydrocarbons. On the contrary, acid-catalysed reactions

81, 116
Hl

requiring strongly acidic centers like alkylation and hydroamination of aromatics and

cracking and hydrocracking of aromatics and alkanes * % **
Al-rich H-"BEA exceeding significantly the Si-rich H-"BEA zeolites. Thus, the Al-rich H-

"BEA provides the unique concentration of strongly acidic sites in the three-dimensional

are substantially improved over

channel system with 12-MR openings. Such density of the acid sites is not available in
zeolites with the three-dimensional channel system with 10-MR openings, e.g. ZSM-5
structural topology, due to the absence of a synthesis procedure for the preparation of zeolite
with molar Si/Al ratio <10. Al-rich H-'BEA is also advantageous to USY zeolites, wherein
the protonic sites are mutually affected due to the presence of Al-Si-Al sequences in the
framework and exhibit much lower acid strengths **’. The three-dimensional channel system
with 12-MR openings of Al-rich H-'BEA is also a significant advantage over traditional
mordenite based isomerization catalysts where the pseudo-monodimensional channel
structure and the restricted accessibility of acid sites located in 8-MR channels limit the

efficiency of the catalytic process by mass transfer effects *°.
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Figure 34.  Dependence of the yield of branched hexane isomers and C;-C, by-products on time-on-stream in
hydroisomerization of n-hexane over Al-rich ‘BEA (PtH-"BEA/A/4.2). Reaction conditions:
Temperature 215 °C, WHSV 0.7 h™*, molar ratio H,/n-Cs 6, pressure 10 bar.

The reduced apparent activation energy and increased TOF for Al-rich H- BEA zeolite
indicate only a partial contribution of the increased concentration of protonic sites to the
overall enhancement of the catalytic properties and therefore another factor associated with
the close proximity of the active sites plays an important role. Conversely, there are no
spectroscopic signatures of significantly different acidic characteristics in the Al-rich beta
zeolite. Because the enhancement of the strength of the acid groups has not been observed,
the increase in specific activity of close non-interacting OH groups must be accompanied with
another specific synergistic effect. Effects of the proximity of Bronsted and Lewis sites 2,
the arrangement of acid centers influencing the entropy of the system or an interaction of one
molecule with two close centers could possibly affect the overall catalytic process. However,
we can not rule out that the overall increase in specific activity is given by contributions from
others synergistic effects. The analysis of effects of the proximity of acid sites on reaction
mechanism of skeletal isomerization of alkanes needs to be accessed in further studies to

obtain full comprehending the consequences of the specific structure.
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4.4 Effect of shape selectivity in hierarchical zeolites

This study was performed to analyse the shape selectivity of zeolites with well-developed
mesoporous surface in hydroisomerization of n-hexane as a representative acid-catalysed
transformation of hydrocarbons. The objective of this study was not a detailed analysis of the
specific activity and structure of the active acid sites on a molecular level in micromesoporous
zeolites, or an analysis and understanding of mechanism and entropy and enthalpy changes
during a catalytic reaction, but rather to evaluate the effect of a micromesoporous structure
obtained by common methods on the shape selectivity. The initial intuition was that the shape
selectivity of zeolites, depending on how reactant/transient state/product fit the spatially
defined local reaction environments, will be altered by the non-shape-selective reactions on
the surface of mesopores with an open reaction environment lacking the molecular
confinement. However, a careful analysis of the relationships between the variation in the
microporous/mesoporous zeolitic structures and the distribution of the individual reaction
products has taught us that the shape selectivity of zeolites is predominantly controlled by
acid sites in the microporous channels with steric constraints and tight confines of reactant

molecules regardless of the presence of a well-developed secondary mesoporous structure.

4.4.1 Structure of microporous and mesoporous zeolites

Table 13 lists the microporous and micromesoporous zeolites of ZSM-5 and MOR structures
and microporous *BEA and USY (faujasite) zeolites prepared for analysis of the effect of the
secondary mesoporous structure on the shape selectivity. Microporous parent zeolites of -
ZSM-5, MOR and "BEA structures of a similar Si/Al ratio ~15, denoted as ZSM-5/A/15,
MOR/A/12 and *BEA/B/11, respectively, supplemented by zeolites *BEA/A/4.2 (Si/Al 4.2)
and USY/6 (Si/Al = 6) were used to reflect the effects of zeolite structure on the catalytic
properties enabling comparison of the shape selectivity for various dimensions of the channel
systems and differing in the secondary mesoporosity. Three ZSM-5 zeolites (ZSM-5/B/25,
ZSM-5/C/25, and ZSM-5/D/22.5) with a similar molar Si/Al ratio of about 23 but largely
differing in the crystal size from 50 to 5000 nm (Table 1 and Table 13) were used to analyse
the possible effects of textural parameters on the structure of prepared micromesoporous

analogues and to analyse the effect of the external surface of microporous zeolites.
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Table 13. Characteristics of the microporous ZSM-5, MOR, "BEA and USY and micromesoporous ZSM-5
and MOR zeolites.

Crystal size Viot

- a b b VMI d VMESO ¢ SE)(T d
Sample Si/AIF Cg C. (P/P,~0.8)

(nm) (cm®. g% (m” g

ZSM-5/A/15 15 042 025 30-150 022 016 0.06 46
mm-ZSM-5/A-F/10.2 102 019 0.32  30-150 032 010 022 182
mm-ZSM-5/A-F/6.9 6.9 013 044 30-150 031 009 022 194
ZSM-5/B/25 25 046 0.10  50-200 021 015 0.06 45
mm-ZSM-5/B-F/15.9 159 030 0.35 50-150 028 014 0.14 121
mm-ZSM-5/B-F/12.9 129 024 027  20-150 029 016 0.3 107
ZSM-5/C/25 25 036 009 200-600 021 017 0.04 30
mm-ZSM-5/C-F/15.1 151 032 037  50-300 030 014 016 143
ZSM-5/D/22.5 22.5 2500x5000 0.14 013 001 9
mm-ZSM-5/D-F/13.4 134 027 014 2500-5000 023 012 0.11 94
MOR/A/12 121 106 012  50-500 024 019 005 42
mm-deAl-MOR/A/9.5 95 055 020  50-500 025 013 012 114
deAl-mm-deAl-MOR/A/13.5 135 043 045  50-500 026 019 0.09 88
*BEA/A/4.2 42 1.8 022  100-800 - 0.24 - 12
*BEA/B/11 113 063 0.32  20-140 - 0.19 - 66
UsY/6 6 - - 300-1000 - 0.33 - 51

& from chemical analysis
® concentrations of acid Bronsted and Lewis sites, respectively, from FTIR spectra of adsorbed d3-acetonitrile
® from SEM micrographs; ¢ estimated from BdB t-plot method; ¢ Vmeso = Vtotal - Vmicro

The secondary mesoporosity was introduced into the ZSM-5 (Table 3 and Table 13) and

mordenite zeolites (Table 2 and Table 13) by desilication and dealumination methods using

41, 4 41, 4
d 448 d 4148

post-synthesis alkaline, alkaline-aci , acid-alkaline-aci , and fluorination-alkaline **
leaching to obtain zeolites with a wide range of mesoporous volume and various mesopore
sizes 2.

Figure 35 shows the results of standard characterization methods including X-ray powder
diffraction (Figure 35C), N, adsorption at the temperature of liquid nitrogen (Figure 35B),
SEM and HR-TEM (Figure 35A), and FTIR measurements (Figure 35D, E, F) for
representative  comparison  microporous parent ZSM-5/D/22.5 zeolite and its
micromesoporous analogue mm-ZSM-5/D-F/13.4 zeolite. Details of the structural analysis for
others materials are shown in Figure 36, Figure 37, Figure 38, Figure 39, Figure 41 and
summarized in Table 13. The intensities and patterns of the X-ray diffraction lines for all the
microporous and mesoporous zeolites are characteristic of the well-developed crystalline
structure irrespective of the zeolite topology (Figure 35C and Figure 36A) without the

presence of amorphous or impurity phases.

74



A) B) % <)
160 ]
& e
k5 1401 D’”Hii"./
:c_a 1201 . ____D/ ..... D R
£ 100 // D,f 2
\E i - wooaaaREee” g
o 80 '( £
Seopt 2
? TER ot T A
2 1t 3R 5 10 15 20 25 30 35 40
! o 2 Theta (degree)
204 = S
1 2 5 § 11 14 17 20
o Pore width (nm)
00 0.2 04 06 08 1.0
PIP,
D) E) F)
DTBPYH"
3610 1616 Bronsted OH on ext. surface Lewi
) > : > ewis
2| 374 d = =
@ e v/ 2 2 2325, Bronsted OH
c f
gl "1 2 £ 2298
= 1 £ £
; DTBPy 3369
3800 3700 3600 3500 3400 3300 1570 1630 2700 3000 3300 2350 2300 2250

1 . Wavenumber (cm™)
Wavenumber (cm™) Wavenumber (cm™)

Figure 35. Structural analysis of ZSM-5/D/22.5 and mm-ZSM-5/D-F/13.4 showing characteristic features
of microporous and micromesoporous zeolites, respectively. The structural analysis for other zeolites
used in the study is shown in the supplementary materials and summarized in table 1. A) SEM and
TEM images, B) N,-adsorption isotherms at 77 K, C) X-ray powder diffraction (XRD) patterns and D)
FTIR spectra in the region of OH stretching vibrations and of adsorbed E) 2,6-ditertbutylpyridine and
F) ds-acetonitrile.

Introduction of secondary mesoporosity was manifested in slightly broader reflections due
to a decrease in the size of the crystalline domains. Comparison of the SEM and HR-TEM
images of zeolites before and after the post-synthesis treatments clearly shows the formation
of mesopores and the lattice fringes confirm the preservation of the crystalline structure
(Figure 35A, Figure 37, Figure 38). The adsorption isotherms of N, on the parent zeolites
exhibit sorption at low relative pressures and similar adsorption/desorption branches without
hysteresis loops, characteristic of microporous structure without a significant volume in

intracrystalline mesopores (Figure 35B and Figure 39).
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Figure 36. XRD patterns of microporous and micromesoporous zeolites. A) Series of microporous ZSM-5
and their micro-mesoporous analogues, B) microporous BEA and USY zeolites, and C) series of

microporous MOR and its micro-mesoporous analogues.
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Figure 37. SEM of parent microporous zeolites: A) ZSM-5/A15, B) ZSM-5/B25, C) ZSM-5/C25,
D) ZSM-5/D22.5, E) MOR/A/12, F) *BEA/A/4.2, G) *BEA/B/11, and H) USY/6.
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The microporous volumes and the calculated specific areas of the external surface of the
parent zeolites correspond to well-developed crystalline structures and the size of zeolite
crystals, respectively (Table 13). The adsorption isotherms of all the zeolites prepared by

d 8 d 46, and fluorination—alkaline **

post-synthesis alkaline—aci , acid—alkaline—aci
treatments (Figure 35B and Figure 39) show the adsorptions from very low to higher relative
pressures with typical hysteresis loops characteristic of the micromesoporous structure. The
mesoporosity is characterized by cavities from about 3 to 20 nm in size and mesoporous
volumes from 0.09 to 0.22 cm®.g*, depending on the structure of the parent zeolite and the
conditions employed in the post-synthesis treatments (Table 13). The prepared
micromesoporous ZSM-5 (Table 3) exhibits a wide range of mesoporous volumes from 0.11
to 0.22 cm>.g™ with a relatively narrow mesopore size distribution of about 3-4 nm for mm-
ZSM-5/B-F/12.9 and a broad mesoporous size distribution from 3 to 20 nm for the mm-ZSM-
5/A-F/10.2 and mm-ZSM-5/C-F/15.1 samples. mm-deAl-MOR/A/9.5 prepared by alkaline-
acid treatment is characterised by mesopores with typical sizes in the range 6 — 10 nm and
mesoporous volume of 0.12 cm®.g™. The acid-alkaline-acid treatment (Figure 4, series Il)
resulted in a mesoporous volume of 0.09 cm®.g™ and smaller mesopores about 4 — 6 nm in
size. The sequential alkaline-acid leaching treatments of mordenites (Figure 4, serie 1) was
shown to be important for the formation of micromesoporous mordenite zeolites with active
acid sites in an environment of unrestricted microporous channels, as shown in our previous
studies **.

Comparison of the FTIR spectra of dehydrated microporous and mesoporous zeolites in
the region of OH stretching vibrations (Figure 35D and Figure 41A, C, E) and of adsorbed ds-
acetonitrile and 2,6-ditertbutylpyridine (DTBPy) (Figure 35E and Figure 40) showed spectral

features typical for changes in the structure caused by desilication and mild dealumination **.
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Figure 38. TEM of microporous and micromesoporous zeolites: A) ZSM-5/A15, B) mm-ZSM-5/A-
F/10.2, C) mm-ZSM-5/A-F/6.9, D) ZSM-5/C/25, E) mm-ZSM-5/C-F/15.1, F) mm-ZSM-5/C/ G)
MOR/A/12, H) mm-deAl-MOR/A/9.5, 1) deAl- mm-deAl-MOR/A/13.5 J) BEA/A/4.2, K) BEA/B/11,
and L) USY/6.
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Figure 39. Nitrogen adsorption (solid symbols) and desorption (open symbols) at 77 K and pore size
distribution on microporous and micro-mesoporous zeolites prepared by fluorination and sequential
alkaline and acid treatments for A) Series of ZSM-5/A, B) Series of ZSM-5/B, C) Series of ZSM-5/C,
and D) Series of MOR.
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The spectra of both micromesoporous ZSM-5 and MOR zeolites exhibit: 1) an increase in
the intensity of the internal and external silanol groups reflected in the bands at 3727 and
3745 cm™ (Figure 41A, C, E), respectively, typical of the extension of the external surface

i) the formation of additional spectral

area and the formation of internal defects
components of low intensity at 3650-3670 cm™ associated with OH groups bound to extra-
framework and/or perturbed framework Al atoms (Figure 41A, C, E) , and iii) a decrease in
the intensity of the OH stretching vibrations at 3610 cm™ (Figure 41A, C, E) indicating a
decrease in the content of non-interacting Bronsted acid groups. Analysis of the absorption
bands in the stretching mode of v(C=N) for adsorbed ds-acetonitrile (Figure 41B, D, F)
showed a decrease in the intensity at 2298 cm™ of the ds-acetonitrile adsorbed on the
Bronsted acid sites " to about half and an increase in the intensity of the bands at 2235 cm™
due to the interaction of ds-acetonitrile with the Lewis sites ', indicating an increase in the
ratio of Lewis/Brensted sites. The spectra of adsorbed DTBPy on micromesoporous ZSM-
zeolites (Figure 35E and Figure 40) showed an increase in the intensity of the bands at 1615
and 3368 cm™ due to the N-H vibration and the ring vibration of DTBPyH", respectively,
interacting with the acid sites on the external surface and in the pore mouth region of the
ZSM-5 zeolites 11912,

The structural analysis (Table 13) showed that the alkaline leaching of fluorinated ZSM-5
zeolites and the alkaline-acid and acid-alkaline-acid alkaline post-synthesis treatments of the
mordenite zeolite enabled controlled extraction of both Al and Si atoms and formation of a
well-developed mesoporous structure providing series of micromesoporous zeolites with

various degrees of secondary mesoporosity and contents of acid sites **.

150 °C —— mm-ZSM-5/B-F/15.9 150 °C —— mm-ZSM-5/C-F/15.1
—_7SM- —— ZSM-5/C/25 1615
ZSM-5/B/25 1615
DTBPy H' DTBPy H*
3370 ; 3370

Intensity a.u

s

Intensity a.u.

MW

4000 3500 3000 2500 2000 1500 4000 3500 3000 2500 2000 1500
Wavenumber (cm™) Wavenumber (cm™)

Figure 40. FTIR spectra of microporous and micro-mesoporous ZSM-5 before and after adsorption
of DTBPy.
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4.4.2 Hydroisomerization of n-hexane

4.4.2.1 Effect of reactant confinement in microporous and micromesoporous zeolites

Figure 42A compares the reaction rates in the hydroisomerization over Pt/H-ZSM-5 and Pt/H-
"BEA zeolites whose microporous structures consist of intersecting three-dimensional (3D)
channels with 10-ring openings (approx. 0.51 nm x 0.55 nm and 0.53 nm x 0.56 nm) and 12-
ring openings (approx. 0.66 nm x 0.67 nm and 0.56 nm x 0.58 nm), for ZSM-5 and "BEA,
respectively. As the both zeolites exhibit similar framework compositions (Si/Al ~ 15) and
corresponding concentrations of Brensted acid sites, they differ mainly in the size of the pore
openings and the internal reaction space in the vicinity of the acidic centres given by the
channel dimensions. To enable the evaluation of the effect of reactant confinement on the
reaction rate of n-hexane to 2-methyl- and 3-methylpentanes, the kinetics were determined at
conversions well below 10%, where the formation of di-branched hexane isomers and lower
molecular weight by-products was negligible for both zeolites. The reaction rates of
conversion of n-hexane to 2-methyl- and 3-methylpentanes and turn-over-frequency values
per Brensted acid sites for ZSM-5 zeolite are significantly higher than those over "BEA
zeolite. The Arrhenius plots of the logarithm of the reaction rate yield linear dependences and
apparent activation energies of 117 and 160 kJ.mol™ for ZSM-5 and "BEA (Figure 42A),
respectively, reflecting the higher specific activity of ZSM-5 zeolite. It has been well
described in the literature that the spatially defined local reaction environments in the zeolite
channel control the confinement of a reactant molecule, the corresponding adsorption
enthalpy and the entropy of the system, influencing the formation and stabilization of
transition states %2, Chiang et al. 2° showed that the variation in reactant confinement in the
individual pore structures in the tight 8-ring channels in comparison with that in the 12-ring
channels significantly alters the activity in hydroisomerization of n-hexane, yielding a much

123 showed

higher reaction rate in the tight 8-ring channels. Consistently, Gounder and Iglesia
that the turnover rates increase and the apparent activation energies decrease with an increase
in the enthalpies of adsorption, due to tighter confinement in 8-ring compared to 10-ring and
12-ring channels also in monomolecular cracking and dehydrogenation of linear alkanes. In
accordance with these reports, the apparent activation energy decreased for the ZSM-5
compared to the 'BEA catalyst by the difference in the adsorption enthalpies of n-hexane

(~ 40 kJ.mol™) *2* in the 10-ring vs. 12-ring channels (Figure 42A).
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Figure 42. The Arrhenius plots for hydroisomerization of n-hexane over Pt/H zeolites. A) The effect of
the channel structure on the activity of zeolites (3D 10-ring vs. 3D 12-ring for ZSM-5 and "BEA,
respectively) with comparable Si/Al. B) Negligible effect of the presence of secondary mesoporosity in

ZSM-5 zeolites on the apparent activation energy.

Figure 42B shows the Arrhenius plots for hydroisomerization of n-hexane over the
microporous Pt/H-ZSM-5/A zeolite and its micromesoporous analogues. The reaction rates
were calculated for low conversions of n-hexane and high selectivity for 2-methyl- and 3-
methylpentanes (>99%), low selectivity for di-branched hexane isomers (<0.5%), and
negligible selectivity for lower molecular weight by-products (<0.1%). The apparent
activation energies obtained from the Arrhenius plots for both microporous and
micromesoporous ZSM-5 zeolites are close to 120 kJ.mol™, in agreement with those reported
in the literature for microporous ZSM-5 *2°. This shows a negligible effect of the presence of
the secondary mesoporosity in ZSM-5 zeolites on the apparent activation energy. The lower
concentration of the Brensted acidic sites in mm-ZSM-5/A-F/10.2 and mm-ZSM-5/A-F/6.9
compared to ZSM-5/A/15 (Table 13) is reflected in the smaller intercepts in the Arrhenius
plots.

4.4.2.2 Effect of channel structure and presence of mesoporosity in zeolites on the shape
selectivity

The vyields of di-branched hexane isomers depending on the total yield of all the branched
isomers on microporous ZSM-5, "BEA and faujasite are shown in Figure 44A. The series of

microporous ZSM-5 zeolites (Table 3) are highly selective in the formation of the mono-
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branched isomers (Vi-branched ce6 < 1.5%) because the molecular dimensions of 2,2- and 2,3-
dimethylbutanes slightly exceed the internal voids of the 10-ring channel system, imposing a

strong product shape selectivity effect (Figure 43).

Restriction of the formation of dibranched isomers in 10-ring channels in ZSM-5

43A 50A 56A 58A 6.2A )‘\/ /L]/

Figure 43. lllustration of the size-shape-selectivity of zeolitic channels in the skeletal isomerization of n-
hexane. A) The size of the 10-ring channel openings (~5.5 A x ~5.5 A) limits the formation and diffusion

of 2,2-dimethybutane and 2,3-dimethylbutane molecules with Kinetic diameters of 5.8 A and 6.2 A,
respectively. B) The size of the 12-ring channel openings allows the formation and fast diffusion of all the

hexane isomers.

The formation of branched hexanes is reduced in the 10-ring channels approximately
according to their diffusion coefficients, where adding each methyl branch lowers the
diffusion 1-2 orders of magnitude relative to the linear alkane '?°. Poursaeidesfahani et al. **’
recently showed by a combining simulations and experiments that mono-branched alkanes are
selectively formed over ZSM-5 due to product shape selectivity and transition state shape
selectivity does not participate in the catalytic process. The high yields of di-branched isomers
over ‘BEA and faujasite (Figure 44A) show that a small increase in the size of channels from
10-ring to 12-ring openings mitigates the shape selectivity effects and the mono- and di-
branched isomers can be formed. The yield of di-branched isomers is about ten times higher
for "BEA and faujasite than for ZSM-5 and increases with the total yield, as it is consecutive
to the formation of monobranched isomers (Supplement 1). The results indicate that
hydroisomerization is a reaction which is very sensitive to changes in the spatial arrangement
of the local reaction space and accurately detects the degree of the shape selectivity of

zeolites *°.
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Figure 44. The effect of the size-shape-selectivity on the yield of di-branched isomers in hydroisomerization of
n-hexane over A) microporous and B) micromesoporous Pt/H-zeolites. A) Zeolites with 12-ring channels
(*BEA, USY) yield significantly more di-branched isomers compared to the 10-ring channel zeolite (ZSM-
5). B) The same trend in the yield of di-branched isomers for a series of microporous and micro-
mesoporous zeolites (Pt/H-ZSM-5 and Pt/H-MOR) shows the absence of the effect of the secondary

mesoporosity on the shape-selectivity.

Figure 44B shows the yields of di-branched hexane isomers depending on the total yield
of all the branched isomers for the series of microporous and micromesoporous ZSM-5 and
MOR zeolites. It is obvious that the distribution of isomers is completely unaffected by the
presence or absence of the secondary mesoporous structure. The reaction of
hydroisomerization of n-hexane over both microporous and micromesoporous ZSM-5 is
highly selective in the mono-branched isomers. The shape selectivity of all the
micromesoporous ZSM-5 samples is thus fully preserved without the formation of an
increased amount of the di-branched hexanes at the expense of mono-branched hexanes
(Figure 45A). Comparison of the obtained yields of di-branched hexanes for microporous and
micromesoporous mordenites (Figure 44B) also does not exhibit any clear differences. Thus
the transformation of n-hexane into the mono- and di-branched isomers depends on how the
hydrocarbon molecules fit the zeolitic channel in the microporous part of the
micromesoporous structure irrespective of the presence of a large surface area of the
mesopores, in principal forming an extension of the external surface of the zeolitic crystal. To
rule out the explanation that the acidic centres on the mesoporous surface differ from the acid
centres on a regular external surface of microporous zeolites due to the preparation process,

we also analysed the hydroisomerization of n-hexane over a series of microporous ZSM-5
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(Figure 45B) fundamentally differing in crystal size (from 50 nm to 5 000 nm), yielding very
different external surface areas (Table 13). The identical yields of the mono- and di-branched
isomers obtained on all the catalysts clearly show that the acid sites on the external surface do
not contribute to the overall isomerization reaction. The formation of individual isomers is
thus exclusively controlled by the reactions in the shape-selective environment in the inert
voids of the microporous channels *.
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Figure 45. Demonstration of the absence of the effect of the external surface on the formation of di-branched
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hexane isomers in the hydroisomerization of n-hexane over Pt/H-ZSM-5 zeolites. Yield of di-branched
isomers for A) micromesoporous ZSM-5 zeolites with various degrees of secondary mesoporosity
compared to the total yield of all isomers (Viso-diisonexane) ~ 65% and B) microporous ZSM-5 zeolites

largely differing in their crystal sizes at Yiso+dgiisohexane ~50 and ~65 %.

The presence of acid sites on the external surface is believed to significantly affect the
shape selectivity of ZSM-5 zeolites mainly in the isomerization of o-xylene ?%; however,
recent studies indicate that control of the pore-opening size of ZSM-5 zeolites by their post-
synthesis modifications is the decisive factor for the shape selectivity in the acid-catalysed
transformation of hydrocarbons, as shown for the selective formation of p-xylene by
disproportionation of toluene **° or Diels—Alder reaction of furan and olefins **°.

The acid strength of Brensted sites in zeolites is significantly weaker compared to

131-132

superacids and concurrent interaction of the reactant molecule with the acid site and the

confinement in the channels of zeolites is necessary for the occurrence of catalytic reactions

requiring strongly acidic sites on an open reaction surface %

. In general, the apparent
activation energies decrease monotonously and the reaction rates increase exponentially with
an increase in the adsorption enthalpy associated with lateral interactions of an alkane
molecule in a zeolite channel **7%’. The contributions of the interaction of n-Cs molecules

with Broensted acid sites is ~ 10 kJ.mol™ while the van der Waals interactions between n-Cg
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molecules and the inert walls in 10-ring and 12-ring channels are ~72 and ~48 kJ.mol™,
respectively ***. Based on comparison of these contributions, it is obvious that the interaction
of the hydrocarbon molecule in the confined reaction space with the inner walls of the zeolite
channels is an important factor controlling the apparent activation energy of isomerization and
the corresponding reaction rate, while the presence of strongly acidic active sites is a
necessary condition for the occurrence of the reaction. The reactant confinement and the
strong van der Waals interactions in the interior of the zeolitic channels enable acid-catalysed
reactions with rates exceeding by several orders of magnitude the reaction rates over acid sites
located on the open space of amorphous aluminosilicates ***. The concurrent interaction of the
reactant molecule with the acid sites and the lateral interaction with the walls of the zeolite
channels are thus responsible for the isomerization reaction. This is in agreement with the
experimental results obtained for "‘BEA, showing that the less confined acid sites in 12-ring
yield a reaction characterized by higher apparent activation energy and lower specific activity,
as has also been reported for a variety of zeolitic structures differing in the channel
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dimensions **. In contrast to superacids, where the reaction rate of n-hexane skeletal

isomerization is predominantly controlled by the acid strength of the acid sites located in

unconfined space **

, the dominant factors controlling the reaction over the microporous as
well as micromesoporous zeolites are determined by guest—host van der Waals interactions.
As the highest activity is obtained with ZSM-5, which has smaller pores than "BEA (see
Figure 43), we rule out that differences are caused by entropy changes. Simplified energy
diagrams for the acid-catalysed reaction steps of the isomerization of n-hexane over
micromesoporous zeolites and the functionality of the Breonsted acid sites in different
environments are illustrated in Figure 46. The preserved shape selectivity of the
micromesoporous zeolites, at least for the reaction studied, clearly show that the advantages
of the large surface of mesopores like higher reaction rates for diffusion-limited reactions *,
slower deactivation caused by blocking of the channel openings 2°, and shorter residence time
in channels improving the selectivity in subsequent reactions " can be fully exploited without
loss of the shape selectivity. These advantages of hierarchical zeolites have already been
demonstrated for a variety of relevant reactions where the shape selectivity effects are

essential *°.
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Figure 46. Illustration of the effect of confinement of the hydrocarbon molecule in the zeolite channels on
the hydroisomerization of n-hexane over micro-mesoporous zeolites. A) The interaction of a Cg
molecule in the confined reaction space of the zeolite channels is the controlling factor decreasing the
apparent activation energy. B) The reaction rate over Brensted acid sites located in the 10-ring is
increased compared to the 12-ring channels and the isomerization is negligible in the open reaction

environment on the mesopores and exterior of the zeolite crystals.

4.5 Effect of Pt on hydroisomerization of n-hexane

The mechanism of the hydroisomerization of n-hexane over Pt/H-zeolites (Figure 1) consists
of dehydrogenation of n-hexane to n-hexene on metallic platinum, skeletal isomerization of
the formed n-hexene into iso-hexene via a cyclopropyl intermediate on a Brensted acid site

and re-hydrogenation of the iso-hexene to iso-hexane 7.

The dehydrogenation and
hydrogenation reactions are performed in the presence of a sufficient amount of well-
dispersed metallic platinum in thermodynamic equilibrium and the acid-catalysed reaction
steps control the isomerization > " **°. We showed in our studies on hydroisomerization of n-
hexane over microporous Pt/*BEA and Pt/H-USY “¢ and micromesoporous Pt/H-MOR ** “¢
and Pt/H-ZSM-5 ** zeolites that the dehydrogenation-hydrogenation reactions at a metal
loading ~ 1.5 wt. % Pt under the employed reaction conditions (high H,/n-hexane ratio) do

I. %40 and

not limit the overall alkane hydroisomerization. This is consistent with Ribeiro et a
Van de Runstraat **, who demonstrated that the hydrogenation-dehydrogenation reactions are
much faster than the skeletal isomerization on acid centres over a variety of Pt/H-zeolites

metal loading of ~ 1.5 wt. % Pt. Platinum was introduced into all the zeolitic samples (Table 2
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and Table 3) by a standard procedure and its dispersion and the metallic form were confirmed
using HR-TEM and a CO sorption followed by FTIR spectroscopy (Figure 47).

CO adsorption
0.02

2075

mm-ZSM-5/A-F/6.9
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Figure 47. FTIR spectra of CO adsorbed on the microporous and micromesoporous Pt/H-ZSM-5 and

Pt/H-MOR zeolites reduced by hydrogen at 250 °C.

The FTIR spectra of CO sorption on reduced Pt/H-zeolites monitored at RT exhibited a
characteristic band for the stretching mode of linearly adsorbed CO on the reduced Pt° in
metallic clusters of 1-20 nm in size %2, The absence of a significant absorption intensity at
about at 2180 - 2130 cm™ characteristic of adsorbed CO on Pt** ions or Pt,>" clusters ™4
charge-balanced by the zeolite framework, confirms the reduced form of platinum without the
presence of a significant amount of platinum ions in the cationic sites. Well-dispersed
platinum clusters with a wide distribution of particle sizes ~1-15 nm located on the surface of
the zeolite crystals were also observed in the HR-TEM images of all the prepared samples
(Figure 38). The incorporation of mesoporosity can lead to the alteration in the proximity
between metallic sites (sites for dehydrogenation-hydrogenation) and acid sites (sites for
isomerization). The effect of the “distance” between these two types of active sites and its
influence on this sequential reaction was recently assessed for Pt/H-mordenite zeolites in our
recent studies **> *°. The effect of nanoscale proximity was recently analysed in detail by
Zecevic et al. 13, The yields of the individual isomers were practically identical for mordenite

zeolites with both close and distant Pt° and H* centres “°.
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That the hydrogenation-dehydrogenation function of the platinum clusters present in the
mm-deAl-MOR/A/9.5 and deAl-mm-deAl-MOR/A/13 does not limit the acid-catalysed
isomerization was demonstrated in our previous study **. The sufficient concentration of
functional clusters of metallic platinum available in the bifunctional Pt/H-zeolites thus
enables analysis of the essential features of the isomerization reaction catalysed by the

Bronsted acid sites.
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5 CONCLUSION

Doctoral thesis was devoted to the study of hydroisomerization reaction of n-hexane which is
one of the most important catalytic reactions for production of automotive fuels. The
hydroisomerization of Cs, focusing on the transformation of linear Cg¢ alkanes into the
branched isomers with suficiently high octane number, was analysed over hierarchical
micromesoporous zeolites, supermicroporous zeolites and microporous zeolites with various
densities of active sites. The zeolites were prepared by hydrothermal synthesis and post-
synthesis methods using combinations of desilication, dealumination or fluorination.

The critical function of the micromesoporous structure and the concentration and
accessibility of Brensted sites for hydroisomerization of linear hexane was elucidated by
using three series of micro-mesoporous mordenite zeolites differing in their mesoporosity and
concentration and the accessibility of acid sites (Chapter 4.1). The hydroisomerization of n-
hexane over microporous Pt/H-mordenite is limited by mass transfer effects due to the low
accessibility of acid sites in 8-ring channels structure. The introduction of secondary
mesoporosity into mordenite using the alkaline-acid, acid-alkaline-acid, and fluorination-
alkaline postsynthesis treatments effectively shortens the length of the 12-ring main channels,
opens the side 8-ring channel-pockets, provides the high concentration of Brensted sites and
enhances the accessibility of the acid sites for hexane molecules. The shortening of the main
12-ring channels and a larger number of channel openings provide an increase in the
selectivity limits the nonselective subsequent cracking reactions and consequently increases
the yield of the desired products at higher temperatures. The micro-mesoporous mordenite
structure with the Bronsted sites in the environment of the micropores and accessible through
mesopores alleviates the limitations of transport of molecules to/from the active site, resulting
in a significant increase in the catalyst efficiency and improvements in the selectivity in
skeletal hydroisomerization of n-hexane.

It was demonstrated that the simultaneous extraction of Al and Si from the Al-rich MOR
framework using fluorination-alkaline-acid treatment leads to high micropore volume (up to
0.25 cm’.g™), enlargement of the micropores (with mean diameter of about 7.5 A) and
interconnection of the channels (Chapter 4.2). The re-organization of the mono-dimensional
channel system of the MOR zeolite into a three-dimensional supermicroporous zeolite
structure with connectivity of the pore network providing good accessibility to the acid sites
allows the preparation of catalytic materials providing strongly enhanced hydroisomerization

properties. These findings highlight the essential role of the 3D supermicroporous structure in
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the catalytic activity, selectivity of the transformation of n-hexane into the corresponding
branched isomers without excessive participation of consecutive cracking reactions, and long-
term catalytic stability. In general, the concept provides opportunities for the creation of
accessible Bronsted and Lewis active sites in Al-rich zeolites for diffusion-restricted
reactions.

The role of the density of the acidic protons for hydroisomeroization of n-hexane was
elucidated using the H-forms of the beta zeolites with a very high concentration of aluminum
(Si/Al > 4) with highly predominant tetrahedrally coordinated Al atoms in the framework
(Chapter 4.3). Analysis of the relationships between the density and distribution of strongly
acidic sites and n-hexane isomerization identified a specific arrangement of Brensted acid
sites directing the reaction toward higher reaction rates. A high density of strongly acidic non-
interacting close OH groups in the Al-rich H-*BEA zeolite (Si/Al ~ 4) lowers the activation
barrier in the isomerization reaction and results in multiplying the reaction rates by a factor of
six compared to the hitherto most active Si-rich zeolite catalysts. The arrangement of
Brensted acid sites is unique for the Al-rich H-*BEA zeolite and is given by the arrangement
of Al atoms in the Al-Si-Al sequences charge-balanced by two H" ions located in different
zeolite channels. In conclusion, the achievement of the high concentration of non-interacting
acidic protons in the zeolite catalyst allowed a significant increase in the isomerization
activity and a shift of the operation temperature window into the thermodynamically more
favourable region for desired di-branched isomers.

Hydroisomerization of n-hexane is very sensitive to changes in the spatial arrangement of
the reaction environment and accurately detects the degree of the shape selectivity of zeolites.
The formation of di-branched hexane isomers is hindered in ZSM-5 as their molecular
dimensions exceed the internal voids of the 10-ring channels imposing strong the product
shape selectivity. An increase in the size of the channels from 10-ring to 12-ring openings
mitigates the shape-selectivity effects and the mono- and di-branched isomers can be formed
with high yields over *BEA and faujasite. The analysis of the hydroisomerization over a
series of micromesoporous ZSM-5 zeolites with various degrees of well-developed
mesoporous structures as well as over microporous ZSM-5 differing largely in the external
surface showed selective formation of the mono-branched isomers regardless of the presence
or absence of the mesoporous structure. The spatial confinement of reactants in the internal
voids of the zeolitic channel is thus essential for the course of the isomerization reaction and
acid sites on the external surface (or mesoporous surface) does not contribute significantly to

the catalytic reaction. Thus, the product-shape selectivity of micromesoporous zeolites is
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virtually unaffected and the advantages of the presence of the secondary mesoporous structure
can be fully exploited for tailoring of functionality in the catalytic proces (Chapter 4.4).
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SYMBOLS

A

Alex
BEA
BdB
Cal

Cs
CDsCN
CL

Cs

Ce
DTBPy
FAU
FER
GHSV
Pt Pt*" Pt
RT
SexT
Si/Al
TOF
TOS
usy
VMEeso
Vi
Viot
WHSV
ZSM-5

8-MR, 10-MR, 12MR

angstrom

extraframework aluminium

beta zeolite

Broekhoff-de Boer t-plot

total concentration of aluminium in zeolite
concentration of Brensted sites in zeolite
ds-acetonitrile

concentration of Lewis sites in zeolite
n-heptane

n-hexane

2,6-diterbuttylpyridine

faujasite zeolite

ferrierite zeolite

gas hourly space velocity

forms of platinum in zeolite

room temperature

external surface area

molar ratio of silicon and aluminium
turnover frequency

time-on-stream

ultrastabilized Y zeolite

volume of mesopores in zeolite
volume of micropores in zeolite

total volume of pores in zeolite
weight hourly space velocity

Zeolite Socony Mobil-5

8, 10, 12 — membered rings of zeolite
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Jakubec, Petr Sazama
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18™1ZC (International Zeolite Conference); 19. - 24. 6. 2016, Rio de Janeiro, Brazilie
Nazev posteru: Hydroisomerization of n-hexane over micro-mesoporous zeolites
Autofti: Dalibor Kaucky, Jaroslava Moravkova, Jana Pastvova (JanoScova), Petr
Klein, Edyta Tabor, Petr Sazama

18™1ZC (International Zeolite Conference); 19. - 24. 6. 2016, Rio de Janeiro, Brazilie
Nazev prednasky: Dramatic improvement of n-hexane hydroisomerization over
zeolites with mutual close vicinity and high accessibility of strongly acidic centers
Autofi: Jaroslava Mordvkova, Dalibor Kaucky, Jana Pastvova, Alena Vondrova,
Edyta Tabor, Radim Pilat, Petr Sazama

13" European Congress on Catalysis (EUROPACAT 2017); 27. — 31. 8. 2017,
Florencie, Italie

Nazev prednasky: Synthesis and structural analysis of micro-mesoporous mordenite
with tailored structure and accessibility of active sites

Autofi: Jana Pastvova, Dalibor Kaucky, Jaroslava Mordvkova, Jifi Rathousky, Ivo
Jakubec, Petr Klein, Libor Brabec, Petr Sazama

13" European Congress on Catalysis (EUROPACAT 2017); 27. — 31. 8. 2017,
Florencie, Italie

Nézev ptednasky: Enhancement of hydroisomerization activity by high density of
well-accessible acid sites in zeolites

Autofi: Jaroslava Moravkova, Dalibor Kaucky, Jana Pastvova, Edyta Tabor, Radim
Pilat, Jifi Rathousky, Petr Klein, Ivo Jakubec, Petr Sazama

13™ European Congress on Catalysis (EUROPACAT 2017); 27. — 31. 8. 2017,
Florencie, Italie

Nazev prednasky: Hydro-isomerization of n-hexane over fluoridation-route prepared
hierarchical micro-mesoporous zeolites

Autofi: Dalibor Kaucky, Jana Pastvova (JanoScova), Petr Klein, Jaroslava
Moravkova, Jifi Rathousky, Edyta Tabor, Petr Sazama

10™ International Conference on Environmental Catalysis & the 3rd International
Symposium on Catalytic Science and Technology in Sustainable Energy and
Environment; 22. — 26. 9. 2018, Tianjin China

Nazev: Superior activity of Al-rich Pt/H-*BEA zeolites in hydroisomerization of n-
hexane

Autori: Jaroslava Moravkova, Radim Pilar, Dalibor Kaucky, Jana Pastvova, Petr
Sazama

8™ Tokyo Conference on Advanced Catalytic Science and Technology (TOCAT8) and
International Symposium on Zeolites and Microporous Crystals; 5. - 10. 8. 2018,
Yokohama, Japan

Nazev: Enhanced functionality of Al-rich zeolite beta catalysts in industrially relevant
acid- and redox-catalysed reactions

Autofi: Petr Sazama, Radim Pilar, Vasile Parvulescu, Galina Sadovska, Jaroslava
Moravkova, Dalibor Kaucky, Jana Pastvova, Stepan Sklenak, Alena VVondrova
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o 8" Tokyo Conference on Advanced Catalytic Science and Technology (TOCATS) and
International Symposium on Zeolites and Microporous Crystals; 5. - 10. 8. 2018,
Yokohama, Japan
Nazev: Controlled synthesis of the Al-rich zeolites of *BEA structure
Autofi: Radim Pilar, Galina Sadovska, Dalibor Kaucky, Jana Pastvova, Petr Sazama

HOME CONFERENCE

® 12th Pannonian Symposium on Catalysis; 16. — 20. 9. 2014; zamek Tiest, CR;
Synthesis of 3D porous nanocarbon with defined structure; Jana Jano$cova, Petr
Sazama, Jiti Rathousky, Alena Vondrova, Petr Klein, Dalibor Kaucky

e 12th Pannonian Symposium on Catalysis; 16. — 20. 9. 2014; zamek Tiest, CR;
Enhancement of activity and selectivity in acid-catalyzed reactions by dealuminated
hierarchical zeolites; autofi: Petr Sazama, Zdenek Sobalik, Petr Klein, Dalibor
Kaucky, Milan Bernauer, Ivo Jakubec, Vasile Parvulescu, Jana JanoScova, Jifi
Rathousky, Alena Vondrova

e Seminaf studenttt UFCH JH 2015; 4. — 6. 5. 2015; KC AV CR Liblice; Synthesis of
micro-mesoporous materials with defined structure; autofi: J. JanoScova;

e 47" Symposium on Catalysis; 2. — 4. 11. 2015, UFCH JH AV CR, Praha
Nazev prednasky: Hydroisomerization of hexane over micro-mesoporous MOR and
ZSM-5 zeolites
Autofti: Dalibor Kaucky, Jana Pastvova (JanoScova), Jifi Rathousky, Jaroslava
Moravkova, Petr Klein, Petr Sazama

e Seminaf studentdt UFCH JH 2016; 10. — 11. 5. 2016; KC AV CR Liblice; Preparation
of hierarchical mordenite zeolites; autofi: Jana Pastvova

e 48™ Symposium on Catalysis; 7. — 9. 11. 2016, UFCH JH AV CR, Praha
Nazev prednaSky: Synthesis of hierarchical mordenite by postsynthesis modification
using flourination
Autofi: Jana Pastvova, Dalibor Kaucky, Jaroslava Mordvkova, Jifi Rathousky, Petr
Klein, Petr Sazama

e 48™ Symposium on Catalysis; 7. — 9. 11. 2016, UFCH JH AV CR, Praha
Nazev prednasky: Enhanced hydroisomerization activity of non-interacting close
acidic protons in Al-rich Pt/H-*BEA zeolite
Autofi: Jaroslava Morévkova, Dalibor Kaucky, Radim Pilaf, gtépén Sklenak, Jana
Pastvova, Barbara Supronowicz, Lukasz Mokrzycki, Petr Klein, Edyta Tabor, Petr
Sazama

e 49™ Symposium on Catalysis; 6. — 7. 11. 2017, UFCH JH AV CR, Praha
Nazev prednasky: Micromesoporous mordenites with tailored structure and
accessibility of active sites
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autofi: Jana Pastvova, Jaroslava Moravkova, Dalibor Kaucky, Jifi Rathousky, Ivo
Jakubec, Petr Klein, Libor Brabec, Petr Sazama

49™ Symposium on Catalysis; 6. — 7. 11. 2017, UFCH JH AV CR, Praha

Nazev prednasky: Hydroisomerization activity of hierarchical micromesoporous
zeolites obtained by fluoridation-route

autofi: Dalibor Kaucky, Jana Pastvova, Jaroslava Moravkova, Edyta Tabor, Petr
Sazama

49™ Symposium on Catalysis; 6. — 7. 11. 2017, UFCH JH AV CR, Praha

Nézev prednasky: Hydroisomerization activity enhancement via high density of well-
accessible acid sites in zeolites

autofi: Jaroslava Moravkova, Dalibor Kaucky, Jana Pastvova, Edyta Tabor, Radim
Pilat, Jiti Rathousky, Petr Klein, Ivo Jakubec, Petr Sazama
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SUPPLEMENT

Supplement 1 The yields of branched hexane isomers for hydroisomerization of n-hexane over microporous
and micromesoporous Pt/H-zeolites.

ZSM-5/A
T (°C) 2,2-is0 2,3-is0 2-is0 3-is0 di-branch mono- all iso-
125 0.0 0.0 0.2 0.4 0.0 0.6 0.6
150 0.0 0.0 2.1 1.3 0.0 34 3.4
175 0.0 0.1 9.7 12.9 0.1 22.6 22.7
200 0.0 0.7 14.1 345 0.7 48.6 49.3
225 0.0 1.6 13.8 45.6 1.6 59.4 61.0
ZSM-5/A-meso-1
T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
175 0.0 0.0 9.8 11.7 0.0 215 215
200 0.0 0.3 14.4 425 0.3 56.9 57.2
225 0.0 14 14.2 55.6 14 69.8 71.2
ZSM-5/A-meso-2
T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
175 0.0 0.0 3.7 2.7 0.0 6.4 6.4
200 0.0 0.7 11.9 21.7 0.7 33.6 34.3
225 0.1 1.6 14.4 48.4 1.7 62.8 64.5
ZSM-5/B
T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
150 0.0 0.0 0.2 0.2 0.0 0.4 0.4
175 0.0 0.0 4.2 3.0 0.0 7.2 7.2
200 0.0 0.4 9.4 25.4 0.4 34.8 35.2
225 0.0 1.3 11.5 47.6 1.3 59.1 60.4
ZSM-5/B-meso-1
T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
200 0.0 0.5 15.4 457 0.5 61.1 61.6
225 0.0 1.7 15.2 57.3 1.7 72.5 74.2
ZSM-5/B-meso-2
T (°C) 2,2-is0 2,3-is0 2-iS0 3-iso di-branch mono- all iso-
125 0.0 0.0 0.0 0.0 0.0 0.0 0.0
150 0.0 0.0 0.2 0.2 0.0 0.4 0.4
175 0.0 0.0 2.3 15 0.0 3.8 3.8
200 0.0 0.1 11.8 15.7 0.1 275 27.6
225 0.0 1.6 14.6 46.9 1.6 61.5 63.1
ZSM-5/C
T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
150 0.0 0.0 1.0 0.6 0.0 1.6 1.6
175 0.0 0.0 7.4 7.7 0.0 15.1 15.1
200 0.1 0.4 11.6 33.6 0.5 45.2 45.7
225 0.1 1.2 12.1 514 1.3 63.5 64.8
ZSM-5/C-meso-1
T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
200 0.0 0.6 15.3 46.6 0.6 61.9 62.5
225 0.3 2.6 15.8 55.0 2.9 70.8 73.7
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ZSM-5/D

T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
150 0.0 0.0 0.0 0.0 0.0 0.0 0.0
175 0.0 0.0 1.7 1.7 0.0 34 34
200 0.0 0.0 8.7 7.7 0.0 16.4 16.4
225 0.0 0.4 13.1 31.1 0.4 44.2 44.6

ZSM-5/D-meso-1

T (°C) 2,2-is0 2,3-is0 2-is0 3-is0 di-branch mono- all iso-
125 0.0 0.0 0.0 0.0 0.0 0.0 0.0
150 0.0 0.0 1.2 0.4 0.0 1.6 1.6
175 0.0 0.0 9.1 9.0 0.0 18.1 18.1
200 0.0 0.3 15.4 36.3 0.3 51.7 52.0
225 0.0 0.9 14.1 50.3 0.9 64.4 65.3

MOR

T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
175 0.0 0.0 1.1 1.1 0.0 2.2 2.2
200 0.0 14 4.7 4.4 14 9.1 10.5
225 0.7 2.8 8.9 18.6 35 275 31.0
250 1.4 4.3 11.8 34.7 5.7 46.5 52.2

MOR-meso-1

T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
175 0.0 0.2 1.3 1.2 0.2 25 2.7
200 0.0 1.8 59 10.2 1.8 16.1 17.9
225 1.3 5.3 9.6 32.7 6.6 42.3 48.9
250 4.9 6.6 11.9 46.7 11.5 58.6 70.1

MOR-meso-2

T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
175 0.0 0.0 1.1 0.9 0.0 2.0 2.0
200 0.0 11 6.7 9.3 11 16.0 17.1
225 1.3 4.5 8.2 33.8 5.8 42.0 47.8
250 5.2 6.8 12.1 44.1 12.0 56.2 68.2

BEA/A

T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
150 0.0 0.0 1.2 0.9 0.0 2.1 2.1
175 0.7 1.4 10.4 18.6 2.1 29.0 31.1
200 5.6 4.0 13.0 39.0 9.6 52.0 61.6
225 16.1 6.6 13.4 43.8 22.7 57.2 79.9

BEA/B

T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
150 0.0 0.0 0.3 0.2 0.0 0.5 0.5
175 0.0 0.0 2.5 1.8 0.0 4.3 4.3
200 0.7 0.9 8.4 19.3 1.6 27.7 29.3

usy

T (°C) 2,2-is0 2,3-is0 2-is0 3-iso di-branch mono- all iso-
200 0.0 0.0 2.4 2.2 0.0 4.6 4.6
225 0.2 0.4 5.6 12.9 0.6 18.5 19.1
250 4.4 2.5 8.9 33.8 6.9 42.7 49.6
275 13.0 55 10.9 42.3 18.5 53.2 71.7
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