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Summary
Zeolites are a class of aluminosilicate catalysts of paramount importance to the (petro)chemical
industries. Their unique properties, e.g. strong Brønsted acidity, high surface area, high
(hydro)thermal stability, and shape selectivity, combined with an extensive tunability, render
them the catalyst of choice in many reactions. Nevertheless, often only a fraction of their
potential is exploited, due to access and diffusion limitation to/in their micropores. To alleviate
such limitations hierarchical (mesoporous) zeolites were conceived, facilitating access to the
active sites in the micropores using a secondary network of mesopores.
Post-synthetic modifications represent a highly tunable, efficient, scalable, and economical
way to design hierarchically structured zeolites. At the start of this thesis the post-synthetic
design of mesoporous zeolites was limited to a single alkaline treatment, that is, desilication.
This approach demonstrated efficient for a number of framework topologies in a narrow
‘dogmatic’ compositional range (most notoriously established for MFI zeolites with Si/Al=2550). The narrow compositional range was dictated by the relative abundance of framework
aluminum; Playing a key role as ‘pore-directing agent’. In this thesis, a wide variety of
optimized post-synthetic tools are presented that have overcome these compositional
limitations, enabling to turn any conventional zeolite into a catalytically more efficient
hierarchical analogue, based on the enhanced accessibility of the active sites.
Of the developed tools, the external addition of pore-directing agents (PDAs), e.g.
tetrapropylammonium cations (TPA+) or Al(OH)4-, to the alkaline solution used in base
leaching (desilication) represents a breakthrough. The specific affection of PDAs to the zeolite’s
external surface influences the leaching behavior and tailors the mesopore size, as is
demonstrated on ZSM-5. Moreover, the use of external PDAs enables to prepare highly
mesoporous Al-deficient all-silica (Si/Al>100) zeolites, e.g. silicalite-1. Besides directing the
mesopore formation, organic PDAs, e.g. TPA+, also protect delicate frameworks in base
leaching; being crucial in the synthesis of hierarchical USY and beta zeolites.
A common phenomenon upon alkaline treatment of aluminum-containing zeolites is the
deposition of Al-rich debris on the external surface. These species can partially block microand mesopores, hampering catalytic performance. To selectively remove the Al-rich debris from
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the zeolite crystal, a mild acid wash (n.b. not aimed at framework dealumination) can be used.
This treatment enhances porosity and crystallinity, which ultimately leads to a superior
catalytic performance, as demonstrated in alkylation and Knoevenagel condensation. Mild acid
washings prove particularly useful for alkaline-treated Al-rich zeolites (Si/Al<25, e.g. ZSM-5
and Y zeolites) and unidirectional zeolites (e.g. ZSM-22).
When the Si/Al ratio of the zeolite is very low, e.g. Y (Si/Al=2.5), an acid leaching can be
applied aimed at controlled framework dealumination, increasing the Si/Al ratio over ca. 4.
Accordingly, dissolution by subsequent base leaching, and related mesopore formation are
facilitated. In addition, the optimized dealumination by acid treatment can also lead to the
direct introduction of mesoporosity. Finally, for Al-rich zeolites (Si/Al=1, e.g. zeolite X and
A), a controlled dealumination of the ammonium form provides the strategy to obtain the
hierarchical analogues.
The hierarchical zeolites prepared in this thesis have been evaluated in a variety of acid and
base-catalyzed batch and continuous-flow fixed-bed reactions. In all studied reactions, i.e.
alkylation, hydro-isomerization, catalytic cracking, pyrolysis, and Knoevenagel condensation,
enhanced performance was obtained owing to the increased accessibility of the active sites,
implied by the increased (functional) secondary porosity. In addition, in both catalytic cracking
of vacuum gas oil and n-alkane hydro-isomerization enhanced selectivities to diesel and
isomers, respectively, are demonstrated. These come at the expense of undesired gas formation;
attributed to a shorter micropore diffusion pathlength, reducing the chance of (over)cracking.
The results of this thesis underline that the next generation of zeolite catalysts for existing,
emerging, and future applications should be developed with, in addition to the traditional
parameters like framework topology and intrinsic acidity, auxiliary porosity as a key criterion.
The versatility, tunability, scalability, and facile integration with established industrial
protocols, imply that this upcoming generation of industrial hierarchical zeolite-based catalysts
must be designed by post-synthetic modification strategies.
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Zusammenfassung
Zeolithe sind eine Klasse von Aluminosilikat-Katalystoren von höchster Wichtigkeit für die
chemische und petrochemische Industrie. Ihre einzigartigen Eigenschaften, wie zum Beispiel
ihre starke Brønsted-Azidität, ihre grosse Oberfläche, ihre grosse (hydro)thermische Stabilität,
ihre Formselektivität sowie die Möglichkeit, diese Eigenschaften zu justieren, machen sie zu
Katalystoren erster Wahl. Aufgrund des erschwerten Zuganges zu den aktiven Zentren in den
Mikroporen sowie der Diffusionskontrolle innerhalb dieser kann jedoch oft nur ein geringer Teil
ihres Potentials ausgeschöpft werden. Um diese Einschränkungen zu mindern wurden Zeolithe
mit einem sekundären mesoporösen Porensystem versehen. Diese hierarchischen Zeolithe
erlauben einen erleichterten Zugang zu den aktiven Zentren in den Mikroporen.
Postsynthetische Modifikationen sind sehr gut justierbare, äusserst effiziente, skalierbare
und ökonomische Verfahren zur planmässigen Gestaltung von hierarchischen Zeolithen. Zu
Beginn dieser Dissertation war nur eine einzige postssynthetische Modifikation zur Synthese
von mesoporösen Zeolithen bekannt, die sogenannte Desilikation durch alkalische Behandlung.
Dieser Ansatz erwies sich als geeignet für einige spezielle Strukturgruppen mit eng definierter
Zusammensetzung. Die bekanntesten Vertreter dieser Gruppe sind die MFI Zeolithe mit
Silizium/Aluminium = 25 bis 50. Die dogmatische Fixierung auf diese Gruppe von Zeolithen
wurde durch den relativen Aluminiumgehalt in diesen Strukturen diktiert, da diesem eine
Schlüsselrolle als ‘pore-directing agent’ (PDA) zu kommt. Im Rahmen dieser Dissertation
wurde eine Auswahl an optimierten post-synthetischen Werkzeugen entwickelt, um diese
kompositionellen Limitierungen zu umgehen. Mit Hilfe dieser Werkzeuge können sämtliche
konventionellen Zeolithe in ihre hierarchischen Analoga transferfiert werden, welche aufgrund
der erhöhten Zugänglichkeit der Mikroporen katalytisch effizienter sind.
Von allen entwickelten Methoden stellt die Zugabe eines ‘pore-directing agents’ (PDA), wie
z.B. Tetrapropylammonium Kationen (TPA+) oder Al(OH)4-, in die verwendete alkalische
Lösung den entscheidenen Durchbruch dar. Die spezifische Affektion der PDAs gegenüber der
externen Oberfläche der Zeolithe beeinflusst den Prozess der basischen Auslaugung und
genereiert Mesoporen nach Mass, was am Beispiel von ZSM-5 aufgezeigt wird. Darüber hinaus
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können, unter Verwendung von externen PDA‘s, hochmesoporöse, Aluminium-arme SilikatZeolithe (Si/Al>100) hergestellt werden, z.B. silicalite-1. PDA‘s wie z.B. TPA+, steuern nicht
nur die Bildung von Mesoporen, sie schützen auch die empfindlichen Kristallstrukturen
während der basischen Auslaugung. Dies ist von enormer Bedeutung für die Synthesen von
hierarchischen USY and beta Zeolithen.
Eine übliche Folge der basischen Auslaugung von aluminiumhaltigen Zeolithen ist die
Ablagerung von Aluminium-reichen Trümmern auf der äusseren Oberfläche. Diese können
Mikro- und Mesoporen blockieren und so die katalytische Leistungfähigkeit einschränken. Um
diese Ablagerungen gezielt zu entfernen werden die Zeolithe in Säure gewaschen (Anm.: das
Ziel ist nicht die Dealuminierung der Struktur). Die Behandlung verbessert die Porosität und
Kristallinität, was letztendlich zu einer höheren katalysichen Leistung führt, wie am Beispiel
einer Alkylierungs-Reaktion sowie einer Knoevenagel-Kondensation aufgezeigt wird. Die saure
Auswaschung ist speziell nützlich für alkalisch behandelte, Aluminium-reiche Zeolithe
(Si/Al<25, z.B. ZSM-5 und Y Zeolithe) und unidirektionale Zeolithe (z.B. ZSM-22).
Falls das Verhältnis Si/Al des Zeolithes sehr klein ist, z.B. für Y Zeolithe (Si/Al=2.5), kann
eine saure Auslaugung angewandt werden um die Struktur kontrolliert zu dealuminieren. Dies
erhöht das Si/Al Verhältnis auf einen Wert über 4, wodurch die Auflösung durch basische
Auslaugung und die damit verbundene Ausbildung von Mesoporen erleichtert wird. Zusätzlich
kann eine optimierte Dealuminierung durch eine saure Auslaugung bereits Mesoporosität in die
Struktur einbringen. Im Falle von Aluminium-reichen Zeolithen (Si/Al=1, z.B. Zeolithe X und
A) ist eine kontrollierte Dealuminierung der Ammonium-Form die bevorzugte Strategie, um
das hierarchische Analoga zu erhalten.
Alle hierarchischen Zeolithe, welche im Zuge dieser Dissertation hergestellt wurden, sind für
die verschiedensten Säure oder Basen katalysierten Reaktionen evaluiert worden, sei es in
diskontinuierlichen als auch kontinuierlichen Festbettreaktoren. In allen untersuchten
Prozessen, viz die Alkylierung, die Hydroisomerisierung, das katalytisches Kracken, die
Pyrolyse und die Knoevenagel-Kondensation, wurde eine verbesserte Leistung infolge
erleichterten Zugangs zu den aktiven Zentren erreicht. Zusätzlich, konnte sowohl für das
katalytische Kracken von Vacuumgasöl als auch für die n-Alkan-Hydroisomerisierung eine
verbesserte Selektivität zu Diesel bzw. Isomeren erreicht werden. Dies gelang auf Kosten
unerwünschter Gas Bildung, da durch die kürzeren Diffussionswege in den Mikroporen das
Risiko des (Über-)Krackens reduzieren wird.
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Die Resultate dieser Dissertation legen nahe, dass zusätzlich zu den traditionellen
Parametern wie der Kristallstruktur und der intrinsischen Azidität, auch die Mesoporosität als
Schlüsselkriterium bei der Enwicklung der nächsten Generation von industriellen ZeolithKatalysatoren zur Anwendung kommen sollte. Die Flexibität, Variabilität, Skalierbarkeit und
das einfache Nachrüsten industrieller Prozesse implizieren, dass die Gestaltung der nächsten
Generation von industriellen hierarchischen Zeolith-Katalysatoren nur durch postsynthetische
Modifikation erfolgen kann.
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Chapter 1
General Introduction
1. Zeolites
Zeolites are a unique class of aluminosilicates. They consist out of connected SiO4 and AlO4
tetrahedra forming crystalline structures with a network of well-defined (micro)pores. The
diameter of these micropores is in a size range (0.3 to 1 nm) similar to the size of many types
of molecules (Fig. 1.1). Therefore, based on size exclusion, zeolites can be used to separate
relatively large molecules from smaller ones. In addition to this advantage in adsorption, an
unmistakable asset of zeolites originates from the aluminum in the framework. Substitution of
tetravalent silicon by trivalent aluminum in the framework gives rise to a net negative charge,
which is compensated by cations, e.g. H+, Na+, Cs+. These cations, located in the micropores,
are readily exchangeable, making zeolites prolific ion exchangers, for example in detergents.
Moreover, if these cationic sites are exchanged to H+, strong Brønsted acid sites are formed,
enabling the application of zeolites in catalysis [1,2].

Figure 1.1. Images of zeolites on different length scales.

The particular properties of zeolites have fascinated scientists from different backgrounds
for over 250 years. They were discovered by mineralogist Axel Cronstedt in 1756, who noticed
an unusually pronounced steam formation upon heating the mineral stilbite in a blowpipe [3].
Accordingly, he coined the material ‘zeolite’, originating from classic Greek, where ‘zeo’ means
‘to boil’ and ‘lithos’ means ‘stone’. Nevertheless, in the absence of synthetic pathways, zeolites
remained a typical minor constituent in vugs or cavities in basaltic and vulcanic rock. It was
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about 200 years later that, in the 1940s and 1950s, the pioneering contributions by Barrer,
Breck, and Milton on zeolite synthesis enabled to establish the tremendous potential of zeolites.
As a result, in 1954 Union Carbide commercialized synthetic zeolites as new class of industrial
materials for separation and purification. Few years later, synthetic zeolites were marketed as
isomerization (Union Carbide) and cracking catalysts (Mobil Oil). At the same, from the late
1950s to 1962, major geologic discoveries of mono-mineralic zeolitic deposits enabled the
commercialization of various natural zeolites, e.g. clinoptilolite and chabazite, as for
adsorbents. Hereby, the basis was laid for the current-day widespread application of both
natural and synthetic zeolites (Fig. 1.2) [1,2].

Figure 1.2. Global consumption of natural and synthetic zeolites in 2008 [3].

Since the introduction of synthetic zeolites as a new class of industrial materials in the
1950s, the annual market for these materials has grown immensely to roughly 5 million tons in
2008 [4]. The larger part is represented by low-priced natural zeolites (0.04-0.25 USD kg-1),
which are typically applied in bulk applications as construction, water/waste treatment, and
agriculture [5]. Synthetic zeolites, on the other hand, represent a slightly smaller volume but
should be considered more valuable (2-20 USD kg-1). Synthetic zeolites find applications as
detergent builders, catalysts, and adsorbents/desiccants [1,2]. Of these, detergency is the
largest application in volume, whereas the use of zeolites in catalyzed reactions represents the
highest value. Nowadays, zeolites are used in roughly 70 industrial catalyzed reactions in the
oil refining, petrochemical, and fine chemical industries [6,7].
The connectivity of the zeolite SiO4 or AlO4 tetrahedra gives rise to several millions of
theoretically possible frameworks [8], of which over 200 have been synthesized experimentally
[9]. A particular framework topology can be ascribed to various zeolites based on differences in
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composition (mostly Si/Al ratio) or crystal morphology. These differences usually originate
from zeolite synthesis by variation of gel composition, crystallization time and temperature, or
template used. Perhaps the most archetypical example hereof is represented by zeolites X and
Y: both featuring the FAU topology but comprising distinct Si/Al ratios (Table 1.1). To date,
ca. 1000 different zeolitic materials have been included in the Atlas of Zeolite Structure Types
[9]. This relatively low number should be related to the metastability of zeolites, rendering the
Table 1.1. Classification of the most common commercial zeolites.
Zeolite

Framework

Dimensionality

type

Pore size

Pore size

MRa

Å

Low Si/Al (1 to 1.5)
A
X
Intermediate Si/Al (2-5)
Yb
L
clinoptilolite

LTA
FAU

3
3

8
12

4.1×4.1
7.4×7.4

FAU
LTL
HEU

3
1
2

mordeniteb

MOR

1

erioniteb
chabazite
High Si/Al (10-100)
ZSM-5

ERI
CHA

3
3

12
12
10
8
8
12
8
8
8

7.4×7.4
7.1×7.1
7.5×3.1
4.6×3.6
4.7×2.8
7.0×6.5
5.7×2.6
5.1×3.6
3.8×3.8

MFI

3

ferrierite

FER

2

ZSM-22
ZSM-12
beta

TON
MTW
BEA

1
1
3

MCM-22

MWW

2

10
10
10
8
10
12
12
12
10
10

5.5×5.1
5.6×5.3
5.4×4.2
4.8×3.5
4.6×5.7
6.0×5.6
6.7×6.6
5.6×5.6
5.5×4.0
5.1×4.1

MFI

3

All silica (Si/Al>100)
silicalite-1

10
5.5×5.1
10
5.6×5.3
a
a
MR=membered ring. The framework Si/Al ratio of these zeolites is often raised to >5 by postsynthetic modification, e.g. steaming and/or acid treatment.
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majority of the hypothetical structures unstable [8]. Moreover, of the synthesized structures,
many are not truly zeolites or molecular sieve materials, since they are not stable upon
template removal [2]. Another important realization is that many synthesis protocols involve
exotic reactants (e.g. bulky organic templates and/or germanium) that inhibit large scale
exploitation in the short term. Accordingly, it is not surprising that the number of commercial
zeolites is limited to ca. 20-30 [6,7].
Zeolites are typically classified by their pore size and composition. Table 1.1 summarizes
the most common commercial zeolites. The size of the pores is typically expressed as the
number of Si or Al atoms on the smallest possible cross-section, e.g. 8, 10, or 12 membered
rings (MRs). Alternatively, they can be categorized by their Si/Al ratio, forming four classes:
low, intermediate, and high Si/Al ratio zeolites, and all-silica zeolites.

2. Zeolite Catalysts
The exceptional performance of zeolites in catalyzed reactions stems from their strong acidity
and uniformly-sized micropores [1,2]. These assets enable to catalyze a wide variety of chemical
conversions, while yielding very narrow product distributions. The latter originates from a
phenomenon referred to as ‘shape selectivity’, i.e. the confinement imposed by the zeolite
micropores directing the conversion of a reagent into a specific product [10]. Various types of
shape selectivities are distinguished, depending on whether the pore size limits the entrance of
the reacting molecule, the departure of the product molecule, or the formation of certain
transition states (Fig. 1.3). These exceptional catalytic features, combined with the ability to
tune both acidity and micropore size, has made the role of zeolites in catalysis indispensable.
Despite the obvious success of zeolites as solid catalysts, their potential is only partially
exploited due to diffusion and access limitations. The limited size of the micropores with
respect to the size of the molecules enforces an intra-crystalline ‘single file’, or ‘configurational’,
diffusion [11]. The diffusivity in the latter regime can be, depending on the conditions, up to 12
orders of magnitude lower compared to those in pores of, for example, 10 nm or larger
(Fig. 1.4a). As a result, only the part of the micropores close the external surface is used in
most catalyzed reactions. Since the external surface area of zeolite crystals is only a fraction
(ca. 5%) the total surface area, an underutilization of the zeolite volume is consequently
implied (Fig. 1.4b) [12].
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Figure 1.3. Types of shape selectivities occurring during zeolite-catalyzed reactions. Reaction
selectivity (a) occurs when only part of the reactant molecules is small enough to enter the micropores.
Product selectivity (b) occurs when some of the products formed within the micropores are too bulky to
diffuse out of the micropores. Transition state selectivity (c) occurs when certain reactions are
prevented because the corresponding transition state requires more space than is available in the
cavities.

Figure 1.4. Effect of pore diameter on molecular diffusivity (a), the underutilization of zeolites in
catalysis (b), and the increased utilization of zeolite volume by hierarchical zeolites prepared by postsynthetic strategies (c).
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3. Hierarchical Zeolites Catalysts
As a response to the underutilization of the active volume in conventional zeolites, for over a
decade now, an intense and persistent scientific attention focused on increasing the accessibility
of the zeolite’s active sites by widening of the micropore channels (Fig 1.5a) [13], reducing the
zeolite crystal size by one or multiple dimensions (Fig. 1.5e-h) [14,15], or by introducing intracrystalline mesopores in the zeolite crystals (Fig. 1.5 c-d) [16,17]. Whereas large pore zeolites
aim to increase diffusion inside the micropores, hierarchical (or mesoporous) zeolites alleviate

Figure 1.5. Approaches to prepare more efficient zeolite catalysts. (a) The 28-MR channel of widepore zeolite ITQ-43 [13]. Hierarchical zeolite crystals prepared by desilication (b) [20], dealumination (c)
[21], and carbon templating (d) [22]. Nanosized zeolite crystals prepared by pillaring (e) [23], controlled
crystallization (f) [15], delamination (g) [24], and organosilane-directed synthesis (h) [25].

transport issues by coupling the intrinsic microporosity with an auxiliary mesopore network of
inter- or intracrystalline nature [12,18,19]. In the latter case, each porosity level fulfills a
distinct complementary task: the micropores hold catalytically active sites, whose access is
facilitated by the newly introduced mesoporosity (Fig. 1.4c). A large array of lab-scale
approaches to synthesize hierarchical zeolites has been realized (Fig. 1.5) [12-30]. Bottom-up
routes include the modification of the synthesis protocol resulting in nanosized zeolite crystals
[15] or zeolites including a secondary mesopore template [16,22]. Top-down routes comprise
post-synthetic treatment(s) of previously grown zeolites by demetallation (extraction of
framework atoms) or delamination. Examples hereof comprise steam [21], acid [26], or base

General Introduction

7

treatments [17], and more refined approaches that include swelling agents [23,24], irradiation
[27,28], and/or strong oxidizing reagents [28].
Although most of the above-mentioned routes are successful in acquiring mesoporosity and
improved performance in catalyzed reactions, both HSE (health-safety-environment) issues and
production costs should be carefully evaluated to progress towards large-scale applications
[29,30]. For example, the majority of bottom-up methods are not easily amended to
industrialization since they involve substantial amounts of costly and unavailable templates or
lead to crystals that are not easily separated from the mother liquor [18]. In contrast, top-down
syntheses involving acid, steam, and base treatment are more readily implemented at an
industrial scale [12,18,26,31]. In fact, both steaming and acid leaching are traditionally used to
prepare ultra-stable Y zeolites with mesopores for fluid catalytic cracking [2,18]. However,
these treatments are executed primarily to stabilize the FAU framework and it was shown that
the formed mesopores (Fig. 1.5c) do not significantly affect intracrystalline diffusion, since they
are mostly present as cavities inside the crystals [32].

4. Desilication
The introduction of mesopores by the alkaline-mediated leaching of framework Si has become a
very attractive method due to the combination of both experimental simplicity and efficiency
of the hierarchical zeolites obtained [12,18]. The mesopores induced by this tunable and
scalable [31] approach are interconnected and accessible from the external surface of the zeolite
crystal [20,33], representing a clear advantage for access-limited and diffusion-constrained
reactions. In the past decade, an impressive amount of papers have reported syntheses of
mesoporous zeolites by desilication and the corresponding benefits -in terms of activity,
selectivity, and/or lifetime- in a wide range of catalyzed reactions, including isomerization,
alkylation, acylation, aromatization, cracking, pyrolysis, methanol-to-hydrocarbons, etc. [12,34].
The use of base leaching as a post-synthetic modification to increased zeolite performance in
adsorption and catalysis was first patented by Dean Arthur Young in the 1960s [35]. It was
claimed that alkaline-treated mordenite displayed preserved crystallinity and a significantly
increased benzene adsorption capacity. Moreover, catalytic evaluation in gas oil hydro-cracking
revealed a 3 times higher conversion for an alkaline-treated Pd/mordenite than for the
untreated zeolite. Already then, Young speculated that the improved performance of the
modified material could be due to better access to the micropores. In the 1970s, other patents
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claimed superior properties of alkaline-treated zeolites as olefin adsorbents [36] and molecular
sieves [37], but the obtained benefits remained poorly understood from a scientific ground.
Remarkably, the open literature concerning zeolite modification in alkaline media appeared
about 25 years after the patent by Young. In 1992, Dessau et al. [38] reported the dissolution
of large ZSM-5 crystals in an attempt to identify Al gradients. They evidenced the selective
removal of framework silicon and an anisotropic dissolution of the ZSM-5 crystals. The latter
was implied by the negative charge associated to the lattice Al centers, which inhibit local
dissolution. Few years later, Čižmek et al. [39] focused on understanding the dissolution
mechanism of zeolites in alkaline media and confirmed the distinctive influence of aluminum on
the dissolution kinetics. Mao et al. [40] studied the properties of alkaline-treated Y, X, and
ZSM-5 zeolites in more detail. They found that treatment in aqueous sodium carbonate led to
an increased Al content and enhanced ion-exchange capacity without drastically changing the
zeolite structure. In this work, the first N2 isotherm of mesoporous ZSM-5 obtained by base
leaching was reported. However the key role of mesopores to increase the intracrystalline
diffusion and/or the access to the micropore volume in catalyzed reactions was not a topic of
discussion.
The first key contribution emphasizing the remarkable porous changes implied by alkaline
treatment of ZSM-5 was communicated by Matsukata and co-workers in 2000 [41]. Later,
Groen et al. put intense effort into exploring the potential of mesoporous MFI obtained by
desilication (Fig. 1.6). They established optimal conditions [42] (especially in terms of time and
temperature) and claimed that the long-range order and Brønsted acidity of the zeolite were
mostly unchanged upon alkaline treatment [43]. Additionally, the superiority of NaOH-treated
zeolites in diffusion [33] and catalysis [44] compared to the corresponding purely microporous

Figure 1.6. Schematic representation of MFI desilication by NaOH treatment (based on ref. 17).
Standard treatment conditions are noted near the arrow.
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parents was demonstrated. On the other hand, by using a single ‘standard’ experimental
desilication condition (0.2 M of NaOH, 65°C, 30 min), they identified a significant limitation in
the confined range of molar Si/Al ratios (25-50) for which optimal introduction of
intracrystalline mesopores could be achieved. At higher Si/Al ratios, uncontrolled silicon
extraction occurred, resulting in the formation of larger pores. For low Si/Al ratios, silicon
extraction was hampered resulting in limited extra mesoporosity. Accordingly, framework
aluminum was coined as ‘pore-directing agent’ (PDA), due to its regulatory effect on silicon
dissolution [45]. From then on, the window of Si/Al ratios from 25 to 50 was commonly
considered a prerequisite for successful desilication and it has been often noted as the main
drawback of this post-synthetic route [12,18]. Another intrinsic characteristic of alkaline
treatment is the decreased Si/Al ratio in the solid due to the selective silicon dissolution. The
high selectively to Si was tentatively attributed to the realumination of extracted framework
Al on the external surface of the zeolite. The nature of these aluminum species was not
precisely understood, which is remarkable since they have a significant influence in catalyzed
reactions. Finally, the generated mesopores are disordered and result into relatively broad size
distributions, differently to the more regular distributions achieved by organosilane-directed
syntheses [46].
Although the pioneering work by Groen and Pérez-Ramírez achieved numerous milestones
[47], their contributions focused primarily on the synthesis of mesoporous ZSM-5 using a
standard alkaline treatment. Accordingly, structural and compositional variation variety was
restricted. Moreover, the use of a fixed single desilication step yielded ‘one-dimension’ insights,
not exploiting the full potential of post-synthetic modification strategies, e.g. combinations of
acid, base and steam treatments. Finally, the scarcity of catalytic data prevented a
quantitative assessment of the benefits in catalyzed reactions, and concomitantly the
application-oriented design of hierarchical zeolites.

5. Aim of this Thesis
The primary goal of this thesis is establishing post-synthetic routes to prepare new hierarchical
zeolites. With this in mind, the ultimate goal is the development of generalized strategies to
turn any conventional zeolite into a superior hierarchical porous catalyst. The latter implies
assessment of post-synthetic treatments on zeolites comprising novel framework types (hence
different micropore size and micropore dimensionality) and unprecedented Si/Al ratios (1-
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infinite). Besides optimization of individual treatments, an important focal point comprises the
exploration of strategic sequences of treatments. It should be stressed that desilication, i.e.
alkaline treatment, should be considered only part of the treatment sequence. Attention will be
placed on commercially available zeolites and the devised routes preferably comprise affordable
and scalable treatments. The obtained hierarchical zeolites will be exposed to extended
characterizations

and

catalytic

evaluations

to

yield

solid

structure-property-function

relationships. Finally, the use of established and novel descriptors plays a crucial role enabling
the precision design of hierarchical zeolites toward exploitation in catalyzed reactions.

6. Outline of this Thesis
The thesis consists out of 8 chapters, starting with this introduction and ending with a
summary and outlook. The 6 chapters in between can be roughly divided into 3 parts:
Chapters 2-4 zeolites comprise studies on overcoming the compositional limitations within
the MFI topology. Chapter 5 tackles the ZSM-22 zeolite featuring an unfavorable micropore
structure and morphology, while Chapters 6 and 7 concern the more delicate X, A, Y, USY,
and beta zeolites.
Although desilication of ZSM-5 zeolites by alkaline treatment is well established, the
mesopore formation remained dictated by the aluminum content in the parent (starting)
zeolite. Chapter 2 assesses the influence of organic pore-directing agents (PDAs), i.e.
tetraalkylammonium cations in the alkaline solution on mesopore formation in ZSM-5 crystals.
The organic additives provide a tool to tune the mesoporosity and microporosity leading to
enhanced performance in the alkylation of benzene with ethylene. In addition, we introduce the
hierarchy factor as a generic tool to evaluate the hierarchical pore structure of any solid.
Chapter 3 elaborates on the role of external pore-directing agents in the preparation of allsilica MFI zeolites, e.g. silicalite-1. In addition to framework metals, also metal complexes and
tetraalkylammonium cations are able to exert the pore-directing role, enabling the first-time
synthesis of mesoporous all-silica zeolites by post-synthetic modification. It is revealed that
framework aluminum is not a prerequisite in desilication and that the interaction between the
PDA and the external surface is of key importance.
Whereas the previous chapter dealt with Si-rich MFI zeolites, Chapter 4 tackles the
preparation of mesoporous Al-rich MFI zeolites by post-synthetic modification, hereby
completely overcoming the previously established compositional limitation (Fig. 1.6). A
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thorough 2D screening reveals that the alkalinity of the applied alkaline treatment should be
carefully adjusted to the Si/Al ratio in the starting zeolite. Moreover, an extended
characterization stresses the benefits of an acid wash after desilication of Al-rich zeolites,
removing an abundance of debris, hereby enhancing porosity, crystallinity, and acidity.
Catalytic evaluation in the alkylation of benzyl alcohol with toluene demonstrates that,
although an individual desilication treatment enhances the catalytic activity significantly,
sequentially alkaline- and acid-treated zeolites represent by far the most active catalysts.
In the case of uni-directional ZSM-22 zeolites, the introduction of mesoporosity by alkaline
treatment is associated with a severe blocking of porosity due to the deposition of Al-rich
debris. Chapter 5 demonstrates how a subsequent acid wash enhances porosity and restores
acidity. Using a novel descriptor, the desilication efficiency, it becomes evident that alkaline
treatment on zeolites with particular morphologies, e.g. rods (ZSM-22) and platelets
(ferrierite), is less efficient. Nevertheless, evaluation in the hydro-isomerization of n-decane, nnonadecane, and pristane reveals the catalytic superiority of the hierarchical ZSM-22 zeolite,
becoming increasingly pronounced with the length and degree of branching of the substrate.
The zeolites treated in Chapters 2-5 comprise intrinsic micropore structures with 10 MRs
(Table 1.1), which do not easily amorphize under either alkaline or acid conditions. Chapter 6
sets out strategic routes to introduce mesoporosity in Y and USY, i.e. zeolites with larger
(12 MR) micropores. Due to the high Al content, pristine Y zeolites are very resistant to
alkaline media but sensitive to acid media. Accordingly, a carefully conceived dealuminationdesilication-dealumination protocol should be applied to yield hierarchical Y zeolites. On the
other hand, USY (and beta) zeolites, although more stable in acid media, require inclusion of
tetrapropylammonium cations in the alkaline solution to preserve the delicate framework
during base leaching. The superiority of the resulting hierarchical Y and USY zeolites is
evidenced in the alkylation of benzyl alcohol with toluene, the pyrolysis or LDPE, and the
catalytic cracking of vacuum gas oil.
Apart from the benefits in acid-catalyzed reactions (see Chapters 2 and 4-6), hierarchical
zeolites can also be exploited in base-catalyzed reactions. After establishing a novel strategy to
prepare hierarchical Al-rich zeolites (Si/Al=1.2), Chapter 7 illustrates how mesoporous USY,
Y, X, and A zeolites can be modified by alkali exchange or nitridation to yield superior
hierarchical base catalysts. Evaluation of their catalytic performance, in the Knoevenagel
condensation

of

benzaldehyde

with

malononitrile,

highlights

the

value

of

auxiliary
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mesoporosity, providing opportunities for the preparation of more efficient zeolite base
catalysts.
Chapter 8 summarizes the obtained results, puts them into societal perspective, and
identifies challenges ahead.

Each chapter in this thesis was written based on one or more separate publications and can be
read independently. Accordingly, some overlap between the chapter introductions occurs.
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Chapter 2
Tailored Hierarchical ZSM-5 Zeolite
Catalysts by Pore-Directing Agents
1. Introduction
Zeolites, that is, crystalline aluminosilicates displaying ordered networks of micropores
(typically 0.3-1 nm), are important heterogeneous catalysts in a number of industrially relevant
hydrocarbon conversions, such as cracking, hydro-isomerization, alkylation, esterification, and
oxidation [1,2]. Nevertheless, it is widely recognized that zeolitic catalysts suffer from
intracrystalline diffusion limitations, because of the molecular dimensions of the micropores [3].
Diffusion limitations not only have a negative impact on activity, but also on selectivity and
lifetime [4,5], which comprise the three distinctive features of any catalyst.
As a result, intense efforts have focused on the synthesis of new or modified zeolites with
improved accessibility and molecular transport by 1) widening the pores and/or 2) shortening
the diffusion path length. Hierarchical zeolites accomplish the latter task by coupling the
native micropores with an auxiliary mesopore network of intracrystalline nature [5]. These biporous zeolites have displayed enhanced accessibility [6,7] and diffusion properties [8-11]. The
improved molecular transit in the hybrid micro-/mesoporous material had beneficial effects on
the activity, selectivity, and/or stability in a wide range of catalyzed reactions, for instance,
aromatization [12], isomerization [12,13], oligomerization [14], esterification [13,15], alkylation
[11,16,17], acylation [18], cracking [13,15], pyrolysis [19,20], methanol conversions [21,22],
selective oxidation [23], hydrodesulfurization [24], and in the synthesis of relatively bulky
molecules for the pharmaceutical, fragrance, and agrochemical industries [25].
A variety of methods (bottom-up or top-down, template-assisted or not) are presently
available to prepare hierarchical porous zeolites in the form of nanosized crystals [26],
composites [27], and mesoporous crystals [4,5,28,29]. Desilication, that is, the selective
extraction of framework silicon in alkaline medium (usually aqueous NaOH) has become a
popular top-down non-templating method to induce extra mesoporosity in zeolites, e.g. MFI,
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MTW, MOR, BEA, AST [5,6,9,17,20,30-33]. Base leaching represents an effective and scalable
approach to prepare hierarchical zeolites with preserved acidity and acidity. Nevertheless, the
mesopore size of the alkaline-treated zeolite remains largely dictated by the Si/Al ratio in the
starting conventional zeolite [32]. Consequently, the control over the introduced secondary
porosity is limited, putting severe strains on the application-oriented design towards the
optimal hierarchical zeolite catalyst.
Another common attribute of alkaline-treated zeolites is a reduced micropore volume, that
is, the active volume of the catalyst. In fact, independent on the preparative approach, this
unattractive feature can be observed for a wide array of distinct hierarchical zeolites, e.g.
delaminated zeolites [34], nanocrystals [35,36], and mesoporous crystals obtained via
organosilane-directed

synthesis

[3],

carbon

templating

[39,40],

seed

silanization

[41],

dealumination [4].
In this chapter, a novel desilication variant involving NaOH leaching in the presence of
quaternary ammonium cations is presented to preserve the micropore volume and tune the
mesopore size in hierarchical ZSM-5 zeolites. We have discovered that the organic cations act
as a pore-directing agent (PDA), largely protecting the zeolite crystal during the demetallation
process. Engineering the pore structure at the micro- and mesolevel is essential to optimize
transport properties and catalytic performance, as demonstrated in the benzene alkylation with
ethylene, a representative mass-transfer limited reaction. Taking available literature data, we
demonstrate that the newly-introduced hierarchy factor (HF) is a suitable tool to classify
hierarchical porous zeolites.

2. Experimental
2.1. Materials and Procedures
Powdered ZSM-5 zeolite from Zeolyst International (CBV 8014, Si/Al=42, NH4-form) was
calcined in static air at 550°C for 5 h using a heating rate of 5°C min-1. The resulting sample,
denoted as parent (P), was subjected to alkaline treatment in a liquid-phase parallel chemical
synthesizer (MultiMax RB16-20 from Mettler Toledo). The glass reactors (20 cm3) were filled
with either 5 cm3 of 0.2 M aqueous NaOH (sample ‘AT’), or with 5 cm3 of a mixture of
aqueous sodium hydroxide and tetrapropylammonium hydroxide (TPAOH, Alfa Aesar 1 M). In
the latter solutions the concentration of OH- was maintained at 0.2 M, while the [TPA+] was
varied from 0.004 to 0.2 M. These samples were coded ‘AT-TPA-x’, were the ‘x’ represents the
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TPA+ concentration. The tubes containing the solutions were subsequently introduced in the
reactor block and heated at 65°C. The parent zeolite (166 mg) was added to each reactor and
stirred magnetically at 500 rpm for 30 min. Afterwards, the zeolite suspension was quenched
by immersion of the reactor in an ice-water mixture and filtered. The filtrate was kept for
chemical analysis. The resulting solid was washed with distilled water until neutral pH and
dried at 90°C. Finally, the zeolite was converted to its protonic form via three successive
exchanges in 0.1 M NH4NO3 followed by calcination at 550°C as described above. In some
cases, prior to alkaline treatment in 0.2 M NaOH, the parent zeolite was dry-impregnated with
aqueous solutions containing the appropriate amount of tetramethylammonium chloride
(TMACl,

Aldrich

97%),

tetrapropylammonium

bromide

(TPABr,

Acros

98%),

or

tetrabutylammonium chloride (TBACl, Fluka 97%). The resulting samples were labeled ATTMACl-0.08, AT-TPABr-0.08, and AT-TBACl-0.08, respectively. For simplicity, charges of
the tetraalkylammonium cations were omitted in sample labeling.

2.2. Characterization
Si and Al concentrations in the solids and filtrates obtained by alkaline treatment were
determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES) (PerkinElmer Optima 3200RL (radial)). Powder X-ray diffraction (XRD) patterns were measured
using a Siemens D5000 diffractometer with Bragg-Brentano geometry and Ni-filtered Cu Kα
radiation (λ=0.1541 nm). Data were recorded in the range 2θ=5-50° with an angular step size
of 0.05° and a counting time of 8 s per step. N2 isotherms at -196°C were measured using a
Quantachrome Quadrasorb-SI gas-adsorption analyzer. Prior to the measurements, the samples
were degassed in vacuum at 300°C for 10 h. The Brunauer-Emmett-Teller (BET) method was
applied to calculate the total surface area, which was used for comparative purposes. The t-plot
method was used to discriminate between micro- and mesoporosity. The mesopore size
distribution was obtained by the Barrett-Joiner-Halenda (BJH) model applied to the
adsorption branch of the isotherm. Transmission electron microscopy (TEM) was carried out in
a JEOL JEM 1011 microscope operated at 100 kV and equipped with a SIS Megaview III CCD
camera. Scanning transmission electron microscopy (STEM) was carried out in a JEOL JEM
2100 microscope operated at 200 kV. Fourier-transform infrared spectroscopy (FTIR) was
recorded in nitrogen at 200°C on a Thermo Nicolet 5700 spectrometer using a SpectraTech
Collector II diffuse reflectance (DRIFT) accessory and equipped with a high-temperature cell.
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Prior to the measurement, the sample was dried at 300°C in N2 flow (100 cm3 min-1) for 60
min. Spectra were recorded in the range of 650-4000 cm-1 with a nominal resolution of 4 cm-1
and co-addition of 64 scans. Elution experiments were carried out at ambient pressure in a
home-made quartz microreactor (4 mm i.d.) equipped with an Omnistar GSD 320 O1 (Pfeiffer
Vacuum) quadrupole mass spectrometer (MS) for on-line gas analysis. The zeolite (50 mg,
sieve fraction 150-300 µm) was loaded between two layers of quartz wool and rested over a
porous frit. The sample was pretreated in argon (100 cm3 min-1) at 350°C for 30 min and cooled
down in the same gas to 90°C. Then, a mixture of 100 Pa of neopentane in argon (100 cm3
min-1) was introduced. After ca. 30 min, the neopentane signal in the MS was stable. Then, the
flow was switched back to pure argon (100 cm3 min-1) and the elution of the hydrocarbon
followed.

2.3. Catalytic Testing
The zeolites were tested in the liquid-phase alkylation of benzene with ethylene in a 500 cm3
commercial titanium batch autoclave (Premex). First, 200 cm3 of benzene were introduced in
the reactor with approximately 100 mg of powdered catalyst that was previously pretreated at
300°C in He for 12 h to remove moisture. After purging with N2, the reactor was heated to
165°C under mechanical stirring (1000 rpm). Subsequently, ethylene was introduced in the
reactor until the molar benzene/ethylene ratio was 4:1 and a total pressure of 2.3 MPa was
obtained. During the reaction, liquid aliquots (0.2 cm3) were extracted from the reactor, which
were analyzed with a GC (Agilent 6890N) equipped with a CPSil-8B column and a flame
ionization detector (FID).

3. Results and Discussion
3.1. Pore-Directing by Quaternary Ammonium Cations
Commercial ZSM-5 with Si/Al=42 was used as the starting zeolite. The type I isotherms of the
parent sample (P) measured by N2 adsorption (Fig. 2.1a) confirm its microporous character.
The sample AT, leached in NaOH under standard conditions (0.2 M, 65°, 30 min) [32], shows a
combined type I and type IV isotherm, which is characteristic of a hierarchical porous system
combining micro- and mesoporosity [5]. The mesopore surface area of the parent zeolite (60 m2
g-1)

increased

to

277 m2

g-1

in

AT.

The

pore

size

distribution

of

the

NaOH-

treated sample shows mesopores centered at around 10 nm (Fig. 2.1b), i.e. a typical value for

Tailored Hierarchical ZSM-5 Zeolite Catalysts by Pore-Directing Agents

19

Figure 2.1. (a) N2 isotherms of the parent and alkaline-treated zeolites. (b) BJH mesopore size
distributions.

desilicated ZSM-5 zeolites [32]. The mesopore formation by selective silicon extraction is
accompanied by a marked decrease of the micropore volume, from 0.17 cm3 g-1 in P to 0.09 cm3
g-1 in AT. In other words, the 5-fold increase in mesopore surface area implies sacrificing almost
50% of the native micropore volume.
We have found that zeolite desilication in NaOH in the presence of quaternary ammonium
cations offers remarkable benefits. These tetraalkylammonium cations, also commonly used as
structure-directing agents in the hydrothermal zeolite synthesis, can operate as efficient poredirecting agents during the OH-assisted silicon extraction in crystallized zeolites. Systematic
experiments to demonstrate the positive effect of QAs on the porosity development were
carried out using mixtures of aqueous sodium hydroxide and tetrapropylammonium (TPA+)
hydroxide. The effect of the concentration of TPA+ in the alkaline solution on the porosity of
the ZSM-5 zeolites can be clearly visualized in the pore size distributions of Fig. 2.1b. The
mesopores in the hierarchical zeolites become progressively smaller upon increasing the TPA+
concentration: 10 nm in AT (only NaOH), 7 nm in AT-TPA-0.04, and 4.5 nm in AT-TPA0.08. The fingerprint of the TPA+-moderated NaOH-treated zeolites can be prominently
illustrated by the N2 isotherm of AT-TPA-0.08 in Fig. 2.1b. This sample presents a higher
uptake at p/p0<0.8 compared to AT, which is an unequivocal indication of both the better
preserved microporosity and of the formation of smaller mesopores compared to the
conventional NaOH treatment. Mesopore formation was severely inhibited at [TPA+]>0.16 M.
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Figure 2.2. Dependence of the textural parameters of the AT and AT-TPA-x zeolites on the TPA+
concentration: (a) micropore volume, (b) total surface area, (c) mesopore volume, and (d) mesopore
surface area. The dashed lines indicate textural parameters of the parent zeolite.

For example, treatment of the parent zeolite at [TPA+]=0.2 M did not introduce any
significant extra mesoporosity, as can also be seen from the very low N2 uptake at intermediate
relative pressure (Fig. 2.1a) and flat pore size distribution (Fig. 2.1b). This is unsurprising as,
in pure TPAOH solutions, long treatments exceeding 5 h are required to induce substantial
mesopore formation in ZSM-5 by desilication [42]. The textural parameters of the treated
zeolites as a function of the TPA+ concentration are plotted in Fig. 2.2 and summarized in
Table 2.1. At [TPA+]=0.02, extra mesoporosity was developed (high Smeso and Vmeso) with a
significant penalty on the micropore volume due to excessive Si leaching. On the other hand, a
[TPA+]≥0.18 caused no alteration of the porous properties of the parent zeolite. The 0.04-0.12
M range comprises an interesting region in which the Smeso was equivalent to that in AT
(>250 m2 g-1) while the Vmicro was preserved to a much greater extent (Fig. 2.2d and 2.2a,
respectively). The loss of Vmicro in AT was ca. 50% with respect to the parent zeolite, being
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Table 2.1. Chemical composition and textural properties of the parent and alkaline-treated zeolites.
Sample

Si/Alsolida

Si/Alfiltratea

Vporeb

Vmesoc

Vmicrod

Smesod

SBETe

mol mol-1

mol mol-1

cm3 g-1

cm3 g-1

cm3 g-1

m2 g-1

m2 g-1

58
277
276
267
283
243
234
111
80
141
302
329

449
510
498
598
610
572
556
464
460
493
603
556

P
42
0.28
0.09
0.17
AT
26
993
0.57
0.48
0.09
AT-TPA-0.004
0.47
0.37
0.10
AT-TPA-0.04
0.51
0.37
0.14
AT-TPA-0.08
33
1900
0.51
0.37
0.14
AT-TPA-0.12
0.48
0.34
0.14
AT-TPA-0.16
0.44
0.31
0.13
AT-TPA-0.18
0.30
0.15
0.15
AT-TPA-0.2
0.30
0.13
0.17
AT-TMACl-0.08
0.48
0.33
0.14
AT-TPABr-0.08
0.54
0.41
0.13
AT-TBACl-0.08
0.50
0.41
0.13
a
b
c
d
e
ICP-OES. Vads at p/p0=0.99. Vmeso=Vpore-Vmicro. t-plot method. BET method.

reduced to <20% in the presence of TPA+, for example in AT-TPA-0.08. The quaternary
ammonium cation moderates the pore growth by hampering the OH- attack, thus restricting
the Si extraction. This unique feature leads to zeolites with smaller mesopores, thus,
contributing more to the surface area, and a better preserved crystal, that is, displaying a
higher micropore volume. In the presence of TPA+, the mesopore volume is lower (ca. 0.35 cm3
g-1) than in the absence of TPA+ (ca. 0.5 cm3 g-1) (Fig. 2.2c). The total surface area
(SBET=Smeso+Smicro) exhibits a volcano-type dependence (Fig. 2.2b), with maximal values
exceeding 600 m2 g-1 in the hierarchical zeolites where the mesopore surface was enhanced with
simultaneous preservation of the microporosity. The different degree of desilication in the
zeolites is supported by the yields after treatment; whereas after standard alkaline treatment
(AT) ca. 65% of solid yield was attained, the presence of TPA+ in the alkaline solution led to a
substantially higher solid yield (ca. 80%). The alkaline treatment, moderated by the
quaternary ammonium cation or not, remained very selective to silicon extraction, meaning
that negligible amounts of aluminum were dissolved, (Si/Al)filtrate>1000, because of zeolite
realumination in NaOH [31]. As expected, the Si/Al ratio in the zeolite decreased upon alkaline
treatment. Because of the more pronounced degree of silicon extraction, the Si/Al ratio of AT
(26) is significantly lower than that of AT-TPA-0.08 (33). Transmission electron microscopy
(Fig. 2.3) results were in excellent agreement with N2 adsorption analyses, additionally
revealing the intracrystalline nature of the newly created mesopores as well as their
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Figure 2.3. Transmission electron microscopy (a-d) and high-resolution STEM images (e,f) of the
parent and the alkaline-treated zeolites. The scale bar in c also applies to a, b, and d. The scale bar in e
also applies to f.

distribution and size uniformity. The purely microporous ZSM-5 crystal displayed a dark image
(Fig. 2.3a) and, as expected, practically no alteration was seen upon treatment 0.2 M of TPA+
(Fig. 2.3b). Remarkable differences in mesopore size can be seen between the hierarchical
zeolite created by treatment in the absence of TPA+ (ca. 10 nm, Fig. 2.3c) compared to one
obtained with [TPA+]=0.08 M (ca. 4-5 nm, Fig. 2.3d). The same conclusion can be extracted
from high-resolution STEM images of the latter two samples (Fig. 2.3e,f). For all the samples
in this study (Table 2.1), the long-range order was preserved (measured by X-ray diffraction,
Fig. A2.1) and the intrinsic acidic properties of the zeolites based on infrared spectroscopy in
the OH stretching region (Fig. A2.2) were also retained.
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Figure 2.4. (a) N2 isotherms and (b) BJH mesopore size distributions of the parent and alkalinetreated zeolites using different tetraalkylammonium cations.

The size of the quaternary ammonium cation appeared crucial in the attainment of the
pore-moderation effect. Using tetrabutylammonium (1.07 nm, sample AT-TBACl-0.08) as PDA
practically the same N2 isotherm, pore size distribution, and textural parameters as using
TPA+ (0.85 nm, sample AT-TPABr-0.08) were obtained (Fig. 2.4 and Table 2.1). On the
contrary, tetramethylammonium (0.44 nm, sample AT-TMACl-0.08) could not offer the
protection to the OH- attack as achieved with TPA+ or TBA+. The resulting sample (ATTMACl-0.08) yields a N2 isotherm similar to that of the zeolite treated in aqueous NaOH and
mesopores in the 10-nm region (Fig. 2.4b). The exact origin or the marked differences between
TPA+ and TMA+ in the mechanism of desilication is further elaborated in Chapter 3.

3.2. Transport and Catalysis
The introduction of controlled mesoporosity in zeolite crystals should ultimately imply benefits
in the function of these materials as catalysts. First of all, molecular transport in the
hierarchical zeolite is more efficient than in the purely microporous counterpart. This was
proven by the faster elution of neopentane, a suitable probe to study diffusion in ZSM-5 [9], in
AT-TPA-0.08 compared to the parent zeolite (Fig. 2.5). The enhanced transport in the
hierarchical zeolite can mostly be attributed to the shortened diffusion path length in the
micropores originated in the auxiliary mesopore network. The elution curve of AT (not shown)
closely resembled that of AT-TPA-0.08, strongly suggesting that both samples have a similar

24

Chapter 2

Figure 2.5. (a) Concentration profiles of neopentane in elution experiments over the parent (P) and
one of the alkaline-treated (AT-TPA-0.08) zeolites. (b) The linear part of the elution curves in (a)
illustrates the steeper slope of AT-TPA-0.08 (relative to P), from which can be concluded that the
elution of neopentane is enhanced by a factor of 2.

transport efficiency.
To rationalize the design of hierarchical zeolite catalysts, we define for the first time the
hierarchy factor (HF) as being the product of the relative micropore volume (Vmicro/Vtotal)
andthe relative mesopore surface area (Smeso/SBET). The hierarchy factor is derived from
conventional N2 adsorption analysis whereby the contribution of micropore volume to the total
pore volume and the contribution of mesopore surface area to the total surface area of the
sample are weighed. Application of the hierarchy factor to the solids prepared in this study
yields a volcano-type dependence (Fig. 2.6a). The HF of the NaOH-treated zeolite (AT) is
slightly higher than that of the parent zeolite (P), since the relative increase of mesoporosity is
higher than the relative decrease of microporosity. However, the HF of the alkaline-treated
samples in the presence of tetrapropylammonium (at [TPA+]=0.0.04-0.12 M) is considerably
higher because of the extensive mesopore formation coupled with the much better preserved
micropore volume.
The implication of these high-hierarchy factor zeolites in catalysis is illustrated for the acidcatalyzed alkylation of benzene with ethylene. The desired product is ethylbenzene (EB), a key
intermediate in the production of styrene. A linear relation between the EB productivity and
hierarchy factor of selected samples was determined (Fig. 2.6b). The alkylation performance of
the standard hierarchical zeolite (AT) is better than that of the purely microporous zeolite (P).
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Figure 2.6. (a) Hierarchy factor (HF) of the parent, AT, and AT-TPA-x ZSM-5 zeolites, determined
as the product (Vmicro/Vpore)×(Smeso/SBET). (b) The productivity of ethylbenzene (EB) during benzene
alkylation over selected zeolites shows a linear dependence with the hierarchy factor.

The benefit of improved transport in the former sample is, therefore, more influential than the
loss of microporosity and the net effect still results in an improved catalytic performance.
However, the EB productivity of AT is far from optimal. The hierarchical zeolites desilicated in
the presence of quaternary ammonium cations are superior since their transport efficiency is
equivalent to that of AT and, additionally, a higher number of active Brønsted sites are
available because of their higher micropore volume. This result stresses the substantial
improvement margin of hierarchical zeolites reported in the literature [11-25], as they have not
been subjected to optimization. The EB selectivity was higher in the AT-TPA-x samples
(>97%) than in the parent zeolite (90%). This is a consequence of the improved transport of
reactants and products in the shortened micropores of the former samples, which minimizes
successive alkylation steps leading to polyalkylbenzenes.
Clearly, the excessive introduction of (large) mesopores in zeolites is not beneficial as the
penalty paid in the micropore volume renders a less efficient catalyst. Both porosity levels
fulfill complementary missions in the catalyst, which should be optimally orchestrated: the
active sites are confined in the micropores while the auxiliary mesopore network enhances
accessibility and molecular transport. The hierarchy factor relates both pore contributions and
maximization of the HF appears to be crucial for attaining optimal catalytic performance in
transport limited reactions. However, it should be stressed that the hierarchy factor purely
accounts for the micro- and mesoporous properties of the zeolites, in other words, it is ‘blind’
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to the nature of the acid site(s). Generally, we assume that the active sites are located in the
micropores (Brønsted centers). However, the mesopore walls of hierarchical zeolites typically
contain Lewis-acid sites (as is demonstrated in Chapter 3), which could contribute in certain
reactions. The model reaction selected in this work is mainly catalyzed by Brønsted acid sites.
Accordingly, the activity versus HF-plot shows a pronounced linear dependence, proving the
concept of optimal hierarchy in zeolites.

3.3. Generalization of the Hierarchy Factor
The hierarchy factor is a powerful tool to categorize hierarchical porous zeolites, independent of
the type and synthesis method used. To illustrate the latter, a vast amount of representative
literature data on hierarchical zeolites was gathered (Table A2.1). Fig. 2.7 shows the hierarchy
factor plotted in a contour plot as a function of relative mesoporous surface area (Smeso/SBET)
and relative microporous volume (Vmicro/Vpore). The porous nature of each hierarchical zeolite
dictates its location on the map. The porous systems are situated on a curve from the top left
to the bottom right. Top left being the very mesoporous materials with low relative

Figure 2.7. The hierarchy factor (HF) plotted in a contour plot as a function of the relative
mesoporous surface area and the relative microporous volume of different zeolite types prepared by
different methods. The data (Table A2.1) reveal that the nature of each hierarchical zeolite dictates its
location in the plot.
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microporosity and bottom right being the highly microporous samples exhibiting low relative
mesoporosity. The introduction of mesoporosity in microporous zeolites results in the
displacement of a system along the curve/line from the bottom right towards the top left.
Conventional zeolites, that is, standard specimens of mostly microporous nature, are found in
the bottom right corner with moderate HF≤0.1. In the other extreme case, the largely
mesoporous systems (delaminated zeolites, composites of zeolites, and ordered mesoporous
materials) are situated at the top left with HF<0.05. Displaying high relative microporosity
and low relative mesoporosity, dealumination and seeding are located slightly up and to the
left of the conventional zeolites (HF>0.10). Zeolite nanocrystals and templating methods
display more spread hierarchical systems that are located more towards the center with
improved HF values (HF>0.15). Finally, desilication proves to be the most versatile method
showing a large number of zeolite systems present in both the extremes ranges as well as in the
middle where HF is ca. 0.20. Hence, using the HF we were able to create a generic overview of
the porous properties of a large number of hierarchical zeolite architectures.

4. Conclusions
The tailored hierarchical MFI zeolites were prepared through the maximization of the
hierarchy factor (HF), that is, enhancing the mesopore surface area without a severe
penalization of the micropore volume. High-hierarchy factor ZSM-5 zeolites were synthesized
by a novel desilication variant involving NaOH treatment in the presence of quaternary
ammonium cations. The organic cation (TPA+ or TBA+) acts as a pore-directing agent in the
crystal upon base leaching. A direct correlation between the catalytic activity in benzene
alkylation and the hierarchy factor of ZSM-5 was demonstrated. This result sets the primary
strategy to optimally modify the porous properties of zeolites, leading to improved transport
and superior catalytic performance. The hierarchy factor is of wide interest as it enables to
quantitatively compare and correlate various porous materials independent on the synthetic
methodology.
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Chapter 3
Hierarchical All-Silica Zeolites
Through Pore-Directing Agents
1. Introduction
Hierarchical porous zeolites have revitalized the broad topic of zeolites by reducing the
diffusion limitations that constrain the efficiency of their purely microporous counterparts [1-5]
By introducing a secondary network of mesopores of inter- or intracrystalline nature, these
biporous aluminosilicates have proven to attain improved activity, selectivity, and/or stability
in a wide range of catalyzed reactions [6-12]. Nowadays, an impressive variety of approaches
forms a nanoscale toolbox that can be used to design high-performance zeolite catalysts by
optimizing porosity, as well as other key parameters as, for example, acidity and composition
[12-17].
The selective extraction of silicon from the zeolite framework in alkaline medium (typically
NaOH) has proven to be an effective, versatile, and simple post-synthesis treatment to
introduce mesoporosity in a broad variety of zeolite structures such as MFI [18], MTW [19],
MOR [20], BEA [21], AST [22], FER [23], MWW [24], IFR [25], and STF [26]. Nevertheless, a
major

drawback

of

desilication

remained

that

its

applicability

is

limited

by

the

silicon/aluminum ratio in the framework. Pioneering work by Groen et al. [18, 27] showed that
the introduction of mesopores is optimal in the Si/Al window of 25-50 under fixed treatment
conditions. At higher Si/Al ratios uncontrolled silicon dissolution occurs, leading to large pores.
Silicon dissolution is hampered at Si/Al<25, resulting in minor mesoporosity development.
Hence, in the desilication process, the framework aluminum was coined as ‘pore-directing
agent’ [27] due to its ability to regulate the process of Si extraction towards mesopore
formation.
A direct consequence of the narrow application range of desilication is that until now the
preparation of mesoporous all-silica zeolites by alkaline treatment was highly inefficient.
Attempts using aqueous solutions of either NaOH or TPAOH (TPA=tetrapropylammonium)
did not result in the introduction of significant intracrystalline mesoporosity [28, 29]. Several
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Al-free zeolites, such as silicalite-1 and TS-1, are industrially applied in the production of εcaprolactam, phenol hydroxylation, and cyclohexanone ammoximation [30, 31]. These reactions
involve relatively bulky reactants and products in relation to the micropore size. The
introduction of secondary mesoporosity is likely to have a beneficial effect on the activity,
selectivity, and lifetime (reduced coking) of these catalysts.
The mesopore size obtained after alkaline treatment in aqueous NaOH of ZSM-5 within the
optimal Si/Al range is typically around 10 nm [27]. Interestingly, the average Al spacing in
these zeolites is in the order of 1 nm. However, virtually no aluminum is lost in the filtrate
during the alkaline treatment. Based on numerous analyses, it was therefore concluded that, in
the process of creating a mesopore, aluminum is removed from the framework, after which it is
“realuminated” back on the zeolite’s external surface [27]. Hence, the term “desilication” is not
strictly precise, since although from the solid predominately Si is leached, both Si and Al are
removed from the framework. This raises the question if it is the realuminated or the
framework Al that plays the key role in the pore formation process. Unsurprisingly, other than
being mostly Lewis acidic [14,25,32], very little is known concerning the nature and properties
of

the surface-deposited

aluminum.

For example,

its coordination has never been

unambiguously demonstrated. It is relevant to increase the understanding of these species since
they might significantly influence the catalytic performance [14].
In Chapter 2, work on ZSM-5 (Si/Al=40) revealed that the pore formation process can be
influenced externally, that is, by adding tetraalkylammonium cations to the aqueous NaOH
solution [33]. For example, the presence of tetrapropylammonium (TPA+) or tetrabutyl
ammonium (TBA+) cations in the alkaline medium yielded similar mesopore surface area,
smaller mesopore size (5 nm instead of 10 nm), higher yield, and better preserved micropore
volume. The quaternary ammonium cations, known to bind to the surface of silica [34], provide
a protective layer on the zeolites external surface and consequently influenced the pore
formation process. Nevertheless, due to the presence of aluminum in the starting ZSM-5, the
individual role of the quaternary ammonium cations in the treatment could not be ascertained.
In this chapter it is shown that desilication in the presence of metal-cation complexes or
quaternary

ammonium

cations

in

solution

enables

the

controlled

development

of

intracrystalline mesoporosity in all-silica zeolites. The aim is to completely overcome the
limited application of desilication to zeolites with specific framework aluminum content. This is
illustrated in particular for silicalite-1, the purely silica MFI polymorph, which was prepared in
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the hierarchical form by including deliberately added (referred to as ‘external’) pore-directing
agents (PDAs) in the alkaline solution. It is demonstrated that the role of PDAs is not
restricted to trivalent framework cations [27], expanding the compositional frame of zeolites
that can be attained in a hierarchical from by desilication. Comparison to conventional alkaline
treatment of commercial ZSM-5 zeolites provides new insights into the general pore formation
mechanism in desilication. In addition, the obtained results enable to make a preliminary
assessment of the coordination and acidity of the aluminum that is realuminated on the
zeolite’s external surface during alkaline treatment.

2. Experimental
2.1. Parent zeolite
All-silica MFI zeolite (silicalite-1, referred to as P) was prepared by the following procedure.
First, tetraethylorthosilicate (TEOS, 35 g) was mixed with 1 M TPAOH (50.65 g) and
afterwards with a solution of NaOH (1.3 g) in distilled water (135.5 g). The synthesis gel was
aged at room temperature for 1 h under mechanical stirring (400 rpm) and introduced into a
500 cm3 Teflon®-lined steel autoclave, allowing it to react under static conditions at 175°C for
5 days. The autoclave was then quenched in cold water, filtered, washed until pH neutral, and
dried overnight at 60°C. Finally the template was removed by calcination in static air at 500°C
for 5 h using a heating rate 5°C min-1, to obtain ca. 7 g of white powder. Various commercial
ZSM-5 zeolites were used: Z15 (CBV 3024E, Zeolyst, NH4 form), Z40 (CBV 8014, Zeolyst, NH4
form), and Z200 (PZ2/400, Chemie Uetikon, NH4 form).
2.2. Alkaline treatments
Alkaline-treated samples were coded AT. When an external pore-directing agent (PDA) was
used, in the case of silicalite-1, AT was followed by the type of PDA and its concentration. In
the case Al(OH)4- or Ga(OH)4- was used as PDA (samples AT-Al-x or AT-Ga-x) an appropriate
amount of aluminum or gallium nitrate was added. The acronyms TPA and TMA were used
when, respectively, tetrapropylammonium or tetramethylammonium cations were included in
the alkaline solution. In these last cases, corresponding to samples AT-TPA-x and AT-TMA-x,
an appropriate amount of either TPAOH or TMAOH was added. With exception of sample
AT-TPA-1, in which 1 M of TPAOH was used, the alkaline solutions were maintained at
pH=13.3 by addition of NaOH. Alkaline-treated commercial zeolites were coded AT-Z15, AT-
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Z40, and AT-Z200. Treatments were performed using a Mettler-Toledo EasymaxTM 102 reactor
system equipped with 10 cm3 glass tubular reactors. The alkaline solution (5 cm3) was stirred at
500 rpm and heated to 65°C, after which the zeolite sample (166 mg) was introduced. The
resulting suspension was left to react for 30 min, followed by quenching, filtration, extensive
washing using distilled water, and overnight drying at 60°C. Finally, the obtained powder was
calcined in air at 550°C for 5 h, at a heating rate 5°C min-1. Samples AT-TPA-x were weighed
before and after calcination to determine the amount of TPA+ remaining on the zeolite. In the
case of sample AT-Al-0.003 calcination was preceded by three consecutive ion exchanges in
aqueous 0.1 M NH4NO3. Sample AT-Al-0.003W was washed in aqueous 0.1 M HCl at 60°C for 5
h prior to calcination. Yields were corrected for loss through handling (10%), which was
determined by reproducing the alkaline treatment conditions using distilled water.

2.3. Characterization
X-ray diffraction (XRD) was carried out using an X′Pert PRO-MPD (Cu Kα radiation, step
size of 0.05°, 45 kV, 40 mA). Si and Al concentrations in the solids were determined by atomic
absorption spectroscopy (AAS) and inductively coupled plasma-optical emission spectroscopy
(ICP-OES) in Varian SpectrAA 220 FS and Perkin-Elmer Optima 3200RL (radial)
instruments, respectively. Scanning electron microscopy (SEM) was conducted on gold-coated
samples using a JEOL JSM-6400 microscope operated at an accelerating voltage of 15 kV.
Transmission electron microscopy (TEM) was carried out in a JEOL JEM-1011 microscope
operated at 100 kV. N2 isotherms at -196°C were measured in a Quantachrome Quadrasorb-SI
gas adsorption analyzer. Prior to the measurement, the samples were degassed in vacuum at
300°C for 10 h. The Brunauer-Emmett-Teller (BET) method was applied to calculate the total
surface area, which is used for comparative purposes. The t-plot method was used to
discriminate between micro- and mesoporosity. The pore size distribution was obtained by
applying the Barret-Joyner-Halenda (BJH) model to the adsorption branch of the isotherm.
Infrared spectra were recorded with a Nicolet Magna 550-FTIR spectrometer at 2 cm-1 optical
resolution, with one level of zero-filling for the Fourier transform. Prior to the measurements,
the samples were pressed in self-supporting discs of about 10 mg and activated in the infrared
cell at 450°C for 5 h down to 10-4 Pa. Adsorption of pyridine was performed at room
temperature. A pressure of ca. 100 Pa was established in the cell to reach saturation followed
by evacuation at 100°C to remove physically adsorbed species. All spectra were normalized to
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the weight of the discs. 27Al magic-angle-spinning (MAS) NMR spectroscopy was performed at
a spinning speed of 8 kHz on a Bruker Avance 700 NMR spectrometer equipped with a 4 mm
probe head and 4 mm ZrO2 rotors at 182.4 MHz.

27

Al spectra were recorded using 2048

accumulations at 2.4 μs pulses, an angle of 90°, and a recycle delay of 0.25 s, with
(NH4)Al(SO4)2⋅12 H2O as a reference.

3. Results and Discussion
3.1. Influence of External Al on Mesopore Formation
The X-ray diffraction (XRD) pattern of the parent silicalite-1 (sample P) displayed solely the
typical reflections related to the MFI structure (Fig. A3.1). Atomic absorption spectroscopy
(AAS) confirmed the high Si/Al ratio of silicalite-1 (Table 3.1). Scanning electron microscopy
(SEM) evidenced that the parent silicalite-1 comprises uniform large crystals of about 2.5 μm
in diameter with aspect ratio of about 1 (Fig. A3.2). Sample P showed the characteristic
isotherm of microporous silicalite-1, including the adsorbate phase transition at p/p0=0.25-0.35
(Fig. 3.1) [35]. Transmission electron microscopy (TEM) showed that the edges of the crystals
are rather sharp and confirmed the absence of mesopores (Fig. 3.2). Table 3.2 summarizes the
N2 adsorption-derived parameters showing a typical micropore volume (Vmicro) of 0.16 cm3 g-1
and a low mesopore surface area (Smeso) of 9 m2 g-1. Upon alkaline treatment at the conventional
conditions (65°C, 30 min, 0.2 M NaOH, pH 13.3, sample AT), a mesopore surface area of
69 m2 g-1 and a similar micropore volume (0.16 cm3 g-1) were obtained (Table 3.2). However, no
contribution was present in the mesopore size distribution (PSD; Fig. 3.3a). Accordingly, in
line with TEM (Fig. A3.3), the developed Smeso was attributed to surface roughening and
deagglomeration of the silicalite-1 crystals. In addition, the yield was low (57%) due to the
Table 3.1. Chemical composition and acidity of the parent and alkaline-treated silicalite-1.
Sample

Si/Ala

Brønstedb

Lewisb

mol mol-1

µmol g-1

µmol g-1

P
AT-Al-0.003
AT-Al-0.003W
a
AAS. bAmount of Bronsted or
adsorbed pyridine.

1320
104
49
86
402
10
17
Lewis acid sites determined by infrared spectroscopic analysis of
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Table 3.2. Yield and textural properties of the parent and alkaline-treated silicalite-1 using different
pore-directing agents.
Sample

Yield

Vporeb

Vmicroc

Smesoc

SBETd

%

cm3 g-1

cm3 g-1

m2 g-1

m2 g-1

P
–
0.25
0.16
9
547
AT
57
0.26
0.16
69
453
AT-Al-0.0001
58
0.28
0.15
103
451
AT-Al-0.002
62
0.37
0.12
166
447
AT-Al-0.003
64
0.44
0.12
216
504
AT-Al-0.006
64
0.33
0.14
134
478
AT-Al-0.015
77
0.29
0.13
132
454
e
AT-Al-0.003W
99
0.42
0.13
182
486
AT-Ga-0.003
63
0.31
0.15
125
474
AT-TPA-0.0001
58
0.30
0.15
130
461
AT-TPA-0.003
67
0.38
0.12
219
516
AT-TPA-0.025
67
0.42
0.12
262
547
AT-TPA-0.05
68
0.45
0.13
274
568
AT-TPA-0.1
70
0.42
0.10
287
530
AT-TPA-0.2
86
0.33
0.10
199
441
AT-TPA-1
44
0.15
0.10
50
281
AT-TMA-0.0005
62
0.29
0.12
127
417
AT-TMA-0.001
68
0.28
0.13
107
402
AT-TMA-0.002
77
0.25
0.13
105
392
AT-TMA-0.003
87
0.25
0.14
100
419
AT-TMA-0.01
97
0.21
0.13
70
382
AT-TMA-0.1
99
0.21
0.13
74
389
a
b
c
Grams of solid after treatment per gram of starting material. Vads at p/p0=0.99. t-plot method. dBET
method. eRelates to the final HCl washing step.

extended dissolution that takes place in absence of pore-directing agents. In contrast, standard
alkaline treatment on commercial ZSM-5 with optimal Si/Al ratio (Z40, Table 3.3) led to a
yield of 67%. Moreover, the resulting solid (AT-Z40) contained intracrystalline mesopores
centered around 10 nm and Smeso increased from 62 m2 g-1 (Z40) to over 300 m2 g-1 (Table 3.3,
vide infra). Clearly, the alkaline treatment on silicalite-1 is less efficient compared to similar
treatment on ZSM-5 within the optimal Si/Al range. As reported previously [23,25], X-ray
diffraction showed that the alkaline treatments did not alter the long-range crystallinity (data
not shown for conciseness). The influence of a deliberately-added or “external” pore-directing
agent was investigated by desilication of silicalite-1 using a 0.2 M NaOH aqueous solution
(pH=13.3) in which 0.003 M aluminum nitrate was included (sample AT-Al-0.003). At the
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Figure 3.1. N2 adsorption isotherms of parent and alkaline-treated silicalite-1. The pore-directing
agents that were used in the NaOH solution are: (a) Al(OH)4- , (b) TPA+, and (c) Ga(OH)4- or TMA+.
The number at the end of the code denotes the concentration (M) of pore-directing agent that was
included in the alkaline solution.

Figure 3.2. TEM micrographs of parent and alkaline-treated silicalite-1: (a) represents P, (b) AT-Al0.003, (c) AT-TPA-0.1, and (d) AT-TPA-0.2.
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Figure 3.3. BJH adsorption pore size distributions of the parent and alkaline-treated silicalite-1
zeolites derived from the nitrogen isotherms in Fig. 3.1. The pore-directing agents that were used in the
NaOH solution are: (a) Al(OH)4-, (b) TPA+, and (c) Ga(OH)4- or TMA+.

latter pH, the aluminum forms negatively charged Al(OH)4- complexes in the alkaline solution
[36]. Fig. 3.1a shows that the N2 isotherm of sample AT-Al-0.003 displayed remarkable uptake
at middle-to-high relative pressures. The isotherm of sample P (type I) is transformed into a
combined type I-IV in AT-Al-0.003, with a pronounced hysteresis loop at higher relative
pressures. Accordingly, a mesopore surface area of 216 m2 g-1 was obtained while Vmicro was
reduced to 0.12 cm3 g-1 (Table 3.2). The pore size distribution reveals that the introduced
mesopores are centered near 10 nm (Fig. 3.3a). TEM evidenced homogeneously distributed
mesopores while the crystal size and shape remained largely unaffected (Fig. 3.2b), which
implies that the created mesopore surface area is predominately of intracrystalline nature. The
abundant pore formation in AT-Al-0.003 proves that framework aluminum itself does not
determine whether the introduction of intracrystalline mesopores in zeolites is feasible.
Table 3.2 shows that for AT-Al-0.003 a higher yield was obtained compared to AT (64%
versus 57% respectively). On the other hand, we observed that the Si/Al ratio decreased from
1320 in sample P to 104 in sample AT-Al-0.003 (Table 3.1). When combined, the yield and the
Si/Al ratio enable us to conclude that all Al added in the solution was deposited onto the solid
after alkaline treatment. The apparent affinity of the Al(OH)4- complex to the zeolite surface is
in line with previous work that evidenced surface enrichment of Al on ZSM-5 upon alkaline
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Table 3.3. Chemical composition, yield, and textural properties of alkaline-treated ZSM-5.
Sample

Si/Ala

weight lossb

Alc

Vmicrod

Smesod

dpe

mol mol-1

mg

M

cm3 g-1

m2 g-1

nm

Z15
17
0.15
40
Z40
47
0.16
62
Z200
176
0.17
30
AT-Z15
15
25
0.004
0.11
50
AT-Z40
33
52
0.003
0.09
313
10
AT-Z200
133
53
0.001
0.14
121
40
a
b
3
ICP-OES. Upon alkaline treatment of 166 mg of sample in 5 cm of 0.2 M NaOH at 65°C for 30 min.
c
Estimated from the weight loss, when dissolved in 5 cm3. dt-plot method. eAverage BJH mesopore size.

treatment [37]. The increased yield (7%) greatly exceeds the increase in mass due to the
deposition of aluminum (hydr)oxides (<1%), which suggests, in agreement with other work
[27], that the external aluminum addition protects the zeolite from dissolution. Remarkably,
the shape of the isotherm, the degree of mesoporosity, the obtained mesopore size distribution,
and the protection from dissolution are in good agreement to the results obtained by
conventional desilication of MFI zeolites within the optimal framework Si/Al range (see
Chapter 2) [27].

3.2. Relation to Conventional Desilication of MFI
The relation to conventional desilication of ZSM-5 was further investigated by examination of
the influence of the concentration of external aluminum in the alkaline treatment of silicalite-1.
Fig. 3.4a shows that when external aluminum was used a maximum mesopore surface area was
obtained at 0.003 M. Lower concentrations (0.0001 and 0.002 M) resulted into mesopore surface
areas of 103 and 166 m2 g-1, respectively. Alternatively, higher concentrations (0.006 and
0.015 M) resulted in 134 and 132 m2 g-1, respectively. In the case 0.0001 M of Al(OH)4- was
included in the alkaline solution, the PSD is practically flat, whereas at 0.015 M the formation
of mesopores is clearly evidenced (Fig. 3.3a). Fig. 3.4b shows that, with the aluminum
concentration, yields increase (up to 77%), while Fig. 3.4c evidences that the maximum Smeso is
obtained at a yield of 64%.
In Table 3.3 the influence of conventional desilication on commercial ZSM-5 (Z15, Z40, and
Z200) is displayed. In close agreement with chapter 2, we obtained an impressive mesopore
surface area (313 m2 g-1) combined with an average mesopore size of about 10 nm for ZSM-5
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within the optimal Si/Al ratio (Z40). Standard alkaline treatment on ZSM-5 with Si/Al=200
resulted into a lower Smeso (121 m2 g-1) coupled to mesopores centered around 40 nm. At low
Si/Al ratio (Z15) the treatment resulted into the formation of only 50 m2 g-1 and the absence of
contributions in the Barret-Joyner-Halenda (BJH) mesopore size distribution [27]. The weight
loss after alkaline treatment is directly coupled to the amount of dissolved framework, hence
realuminated aluminum. Therefore, by relating the Si/Al ratio of the parent ZSM-5 zeolites to
the weight loss upon alkaline treatment, the total amount the aluminum species released from
their original position in the framework was approximated. Next, a theoretical concentration of
Al in the alkaline solution (5 cm3) was calculated (Table 3.3). Remarkably, the maximum
mesoporosity is obtained at the same concentration as for the silicalite-1 desilicated using
external Al (0.003 M). In other words, in conventional desilication within the optimal Si/Al
range, the amount of realuminating species is exactly the same as the optimum identified using
external aluminum. Additionally, in striking resemblance to desilication using external PDAs,
the most mesoporous sample (AT-Z40) displays the lowest Vmicro (0.09 cm3 g-1). Taking the large
similarities between the two approaches into account, we conclude that desilication of MFI
zeolites with framework aluminum proceeds via the same mechanism compared to desilication
using external aluminum. In conventional desilication, framework Al is first dissolved from the
zeolite after which it realuminates back onto the zeolite’s external surface where it fulfills the

Figure 3.4. Variation of (a) mesopore surface area and (b) yield with concentration of pore-directing
agent (PDA). In (c) yield and mesopore surface area are related. The dashed lines were added to
indicate trends.
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pore-directing role. Hence, the framework serves as PDA dispenser and the initial dissolution
should not be that selective at all.
Fig. 3.5 schematically depicts the partial dissolution of a fragment of zeolite framework
comprising a given number of unit cells. Each unit cell contains either two or four aluminum
atoms, which are released upon dissolution (dissolution rate set at three unit cells per frame).
The surface of a unit cell is fully saturated, or “protected” from dissolution, when it is covered
by three aluminum complexes (the nature of which will be addressed later). These values are
somewhat arbitrary and were employed for clarity. For Z40 the dissolution process going from
1a to 2e is representative. Frames 1a to 1b show how the initial dissolution takes place
randomly. Next, remaining uncovered unit cells and fragments dissolve resulting in a ‘crater’
on the surface (1b to 1e). Finally, once the sides of the crater are covered with aluminum
complexes, a steady-state is formed between the created hole and the aluminum that is
released during dissolution (2a to 2e). In this last case, the amount of aluminum complexes
required to saturate the extra surface exposed by the dissolution, that is, two unit cell surfaces,

Figure 3.5. Schematic representation of the influence of framework aluminum on the dissolution and
pore formation process in the desilication of ZSM-5.
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relates perfectly to the amount of aluminum removed from the framework, that is, six
molecules. Most likely, the typical size of the mesopore obtained by desilication (around 10 nm,
Table 3.3) originates from such an equilibrium. In the case that a lower amount of PDA is
present in the framework, the process is completely equivalent, although the resulting pore will
be wider. For example, if only one aluminum atom per two unit cells is present, representative
of Z200, the resulting pore will be, with twelve unit cells, four times wider. This relates well to
the large mesopores obtained for sample AT-Z200 (40 nm). In contrast, when the amount of
aluminum per unit cell is doubled to four, representative of Z15, the dissolution initiates
randomly too and the crater formation takes place (3a to 3d). However, at a certain point, the
entire surface is saturated due to an excess of aluminum (3e), after which pore growth is
stopped altogether. Consequently, the desilication of high-Al zeolites results typically in
external surface roughening rather than the introduction of intracrystalline mesopores, and
yields are substantially higher compared to alkaline-treated Z40 and Z200 (Table 3.3).
Nevertheless, the introduction of intracrystalline mesopores by desilication in these zeolites can
be tackled by increasing the alkalinity, as is shown in Chapter 4.

3.3. Acidity and Coordination of Surface Aluminum
The realumination process in the desilication of ZSM-5 typically yields a complex hierarchical
porous system that consists out of both intact (bulk framework) and altered (realuminated)
aluminum [25,27] Thus far it was not straightforward to investigate solely the properties of the
altered Al in alkaline-treated zeolites. However, the virtual absence of framework aluminum in
silicalite-1 and the use of external Al provided an opportunity to study these species. In this
section we have assessed their acidity and coordination by means of infrared spectroscopy and
nuclear magnetic resonance.
Infrared in the OH stretching region of the parent silicalite-1 evidenced the main presence
of one band at 3742 cm-1, which was attributed to the external surface silanols (Fig. 3.6a). After
the introduction of mesoporosity using Al(OH)4- as a PDA (sample AT-Al-0.003), this band
increased dramatically in intensity, which is attributed to the strong increase in mesopore
surface area [27,32]. Remarkably, a broad band at 3460 cm-1 appeared, which relates to silanol
nests [32,39]. Previous work on ZSM-5 showed that, upon alkaline treatment, this band
decreases or disappears, which was attributed to either the preferential attack of OH-, or the
deposition of Si or Al species [27,32]. An additional HCl treatment (sample AT-Al-0.003W)
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was performed to remove the deposited aluminum from the solid. Table 3.1 shows that about
75% of the Al was removed, as the Si/Al ratio increased from 104 to 402. We observed that
after acid washing the intensity of both bands at 3742 and 3460 cm-1 increased, which is
attributed to the removal of Al species from the zeolite external silanols and silanol nests,
respectively. Consequently, the decrease of the band at 3460 cm-1 in conventional desilication of
ZSM-5 should be related to the deposition of Al species on the zeolite rather than the
preferential attack of OH-. No distinct adsorption was detected near 3630 cm-1 in AT-Al-0.003
or AT-Al-0.003W, which suggests the absence of Brønsted acidity related to classical (bulk)
framework aluminum [39].
The acidity of selected samples was studied by infrared spectroscopy of pyridine adsorbed.
From the bands at 1450 and 1545 cm-1, and the related extinction coefficients [40], the amount
of Lewis and Brønsted sites was quantified (Table 3.1). Due to the lack of Al, the parent
zeolite did not evidence measurable acidity. On the other hand, after alkaline treatment with
external aluminum (AT-Al-0.003), both Lewis acidity (86 μmol g-1) and Brønsted acidity
(49 μmol g-1) were determined. The latter observation was surprising, since no Brønsted acidity
was evidenced by IR in OH stretching region. The total amount of acid sites agrees reasonably
well to the amount of Al in the sample. Upon acid washing about 75% of both Brønsted and
Lewis acid sites were removed. This confirmed that the evidenced Brønsted acidity should not
originate from bulk framework aluminum as the latter species are typically more resistant to
acid washing compared to Lewis acidic aluminum [14].

Figure 3.6. (a) FTIR spectra in the OH stretching region of parent and alkaline-treated silicalite-1. (b)
27
Al MAS NMR spectrum of sample AT-Al-0.003.
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By use of

27

Al MAS NMR we were able to further investigate the coordination of surface

deposited aluminum resulting from alkaline treatment. The spectrum of AT-Al-0.003 reveals
the presence of a single peak at 59 ppm, typical for tetrahedral aluminum [14] (Fig. 3.6b). This
peak may be attributed to framework aluminum or Al that is (partially) integrated in the
framework, in line with our observations in the OH stretching region and the unselective
washing. This agrees well with other works in which similar coordination of Al was obtained by
means of post-synthesis modifications of zeolites [37,41-43]. We put forward that during
alkaline treatment Al(OH)4- is partially integrated into the zeolite framework, giving rise to
both Brønsted and Lewis acid sites. Depending on the application, these sites could either have
a beneficial or detrimental influence on catalyzed reactions. However, to fully grasp 1) the
integration process, 2) the nature of the formed sites, and 3) their potential role in catalysis,
these samples should be subjected to further investigation.
Since the coordination of the partial framework aluminum is practically equivalent to the
bulk framework Al, this concomitantly sheds more light on previous results [23,26]. In these
reports, no apparent difference was observed between the spectra of the parent and alkalinetreated zeolites. It is most probable that in these cases the peak at 59 ppm should be
attributed to a combination of purely framework as well as partially (re)integrated aluminum.
Evidently, the amount of dissolved framework, hence aluminum, plays an important role. For
example, if the amount of dissolved framework increases, the contributions of distorted
tetrahedral, pentahedral, and octahedral can increase (see also Chapter 5) [43,44].

3.4. Other Metal Complexes as Pore-Directing Agents
To extend our understanding of the pore-directing role a different metal complex was used in
the desilication of silicalite-1. Accordingly, silicalite-1 was alkaline treated in the presence of
0.003 M of Ga(OH)4-, using the same approach, that is, deliberately adding gallium as
Ga(NO3)3 to the 0.2 M NaOH aqueous alkaline solution. Table 3.2 shows that the obtained
yield (63%) correlates well to the yield of the alkaline treatment in 0.003 M Al(OH)4-. Like in
the case of AT-Al-0.003 the crystal shape and zeolite structure remained largely unaffected.
Fig. 3.1 shows that the isotherm of AT-Ga-0.003 displayed increased uptake at the middle-tohigh relative pressures, which resulted into a mesopore surface area (125 m2 g-1, Table 3.2).
Evidently, the Smeso of AT-Ga-0.003 did not reach the same level as AT-Al-0.003 (216 m2 g-1),
but still exceeded P (9 m2 g-1) and AT (69 m2 g-1) by far. In line with previous work [45], this
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shows that the pore-directing function can be carried out by other trivalent metals. The
distribution of mesopores in AT-Ga-0.003 was not as centered as in AT-Al-0.003 (Figs. 3c and
3a, respectively). Apparently, Ga(OH)4- was less efficient compared to Al(OH)4- in directing the
mesopore formation. Likely, further optimization of the concentration will increase the
efficiency of the use of gallium as an external pore-directing agent. The limited solubility of
other tri- or bivalent cations, for example, Fe3+ and Cu2+ in alkaline media complicates their
applications as PDA. Nevertheless, we anticipate the potential ‘one-pot’ synthesis of numerous
hierarchical porous zeolites using different metal complexes as PDA, as this approach enables
to tune both porosity and composition.

3.5. Quaternary Ammonium Cations as Pore-Directing Agents
Quaternary ammonium cations (quats) were included in the alkaline solution to investigate
their suitability as pore-directing agents in the desilication of silicalite-1. This step naturally
follows Chapter 2, in which we showed that the tendency of the TPA+ ion to bind to the
zeolite surface in alkaline medium could effectively be used to moderate the pore-formation
process [33]. Exposure of silicalite-1 to a 1 M TPAOH solution (sample AT-TPA-1) resulted in
a 44% yield, which was very high, considering the strong alkalinity of the solution. This
suggests that the zeolite is protected by TPA+ on the external surface area [33,46]. However,
the porosity of AT-TPA-1 proves that the 1 M TPAOH solution is not suited to generate
mesopores in silicalite-1. Table 3.2 shows that upon desilication using the former solution Vmicro
dropped to 0.10 cm3 g-1 and that merely 50 m2 g-1 of mesopore surface area developed. When the
hydroxyl concentration was maintained at 0.2 M (using NaOH) and the TPA+ concentration
was varied, a completely different picture emerged. As expected, the presence of the TPA+
cation led to increased yields compared to standard AT (from 58% up to 86%, Table 3.2).
Inspection of the porous data reveals that the treated zeolites possess mesopore surface areas of
up to 287 m2 g-1. Accordingly, an impressive nitrogen uptake at p/p0>0.1 was observed for
hierarchical silicalite-1 samples AT-TPA-0.1 and AT-TPA-0.2 (Fig. 3.1b). Evidently, the poredirecting role is not limited to trivalent metal complexes. Due to the distinct difference
between the positively charged quats and negatively charged Al(OH)4-, the affinity to the
zeolite surface should be quite different. Therefore, quats should fulfill the pore-directing role in
alternative fashion compared to the metal complexes. Nonetheless, whereas metal complexes as
PDAs enable tuning the porosity, zeolite composition, and surface acidity, the use of TPA+ has
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as advantage that PDA-free mesoporous all-silica zeolites can be obtained by calcination after
treatment, without further washing steps. Fig. 3.3 reveals that the mesopore sizes obtained
vary from 15 nm (AT-TPA-0.0001) to 5 nm (AT-TPA-0.003 and AT-TPA-0.1), to 7 nm (ATTPA-0.2). The PSDs of AT-TPA-0.1 and AT-TPA-0.2 additionally show that the distribution
of pores is narrower compared to the pores obtained by desilication of silicalite-1 with Al(OH)4as PDA. TEM images show that the pores of AT-TPA-0.1 are indeed smaller compared to
those obtained by Al(OH)4-, and that the crystal morphology remained preserved (Fig. 3.2c). In
line with N2 adsorption, TEM evidenced larger and well-defined pores at high concentration of
TPA+ (AT-TPA-0.2, Fig. 3.2d). Closer analysis of the developed mesopore surface area as a
function of PDA concentration reveals that upon introducing a minute amount of TPA+
(0.0001 M), the development of mesopore surface area (130 m2 g-1) was quite pronounced
(Table 3.2 and Fig. 3.1). Next, when the TPA+ concentration was increased up to 0.1 M the
mesopore surface area increased logarithmically up to 287 m2 g-1, after which it decreased at
0.2 M to 199 m2 g-1. Fig. 3.4a shows that, when using TPA+, the maximum Smeso is reached at
higher concentrations and that the effective range is broader compared to Al(OH)4-. Clearly,
the TPA+ cation enables a better control of the mesopore formation compared to Al(OH)4-.
Like in the case of Al(OH)4-, the pore-formation process is influenced negatively by a very high
concentration of PDA on the surface, attending to the reduced mesopore surface areas of ATTPA-0.2 and AT-TPA-1. This ‘over-protection’ of the surface induced by TPA+ should be
responsible for the pronounced hysteresis of these samples, evidenced in Fig. 3.1b. In fact, the
isotherms resemble the H2 hysteresis displayed after alkaline treatment of large Al-zoned ZSM5 crystals [47]. In that case the protective action was carried out by the excess of aluminum in
the crystal rim. Fig. 3.4b shows that in the concentration range of >0.01 M, yields do not
increase as strongly as for Al(OH)4-, which could be related to a different affinity of TPA+ to
the zeolite surface. Fig. 3.4c shows that the yield related to the most mesoporous sample (ATTPA-0.1) is similar to AT-Al-0.003, that is, both reach a maximum Smeso around 65% yield.
A deeper insight in the binding of TPA+ and related mesopore formation mechanism was
obtained by investigation of the amount of TPA+ remaining on zeolite after washing, i.e.
‘bound TPA+’. Fig. 3.7 shows that this amount relates, logarithmically to the total
concentration of PDA, and linearly to the external surface. These dependencies should be due
to a Langmuir-type relation between the TPA+ on the zeolite surface and the total amount
TPA+ in the system. In other words, with increasing TPA+ concentration in the system a
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Figure 3.7. Relation of the adsorbed TPA+ to the total initial TPA+ concentration in solution (solid
circles) and the mesopore surface area (open circles).

monolayer is formed on the zeolite’s surface, which fulfills the pore-directing role by controlling
the zeolite’s dissolution. This trend and the absolute values are in good agreement with TPA+
bound to colloidal silica spheres [34]. When the TPA+ concentration is increased to 0.2 M, the
surface is covered such that pore formation is inhibited, leading to a lower Smeso, a higher yield,
and encapsulated pores.
Chapter 2 evidenced that tetramethylammonium cations (TMA+) are far less effective as
pore-growth moderator during desilication of ZSM-5 [33]. Accordingly, it is also relevant to
screen the usefulness of this molecule as PDA. The results of alkaline treatment of silicalite-1
in the presence of TMA+ are summarized in Table 3.2. The isotherm of AT-TMA-0.0005
displayed increased uptake at middle-to-high relative pressures, which proves that also TMA+
can be used as pore-directing agent to facilitate the mesopore formation in silicalite-1
(Fig. 3.1c). However, it is immediately evident that the tetramethylammonium cations perform
dramatically poorer as PDAs compared to TPA+, and also Al(OH)4-. Accordingly, the
maximum Smeso did not exceed 127 m2 g-1 (Table 3.2). Remarkably, the adsorbate phase
transition seemed more pronounced and the resulting PSD consequently shows the presence of
pores around 3 nm, as well as pores around 20 nm (Fig. 3.3c). The concentration at which the
maximum Smeso was obtained (referred to as Cm) differed for each PDA. Fig. 3.4a shows that
the Cm of TMA+ is rather low (0.0005 M) compared to both TPA+ (0.1 M) and Al(OH)4(0.003 M). Fig. 3.4b illustrates that the yield increases dramatically when the concentration of
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TMA+ is raised above 0.001 M. Previous work showed that, on colloidal silica spheres, the
adsorption strength of TMA+ was up to three times higher compared to TPA+ [34].
Accordingly, we relate the strong difference (in their role as PDA) between TPA+ and TMA+
to their specific affinity to the zeolite surface. Likely, the surface saturates fast with TMA+ and
remains strongly protected, which leads to lower mesopore surface areas and highly increased
yields. The specific affinities also attend to the order of the Cm in Fig. 3.4a (TMA+<TPA+); at
a fixed concentration a TMA+ should attract more species to the surface compared to TPA+.
Finally, Fig. 3.4c shows that the maximum mesopore surface area for TMA+ is obtained, as in
the case of Al(OH)4- and TPA+, around 65% yield. Undoubtedly, the amount of framework
that is removed during treatment is a critical factor in attaining high mesopore surface areas
by desilication.

3.6. Generalization of PDAs in Desilication
The newly-gained understanding of pore-directing agents in desilication is generalized in
Fig. 3.8. The illustration shows that the optimal formation of intracrystalline mesopores by
controlled silicon leaching depends on a balance between the affinity of the PDA to the zeolite
surface and dissolution of the zeolite crystal. Evidently, when the PDA shows no affinity to (or
is repelled from) the zeolite surface, no protection will take place, which results in the
unselective dissolution of the crystals, as in the case of sample AT (standard alkaline
treatment). In the opposite extreme, when the affinity to the zeolite is too strong, like in the

Figure 3.8. Cartoon illustrating how the affinity of the pore-directing agent to the zeolite surface
influences the dissolution rate of the zeolite and the mesopore formation. The amount of PDA is exactly
the same in the three scenarios.

Hierarchical All-Silica Zeolites Through Pore-Directing Agents

49

case of TMA+, the surface is overprotected and the dissolution process is completely inhibited,
leading to a high solid yield and minor mesopore formation. In the middle, representative of
Al(OH)4- and TPA+, the optimal balance between affinity to the zeolite and dissolution results
in mesopore formation. With the deeper understanding of the role of pore-directing agents we
have enabled the synthesis of all-silica hierarchical zeolites by desilication and expanded the
applicability of desilication from Si/Al ratio 25 to infinite. In principle, since framework Al is
not mandatory, any framework composition is amenable to mesopore generation by
desilication. Accordingly, we can sharpen our understanding of the desilication mechanism.
Fig. 3.9 illustrates how the dissolution process, leading to intracrystalline mesoporosity, is
controlled by three key parameters: 1) alkalinity, 2) zeolite, and 3) pore-directing agent. Of
eminent importance is the alkalinity; without the hydroxide attack on the zeolite the
framework does not dissolve. The reaction time and temperature have been extensively
documented to have an influence of the dissolution process [38,48,49]. Moreover, the alkalinity
is of key relevance, as demonstrated in Chapter 4. Next, the choice of the zeolite is of
importance as some framework types, for example ferrierite [23] and ZSM-22 (Chapter 5), are
harder to dissolve and require different alkaline concentrations to initiate the dissolution
process. Furthermore the size of the zeolite is of significance as larger crystals displayed limited
of suitability to alkaline treatment [47]. Finally, the pore-directing agent should have the right

Figure 3.9. Schematic representation of the three main parameters required to form intracrystalline
mesopores by desilication. Only the correct combination of alkalinity, pore-directing agent (PDA), and
zeolite results in controlled dissolution of the zeolite leading to intracrystalline mesoporosity.
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affinity to the zeolites surface (see Fig. 3.8). The concentration PDA is of key importance,
attending to the established optimal desilication window in MFI of Si/Al ratio of 25-50. The
location of the PDA should not be overlooked; As is displayed in Fig. 3.5, the PDA will only
exert its role when it is on the external surface. Additionally, gradients of Al in the zeolites
lead to reduced dissolution at Al-rich areas, and excessive dissolution in Al-poor areas [47].

4. Conclusions
The pore-formation process by desilication of all-silica zeolites was investigated by alkaline
treatment of silicalite-1 in the presence of external pore-directing agents, viz. Al(OH)4-,
Ga(OH)4-, TPA+, and TMA+. We have demonstrated that, in order to introduce
intracrystalline mesopores in zeolites, framework aluminum is not a prerequisite. Specifically,
using external pore-directing agents, we introduced for the first time large mesopore surface
areas in silicalite-1, and hereby extended the application range of desilication to all-silica
zeolites. The use of external PDAs enables the design of hierarchical zeolites in terms of
porosity, acidity, and composition. The pore formation process in the desilication of the Al-free
silicalite-1 using external Al(OH)4- proceeds in a similar fashion compared to conventional
desilication of ZSM-5. The presence of the PDA on the external surface induces a partial
protection that controls the dissolution process, and leads to the formation of intracrystalline
mesopores. In conventional desilication the framework acts as PDA dispenser, gradually
releasing aluminum upon dissolution. Al(OH)4- is partially integrated into the zeolite
framework, giving rise to both Lewis and Brønsted acidity. The affinity to the zeolite surface is
vital to the efficiency of the pore-directing agents. The pore-directing role was best fulfilled by
TPA+, followed by Al(OH)4- attending the developed mesopore surface areas of the resulting
hierarchical silicalite-1 zeolites (287 and 216 m2 g-1, respectively). TMA+ and Ga(OH)4- are less
efficient external PDAs as the maximum mesopore surface area did not exceed 127 and
125 m2 g-1, respectively. The significant difference between the TPA+ and TMA+ ions in their
role as PDAs was related to their adsorption strengths to the zeolite. In desilication, apart
from the concentration, and location, the specific affinity of pore-directing agents is of critical
importance. Should a species not be attracted to the surface excessive dissolution takes place,
whereas if the molecule is attracted strongly, like in the case of TMA+, dissolution is inhibited
altogether. Both TPA+ and Al(OH)4- are in the optimal range were dissolution is controlled
and intracrystalline mesoporosity is formed.
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Chapter 4
Full Compositional Flexibility in the
Preparation of Hierarchical MFI Zeolites
1. Introduction
The promising properties of hierarchical zeolites, i.e. those combining the intrinsic
microporosity with an auxiliary network of mesopores, have sparked intense effort to improve
the zeolite utilization in catalysis [1-4]. Among the numerous methods available to prepare
mesoporous zeolites, desilication by alkaline treatment is one of the most widely applied,
established as a simple and effective approach [5,6]. Furthermore, the increasing number of
zeolite families, prepared in hierarchical form by alkaline treatment (MFI [7], MTW [8], MOR
[9], BEA [10], AST [11], FER [12], MWW [13], IFR [14], STF [15], CHA [16], FAU [17], and
TON [18]) highlights its versatility.
Pioneering work on desilication was performed by Groen et al. [19,20], who identified, by
applying NaOH treatment on MFI zeolites at a fixed condition, that a confined molar
framework Si/Al window (25-50) for optimal intracrystalline mesopore formation exists. At
higher Si/Al ratios, uncontrolled silicon extraction occurs, resulting in the formation of larger
pores. For low Si/Al ratios, silicon extraction is hampered resulting in limited extra
mesoporosity. Consequently, framework aluminum was coined as ‘pore-directing agent’ (PDA),
due to its regulatory effect on silicon leaching. Apart from Al3+, other trivalent heteroatoms in
lattice positions (Fe3+, Ga3+, B3+) also proved successful in exerting the role of PDA [21].
Apart from optimization of the desilication treatment, significant progress concerning the
in-depth characterization and categorization of hierarchical zeolites has been achieved. For
example, the accessibility index (ACI) [22] provides a powerful tool to standardize acid site
accessibility in zeolites, while the hierarchy factor (HF, see also Chapter 2) [23] couples the
developed mesoporosity to the preserved intrinsic microporosity. More specifically for alkaline
leaching, the ‘desilication efficiency’ (disclosed in detail in Chapter 5) enables to correlate the
zeolite weight loss incurred upon alkaline treatment to the introduction of mesoporosity [18].
An important advance in the preparation of mesoporous all-silica zeolites by desilication
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was the use of external PDAs, such as tetraalkylammonium cations or metal complexes. As
described in Chapter 3, the deliberate addition of PDAs to the alkaline solution enabled the
preparation of mesoporous silicalite-1 [24]. In addition to expanding the range of feasible Si/Al
ratios to infinity, this work demonstrated that the pore-directing action is executed at the
external surface of the zeolite. The latter implies that framework aluminum (or any other
trivalent cation) does not play a direct pore-directing role. Instead, only aluminum extracted
from the framework actively participates in pore formation, by an ‘alkaline-induced
alumination’ of the crystalsʼ external surface. In conclusion, three major factors were identiﬁed
to govern the formation of intracrystalline mesoporosity: 1) the zeolite, 2) the treatment
conditions, and 3) the presence of PDAs (see also Fig. 3.9).
The final hurdle to achieve full compositional flexibility in the preparation of mesoporous
MFI zeolites by desilication requires tackling the low Si/Al range. To date, mesoporous Al-rich
zeolites are mostly prepared via a different approach, e.g. by carbon templating [25] or by
altering the composition to within the optimal window by dealumination prior to alkaline
treatment [26]. However, in the latter case, the mesoporous zeolite no longer comprises an Alrich framework. Strikingly, although the literature suggests that alkalinity is of critical
importance [8], the impact of base concentration on mesoporosity development in low Si/Al
ratio zeolites has not been systematically explored. Previous studies with varying alkalinity
have primarily focused on individual zeolites of Si/Al ratios within or near the preferred range
(25-50), adjusting to either framework structure or morphology [7,12,19,27-30].
In this chapter, we provide further insight into the mechanism of mesopore formation in
basic media enabling full compositional flexibility in the preparation of hierarchical MFI
zeolites. Exploring the entire range of Si/Al ratios for MFI (10-1000), we probe the influence of
base concentration on the properties of the treated zeolites. By monitoring changes in yield,
crystallinity, and porosity, we map the formation of mesoporous zeolites enabling their purpose
design. Descriptors as the indexed hierarchy factor and the desilication efficiency are used to
categorize the porous structures obtained and to relate the mesoporosity developed with the
associated weight loss. We show that mesoporous Al-rich zeolites can be prepared by
desilication at high base concentrations, leading to an improved performance in toluene
alkylation with benzyl alcohol. However, a subsequent acid treatment of the alkaline-treated
samples is of paramount importance to remove amorphous Al-rich debris thereby uncovering
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the entire micro- and mesopore network. Moreover, the acid treatment enables restoration of
both the Si/Al ratio and the acidity and further enhances the catalytic activity.

2. Experimental
2.1. Post-synthetic Treatments
Various commercial MFI zeolites in ammonium form were used in the post-synthetic
treatments: Z10 (PZ2/23, Zeochem), Z15 (CBV 3024E, Zeolyst International), Z25 (CBV
5524G, Zeolyst International), Z40 (CBV 8014, Zeolyst International), and Z1000 (HSZ890H0A, Tosoh Corporation). The number in the Zx code refers to the Si/Al ratio according to
the manufacturer’s specifications. The parent zeolites (code P) were obtained by calcination of
the as-received powders by heating to 550°C at 5°C min-1 and thermal treatment for 5 h in
static air. Alkaline treatments were carried out in 0.1-1.8 M aqueous NaOH (3.3 g of zeolite per
100 cm3 of solution) using an EasymaxTM 102 reactor system from Mettler Toledo. In a typical
experiment, the alkaline solution was stirred at 500 rpm and heated to 65°C, after which the
parent zeolite sample was introduced. The resulting suspension was left to react for 30 min,
followed by quenching, filtration, extensive washing using distilled water, and overnight drying
at 65°C. Some samples were subsequently acid treated in 0.02-0.1 M aqueous HCl (1 g zeolite
per 100 cm3 of solution) at 65°C for 6 h. Prior to acidity characterization and catalytic testing,
the zeolites were converted into the protonic form by three consecutive ion exchanges in 0.1 M
aqueous NH4NO3 (25°C, 12 h, 1 g zeolite per 100 cm3 of solution), followed by calcination as
described for the parent zeolite. Treated samples were coded “xNaOH” or “yHCl”, where x and y
represent the molarity of the NaOH and HCl solutions, respectively. Yields were corrected for
loss through handling (10%), which was determined by reproducing the treatments using
distilled water.

2.2. Characterization
N2 isotherms were measured in a Quantachrome Quadrasorb-SI gas adsorption analyzer
at -196°C. Samples were degassed in vacuum at 300°C for 10 h prior to measurement. The
total pore volume was derived from the amount of N2 adsorbed at p/p0=0.99, and the t-plot
method was used to discriminate between micro- and mesoporosity. The Brunauer-EmmettTeller (BET) method was applied to determine the total surface area (SBET), which is used for
comparative purposes. The mesopore size distribution was obtained by applying the Barrett-
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Joyner-Halenda (BJH) method to the adsorption branch of the isotherm. X-ray diffraction
(XRD) was undertaken using a PANalytical X’Pert PRO-MPD diffractometer equipped with
Bragg-Brentano geometry and Ni-filtered Cu Kα radiation (λ=0.1541 nm). Data were recorded
in the range of 5-50° 2, with an angular step size of 0.05° and a counting time of 8 s per step.
Samples were ground to minimize the effects of preferred orientation and supported on a flat
specimen holder, with a fixed sample volume irradiated by the X-ray beam. The variation in
zeolite crystallinity resulting from post-synthetic modification was derived from the relative
intensity of the intense (051) reflection at 23° 2, assuming 100% crystallinity in the parent
sample. The reproducibility of the crystallinity analysis was within 1%. The Si and Al content
in selected solids and filtrates collected after alkaline and acid treatments were analyzed by
atomic absorption spectroscopy (AAS) in a Varian SpectrAA 220 FS spectrometer.
Transmission electron microscopy (TEM) imaging was performed with a Phillips CM12
instrument operated at 100 kV. Magic angle spinning nuclear magnetic resonance (MAS NMR)
spectra were recorded at a spinning speed of 8 kHz on a Bruker Avance 700 NMR spectrometer
equipped with a 4 mm probe head and 4 mm ZrO2 rotors at 182.4 MHz.

27

Al spectra were

recorded using 2048 accumulations, 90° pulses with a pulse length of 2.4 μs, a recycle delay of
0.25 s, and (NH4)Al(SO4)2·12H2O as the reference.

29

Si spectra were acquired using 2048

accumulations, 90° pulses with a pulse length of 12.5 μs, a recycle delay of 10 s, and 2,2dimethyl-2-silapentane-5-sulfonic acid as the reference. Infrared spectroscopy was performed
under a N2 atmosphere at 200°C using a Thermo Nicolet 5700 spectrometer equipped with a
SpectraTech Collector II diffuse reflectance accessory and a high-temperature cell. Prior to the
measurement, the sample was dried at 300°C in N2 flow (100 cm3 min-1) for 60 min. Spectra
were recorded in the range of 650-4000 cm-1 with a nominal resolution of 4 cm-1 and coaddition
of 200 scans. Temperature-programmed desorption of ammonia (NH3-TPD) was carried out in
a Thermo TPDRO 1100 unit equipped with a thermal conductivity detector. The zeolite (100
mg) was pretreated at 550°C in He flow (20 cm3 min-1) for 2 h. Afterwards, 10 vol % NH3 in He
(20 cm3 min-1) was adsorbed at 200°C for 30 min followed by He purging at the same
temperature for 1 h. This procedure was repeated three times. Desorption of NH3 was
monitored in the range of 200-700°C using a ramp rate of 10°C min-1.

2.3. Catalytic Testing
The alkylation of toluene with benzyl alcohol was conducted in an Endeavor Catalyst
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Screening System (Argonaut Technologies), consisting of eight parallel reactors with a working
volume of 5 cm3 and with continuous stirring by overhead impellers. Reaction conditions were
P=0.5 MPa, T=160°C, molar toluene-to-benzyl alcohol ratio (T/BA)=80, and catalyst
amount=40 wt.% of zeolite with respect to the amount of benzyl alcohol. Liquid samples were
analyzed at different reaction times using a gas chromatograph (HP 6890) coupled to a mass
selective detector (HP 5973).

3. Results and Discussion
3.1. Two-Dimensional Screening of Desilication
Alkaline treatments were performed over various commercial MFI zeolites representative of the
full Si/Al range for MFI, i.e. Z10, Z15, Z25, Z40, and Z1000. 27Al MAS NMR evidenced that
the parent zeolites contained predominantly tetrahedral Al (band at 59 ppm), ascribed to
aluminum in framework positions (Fig. A4.1). Additionally, some octahedrally coordinated Al
(band at 0 ppm), attributed to extra-framework aluminum, was demonstrated. The
contribution of the latter species decreased with the Si/Al ratio; in the case of Z10 a significant
amount was present; for Z15 and Z25 minor amounts were evidenced, whereas for Z40 and
Z1000 no distinguishable contributions appeared. The influence of the extra-framework
aluminum in the case of Z10 is discussed in Section 3.2. The temperature (65°C) and time
(30 min) of the alkaline treatments were kept constant, while the NaOH concentration was
varied between 0.1 and 1.8 M. In Figs. 4.1 and 4.2 selected nitrogen isotherms and
corresponding BJH mesopore size distributions illustrate the porous properties of the parent
and treated zeolites. Table A4.1 provides a complete overview of parent and treated zeolites. In
Fig. 4.3, various contour plots illustrate the variation in yield, crystallinity, and porous
properties of the solids derived from the two-dimensional screening. Additionally, two contour
plots concern the indexed hierarchy factor, which is explained below.

3.1.1. Yield, Crystallinity, and Porosity
Fig. 4.3a shows that, in line with Čižmek et al. [31], yields reduced with increasing NaOH
concentration and Si/Al ratio of the parent zeolite. The yields for Z40 and Z1000 did not differ
much due to the relative abundance of Si. On the other hand, for Si/Al<25, the changes in
yields were more pronounced. For example, to obtain a yield of ca. 60%, Z15 required an
alkalinity substantially higher (0.7 M NaOH) than that for Z25 (0.4 M NaOH). Since upon
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Figure 4.1. N2 isotherms of parent and treated Z10 (a), Z40 (b), and Z1000 (c) zeolites. Insets: BJH
mesopore size distributions.

Figure 4.2. N2 isotherms of parent and treated Z15 zeolites. Insets: BJH mesopore size distributions.
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alkaline treatment, intracrystalline mesopores are formed by selective dissolution, a reduced
yield (typically ca. 60-70%) is a prerequisite to obtain substantial mesopore surface areas
[18,24]. We can therefore deduce that, in order to create intracrystalline mesopores in zeolites
of Si/Al ratio<20, an increased alkalinity is required.
Substantial mesopore surfaces areas (Smeso≥200 m2 g-1) were measured for virtually all MFI
zeolites studied, emphasizing the wide compositional flexibility of desilication (Fig. 4.3c). The
highest values (>300 m2 g-1) were obtained for Z40, whereas the lowest surface areas were
obtained at the extremes of the MFI Si/Al spectrum, that is, for Z1000 (maximum 132 m2 g-1)
and Z10 (maximum 170 m2 g-1). Consequently, the range in which alkaline treatment (using
only aqueous NaOH) is able to introduce significant mesoporosity in MFI zeolites is much
broader (ca. 12-200) than that initially established (25-50) [20]. The latter limit appears to be
suitable mostly for conditions similar to the “standard” alkaline treatment (0.2 M NaOH, 65°C,
30 min, zeolite-to-liquid ratio 33 g L-1). For low Si/Al ratios, the highest external surface areas
are achieved at higher NaOH concentrations, in agreement with the results from Fig. 4.3a.
Fig. 4.3b shows that the greatest loss of crystallinity occurs for the most mesoporous
samples (e.g. Z40 treated in 0.5 M NaOH), as well as for the zeolites of Si/Al<25 treated in
NaOH concentrations exceeding 0.6 M. The relatively small crystallinity loss for Z1000 should
be related to the absence of substantial mesoporosity, while the strong crystallinity decrease
upon desilication of zeolites of low Si/Al ratio exposed to high alkaline concentrations is
assigned to the presence of both intracrystalline mesopores and amorphous debris (vide infra).
A decrease of the micropore volume (Vmicro) is frequently observed upon NaOH treatment of
zeolites (see Chapter 2). Fig. 4.3d shows that this reduction increases with the Al content of
the parent zeolite. In the case of Z1000, the reduction of Vmicro is limited (down to 0.13 cm3 g-1),
despite extensive dissolution. For Z40 the reduction is more pronounced; especially the more
mesoporous samples (Smeso>300 m2 g-1) display significantly reduced micropore volumes (down
to ca. 0.10 cm3 g-1). A severe reduction of Vmicro (down to ca. 0.03 cm3 g-1) is observed for
zeolites with Si/Al<15 treated at NaOH concentrations greater than 0.8 M. In line with
previous observations [18,32], this suggests that the micropore reduction is due to the presence
of amorphous Al-rich debris.
The variations in Smeso and Vmicro are directly reflected in the BET surface area. Fig. 4.3e
shows that the maximum corresponds reasonably to the maximum obtained for the developed
Smeso (obtained for Z40, treated in 0.5 M NaOH). On the other hand, SBET decreases strongly
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Figure 4.3. Contour plots obtained by alkaline treatments performed on MFI zeolites, as a function of
the bulk Si/Al ratio of the parent samples (y-axis) and concentration of NaOH (x-axis). The influence
of the zeolite composition and alkalinity on the yield (a), crystallinity (b), Smeso (c), Vmicro (d), SBET (e),
Vpore (f), indexed hierarchy factor (IHF) (g), and IHF multiplied by yield (h) is shown.
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upon reduction of the micropore volume (Si/Al<15, alkalinity>0.8 M NaOH). Hence, from the
total surface area alone one can already get an indication of the quality of hierarchical pore
systems. Since ideally the introduced auxiliary porosity is coupled to a fully-preserved
microporosity, the total surface area in a superior hierarchical zeolite should be higher than
that of its purely microporous analogue (see for example in Fig. 2.2b).
The total pore volume (Vpore) increases with the alkalinity for all zeolites due to the
introduction of mesopores (Fig. 4.3f). Similar to the trend in yield and Smeso, the highest values
are obtained for Si/Al=40, and Si/Al ratios<25 require higher alkalinities to obtain an
increased Vpore. For the latter Si/Al range, the maximum total pore volumes are obtained at ca.
0.2 M higher molarities compared to the maximum in Smeso. This should be due to the greater
contribution of large mesopores and macropores to the pore volume than to the external
surface.

3.1.2. Indexed Hierarchy Factor
As elaborated upon in Chapter 2, the introduction of mesoporosity in zeolites is frequently
coupled to a reduction of the micropore volume. With this in mind, the hierarchy factor (HF)
was introduced, relating a relative mesoporosity (Smeso/SBET) to a relative microporosity
(Vmicro/Vpore). This factor proved to be very helpful in rationalizing the entire field of
mesoporous zeolites, in particular with respect to the different framework types and
preparative approaches. Moreover, relation of the hierarchy factor of mesoporous zeolites with
catalytic activity yielded sensible trends in alkylation and pyrolysis reactions [14,23]. Herein,
we introduce a variation of the hierarchy factor that fulfills the same function, but is more
sensitive to the method applied and the framework type. The micropore volume of MFI is
known (ca. 0.16 cm3 g-1), and the maximum amount of mesopore surface area obtained by
desilication can be derived from our screening (403 m2 g-1, see Table A4.1). We can therefore
normalize both Vmicro and Smeso with respect to their maximum values, i.e. IHF =
(Vmicro/Vmicromax) × (Smeso/Smesomax). Since the obtained values are normalized (in this case to MFI
and desilication), we have coined this modified version as the ‘indexed hierarchy factor’. Fig.
4.3g shows the indexed hierarchy factor (IHF) as a function of Si/Al ratio and NaOH
concentration. The IHF is optimal in the region of highest mesoporosity development
(Si/Al=40, 0.5 M NaOH). In fact, the contour plot follows closely the pattern of Smeso. The only
noticeable difference comprises Si/Al<15 treated at concentrations of 0.9-1.2 M; in this area
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the remarkable drop in microporosity leads to lower values. When the IHF is extended to take
into account the zeolite loss, by factoring the IHF by the yield, a similar pattern is observed,
but shifted to lower NaOH concentrations (Fig. 4.3h). The shift is more pronounced for zeolites
with Si/Al>40, due to the sharp dependence of the yield on the alkalinity. The importance of
the yield is further illustrated below.

3.1.3. Desilication Efficiency
With an open eye to industrialization, we examine the degree of zeolite dissolution upon
introducing external surface area in more detail. The descriptor ‘desilication efficiency’ (see
Chapter 5) relates the increase in mesopore surface area to the weight loss upon desilication
[18]. Fig. 4.4a shows the increase in mesopore surface area (ΔSmeso) plotted against the weight
loss upon alkaline treatment of Z10, Z15, Z40, and Z1000. It should be noted that the external
surface area present in the parent sample is typically derived from mostly intercrystalline
mesopores, whereas the alkaline-treated samples comprise mostly intracrystalline mesopores.
This suggests that, in some cases, the ΔSmeso may underestimate the introduced intracrystalline
mesopore surface area. The data points in Fig. 4.4a correspond to zeolites treated with 0.1-1.0
M NaOH. A linear correlation is observed in all cases, albeit with a different slope. This slope
(dSmeso/d(weight loss)) is defined as the desilication efficiency and depends strongly on the

Figure 4.4. Linear relationship between the increase in introduced mesopore surface area
(ΔSmeso=Smeso,AT - Smeso,P) and the weight loss upon desilication of ZSM-5 zeolites with framework Si/Al
ratios in the range 10-1000 (a). The slopes of the linear trends represent the desilication efficiency (see
Chapter 5). Variation in desilication efficiency with respect to the Si/Al ratio of the parent zeolite (b).
The desilication efficiency of conventional alkaline treatment (solid symbols) is highest for zeolites with
Si/Al ratio = 25-50. Open symbols indicate the increased desilication efficiency due to either subsequent
acid washing H+ for Al-rich zeolites (described in this chapter) or the use of Al(OH)4- as external poredirecting agent in the case of all-silica zeolites (Chapter 3).
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Si/Al ratio of the starting zeolite. In the case of Z40 the mesopore surface increased by ca. 4.5
m2 g-1 per percentage of weight loss (hereafter m2 g-1 %-1). Concerning Z15, the mesopore
surface area increased by ca. 3 m2 g-1 %-1. For Z10 and Z1000 the desilication efficiency was
limited to ca. 1 m2 g-1 %-1. Fig. 4.4b compares the desilication efficiencies with respect to the
Si/Al ratio of the parent zeolites, resulting in a volcano plot centered around Si/Al=40. Hence,
from Fig. 4.4 we conclude that the preparation of hierarchical zeolites by alkaline treatment is
1) most effective (largest external surface) and 2) most efficient (smallest relative weight loss)
for zeolites with Si/Al ratio in the range of 25-50. The lower desilication efficiencies obtained at
the extremes of the compositional Si/Al spectrum are attributed to differences in the
mechanism of zeolite dissolution. In the absence of Al (Z1000), the development is
mesoporosity is hampered due to the more unselective dissolution. In the case of zeolites with
low Si/Al ratio (Z10, Z15), a reduced efficiency arises due to the impeding effect of Al-rich
debris. The latter aspect is detailed in Section 3.2.

3.2. Desilication of Low Si/Al Ratio MFI Zeolites
3.2.1. Introduction of Mesoporosity by Alkaline Treatment
Desilication aimed at introducing mesoporosity in MFI zeolites with low Si/Al ratio zeolites is
relatively unexplored. This study investigates the introduction of mesoporosity in these zeolites
using alkaline solutions of increasing NaOH concentration. We focused particularly on the
preparation of mesoporous Z15.
N2 adsorption performed on the parent Z15 resulted in a type I isotherm characteristic of
conventional mostly microporous zeolites (Fig. 4.2a). Not uncommon to commercial zeolites,
the parent material revealed a considerable Smeso (76 m2 g-1, Table A4.1). The BJH mesopore
distribution did not show intracrystalline mesopores, and TEM (Fig. 4.5) confirmed that the
external surface area is attributable to intercrystalline voids. Additionally, a micropore volume
of 0.14 cm3 g-1 was evidenced. Upon contacting the parent with solutions of increasing
alkalinity, yields gradually decreased (down to 20% at 1.8 M NaOH), indicating a more
extensive zeolite dissolution (Fig. 4.6a). In line with the high Al content in the parent zeolite,
the filtrate collected after treatment with 1.0 M NaOH evidenced a relatively low Si/Al ratio
(89, Table 4.1). The preferential removal of silicon reduced the Si/Al ratio of the solid to 3
(1.0NaOH). Also 1.4NaOH, which displayed a similar weight loss upon alkaline treatment,
comprised a Si/Al ratio of 3. In agreement with the mesopore surface areas observed in
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Table 4.1. Chemical composition of selected zeolites and filtrates obtained by alkaline and acid
treatments of Z15.
Sample
P
1.0NaOH
1.4NaOH
1.4NaOH-0.1HCl
a
AAS.

Si/Ala

Si/Alfiltratea

mol mol-1

mol mol-1

15
3
3
15

89
-

Fig. 4.3c, increased uptakes at middle-to-high relative pressures were seen for the treated Z15
samples 0.6NaOH and 1.0NaOH (Fig. 4.2b,c). The external surface areas accounted to 147 m2
g-1 (0.6NaOH) and 236 m2 g-1 (1.0NaOH). On the other hand, reduced uptakes at lowest
relative pressures relate to lower micropore volumes. For example, the micropore volume of
0.6NaOH dropped slightly to 0.13 cm3 g-1, whereas for 1.0NaOH a Vmicro=0.05 cm3 g-1 was
obtained. More pronounced reductions in micropore volume (down to 0.02 cm3 g-1) were

Figure 4.5. TEM images of parent and treated Z15 zeolites. The same scale bar applies to all the
micrographs.
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observed on treatment of Z10 (Table A4.1). For Z15, treatment at 1.4 M NaOH resulted in a
rather limited Smeso (69 m2 g-1), whereas Vmicro was reduced to 0.11 cm3 g-1. The mesopore size
distribution of sample 0.6NaOH revealed the presence of contributions centered roughly near 3
and 35 nm (inset in Fig. 4.2b). More severe alkaline treatment led to the presence of mesopores
near 8 nm (1.0NaOH), while no clear preferential mesopore size was evidenced at even higher
concentration (1.4NaOH). Intracrystalline mesopores were clearly visible in the TEM
micrographs of 0.6NaOH and 1.0NaOH (Fig. 4.5). For sample 0.6NaOH, lattice fringes were
evident throughout the crystals and no evidence of zeolite amorphization was observed. More
significant morphological changes were present in 1.0NaOH and 1.4NaOH, which should be
related to the higher amount of Al-rich debris present in these samples (vide infra). In
agreement with the nitrogen adsorption, fewer intracrystalline mesopores were evidenced
observed in 1.4NaOH.
Fig. 4.6a,b shows the development of Smeso, Vmicro, and crystallinity with NaOH
concentration in more detail. Up to 1.0 M NaOH the obtained solids displayed a gradually
increasing mesopore surface area up to their maximum value, i.e. 100% or 236 m2 g-1.
Conversely, at higher concentrations (1.2-1.8 M) a steep decrease down to ca. 30% was
observed. The variation of microporosity showed an almost inverse relationship, decreasing
down to ca. 35% at 1.0 M NaOH and then restoring to up to 80% at higher molarities.

Figure 4.6. Influence of NaOH concentration on yield and crystallinity (a) and on micro- and
mesoporosity (b) of alkaline-treated Z15. The parent zeolite is represented at 0 M. (c) Influence of
mesoporosity on crystallinity of treated Z15 (triangles) and Z40 (circles) zeolites. The solid symbols
represent alkaline-treated samples (NaOH concentrations <1 M), and the open triangles represented the
influence of a sequential acid treatment (0.1 M HCl).
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Crystallinity displayed a similar trend, decreasing strongly up to 1.0 M NaOH (down to 20%)
after which it rose up to ca. 50% (selected XRD patterns: Fig. A4.2). It seems that two
regimes of dissolution take place in the case of Z15, of which 1.0 M is the turning point. At
concentrations <1.0 M, a selective dissolution occurs resulting in the formation of mesopores
and a consequential reduction of crystallinity. At concentrations >1.0 M the dissolution
appears to be less selective, resulting in a dissolution process similar to that of standard
alkaline treatment on silicalite-1 (see Chapter 3) [24]. Hence, the resulting samples comprise a
lower Smeso and a relatively high crystallinity. The reduction of crystallinity upon the
introduction of mesoporosity by desilication was thus far mostly semi-quantitatively reported
[12,14,18]. Fig. 4.6c plots the crystallinities of alkaline-treated Z15 and Z40 as a function of
their corresponding mesopore surface areas. For both zeolites linear regressions were obtained.
For Z15 the crystallinity decreased with about 0.5% per m2 g-1 of external surface, whereas for
Z40 this value was roughly 0.25% per m2 g-1.
27

Al and

29

Si MAS NMR was performed to investigate the influence of the alkaline

treatments on the coordination of the Al and Si, respectively. As mentioned,

27

Al MAS NMR

showed that the parent Z15 comprised mostly framework Al, as well as a minor amount of
extra-framework Al. Upon alkaline treatment the band attributed to framework Al (at 59
ppm) broadened, whereas the minor contribution related to extra-framework Al (at 0 ppm)
was no longer distinguishable (Fig. 4.7a,b). In Chapter 3, we have demonstrated that the
band at 59 ppm can be attributed to both purely framework and (partially) reintegrated Al

Figure 4.7. (a,b) 27Al MAS NMR of parent and alkaline-treated Z15 zeolites. The asterisk marks a
spinning sideband. (c) Infrared spectra in the OH stretching region, and (d) NH3-TPD profiles of parent
and treated Z15 zeolites.
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[24]. It is therefore likely that, upon alkaline treatment, both the Al extracted from the zeolite
framework to form a mesopore as well as the aluminum coordinated octahedrally in the parent
(at 0 ppm) are partially reintegrated in the framework. The broadening of the band at 59 ppm
should consequently be due to the copresence of purely framework and (partially) reintegrated
Al. The more pronounced broadening of this band for 1.0NaOH compared to 1.4NaOH should
be due to a greater heterogeneity of aluminum sites implied by the higher mesoporosity in the
former sample. 29Si MAS NMR performed on both the parent and treated samples revealed the
presence of mostly crystalline (Q4) components with chemical shifts centered around -112 ppm.
Upon desilication, the components near -106 ppm increased, reflecting the higher Al content in
the zeolite (Fig. A4.3). However, no major amorphization, as for example can occur upon
alkaline treatment of zeolite USY [17], was evidenced.

3.2.2. Removal of Al-Rich Debris by Acid Treatment
Previous work has shown that relatively mild acid treatments can be used to selectively remove
Al-rich debris from alkaline-treated zeolites [18,32,33]. More specifically, for ZSM-5 zeolites
within the optimal Si/Al ratio, such treatment enabled restoration of the Si/Al ratio to that of
the parent zeolite and a significant reduction of the Lewis acidity, while crystallinity and
porosity remained mostly unaffected [33]. In the case of alkaline treatment of high-alumina
ZSM-5 (Si/Al<20), a noticeable influence on crystallinity and porosity is more likely since the
amount of Al-rich debris is higher. We performed subsequent acid treatments to assess the
influence of the latter species.
Tables 4.2 and 4.3 present four matrices in which the influence of an additional acid wash
(0.02, 0.05, and 0.1 M HCl) on the yield, crystallinity, Vmicro, and Smeso is summarized. Acid
treatments of the parent zeolite resulted in high yields and little alteration of the porosity or
crystallinity, attending to the high resistance of the MFI structure in acid media [34].
Conversely, the washing of the alkaline-treated zeolites resulted in a greater modification of
their properties. The yields decreased with increasing severity of the acid treatment and the
preceding alkaline treatment. This is unsurprising, since the amount of Al-rich debris typically
increases with the severity of the alkaline treatment [14,29]. For example, sample 0.6NaOH
(75% yield) showed a 9% weight loss upon treatment with 0.1 M HCl (0.6NaOH-0.1HCl, 68%
yield). On the other hand, going from 1.0NaOH (39% yield) to 1.0NaOH-0.1HCl (28% yield) a
drop of 28% was observed (Table 4.2). Elemental analysis revealed that sample 1.0NaOH-
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Table 4.2. Yield and crystallinity of alkaline and acid-treated Z15 zeolites.

Yield (%)

Crystallinity (%)
HCl (M)

NaOH (M)
0
0.6
0.8
1.0
1.4

0

0.02

0.05

0.1

0

0.02

0.05

0.1

100
75
52
39
37

99
75
51
38
-

100
74
47
34
-

100
68
43
28
27

100
53
26
18
41

96
60
30
24
-

97
61
44
24
-

98
68
43
26
56

Table 4.3. Microporosity and mesoporosity of alkaline and acid-treated Z15 zeolites.
Vmicro (cm3 g-1)

Smeso (m2 g-1)

HCl (M)
NaOH (M)
0
0.6
0.8
1.0
1.4

0

0.02

0.05

0.1

0

0.02

0.05

0.1

0.14
0.13
0.12
0.05
0.11

0.15
0.15
0.14
0.08
-

0.16
0.16
0.14
0.11
-

0.16
0.16
0.15
0.14
0.14

76
147
228
236
69

70
158
273
240
-

58
160
299
288
-

56
173
301
341
137

0.1HCl exhibits a Si/Al ratio similar (15) to the parent zeolite (Table 4.1), which implies the
removal of predominately Al-containing species. 29Si MAS NMR confirmed the removal of these
species, evidencing a substantially increased similarity between the sequentially treated sample
and the parent zeolite (Fig. A4.3).
Upon acid washing, the crystallinity increased substantially. In fact, Fig. 4.6c shows a
significantly different linear relation due to the increase in both crystallinity and mesoporosity
(vide infra). The corresponding slope is halved to -0.25% per m2 g-1 and is similar to the
crystallinity loss for alkaline-treated Z40. This clearly illustrates that upon alkaline treatment
of low Si/Al ratio zeolites, the loss of crystallinity should be ascribed to 1) the introduction of
mesopores and 2) the presence of amorphous Al-rich debris.
The N2 isotherms derived from the alkaline and acid-treated samples revealed the
detrimental influence of the formed Al-rich debris on the porous properties. Figs. 4.2a,b show
increased uptakes at both low and middle-to-high relative pressures, which is reflected in
gradual increases in Vmicro and Smeso, respectively (Table 4.3). The external mesopore area of
0.6NaOH-0.1HCl increased from 147 m2 g-1 (0.6NaOH) to 173 m2 g-1, whereas the Vmicro
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increased from 0.13 cm3 g-1 (0.6 NaOH) to 0.16 cm3 g-1. Even more significant was the change
for 1.0NaOH: Smeso rose from 236 m2 g-1 (1.0NaOH) to 341 m2 g-1 (1.0NaOH-0.1HCl), and Vmicro
increased from 0.05 cm3 g-1 (1.0NaOH) to 0.14 cm3 g-1 (1.0NaOH-0.1HCl). Similar trends were
observed upon acid treatment of alkaline-treated Z10 (to yield 1.2NaOH-0.1HCl, Fig. 4.1a). In
the latter case, an increase of the external surface (from 163 to 275 m2 g-1) proved that alkaline
treatment is also effective for MFI zeolites comprising very low Si/Al ratios. Moreover, this
implies that the presence of substantial extra-framework aluminum in the parent zeolite does
not inhibit the introduction of mesoporosity by desilication.
Inspection of the BJH mesopore size distribution associated with the treated Z15 zeolites
confirmed that the mesoporosity of 0.6NaOH-0.1HCl remained mostly unaffected. On the other
hand, for 1.0NaOH-0.1HCl, the intensity of the contributions around 8 nm increased
substantially, attending to the large increase in mesoporosity. TEM shows that zeolites treated
at 0.6MNaOH did not display significant differences prior to and after HCl washing.
Conversely, for zeolite 1.0NaOH-0.1HCl the crystallites appeared to be more transparent to the
electron beam, with sharper edge definition (Fig. 4.5). This indicates that the Al-rich debris are
only noticeable (by TEM) at high relative abundance.
With the substantial increase of Vmicro and Smeso, and the reduced yield after acid treatment,
our analyses using descriptors required refinement. For example, the indexed hierarchy factor
increased from 0.30 (0.6NaOH) and 0.18 (1.0NaOH) to 0.43 (0.6NaOH-0.1HCl) and 0.74
(1.0NaOH-0.1HCl), respectively (Table A4.1). The latter exceeded the highest value obtained
for alkaline-treated Z40 (IHF = 0.69). The positive influence on the desilication efficiency was
less obvious since, although Smeso increased, yields decreased. For Z15, when the increased
external surface areas and the lower yields were taken into account (after 0.1 M HCl
treatment, Table 4.2), the desilication efficiency increased by one-third (ca. 1 m2 g-1 %-1) to
over 4 m2 g-1 %-1. In the case of Z10, the desilication efficiency doubled to 2 m2 g-1 %-1. As
illustrated in Chapter 3, the introduction of extensive intracrystalline mesoporosity in
silicalite-1 was achieved by including external pore-direction agents (e.g. Al(OH)4-) in the
alkaline solution [30]. The resulting hierarchical silicalite-1 (Z1000 in Fig. 4.4b) comprised a
similar porosity compared to alkaline-treated ZSM-5 with Si/Al ratio within the optimal range
(Smeso>200 m2 g-1). Moreover, the yield increased, implying concomitantly a comparable
desilication efficiency of ca. 5 m2 g-1 %-1. Consequently, as is illustrated in Fig. 4.4b, the
efficiency of desilication can be increased by either sequential alkaline-acid treatment (in the
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case of Al-rich zeolites) or by the use of external PDA (in the case of all-silica zeolites).

3.2.3. Acid Properties and Catalytic Evaluation
To investigate the functionality of the parent and hierarchical zeolites, we have examined the
acidity and catalytic performance of selected Al-rich (Z15) samples. The acidity of the parent
and treated zeolites was studied by NH3-TPD and infrared spectroscopy in the OH stretching
region. Fig. 4.7c reveals three principal absorbance bands in the IR spectrum of the parent
zeolite. The most intense band, present around 3600 cm-1, relates to the Brønsted acid sites.
The band at 3740 cm-1, which arises from isolated terminal silanols, was of substantial intensity
due to the considerable external surface present in the parent sample. The weaker band at
3650 cm-1 could be related to extra- or partial framework aluminum [19], consistent with

27

Al

MAS NMR. Fig. 4.7d shows the NH3-TPD profiles of the parent and treated zeolites. Sample P
comprised mostly strong acid sites, showing the typical desorption peak around 475°C.
Additionally, a shoulder around 300°C is evidenced which should be attributed to Lewis acidity
related to extra-framework aluminum [19].
Upon alkaline treatment, the band at 3740 cm-1 in the IR spectrum of sample 0.6NaOH
increased, attending to the higher external surface. However, the intensity was not as
pronounced as previously reported for mesoporous Z40 prepared by desilication [19]. In
addition, the band at 3600 cm-1, related to Brønsted acid sites, was no longer clearly
distinguishable: instead a broad band around 3570 cm-1 presented. Contributions in this region
are typically associated with hydrogen bonding between neighboring hydroxyl groups, e.g. at
defect sites, within the zeolite structure. These likely originate from the deposited Al-rich
debris [18,32]. The contribution at 3650 cm-1, although slightly broadened, remained present.
As no evidence of octahedrally coordinated Al was observed in the alkaline-treated zeolites by
27

Al MAS NMR, this demonstrates that the band at 3650 cm-1 can arise from hydroxyls

associated with tetrahedrally coordinated Al species. The NH3-TPD profile of the alkalinetreated sample 0.6NaOH displayed a similar contribution around 475°C compared to the
parent, which proves that, although not evident in the IR spectrum of 0.6NaOH, the strong
(Brønsted) acidity was preserved. In addition, a more pronounced shoulder can be observed
around 300°C, attending to the increase in Lewis acidity due to the Al-rich deposits [24].
Quantification of the total acidity by integration shows that 0.6 NaOH comprises a total
acidity 1.3 times higher than that of the parent zeolite.
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After subsequent acid washing (sample 0.6NaOH-0.02HCl), the intensity of the band at
3740 cm-1 increased, the contribution related to Brønsted acid sites at 3600 cm-1 largely
restored, and the broad band at 3570 cm-1 was no longer discernible. It is therefore likely that
the Al-debris in 0.6NaOH masked some of the contributions in the OH stretching region of the
infrared spectrum. The NH3-TPD profile evidenced that the contribution around 300°C was
significantly lower, whereas the peak related to the intrinsic Brønsted acidity (at 475°C) was
mostly preserved. The removal of Al from the sample is corroborated by the reduction of the
total acidity from 1.3 to approximately 1.1 times that of the parent zeolite. These results,
combined with those from elemental analysis, confirm the restoration of the acid properties
upon removal of the Al-rich debris by the acid-washing step.
The catalytic activity of P, 0.6NaOH, and 0.6NaOH-0.02HCl zeolites was examined in the
alkylation of toluene with benzyl alcohol (Fig. 4.8). The alkaline-treated sample (0.6NaOH)
displayed a conversion of benzyl alcohol (XBA) around three times higher compared to the
parent zeolite (averaging XBA’s at t=5 and t=10 min). The improved performance should be
related to the introduced mesoporosity, increasing the accessibility of, and transport to, the
active sites located in the micropores. The subsequent acid wash proved to be of great
importance, enhancing the catalytic activity to over five times that of the parent, hereby
evidencing a suppressing influence of the Al-rich debris on the activity. The inset in Fig. 4.8
shows that the conversion of benzyl alcohol relates linearly to the IHFs. In the case of benzene
alkylation with ethylene in Chapter 2, a similar trend was observed between the ethylbenzene

Figure 4.8. Conversion of benzyl alcohol (BA) over parent and treated Z15 zeolites in alkylation of
toluene (T) with benzyl alcohol. Conditions: T/BA=80, T=160°C, and P=0.5 MPa. The inset relates
the conversion of benzyl alcohol at t=10 min to the indexed hierarchy factor of each zeolite.

72

Chapter 4

productivity and the hierarchy factor of mesoporous Z40 prepared by desilication.
Clearly, in the preparation of the mesoporous low Si/Al ratio zeolites by desilication, it is
essential to remove Al-rich debris by a sequential alkaline treatment. Similarly, it also proved
that upon introduction of mesoporosity in unidirectional ZSM-22 zeolites (Si/Al=42) by
alkaline treatment the removal of these Al-rich species by a subsequent acid washing is highly
beneficial (see Chapter 5) [18]. Fig. 4.9 schematically illustrates why, especially for zeolite
crystals comprising a limited micropore dimensionality and/or a high Al content, the sequential
acid treatment is of such paramount importance. Scenario 1a-c represents unidirectional
microporous crystals of optimal Si/Al ratio, whereas scenario 2a-c represents 2D or 3D crystals
that contain significantly more aluminum. In both scenarios the alkaline treatment leads to the
introduction of mesoporosity. However, the accessibility to the micropore volume is not optimal
due to the deposition of Al-rich debris, blocking part of the micropore mouths. In the case of
1b this is implied by the high tendency of the unidirectional crystal to be blocked, whereas in
2b this is caused by the high Al content. In both cases, a subsequent acid wash (1c, 2c) is
essential to remove the Al-rich debris and unblock the micropore mouths, hereby further
increasing accessibility and restoring the micropore volume.

Figure 4.9. Schematic representation of the influence of the dimensionality and Si/Al ratio on the
micropore blockage by Al-rich debris on the external surface upon sequential alkaline and acid
treatment.
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4. Conclusions
Full compositional flexibility in the preparation of mesoporous MFI zeolites by desilication was
achieved. A systematic two-dimensional screening, as a function of the Si/Al ratio in the
parent material and NaOH concentration, enabled assessment of the entire spectrum of solids
than can be obtained by alkaline treatment. Desilication by NaOH alone proved effective in the
Si/Al range of 12-200, and most efficient in the previously established range 25-50. The
operational window of alkaline treatment is limited by the Al content of the parent zeolite: the
absence of aluminum leads to the formation of mostly macropores, and an excess of aluminum
results in blockage of micro- and mesopores by the formation of amorphous Al-rich deposits.
Effective mesopore formation in these extremes can be attained by either the addition of
external pore-directing agent to the alkaline solution (all-silica zeolites) or the use of a
sequential acid wash (Al-rich zeolites). The latter acid treatment not only uncovers full
porosity; it also increases crystallinity and restores the Si/Al ratio and acidity. Catalytic
evaluation in the alkylation of toluene with benzyl alcohol confirmed the superiority of the
alkaline-treated (mesoporous) zeolites to the purely microporous parent. This is attributed to
the improved access to the active sites located in the zeolite micropores. Moreover, the acidwashing step performed after desilication demonstrated to be essential, further enhancing the
activity of the hierarchical zeolite. The desilication efficiency proved to be a powerful
descriptor to evaluate the gain in mesoporosity with respect to the weight loss upon application
of the post-synthetic treatments. The (indexed) hierarchy factor was highly useful in
categorizing the obtained hierarchical structures and relating them to catalytic performance.
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Chapter 5
Preparation and Catalytic Evaluation of
Hierarchical ZSM-22 Zeolites
1. Introduction
Zeolites are a class of aluminosilicates commercially applied in heterogeneous catalysis that
possess a broad range of unique properties, e.g. crystallinity, high-surface area, acidity, ionexchange capacity, and shape-selectivity. Most of these superior properties arise from their
network of intracrystalline ordered micropores typically in the range of 0.25-1 nm. The small
diameter of their micropores imposes transport limitations that, in many cases, prevent an
optimal utilization of the zeolites’ active volume in catalyzed reactions. Nowadays, a popular
approach to enhance the effectiveness of zeolite catalysts is the introduction of a secondary
network of mesopores connected to the native micropores of the pristine zeolite structure. The
resulting material, called a hierarchical zeolite, displays improved molecular access and
transport into and out of the crystals [1-6].
Presently a large variety of bottom-up and top-down approaches are available to prepare
mesoporous zeolites [1-8]. The controlled extraction of framework silicon in alkaline medium is
a simple and cost effective post-synthesis treatment that has been used to design superior
catalysts with improved catalytic performance [9]. The range of zeolite frameworks and crystal
morphologies prepared in hierarchical form by desilication is also substantial (see for example
Chapter 4), highlighting the versatility of the method.
The introduction of mesoporosity is particularly interesting for small or medium-pore onedimensional (1D) zeolites since they are prone to suffer most from diffusion limitations in
catalytic applications. Herein, we focus on ZSM-22 (TON topology), isostructural with theta-1,
Nu-10, KZ-2, and ISI-1, that comprises 10-member ring (10-MR) elliptical micropores (minor
axis: 0.42-0.48 nm, major axis: 0.54-0.70 nm) [10]. This zeolite was first synthesized nearly 30
years ago [11], and neither ZSM-22 nor its structural analogues described above have thus far
been prepared in hierarchical form.

76

Chapter 5

ZSM-22 crystals typically comprise needle-shaped agglomerates of individual rod-like
crystals, referred to as ‘nanorods’ [11-13]. This particular morphology is intimately connected
to the Al distribution in the crystals [13]. During its hydrothermal synthesis a proper mixing
and/or the use of seed crystals are required to avoid impurities like ZSM-5 and cristobalite
[14,15]. A bottom-up approach to introduce mesopores in ZSM-22 is therefore, a priori, not
preferred as the introduction of additional templates in the synthesized gel might bring further
complexity to obtain a pure TON phase. Instead, a post-synthesis modification, like
desilication, seems appealing to obtain hierarchical ZSM-22 zeolites.
ZSM-22 displays exceptional catalytic performance in hydro-isomerization [16,17], a reaction
associated with the catalytic dewaxing of gasoils or luboils [18,19]. In such a process, linear
alkane-rich feedstocks are isomerized into mostly mono-branched alkanes to improve their cold
flow properties while retaining their superior viscosity index [20]. Hydro-isomerization with
Pt/ZSM-22 and other 10 MR molecular sieves with elliptical pores is claimed to be the most
prominent example of pore mouth catalysis [21,22], implying a very low zeolite utilization. The
introduction of external surface, viz. pore mouths, in ZSM-22 would bring attractive prospects
for catalytic application.
This chapter demonstrates that alkaline treatment can generate mesoporosity in ZSM-22.
We first show that in order to synthesize pure ZSM-22, both the mixing and the scale of the
autoclave need to be optimized. The particular morphology of ZSM-22 requires harsher
conditions to desilicated and ultimately leads to a material with ca. 100 m2 g-1 of mesopore
surface area. The descriptor ‘desilication efficiency’ is introduced to relate the mesopore area
generated to the mass of zeolite dissolved. In the case of ZSM-22 nanorods and ferrierite
platelets, the desilication efficiency is relatively low compared to ZSM-5, most likely due to the
crystal morphology of the former two zeolites. After the alkaline treatment, the microporosity
in the ZSM-22 samples is dramatically reduced due to Al deposition on the external surface.
This pore blockage is successfully removed by HCl treatment, restoring most of the micropore
volume and increasing the mesopore surface area. Catalytic evaluation of the conventional and
treated Pt/ZSM-22 samples in the isomerization of n-decane, n-nonadecane, and pristane
demonstrates that, although its acidity is significantly reduced, the hierarchical Pt/ZSM-22
displays a superior activity and selectivity based on the enhanced secondary porosity. Moreover,
we show that heavier and more branched molecules take a maximum advantage from the use
of hierarchical micro/mesoporous ZSM-22.
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2. Experimental
2.1. Zeolite synthesis
ZSM-22 zeolites with a nominal molar Si/Al ratio of 46 were prepared following the recipe by
Ernst et al. [12]. Syntheses were performed in Teflon®-lined steel autoclaves of 3 different sizes
(30, 100, and 1000 cm3) and mixing was achieved by either tumbling of the autoclave (50 rpm)
or magnetic stirring (400 rpm). Autoclaves were filled to ca. 60% of their volume with a gel of
the same composition each time. For example, the gel for the 100 cm3 autoclave was prepared
as follows: 10.64 g of Ludox AS40 (40 wt.% silica) was diluted with 18.40 g of distilled water.
To this sol, a solution containing 0.49 g of Al2(SO4)3·18H2O, 1.16 g of KOH, 2.48 g of 1,6diaminohexane (structure-directing agent), and 26.20 g of distilled water was added under
continuous vigorous magnetic stirring. The gel with composition 27NH2(CH2)6NH2 : 13K2O :
Al2O3 : 91SiO2 : 3670H2O was aged for 90 min at room temperature and transferred to the
autoclave. Hydrothermal syntheses were performed at 160°C for 48 h, followed by quenching in
cold water. The solids were recovered by vacuum filtration and washed extensively with
distilled water.

2.2. Post-synthesis modification
The majority of post-synthetic modifications were performed on the parent zeolite (code ‘P’)
which was derived from the lab-synthesized sample ‘T100’ (Fig. 5.1). The commercial ZSM-22
zeolite (P2), used for the catalytic evaluation, was kindly supplied by RIPP, Beijing, China.
The template in the as-synthesized zeolites was removed by calcination in static air at 550°C
for 15 h using a heating rate of 3°C min-1. Post-synthetic modifications were performed
according to a protocol described elsewhere [23], and following the conditions listed in
Table 5.1. Prior to acidity studies and catalytic evaluation, solids were converted into the
protonic form by 3 consecutive ion exchanges in aqueous NH4NO3 (conditions: Table 5.1),
followed by calcination in air for 5 h at 550°C and 5°C min-1. Yields were corrected for loss
through handling (ca. 10%), which was determined by reproducing the treatments using
distilled water. Experiments using NaOH were labeled ‘ATx’ (AT: alkaline treatment), in
which the suffix ‘x’ represents integers for further specification. HCl treatment was coded
‘HCl’. For conciseness, the parent code is maintained only in the case of the treated ‘P2’
zeolites. Selected ZSM-22 zeolites (i.e. P2 and P2-AT3-HCl) were loaded with platinum by
incipient

wetness

impregnation

with

aqueous

Pt(NH3)4(NO3)2,

followed

by

drying
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Table 5.1. Sample notation and treatment conditions.
Sample code
AT1
AT2
AT3
HCl
ion-exchange

Reagent
NaOH
NaOH
NaOH
HCl
NH4NO3

C

T

t

Zeolite content

M

°C

h

g L-1

0.2
0.4
0.6
0.1
0.1

65
85
85
65
25

0.5
1
2
6
12

33.3
33.3
33.3
10
10

at 120°C for 12 h, and calcination at 400°C for 3 h in an air flow of 100 cm3 min-1. The
platinum loaded ZSM-22 samples were coded Pt/P2 and Pt/P2-AT3-HCl.

2.3. Characterization
X-Ray diffraction (XRD) was measured on a Siemens D5000 diffractometer with BraggBrentano geometry and Ni-filtered Cu Kα radiation (λ=0.1541 nm). Data were recorded in the
range 5-50° 2θ with an angular step size of 0.05° and a counting time of 8 s per step. Si and Al
concentrations in the solids were determined by atomic absorption spectroscopy (AAS) using a
Varian SpectrAA 220 FS instrument. Nitrogen adsorption was measured at -196°C with a
Quantachrome Quadrasorb-SI gas adsorption analyzer. Prior to the measurement, the samples
were evacuated at 300°C for 12 h. The BET method was applied to calculate the total surface
area, which can be used for comparative purposes. The t-plot method was used to discriminate
between micro- and mesoporosity. The mesopore size distribution was obtained by the BJH
model applied to the adsorption branch of the isotherm. Transmission electron microscopy
(TEM) was performed with a Phillips CM12 instrument operated at 100 kV. 27Al magic angle
spinning nuclear magnetic resonance (MAS NMR) spectra were performed at a spinning speed
of 8 kHz on a Bruker Avance 700 NMR spectrometer equipped with a 4 mm probe head and 4
mm ZrO2 rotors at 182.4 MHz. Spectra were obtained using 2048 accumulations at 2.4 µs
pulses, an angle of 90°, and a recycle delay of 0.25 s, with NH4Al(SO4)2·12H2O as reference.
Fourier transform infrared (FTIR) spectra were recorded with a Nicolet Magna 550-FTIR
spectrometer at 4 cm-1 optical resolution, with one level of zero-filling for the Fourier
transform. The samples were pressed in self-supporting discs of ca. 10 mg (diameter: 1.6 cm, 5
mg cm-2) and activated in the infrared cell at 450°C for 5 h down to 10 Pa. Adsorption of
pyridine took place at room temperature. A pressure of ca. 200 Pa was established in the cell
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to reach saturation and was followed by evacuation at 120°C to remove physically adsorbed
species. All spectra were normalized to the weight of the wafers. Scanning transmission electron
microscopy (STEM) was carried out with an FEI Tecnai F30 microscope operated at 300 kV.
CO pulse chemisorption at 30°C was carried out in a Thermo TPDRO 1100 unit. Prior to the
CO pulses, the samples (100 mg) were pre-treated at 120°C in He flow (20 cm3 min-1) for 1 h,
followed by reduction in 5 vol.% H2 in He (20 cm3 min-1) at 275°C for 1 h, and subsequent
purging for 1 h with He at the same temperature. The interval between successive pulses (loop
volume=344 ml, 5 vol.% CO/He) was kept as short as possible to avoid desorption. A Pt:CO
stoichiometry of 1:1 was assumed to calculate the active metal surface area.

2.4. Catalytic Testing
Experiments were performed in a 15-way high-throughput reactor [24]. Pure n-decane, or
1 mol.% of pristane (Sigma, ≥98%) in n-heptane (Acros Organics, >99%), or 1 mol.% of nnonadecane (Sigma, ≥98%) in n-heptane, were used as feedstock. The hydrocarbon feed was
pumped into a vaporization chamber and mixed with H2. Under the investigated reaction
conditions n-heptane was confirmed to be inert. The reaction temperature was increased
stepwise and the reaction equilibrated for 1 h before product sampling. The reaction products
were analyzed by on-line GC over an apolar capillary column (HP-1) and FID detector.

3. Results and Discussion
3.1. Synthesis of High-Purity ZSM-22
Agitation during zeolite synthesis at the laboratory scale is typically achieved either by
tumbling the autoclave around the horizontal axis or by stirring mechanically or magnetically
around the vertical axis [11-13]. Nevertheless, public knowledge about the influence of the size
of the autoclaves on the outcome of the hydrothermal synthesis is limited. Herein we report the
synthesis of ZSM-22 in autoclaves of 30, 100, and 1000 cm3 with mixing provided by either
tumbling or magnetic stirring. Fig. 5.1a shows the XRD patterns of the resulting solids. In the
case of tumbling (T), the 30 cm3 autoclave yields mainly ZSM-5 and a trace of ZSM-22. The
100 cm3 autoclave yields nearly pure ZSM-22 with a trace of ZSM-5. In the case of magnetic
stirring (M), ZSM-22 is the main crystalline phase obtained in all three autoclaves. In the
30 cm3 autoclave, both cristobalite and ZSM-5 are significant impurities. The 100 cm3
autoclave yields a nearly pure ZSM-22. Finally, the 1000 cm3 autoclave yields, in addition to
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Figure 5.1. (a) XRD patterns of differently synthesized ZSM-22 zeolites after calcination. The label of
each sample indicates the type of agitation during synthesis (T: tumbling and M: magnetic stirring) and
the size of the autoclave (in cm3). The pattern of pure TON [10] is displayed for reference purposes.
The position of ZSM-5 and cristobalite impurities is indicated by the asterisk and hash, respectively. On
the basis of purity, sample T100 is used hereafter as the parent zeolite (P) for desilication treatments.
(b) XRD patterns of parent and alkaline-treated ZSM-22.

ZSM-22, traces of cristobalite and ZSM-5. Clearly the size of the autoclave has a significant
influence on the outcome of the synthesis. Likely, the differences originate from either
insufficient mixing [25], or particular temperature profiles in each autoclave [26]. However,
going deeper into these effects during hydrothermal syntheses is beyond the scope of this
contribution.

3.2. Properties of Parent ZSM-22
A high-purity parent ZSM-22 (P) was prepared in a 100 cm3 autoclave agitated by tumbling
(Fig. 5.1). The Si/Al ratio of the zeolite (42) is close to the ratio in the synthesis gel (46), and
highlights that most Al in the gel is incorporated in the zeolite (Table 5.2). Transmission
electron microscopy shows the typical needle-like agglomerates and confirms that the
micropore channels run along the (001) direction of the individual rod-like crystals (Fig. 5.2).
The appearance of the nanorods (40×40×150 nm) and the agglomerates is in good agreement
with Hayasaka et al. [13] The nitrogen isotherm of the parent zeolite (Fig. 5.3) displays low
uptake at p/p0<0.1, which should be related to the limited microporosity typical of the TON
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Figure 5.2. TEM images of parent and alkaline-treated ZSM-22.

framework [13]. Additionally, the parent ZSM-22 displays a modest uptake at middle-to-high
relative pressures, indicative of the intercrystalline voids of the agglomerated nanorods.
Table 5.2 shows a micropore volume of 0.074 cm3 g-1 and a mesopore surface area of 45 m2 g-1.
In

27

Al MAS NMR spectroscopy, a single peak at 55 ppm (Fig. 5.4a) indicates aluminum is

predominately located in the framework [27]. The IR spectrum (Fig. 5.4b) shows the expected

Table 5.2. Composition and textural characterization of the ZSM-22 samples.

Sample

Si/Alsolida

Yielda

Vporeb

Vmesoc

Vmicrod

Smesod

SBETe

mol mol-1

%

cm3 g-1

cm3 g-1

cm3 g-1

m2 g-1

m2 g-1

P
42
0.21
0.14
0.074
45
227
e
AT1
(40)
96
0.19
0.17
0.024
36
98
AT2
28 (29)
68
0.18
0.16
0.019
56
100
AT3
8 (12)
28
0.47
0.46
0.006
95
113
f
0.32
0.25
0.070
55
229
AT1-HCl
99 (95)
AT3-HCl
24
97 (27)
0.60
0.53
0.065
114
217
a
b
c
d
e
e
AAS. Vads at p/p0=0.99. Vmeso=Vpore-Vmicro. t-plot method. BET method. Values in parentheses were
obtained by multiplication of the Si/Al ratio of the parent sample with the solid yield of the treatment.
f
Values in parentheses indicate the overall yield (alkaline treatment+acid treatment).
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absorption bands at 3745 cm-1 (silanols located on the crystal's external surface) and at 3600
cm-1 (silanols in close vicinity of Al, i.e. Brønsted acid sites) [28].

3.3. Introduction of Mesoporosity by Alkaline Treatment
Alkaline treatments were first carried out under the conditions most widely applied in
desilication, i.e. those optimal for ZSM-5 (0.2 M NaOH, 65°C, 30 min, AT1) [29]. Table 5.2
shows that this treatment led to a very high solid yield indicating a higher resistance of the
TON framework to the treatment. A similar effect was observed for ferrierite [23], and might
be related to the similar micropore size, i.e. the smaller the micropore the harder it is to
extract a Si atom from the framework. The higher desilication resistance of ZSM-22 compared
to ZSM-5 enables to purify a ZSM-22 sample containing a significant amount of ZSM-5 by
alkaline treatment, since the MFI framework dissolves more easily compared to the TON
framework (Fig. A5.1). Other alkaline treatments were performed under more severe conditions
to induce dissolution and initiate mesopore formation in ZSM-22. Table 5.2 shows that by
increasing the severity of the treatments the yield decreases to 68% (0.4 M NaOH, 85°C, 60
min, AT2) and 28% (0.6 M NaOH, 85°C, 120 min, AT3). After the treatment, the Si/Al ratio
of AT2 and AT3 dropped to 28 and 8, respectively. In line with previous work [30], the Si/Al
ratio of the treated samples can be predicted by multiplication of the yield and the Si/Al ratio
of the parent zeolite. This implies that Al remains in the solid and that Si is selectively

Figure 5.3. N2 isotherms of parent and alkaline-treated ZSM-22. Plot (b) highlights the uptake in the
mesopore range (ca. 0.1<p/p0<0.8).
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removed during the alkaline treatment. The diffraction patterns in Fig. 5.1b show that after
more severe alkaline treatments (AT2 and AT3), the purity and crystallinity of ZSM-22 are
preserved. Unsurprisingly, sample AT1 does not show increased mesoporosity. In fact, the
mesopore surface area even drops to 36 m2 g-1. Strikingly, the microporosity decreases from
0.074 cm3 g-1 to 0.024 cm3 g-1 (Table 5.2). Similarly, the nitrogen isotherm of AT2 indicates a
rather low uptake at p/p0<0.1 (Fig. 5.3). On the other hand, at p/p0=0.1-0.8 a slight increase
in uptake is observed, and at p/p0>0.8 the nitrogen uptake increases approximately two-fold.
The isotherm of AT3 displays a similar decreased uptake at low relative pressures, while the
uptake at p/p0=0.1-0.8 is higher compared to AT2. Finally, the uptake at p/p0>0.8 is
substantially higher for sample AT3. The BJH mesopore size distribution indicates uncentered
mesopores (Fig. 5.3a), similar to those reported for mesoporous ferrierite platelets prepared by
desilication [23]. The textural parameters, summarized in Table 5.2, indicate that the mesopore
surface area increases from 45 m2 g-1 (P) to 56 m2 g-1 (AT2) and 95 m2 g-1 (AT3). Conversely,
the micropore volume decreases from 0.074 cm3 g-1 (P) to 0.019 cm3 g-1 (AT2) and 0.006 cm-3 g-1
(AT3). In line with the high N2 uptake at high relative pressures, the total pore volume (Vpore)
of AT3 reaches 0.47 cm3 g-1, while the Vpore of AT1 (0.19 cm3 g-1) and AT2 (0.18 cm3 g-1) is
smaller to that of the parent ZSM-22 (0.21 cm3 g-1). The latter is related to a decreased Vmicro in
the former samples. TEM micrographs show that the needle-like agglomerates of ZSM-22
nanorods are still present in AT2 (Fig. 5.2). The external surface of the individual nanorods is
rougher and they are slimmer. Moreover, the presence of intracrystalline mesopores is clearly
evidenced. In the case of AT3, the needle-like morphology of the agglomerates is no longer

Figure 5.4. (a) 27Al MAS NMR spectra and (b) FTIR spectra in the OH stretching region of parent
and alkaline-treated ZSM-22.
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apparent. Instead, clusters of ‘fragmented’ nanorods appear that bear little resemblance to the
parent ZSM-22 sample, although the long-range crystallinity is intact. In fact, these fragments
resemble very much the nanoparticles that cluster during synthesis [13]. The mesopore surface
area in alkaline-treated ZSM-22 has both inter- and intracrystalline components. Because of
the roughening of the surface, the formation of intracrystalline mesopores and the decrease in
crystal size, the amount of pore mouths in these samples should have increased significantly.
Fig. 5.5a shows that upon alkaline treatment, new peaks at ca. 0 ppm (AT2), 2 ppm and
28 ppm (AT3) appear in the 27Al MAS NMR spectra. Contributions near 0 ppm are related to
octahedral (extra-framework) species not covalently bonded to the zeolite lattice [27,31]. The
peak at 28 ppm, frequently observed in amorphous or crystalline aluminosilicates [31-33], is
assigned to either penta- or distorted tetra-coordinated Al. In Chapter 3 it was shown that
upon desilication of Al-containing zeolites, some Al is extracted from the framework and
subsequently reinserted in the framework, i.e. the so-called ‘realumination’ process [34]. In the
case of ZSM-22, however, the extracted aluminum is not fully reinserted in the zeolite
framework as witnessed by the 27Al MAS NMR spectrum (AT3) displaying a wide variety of Al
species. A full NMR analysis of these samples would require using more advanced techniques,
e.g. correlation spectroscopy [31].
The incomplete reinsertion of Al into the framework should be due to the relatively large
amount of this metal on the external surface. This high density could originate from the
relatively low yields, hence extended dissolution, and the moderate mesopore surface area
generated. Still, in the case of ferrierite, where similar mesopore surfaces were obtained at
slightly higher yields (vide infra), these peaks did not appear [23]. In the particular case of
ZSM-22, the aluminum distribution in the crystals is likely to play a crucial role; various
authors reported that Al in ZSM-22 crystals is mostly located on the external surface of the
nanorods [13,28]. Since our TEM micrographs indicate that the external surface of ZSM-22 is
severely affected by the alkaline treatments, large amounts of Al must have been initially
dissolved and later reintegrated into the solid. It was shown that the presence of Al gradients
in a parent ZSM-5 led, upon desilication, to the formation of hollow crystals displaying strong
hysteresis [35]. Obviously ZSM-22 behaves rather differently upon alkaline treatment than
ZSM-5. We believe this is due to the unique character of ZSM-22 zeolite, i.e. the small rod-like
crystals with 1D elliptical micropore system. This point is addressed in detail later.
The acidity of selected samples is investigated by infrared spectroscopy of the bare surface
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and in interaction with adsorbed pyridine. All samples subjected to acidity studies were first
converted into the protonic form by three successive ion exchanges and a final calcination step.
The 3745 cm-1 band increases in AT2 and AT3 with respect to P, which is related to the
increased external surface area (Fig. 5.4b) [30,36]. The increase of the intensity of this band
relates linearly to the developed mesopore surface area. The band associated with the Brønsted
acid sites at 3600 cm-1 decreases for both AT2 and AT3, suggesting a loss of acid sites. A more
quantitative acidity characterization is obtained by monitoring the adsorption of pyridine by
IR spectroscopy. The amount of Brønsted and Lewis acid sites are quantified by integrating
the intensity of the bands at 1547 cm-1 and 1455 cm-1, respectively [37]. Table 5.3 shows that
the parent ZSM-22 contains mostly Brønsted acid sites (ratio Brønsted/Lewis≈10). In the case
of AT2, the amount of Brønsted sites nearly halves from 300 µmol g-1 (P) to 183 µmol g-1
(AT2), while the amount of Lewis sites increases from 32 µmol g-1 (P) to 47 µmol g-1 (AT2).
For the more severe treatment (AT3) the number of Brønsted sites decreases to 85 µmol g-1,
while the Lewis acid sites increases to 71 µmol g-1. The drop in total acid sites upon alkaline
treatment contrasts with the strong increase in Al content. The most straightforward
explanation is the formation of poorly acidic alumina-like species on the external surface [38].

3.4. Restoration of Microporosity by Acid Treatment
Deeper insights into the Al species present in the alkaline-treated ZSM-22 samples are gained
by monitoring acid treatment with 0.1 M HCl. It is known that surface aluminum species can
successfully be removed by such a treatment (see Chapters 3 and 4) [28,39,40]. Table 5.2
shows that after acid treatment, high yields for both AT1-HCl (99% yield) and AT3-HCl (97%
yield) are obtained, suggesting only a minor leaching of the solid. The slightly lower yield of
Table 5.3. Acidity of selected ZSM-22 zeolites.
Al contenta

Brønstedb

Lewisb

µmol g-1

µmol g-1

µmol g-1

P

330

300

32

AT2

600

183

47

AT3

1470

85

71

AT3-HCl

530

110

24

Sample

a

AAS. bAmount of Brønsted or Lewis acid sites determined by infrared spectroscopy of pyridine
adsorbed.
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AT3 is related to the larger amount of Al in this sample. The selective removal of two thirds of
the Al is evidenced by the Si/Al ratio, increasing from 8 (AT3) to 24 (AT3-HCl). AT3-HCl
experiences a slight crystallinity increase (Fig. 5.1b), in line with the removal of amorphous
species. The porous properties of AT1-HCl illustrate the dramatic influence of the re-deposited
species. After acid treatment, the original microporosity is almost completely restored from
0.024 cm3 g-1 to 0.070 cm3 g-1 (0.076 cm3 g-1 in the parent sample). In addition, the mesopore
area increases from 36 to 55 m2 g-1. In the case of AT3-HCl, the uptake at p/p0<0.1 increases
dramatically and the uptake at intermediate relative pressures (0.1<p/p0<0.8) and p/p0>0.8 is
larger as well (Fig. 5.3). Accordingly, the Vmicro increases from 0.006 cm3 g-1 (AT3) to 0.065 cm3
g-1 (AT3-HCl), whereas the Smeso increases from 95 m2 g-1 (AT3) to 114 m2 g-1 (AT3-HCl).
Clearly, the Al located on the external surface of the zeolite blocks a large portion of the
micropores and a significant part of the mesopores. The marked influence of the Al on both
micro- and mesoporosities in sample AT1 should be directly related to the distribution of the
Al in the crystals, i.e. instead of introducing mesopores the treatment results in the
rearrangement of Al, attending to the high yield (96%) and the aforementioned blockage. A
reduced microporosity after alkaline treatment is commonly reported (see Chapter 4)
[23,30,40], and is expected to be particularly pronounced for 1D micropore frameworks [30].
Moreover, the large microporosity loss of the ZSM-22 zeolites is in line with the high tendency
of the ellipsoidal uni-directional TON micropores to be blocked by debris [41]. 3D channel
systems, on the other hand, are more resistant to blockage since they are accessible from
various entry points.
TEM micrographs, not reported here, show that the AT3-HCl sample has the same
appearance as AT3. The

27

Al MAS NMR spectrum of the acid treated mesoporous sample

shows that the peaks at 0 ppm and 28 ppm decrease significantly, due to the removal of a large
amount of alumina (Fig. 5.4a). Nevertheless, a small sharp peak around 0 ppm remains; this
peak was previously observed after acid treatments [40]. The infrared spectrum of AT3-HCl in
the OH stretching region indicates that the intensity of the bands at 3745 cm-1 and 3600 cm-1
increases with respect to AT3. The intensity increase of the 3745 cm-1 band is in line with the
increased mesopore surface area, however the intensity of 3600 cm-1 band lags the micropore
volume recovery (Fig. 5.4b). A more detailed picture emerges from infrared characterization of
pyridine adsorbed. Table 5.3 shows that, whereas microporosity is restored almost completely
(87%, based on N2 adsorption), only 37% of Brønsted acid sites are recovered. The number of
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Brønsted acid sites increases from 85 µmol g-1 to 110 µmol g-1 whereas the Lewis acidity
decreases from 71 µmol g-1 to 24 µmol g-1 going from AT3 to AT3-HCl. The incomplete
restoration of the Brønsted acidity should be related to the Al distribution in the crystals.
Fig. 5.5 illustrates schematically, based on the above characterization studies, the influence
of the sequential alkaline and acid treatments on ZSM-22 (see also Fig. 4.9). Al is located
mostly on the external surface of the parent ZSM-22 crystal and micropores run along the rods
in the (001) direction; they are only accessible from the top and bottom of the crystal. After
alkaline treatment, both intra- and intercrystalline mesoporosities are introduced and the
crystals are thinner and fragmented. The thinning implies some dealumination of the
framework and a significant coverage of Al deposits on the external surface, leading to pore
blockage. After a subsequent acid treatment, a large amount of Al is washed out from the
external surface resulting in an increased accessibility via the mesoporosity. Clearly, in the
specific case of ZSM-22, the acidity of the parent cannot be fully retained upon alkaline
treatment, which could influence its catalytic properties. However, the increased number of
pore mouths due to the introduction of both inter- and intracrystalline mesoporosities promise
advantageous prospects of the hierarchical ZSM-22, especially for reactions involving the
external surface of the zeolite (vide infra).

Figure 5.5. Schematic representation of (a) parent ZSM-22 nanorod and the products obtained by (b)
desilication in alkaline medium and (c) subsequent acid treatment. Alkaline treatment introduces interand intracrystalline mesoporosity and leads to severe micropore blockage. By HCl treatment a large
fraction of Al on the external surface is removed, restoring the original microporosity. Due to the
relatively large concentration of aluminum on the surface of the parent zeolite crystals, the Brønsted
acidity of the final zeolite is limited to one third of the starting ZSM-22.

88

Chapter 5

3.5. Desilication Efficiency: Influence of Crystal Morphology on the Introduction
of Mesoporosity
Alkaline treatments using aqueous NaOH have successfully introduced mesoporosity in a wide
number of zeolite frameworks. Some of the most important commercial zeolites comprise: beta
(Chapter 6), Y/USY (Chapter 6), ferrierite [23], ZSM-5 (Chapters 2 and 4), silicalite-1
(Chapter 3), and mordenite [42]. The alkaline-treated hierarchical analogues of these zeolites,
displaying distinct crystal morphologies, do not always comprise large (>200 m2 g-1) mesopore
surface areas. For example, Groen et al. [35] demonstrated that the introduction of Smeso in
large (20 µm) ZSM-5 crystals can be difficult due to the presence of Al gradients in the crystal.
However, the influence of decreased crystal size on desilication remains a relatively open
question. It is therefore of great interest to compare the desilication of ZSM-22 with other
alkaline-treated zeolite crystals limited in length in at least one direction. In Fig. 5.6a the
‘ΔSmeso’, i.e. the mesopore surface after alkaline treatment minus the mesopore surface area of
the parent, is plotted against the corresponding weight loss for alkaline-treated ferrierite [23],
ITQ-4 [30], ZSM-5 [43], and ZSM-22 (this work). The mesopore surface increases linearly for
each zeolite, albeit with a different slope. This slope (dSmeso/d(weight loss)) is defined as the
‘desilication efficiency’.
In the case of ZSM-5 the mesopore surface increases by increments of ca. 7 m2 g-1 per
percent of weight loss (hereafter m2 g-1 %-1). On the other hand, with ITQ-4, the mesopore
surface increases by ca. 4 m2 g-1 %-1. For ferrierite and ZSM-22 this value is limited to ca. 1.4
m2 g-1 %-1 and 0.7 m2 g-1 %-1, respectively. The differences between zeolites should be related to
the mechanism of their mesopore formation; in the ideal case the introduction of external
surface by desilication proceeds by a random propagation of intracrystalline mesopores through
the crystal. This process, guided by pore-directing agents (see Chapter 3) [34], should be
dramatically influenced by the size of the crystal. For example, when a crystal approaches the
size of the typical mesopore (5-10 nm) the alkaline treatment should result in the roughening of
the zeolite surface or fragmentation of the zeolite, instead of the formation of intracrystalline
mesopores. Whereas the introduction of intracrystalline mesopores leads to large mesopore
surface areas, the external surface area created by the formation of intercrystalline
mesoporosity should be limited. Therefore, the Smeso induced by desilication should be most
pronounced for crystals of dimensions significantly larger than 10 nm. The volume available to
‘tunnel’ in, and accordingly the amount of potential intracrystalline mesopores, is then largest.
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Figure 5.6. (a) Linear relationship between the increase in introduced mesopore surface area
(ΔSmeso=Smeso,AT - Smeso,P) and the weight loss upon desilication of different zeolites. The weight loss (%)
was determined by subtracting the yield (%) from 100. (b) The slopes of the linear trends in (a)
represent the desilication efficiency. These slopes are expressed as mesopore surface area per percent of
weight loss (m2 g-1 %-1). The desilication efficiency decreases with the smallest crystal dimension.

When one or more crystal dimensions decrease, the introduction of mesoporosity should
therefore become less efficient. This is illustrated in Fig. 5.6b, where the slopes of the trends in
Fig. 5.6a are plotted against the smallest dimension of the related zeolite crystals. ZSM-5
zeolite, located at the top-right (agglomerate size ca. 300 nm), shines by an efficient
introduction of (mostly) intracrystalline mesoporosity. In the case of ITQ-4 crystals (smallest
crystal dimension ca. 200 nm), the desilication becomes less efficient as the associated weight
loss to obtain similar mesopore surface areas grows higher. For ferrierite and ZSM-22, the
smallest dimension is reduced to 100 nm and 40 nm, respectively, leading to even lower
desilication efficiencies. In this size range, the mesopore surface areas should be attributed to
the presence of both intra- and intercrystalline mesoporosities. An exponential trend
isobtained, which suggests that efficient alkaline treatments (>4 m2 g-1 %-1) should take place
preferentially on zeolite crystals with at least 200 nm in all three dimensions.

3.6. Catalytic Evaluation
The conventional and hierarchical ZSM-22 zeolites were compared as bifunctional catalysts in
the hydro-isomerization of three model molecules representative of current and future
industrial hydro-isomerization feedstocks, viz. n-decane, n-nonadecane, and pristane [44]. This
approach illustrates the role of enhanced active site accessibility depending of the length and
the degree of branching of the alkane source.
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Table 5.4. Physico-chemical characterization of the parent and hierarchical commercial ZSM-22 and
Pt/ZSM-22 zeolites.
Sample

Si/Alsolida

Brønstedb

Lewisb

Dptc

Vpored

Vmicroe

Smesoe

mol mol-1

μmol g-1

μmol g-1

%

cm3 g-1

cm3 g-1

m2 g-1

P2
38
208
35
0.17
0.08
41
P2-AT3-HCl
50
113
48
0.70
0.08
203
Pt/P2
47
0.23
0.07
45
Pt/P2-AT3-HCl
40
0.74
0.07
199
a
b
AAS. Amount of Brønsted or Lewis acid sites determined by infrared spectroscopy of pyridine
adsorbed. cPlatinum dispersion measured by pulse CO chemisorption. dVolume adsorbed at p/p0=0.99.
e
t-plot method.

To this end, a commercial ZSM-22 zeolite (P2) was brought to the hierarchical form using
the same sequential NaOH and HCl treatment to yield sample P2-AT3-HCl (Table 5.4). The
unwashed alkaline-treated sample, i.e. coded ‘P2-AT3’, was not included in the catalytic
evaluation on the basis of the extensive presence of debris. Sample P2-AT3-HCl displayed, like
AT3-HCl, a strongly enhanced external surface (from 41 m2 g-1 in P2 to 203 m2 g-1 in P2-AT3HCl, whereas the micropore volume remained preserved. The total number of acid sites in P2
is lower than in P (Table 5.3), while the aluminum content in P2 is slightly higher. This
indicates that the intrinsic features of a parent (ZSM-22) zeolite can differ substantially
depending on its origin. The lower Brønsted acidity in P2 is attributed to a more homogenous
distribution of Al in the crystals, rendering more Brønsted sites inside the relatively
inaccessible micropores. Upon treatment, the Si/Al increased (to 50) which is also attributed to
the different Al distribution in P2. Like for sample P and AT3-HCl, the acidity reduced

Figure 5.7. STEM images of Pt/P2 and Pt/P2-AT3-HCl bifunctional catalysts show the platinum
nanoparticles as bright spots.
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substantially after the post-synthetic modifications (Table 5.4).
Deposition of ca. 0.25 wt% of Pt on the ZSM-22 zeolites leads to only minor changes in
porosity, the microporosity dropping to 0.07 cm3 g-1, while the mesoporosity remains mostly
unchanged. The Pt dispersion is relatively high (ca. 45%) and similar for both samples; this
ensures that the catalysts are well-balanced, i.e. that the rate-determining step is the acidcatalyzed rearrangement of the carbocations on the zeolite surface [45]. The STEM images
show small particles in the nm-size range (Fig. 5.7), in good agreement with the dispersion
measured by CO chemisorption (Table 5.4) [46].
The hydro-isomerization experiments were performed in a vapor-phase continuous-flow
fixed-bed reactor [24], in which the degree of conversion is increased by raising the reaction
temperature stepwise at constant contact time. The resulting activity and selectivity profiles of
n-decane and n-nonadecane are provided in Fig. A5.2, while the most striking results observed
for pristane are included in Fig. 5.8. Key comparative data derived from the activity and
selectivity plots of the alkanes are depicted in Fig. 5.9.
In n-decane isomerization, the hierarchical zeolite is less active than its purely microporous
parent and requires an ca. 5-10°C higher temperature to achieve the same degree of conversion
(Fig. 5.9a, Fig. A5.2a). The lower catalytic activity of the hierarchical zeolite can be attributed
to the reduced total number of acid sites probed by pyridine (Table 5.4). Interestingly, in nnonadecane hydro-conversion, the relative activity of the two zeolites is reversed: the

Figure 5.8. (a) Conversion of pristane, X, over conventional (Pt/P2) and hierarchical (Pt/P2-AT3HCl) Pt/ZSM-22 catalysts. (b) Yield of skeletal isomers (I) and hydro-cracking products (C). (c) Molar
yield of cracked products per 100 mol of pristane cracked at ca. 35% hydro-cracking. Reaction
conditions: P=0.45 MPa, PH2/PHC=13, W/FC19o=4,600 kg s mol-1.
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Figure 5.9. (a) Temperature of 20% conversion (T20), (b) maximum yield of skeletal isomers, and (c)
corresponding yield of hydro-cracked products from hydro-isomerization tests of n-decane, nnonadecane, and pristane over conventional (Pt/P2, grey bars) and hierarchical (Pt/P2-AT3-HCl, black
bars) Pt/ZSM-22 catalysts.

hierarchical zeolite requires a ca. 10°C lower temperature to reach the same conversion as its
parent (Fig. 5.9a, Fig. A5.2a). An even more pronounced activity difference between the
hierarchical and parent zeolites is observed in the isomerization of pristane. Equivalent
conversion over the hierarchical zeolite occurred at a temperature 40°C lower compared to the
conventional analogue (Figs. 5.8a and 5.9a). This suggests that particularly for bulky multiple
branched alkanes, the more easily accessible acid sites near the 5-fold increased external surface
dominate the catalytic process.
On bifunctional catalysts hydro-isomerization into skeletal isomers and hydro-cracking into
smaller molecules occur consecutively. With increasing conversion, the yield of the desired
skeletal isomers reaches a maximum after which hydro-cracking activity predominates, as
illustrated in Figs. 5.8b and A5.2b. In the hierarchical ZSM-22, the addition of a mesopore
network originates a remarkable increase of the hydro-isomerization yield for each of the
alkanes studied. In n-decane isomerization, the conventional zeolite reaches an isomer yield of
ca. 67% (Fig. 5.9b and Fig. A5.2b), in line with earlier results [47]. The hierarchical zeolite
displays the highest maximum isomer yield so far reported for ZSM-22, viz. 82%. In the
conversion of n-nonadecane, the conventional zeolite reaches already a very high maximum
isomer yield of 88%, in agreement with earlier work [48], but it further increases to 92% on
application of the hierarchical zeolite (Figs. 5.9b and A5.2b). With pristane, the addition of
mesoporosity increases the isomer yield from 40% (conventional) to 50% (hierarchical)
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(Fig. 5.8b). For every alkane, the hierarchical zeolite systematically provides higher isomer
yields as a consequence of a reduced hydro-cracking (Figs. 5.8b, 5.9c, and A5.2b).
In addition to the isomerization/cracking selectivity, the cracking products distribution is
another important descriptor of catalytic performance. Effective catalysts should minimize the
formation of light volatile hydrocarbons unsuitable for liquid fuels and favor slightly branched
C10-C20 alkanes in order to improve the cold flow properties of diesel without compromising the
cetane number. For the smaller alkane (n-decane), the selectivity is similar over both the
conventional and hierarchical catalysts. However, a remarkable change occurs with larger
reactants. In the case of n-nonadecane, the hydro-cracking pattern is skewed to C3-C6 products
over the parent zeolite, indicative of undesired strong secondary cracking (Fig. A5.2c), while
the hierarchical zeolite exhibits a more uniform distribution of cracked products. With
pristane, the conventional zeolite yields mostly C3 and C4 cracked fragments (Fig. 5.8c). This
indicates that once a pristane isomer starts to crack, the process goes all the way to small
fragments. On the other hand, the hierarchical Pt/ZSM-22 catalyst again displays a
remarkably more even hydro-cracking pattern. All the observed catalytic features, i.e. the
activity trends, the enhanced isomerization yields, as well as the strongly reduced extent of
cracking, indicate that particularly the conversion of large molecules benefits from the
increased secondary porosity.

4. Conclusions
Mesoporous ZSM-22 was successfully prepared by desilication in aqueous NaOH. A subsequent
acid treatment yielded hierarchical porous ZSM-22 by restoration of the microporosity. The
alkaline treatments were performed on pure unidirectional ZSM-22, obtained from optimized
hydrothermal synthesis. The introduction of mesoporosity is not straightforward due to the
particular nature of ZSM-22, i.e. a rod-like crystal shape, the uneven aluminum distribution,
and the one-dimensionality of the elliptical micropores. Since Al is largely located on the
external surface of the nanorods a very pronounced re-deposition of initially extracted Al on
the external surface area takes place upon alkaline treatment, leading to the blocking of up to
80% of the micropore volume. A subsequent acid treatment in aqueous HCl successfully
restores up to 90% of the micropore volume and increases the mesopore surface area. Since the
Al in the parent ZSM-22 is predominately located on the external surface, only a third of the
Brønsted acidity is recovered after acid washing. A comparison with other alkaline-treated
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zeolites underscores the moderate efficiency of desilication in the case of ZSM-22 and points the
cause to the morphology of the ZSM-22 nanorods. The descriptor ‘desilication efficiency’ is
introduced, enabling to predict semi-quantitatively the behavior of specific zeolite crystal
morphologies during desilication. The use of these hierarchical zeolite catalysts n-alkane hydroisomerization leads to an increased activity and significantly improved monobranching
selectivity. This is attributed to an increased number of pore mouths and the associated
decreased diffusion length for reactants and products. The superior hydro-isomerization
performance of hierarchical Pt/ZSM-22 catalysts enhances dramatically with increasing length
and branching of the targeted alkane substrate, as is demonstrated in the case of n-decane, nnonadecane, and pristane. Our results point out that desilication, in combination with a mild
acid treatment, is a very effective method to maximize the catalytic potential of unidirectional
zeolites.
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Chapter 6
Preparation and Catalytic Evaluation of
Hierarchical Y and USY Zeolites
1. Introduction
Zeolite catalysts are of eminent importance in a number of chemical reactions associated with
the (petro)chemical industries [1,2], and raise substantial interest in new applications, such as
the conversion of biomass into valuable chemicals [3,4]. Nevertheless, especially during the
processing of bulky molecules in the liquid phase, a sub-optimal utilization of the active sites
present in zeolites is often implied by limited access and slow intra-crystalline diffusion in their
micropores [5]. In response to the need of improved catalytic processes, hierarchical
(mesoporous) zeolites have been conceived. These modified zeolites integrate the native
microporosity with an auxiliary level of inter or intra-crystalline mesopores, increasing the
external surface area substantially. This brings enhanced accessibility due to the increased
number of pore mouths and shortened average diffusion pathlength in the micropores [6-9]. The
superior lab-scale performance of hierarchical zeolites compared to conventional counterparts in
a wide range of catalyzed reactions is unquestionable.
Currently, a varied assortment of top-down and bottom-up approaches is available to
synthesize hierarchically structured zeolites [10-14]. The synthetic elegance of bottom-up
methods is counteracted by a low chance for industrialization, since they commonly necessitate
the use of costly and commercially unavailable reactants as mesopore-inducing agents [15-19],
and/or lead to products not easily separated from the mother liquor, e.g. nano-crystals or
nano-sheets [19,20]. On the other hand, top-down approaches such as demetallation are highly
effective and scalable at a reasonable cost. As a matter of fact, post-synthetic modifications are
largely responsible for the success of zeolites in general, yielding superior catalysts in terms of
stability, composition, and acid site speciation [2]. The best example, applied in industry since
the 60s, is the stabilization of Y zeolite by steam treatment [21-24], whereas acid treatments
are routinely applied by zeolite producers to remove extra-framework aluminum [23,24].
Stabilization of the pristine Y zeolite (FAU topology) [25] by framework dealumination is
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commonly performed, since its high framework Al content renders it unstable once brought in
the protonic form. The ultra-stable derivative (zeolite USY) is widely used in industry for fluid
catalytic cracking and hydrocracking [2,7], and a generalized protocol to synthesize hierarchical
analogues would be of prominent value because of the relatively bulky hydrocarbons involved
and the need to control selectivity and to increase lifetime. The dealumination of the
framework can, besides increasing (hydro)thermal stability, also lead to the introduction of a
secondary network of mesopores in the zeolite crystal [7,24,26]. Nevertheless, in the case of
steam treatment, the formed mesopores do not significantly affect intra-crystalline diffusion of
probe molecules [27], since they are mostly present as cavities [28]. In the last decade, base
leaching, known as desilication, has become a widely-applied post-synthetic treatment, since it
enables to introduce a network of connected intra-crystalline mesopores, while conserving the
intrinsic zeolite properties [14,29]. Desilication has been routinely applied to introduce a
secondary network of mesopores in multiple high-silica frameworks in the Si/Al range 10 to
infinite (see Chapter 4) [14,30,31]. However, alkaline treatment on zeolites with high Al
content (Si/Al ratio<10) remains relatively unexplored.
Two recent papers revealed the main challenges in the preparation of hierarchical Y and
USY by desilication. Qin et al. [32] performed severe alkaline treatments (95°C, 0.5-1.3 M
NaOH, 1-3 h) on a pristine zeolite Y (mesopore surface area=18 m2 g-1, Si/Al=3.1), but
obtained a limited mesoporosity (Smeso=61 m2 g-1), whereas crystallinity remained mostly
unchanged. On the contrary, de Jong et al. [33] performed alkaline treatments on a severely
steamed and acid-leached zeolite USY (Smeso=213 m2 g-1, Si/Al=28). They used very mild
conditions (25°C, 0.05-0.1 M NaOH, 15 min) to develop impressive external surfaces up to
443 m2 g-1. However, the resulting zeolite displayed a strong amorphization, substantiated by
the two-third reduction in micropore volume (from 0.21 cm3 g-1 down to 0.07 cm3 g-1) and
crystallinity. Although these works clearly prove that Y and severely-steamed and
dealuminated USY behave very distinctly in alkaline media, no general knowledge for the
precise manipulation of the FAU framework exists thus far.
Herein, we present combinations of acid and base treatments to prepare hierarchical Y and
USY zeolites. The selection of different starting zeolites combined with a comprehensive set of
post-synthetic modifications enabled to substantiate the contradictory relationship between the
sensitive FAU framework and its high Al content. We identify a critical Si/Al ratio above
which the facile dissolution by alkaline treatment and introduction of external surface occurs.
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Besides, we highlight the necessity to remove debris from zeolites after acid or alkaline
treatment to fully exploit the intrinsic and the newly developed properties in adsorption
and/or catalysis. In the case of severely dealuminated USY zeolites, it is demonstrated that the
inclusion of tetraalkalyammonium cations in the base solution enables to introduce substantial
mesoporosity, while maintaining the intrinsic zeolite properties. The superiority of hierarchical
Y and USY is evidenced in the alkylation of benzyl alcohol with toluene, the catalytic cracking
of vacuum gas oil, and the pyrolysis of polyethylene.

2. Experimental
2.1. Materials and Procedures
The zeolites used in this study were provided by Zeolyst International, and are derived from
the same NaY zeolite, i.e. CBV 100. As a starting material for the majority of the postsynthetic modifications, zeolite Y (CBV 300, NH4-form, nominal Si/Al=2.6) was used. This
sample is coded ‘P’ (parent or pristine). The prefixes ‘USY1-‘, ‘USY2-‘, and ‘USY3-‘ were used
for treatments performed on steamed (CBV 500, NH4-form, nominal Si/Al=2.6) and severely
steamed and dealuminated (CBV 720, H-form, nominal Si/Al=15, and CBV 760, H-form,
nominal Si/Al=30) USY zeolites, respectively. The parent beta zeolite, coded ‘beta’, was
supplied by TOSOH (890HOA, H-form, Si/Al=220).
Post-synthetic modifications, using aqueous solutions of H4EDTA, Na2H2EDTA, citric acid,
HCl, NaOH, and TPAOH, were performed using the conditions mentioned in Table 6.1 and
Table A6.1. Treatments using volumes of up to 100 cm3 were performed under magnetic
stirring using an EasymaxTM 102 instrument from Mettler Toledo. Treatments involving
solutions of 100-500 cm3 were executed under magnetic stirring in round-bottomed flasks
equipped with reflux condensers. In a typical experiment, the zeolite sample (0.3-100 g) was
added to a vigorously stirred solution of the desired solute, molarity (0.04-5 M), and
temperature (65 or 100°C), and was left to react for the required time (0.5-72 h). Afterwards,
the reaction was quenched and the resulting solid was filtered, washed using distilled water,
and dried overnight at 65°C.
Experiments using H4EDTA, citric acid were labeled ‘DAx’ (DA: dealumination).
Na2H2EDTA treatments were coded ‘AWx’ (AW: acid wash). NaOH treatments were labeled
‘ATx’ (AT: alkaline treatment), while those involving both NaOH and TPAOH were named
‘ATx+TPA’. In all cases, the suffix ‘x’ represents integers for further specification.
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Table 6.1. Sample notation and treatment conditions.
Sample code
DA1
DA2
DA3
DA4
DA5
AT1
AT2
AT3
AT4
AT1+TPA
AT2+TPA
AW1

Reagent
H4EDTA
H4EDTA
H4EDTA
H4EDTA
H4EDTA
NaOH
NaOH
NaOH
NaOH
NaOH+TPAOH
NaOH+TPAOH
Na2H2EDTA

C

T

t

Zeolite content

M

°C

h

g L-1

0.07
0.11
0.15
0.11
0.11
0.10
0.20
3.00
5.00
0.05+0.05
0.15+0.05
0.11

100
100
100
100
100
65
65
65
65
65
65
100

6
6
6
72
24
0.5
0.5
0.5
0.5
0.5
0.5
6

66.7
66.7
66.7
66.7
66.7
33.3
33.3
33.3
33.3
33.3
33.3
66.7

In the case TPAOH was present in the alkaline solution, a calcination in static air at 450°C
for 5 h using a heating rate 5°C min-1 was applied after treatment to remove adsorbed TPA+
species. Selected zeolites were brought in the protonic form (code ‘H’) by 3 consecutive ion
exchanges in 0.1 M NH4NO3 (25°C, 8 h, 1 g zeolite per 100 cm3 of solution), followed by the
abovementioned calcination protocol. Samples brought to the sodium form, by 3 consecutive
ion exchanges in 0.1 M NaNO3 (25°C, 8 h, 1 g zeolite per 100 cm3 of solution), were coded ‘Na’.
The stabilized samples for catalytic testing zeolite were prepared as follows: sample DA5AT1-AW1-ST was obtained by ion exchanging sample DA5-AT1-AW1 to the ammonium form
(as described above), followed by calcination in a 100% H2O vapor atmosphere at 750°C for 5
h. Sample DA5-AT1-AW1-LA-ST was obtained by ion exchange of sample DA5-AT1-AW1-H
with a 0.1 M aqueous solution of LaCl3 (80°C, 2 h, 10 g zeolite per 100 cm3 of solution),
followed by calcination in a 100% H2O vapor atmosphere at 800°C for 5 h. The reference
sample comprised CBV 760 provided by Zeolyst.

2.2. Characterization
Transmission electron microscopy (TEM) imaging was performed with a Phillips CM12
instrument operated at 100 kV. A few droplets of the samples suspended in methanol were
placed on a carbon-coated copper grid, followed by evaporation at ambient conditions.
Nitrogen adsorption at -196°C was performed in a Quantachrome Quadrasorb-SI gas
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adsorption analyzer. Prior to the measurement, the samples were degassed in vacuum at 300°C
for 3 h. The t-plot method was used to discriminate between micro- and mesoporosity. The
mesopore size distribution was obtained by the Barrett-Joyner-Halenda (BJH) model applied
to the adsorption branch of the isotherm. Powder X-ray diffraction (XRD) patterns were
acquired in a PANanalytical X'Pert PRO-MPD diffractometer equipped with Bragg-Brentano
geometry and Ni-filtered Cu Kα radiation (λ=0.1541 nm). Data were recorded in the 2θ range
of 3-60° with an angular step size of 0.05° and a counting time of 8 s per step. The variation in
zeolite crystallinity resulting from post-synthetic modifications was derived from the relative
intensity of the (533) reflection at 24° 2θ, assuming 100% crystallinity in the parent sample.
The reproducibility of the crystallinity analysis was within 5%. Si and Al concentrations in the
solids were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES)
on a Horiba Ultra 2 instrument equipped with photomultiplier tube detection. 27Al magic angle
spinning nuclear magnetic resonance (MAS NMR) spectroscopy was performed at a spinning
speed of 10 kHz on a Bruker Avance 400 NMR spectrometer equipped with a 4 mm probe head
and 4 mm ZrO2 rotors at 182.4 MHz. Spectra were obtained using 2048 accumulations, 90
pulses with a pulse length of 2.4 μs, a recycle delay of 0.25 s, and with (NH4)Al(SO4)2·12H2O as
a reference. Fourier transform infrared (FTIR) spectroscopy was carried out in a Thermo
Nicolet 5700 spectrometer equipped with a SpectraTech Collector II diffuse reflectance
(DRIFT) accessory and a high-temperature cell, KBr windows, and a MCT detector. Spectra
were recorded under a N2 atmosphere at 200°C, in the range of 650-4000 cm-1, by co-addition of
200 scans and with a nominal resolution of 4 cm-1. Prior to the measurement, the samples were
dried at 300°C in N2 flow (100 cm3 min-1) for 60 min. Temperature-programmed desorption of
ammonia (NH3-TPD) was carried out in a Thermo TPDRO 1100 unit equipped with a thermal
conductivity detector. The zeolite (100 mg) was pre-treated at 300°C in He flow (20 cm3 min-1)
for 3 h. Afterwards, 10 vol.% of NH3 in He (20 cm3 min-1) was adsorbed at 200°C for 30 min
followed by He purging at the same temperature. This procedure was repeated 3 times, after
which the desorption of NH3 was monitored in the range of 200-700°C (heating rate:
10°C min-1).

2.3. Catalytic Testing
Liquid-phase alkylation of toluene with benzyl alcohol was performed using an Endeavor
Catalyst System (Argonaut Technologies), consisting of eight parallel reactors with a working
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volume of 5 cm3 and with continuous stirring by overhead impellers. The catalysts were
activated ex situ at 300°C under inert atmosphere, and maintained at this condition for 1 h in
order to eliminate adsorbed water. Reaction conditions were T=140°C, P=0.5 MPa, molar
toluene-to-benzyl alcohol ratio of 80, and a catalyst amount of 40 wt.% of zeolite with respect
to the amount of benzyl alcohol. Reaction products were analyzed offline at different reaction
times using a gas chromatograph (HP 6890) equipped with a mass selective detector (HP
5973).
Catalytic cracking of a vacuum gasoil (VGO) was performed according the protocol
described in [34]. The cracking of VGO was performed in a Microactivity Test (MAT) fixedbed reactor at 510°C, with a feed time of 30 s, and various catalyst/VGO (weight) ratios. Prior
to the catalytic tests, the zeolite was pelletized, crushed, and sieved to yield the 420-590 μm
fraction. 0.5 g of the latter sample was mixed with SiO2 (2.5 g, sieve fraction 250-420 μm).
LDPE (Alfa Aesar) pyrolysis was carried out in a Mettler Toledo TGA/DSC 1 STARe
System. The polymer (6 mg) and the zeolite (2 mg), both in powder form, were carefully
weighed in a 70 μL α-Al2O3 crucible and suitably mixed in order to attain an intimate contact.
The pyrolysis was performed in N2 (70 cm3 min-1) ramping the temperature from 30 to 700°C at
10°C min-1.

3. Results and Discussion
The commercial zeolites used as starting materials for the post-synthetic treatments comprised
a parent Y (Si/Al=2.4), a mildly steamed USY (Si/Al=2.6), and two severely steamed and
acid-leached USY zeolites (Si/Al=15 and 30). Acid treatments performed comprised aqueous
solutions of ethylenediaminetetraacetic acid (H4EDTA) and ethylenediamine-tetraacetic acid
disodium salt (Na2H2EDTA), whereas base treatments were performed using aqueous NaOH in
the absence or presence of tetrapropylammonium cations (TPA+). The majority of the study
focuses on Y zeolite (Si/Al=2.4), which is described in Sections 3.1-3.4. Results derived from
treatments of the USY zeolites are described in Section 3.5, whereas catalytic evaluation of
the Y and USY zeolites is presented in Section 3.6.

3.1. Individual Acid and Base Treatments on Zeolite Y
The parent sample (P, Si/Al=2.4) comprised octahedron-type crystals typical for the faujasite
zeolite [28]. TEM showed that the crystals were free of intra-crystalline defects (Fig. 6.1), while
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Figure 6.1. Transmission electron microscopy images of Y zeolites at different stages of the treatment
sequence. The scale bar applies to all images. The mesopores are typically homogeneously distributed
and mostly intra-crystalline.
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its X-ray diffraction (XRD) pattern revealed a highly crystalline faujasite in the absence of
impurities (Fig. A6.1). N2 sorption resulted in a type-I isotherm, typical for purely microporous
materials (P in Fig. 6.2). Application of the t-plot model evidenced a micropore volume (Vmicro)
of 0.30 cm3 g-1 and a limited mesopore surface area (Smeso) of 22 m2 g-1.
Various (individual and sequential) treatments are presented in this paper, ultimately
aimed at preparing a superior hierarchical Y zeolite. The individual influence of each treatment
on the parent zeolite Y was explored (Fig. 6.3). The treatment conditions of representative
samples are provided in Table 6.1, whereas a full overview of the treatment conditions and the
porosity of the resulting solids is shown in Tables A6.1 and A6.2. In line with the low Si/Al
ratio of the pristine zeolite, relatively high molarities of aqueous NaOH were required to induce
dissolution (Fig. 6.3a). Accordingly, only at 5 M NaOH, yields dropped to ca. 60%, i.e. a value
typical for alkaline-treated MFI zeolites (see Chapter 4) [31]. As expected [32], the alkaline
treatments of pristine Y resulted in a minor development of mesoporosity; the highest Smeso did
not exceed 60 m2 g-1. Additionally, the N2 isotherm suggests the presence of macroporosity
(Fig. 6.2), which was confirmed by TEM (AT4 in Fig. 6.1). On the other hand, crystallinity
remained relatively high (ca. 80%), while Vmicro remained mostly unchanged. It is likely that
the high alkalinities applied led to an unselective dissolution, incapable of directing the silicon
leaching process towards the efficient introduction of intra-crystalline mesoporosity.
Aqueous solutions of H4EDTA were used to dealuminate the Y framework since, compared
to mineral acids, it preserves crystallinity to a larger extent [26]. Exposure to aqueous H4EDTA
solutions led to a gradual loss in yields (down to 70% at 0.2 M), while crystallinity reduced
strongly (down to ca. 20% at 0.2 M, Fig. 6.3b). The latter can be expected since at 0.2 M
H4EDTA, more than 50% of Al should have been removed from the solid [35]. Even though the
framework appeared substantially affected, application of the t-plot model to the isotherm did
not reveal the loss of micropore volume or the presence of mesopores. However, closer
inspection of a representative N2 isotherm (DA2 in Fig. 6.2) suggested the presence of large
micropores or small mesopores. The drop in micropore volume became significant at
concentrations exceeding 0.11 M (down to ca. 0.12 cm3 g

-1

at 0.20 M).

Treatment with aqueous Na2H2EDTA is commonly used to remove extra-framework Al
from steamed USY zeolites [26,36]. It should therefore ideally exert a minor influence on the
parent crystals. Fig. 6.3c shows that the yields remained fairly high (ca. 90%), even when
concentrations up to 0.6 M were employed (Table A6.2). On the other hand, crystallinity
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Figure 6.2. N2 isotherms of Y zeolites after individual treatment with NaOH (AT4), H4EDTA (DA2),
and Na2H2EDTA (AW1). The inset highlights the uptake at low relative pressures. The individual
treatments did not yield Y zeolites with significant mesoporosity.

Figure 6.3. Influence of (a) NaOH, (b) H4EDTA, or (c) Na2H2EDTA treatments on crystallinity (solid
circles), yield (open circles), micropore volume (solid squares), and mesopore surface area (open
squares) of the Y zeolites. The parent Y zeolite is represented at 0 M.
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increased to 104%, which suggests the removal of some amorphous species. The porous
properties of the Na2H2EDTA-treated samples corroborated the minor influence of the
treatment on the parent zeolite. Accordingly, a representative isotherm revealed a similar trend
to that of P (e.g. sample AW1 in Fig. 6.2).

3.2. Sequential Acid and Base Treatments on Zeolite Y
Individual post-synthetic treatments did not succeed in introducing distinctive mesoporosity in
parent Y zeolite. An alternative strategy to obtain highly mesoporous Y zeolites concerns the
application of sequential alkaline and acid treatments (as described in Chapter 4) [31]. Hereto
the alkaline-treated sample AT4 was washed with Na2H2EDTA to obtain AT4-AW1. These
efforts, however, did not result into substantial mesoporosity (Table A6.3), and confirmed that
alkaline treatment alone is not suited to introduce mesoporosity in the pristine Y zeolite.
To study the influence of dealumination prior to desilication, sequential H4EDTA and
NaOH treatments were systematically screened. This approach resulted in an extended matrix
of solids, a large number of which being hierarchical porous structures (Table A6.4). For
clarity, the influence of the sequential treatments on the porous properties is illustrated by the
N2 isotherms of DA1-AT1 and DA2-AT2 (Fig 6.4a,b), and the general trends are discussed in
more detail for DA2-AT2. The N2 isotherm of the latter sample displayed a similar uptake at
low relative pressures compared to sample P, which was coupled to an increased uptake at
middle-to-high relative pressures. This amounted to a large mesopore surface (330 m2 g-1)
coupled to a microporosity of 0.20 cm3 g-1 (Table 6.2). Compared to DA2, this represents an 8fold increase of the external surface area and the preservation of two-thirds of the micropore
volume. The derived mesopore size distribution displayed mesopores centered around 8 nm,
whereas contributions at higher mesopores sizes were completely absent. The latter suggests
that purely intra-crystalline mesopores were formed, which was confirmed by TEM (DA2-AT2
in Fig. 6.1). Surprisingly, although substantial mesoporosity was introduced, crystallinity did
not decrease abruptly upon alkaline treatment (from 31% to 18%, Fig. 6.5). The textural
parameters collected in Table A6.4 were plotted in a number of contour plots to facilitate
interpretation. Fig. 6.6a shows the overall weight loss upon sequential H4EDTA and NaOH
treatments. The H4EDTA-treated zeolites (prior to desilication) are represented on the y-axis,
whereas the x-axis depicts the zeolites treated in NaOH only. In agreement with Fig. 6.3, yields
remained ca. 100% on the x-axis, whereas on the y-axis yields decreased to ca. 80%. Upon
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Figure 6.4. N2 isotherms of the Y zeolites using different sequences. Insets: BJH mesopore size
distributions. The post-synthetic modifications resulted in hierarchical Y zeolites with distinct mesopore
sizes.

alkaline treatment of the dealuminated zeolites, yields lowered substantially starting from a
H4EDTA molarity >0.07 M. Since mesopores are generated by the partial dissolution of the
zeolite, this implies that, to introduce substantial mesoporosity in Y zeolites, a Si/Al ratio of
roughly 4 needs to be attained. In line with the dissolution pattern, Fig. 6.6b shows that
mesopore surface areas exceeding 150 m2 g-1 were obtained starting from Y zeolites
dealuminated using H4EDTA concentrations >0.07 M. Moreover, the plot illustrates that the
highest mesopore surface areas were obtained at 0.1-0.4 M of NaOH. Compared to alkaline

Figure 6.5. Crystallinity of the Y zeolites at different stages of the sequential treatments.
Dealumination (DA) leads to a significant reduction in crystallinity. However, crystallinity is partially
recovered after the final acid wash (AW).
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Table 6.2. Treatment yields and properties of Y zeolites.
Sample

Yielda

Crystallinityb

Si/Alc

Vpored

Vmicroe

Smesoe

dpf

%

%

mol mol-1

cm3 g-1

cm3 g-1

m2 g-1

nm

P
100
2.4
0.34
0.30
22
DA1
87
0.36
0.32
28
DA1-AT1
91 (79)
0.44
0.33
121
2
DA1-AT1-AW1
94 (74)
0.62
0.36
197
3
DA2
79
31
0.34
0.29
40
DA2-AT1
85 (67)
0.41
0.28
123
2
DA2-AT1-AW1
93 (62)
0.47
0.23
223
4
DA2-AT2
78 (62)
18
0.66
0.20
330
8
DA2-AT2-AW1
87 (54)
35
0.79
0.29
258
10
DA4
81
45
5.5
0.46
0.36
79
DA4-AW1
89 (72)
31
0.49
0.31
173
3
DA4-AT1
89 (79)
37
3.9
0.47
0.27
177
3
DA4-AT1-AW1
94 (74)
52
4.2
0.61
0.26
292
6
a
Individual step yield, in grams of solid after treatment per gram of starting material (overall yield with
respect to the parent zeolite in brackets). bXRD. cICP-OES. dVolume adsorbed at p/p0=0.99. et-plot
method. fAverage BJH mesopore size.

treatment on ZSM-5 [31], the mesopore surface areas were attained at relatively high overall
yields. The latter is tentatively explained by the relatively low-framework density of FAU (13.3
T atoms nm-3) compared to MFI (18.4 T atoms nm-3) [25], requiring the removal of less atoms
to obtain a similar-sized mesopore.
High micropore volumes of ca. 0.30 cm3 g-1 were obtained over a wide variety of conditions
(Fig. 6.6c). The reduction of the micropore volume mostly depended on the applied H4EDTA
concentration. Accordingly, marked reductions become apparent only after dealumination with
conditions >0.11 M H4EDTA, whereas the applied alkaline treatment did not affect the
obtained values. The porosities of the sequentially-treated solids enabled accurate estimation of
the average mesopore diameter. Fig. 6.6d shows a variety of pores in the range of ca. 2 to 20
nm as a function of H4EDTA and NaOH concentration. The highest mesopore surface areas
were obtained at pore sizes around 8 nm. When the mesopore size further increased, the
mesoporosity dropped, while the total pore volumes remained constant around 0.55 cm3 g-1
(Table A6.4). Fig. 6.7 highlights the relation between the mesopore diameter and the mesopore
surface area for zeolites dealuminated at 0.07 M and 0.11 M H4EDTA. A volcano plot is
obtained with a maximum Smeso at 8 nm, displaying a clear relation between the mesopore size
and the external surface.
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Figure 6.6. Contour plots obtained by sequential acid and alkaline treatments of the pristine Y zeolite.
The effects of concentration of H4EDTA (y-axis) and NaOH (x-axis) on (a) yield, (b) Smeso, (c) Vmicro,
and (d) average mesopore size (dp) are depicted. Hierarchical Y zeolites are obtained at H4EDTA
concentrations exceeding ca. 0.04 M.
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Figure 6.7. The relation between the average mesopore size (dp) and the mesopore surface area (Smeso)
of Y zeolites. The sequentially acid and base-treated samples (DAx-ATx, solid circles), and washed
samples (DAx-ATx-AW1, open circles) are derived from Table 6.2. The parent Y sample is represented
by the solid triangle.

3.3. Removal Al-rich Debris from Alkaline-Treated Y Zeolites
The removal of Al-rich debris from alkaline-treated medium-pore zeolites by subsequent acid
treatment demonstrated of high value for ZSM-5 (Chapter 4) [31,37], ferrierite [38], ZSM-22
(Chapter 5) [39,40], and theta-1 [41]. Reported benefits after the subsequent acid treatment
include an enhanced micro- and mesoporosity, increased crystallinity, restored acidity and
composition, and, ultimately, enhanced catalytic activity [31,37-41]. The acid washing step was
optimized using various concentrations of Na2H2EDTA on a number of sequentially acid and
base-treated zeolites (Table A6.3). For sake of conciseness, discussion is centralized on the
results using the treatment of 0.11 M Na2H2EDTA (AW1).
Upon Na2H2EDTA treatment of the dealuminated and desilicated solids (DAx-ATx), yields
reduced with both the severity of the alkaline treatment and the preceding acid treatment
(Table 6.2). Unlike in the case of the samples that were only alkaline treated before washing,
the influence of the Na2H2EDTA treatment on the physico-chemical properties was more
evident. In line with the removal of amorphous Al-rich debris, the crystallinity of DA2-AT2
increased from 18% to 35% (DA2-AT2-AW1, Fig. 6.5). The nitrogen isotherms of the washed
samples show that the uptake at p/p0<0.1, as well as at middle-to-high relative pressures,
increased markedly (Fig. 6.4). The mild acid treatment resulted in the clearing of porosity,
leading to increased pore volumes (Table 6.2). For example, upon washing of DA2-AT2, Vpore
increased from 0.66 cm3 g-1 to 0.79 cm3 g-1 (DA2-AT2-AW1). Additionally, the washing
increased the average mesopore size distributions distinctly from 8 to 10 nm (DA2-AT2-AW1),
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which was confirmed by TEM (DA2-AT2 and DA2-AT2-AW1 in Fig. 6.1). In the case of the
solids featuring mesopores of 2 nm (DA1-AT1, and DA2-AT1), the Na2H2EDTA treatment
resulted in average mesopore sizes of 3 nm (DA1-AT1-AW1), and 4 nm (DA2-AT1-AW1).
Except for DA2-AT2-AW1, the external surface area of the samples increased (Table 6.2).
Strikingly, including DA2-AT2-AW1, the relation between the mesopore size and the total
surface area, as discussed in Section 3.2, holds solidly after the final acid washing (Fig. 6.7).
In Chapter 5, the desilication efficiency was introduced as a tool to examine the loss of
solids upon introduction of mesoporosity by post-synthetic modification [39]. In this work, the
desilication efficiencies of the washed samples varied between 5 and 7 m2 g-1%-1, which is
slightly higher than those for ZSM-5 (see Chapter 4), and should be due to the relatively high
overall yields.

3.4. Structure, Porosity, Morphology, and Acidity of Y Zeolites
For the acidity

studies and

catalytic evaluation

(Section

3.6),

samples required

transformation to the protonic form. It is known that ex situ protonation of zeolites can lead to
the partial collapse of Y zeolites due to readsorption of water [26]. We have nevertheless
employed the latter approach since our catalytic application prevented to do so otherwise.
Since samples that were treated at longer dealumination times (24 or 72 h) exhibited a greater
stability upon thermal activation (Fig. A6.2), we selected sample DA4 (treated for 72 h) for
further study.
The sequential treatments (DA4, AT1, and AW1) resulted in similar yields compared to
what was described in previous sections (Table 6.2). Dealumination led to a substantial
reduction (55%) of the crystallinity, but not as pronounced as for DA2 (Fig. 6.5). Table 6.2
shows that, as can be alluded from ref. 34, the Si/Al ratio of 2.4 (P) increased to 5.5 (DA4),
implying that about half of the Al was removed from the sample. A subtle difference of the
porous properties of DA4 compared to DA2 was revealed by the N2 isotherm (Fig. 6.4). The
uptake at 0.1<p/p0<0.3 was more pronounced, suggesting the presence of small mesopores,
which were also noticeable in the mesopore size distributions. This difference is attributed to
the prolonged reaction time, enabling a more thorough healing of the crystal through Si
migration [42]. TEM showed that DA4 did not possess the homogeneity evidenced by the
parent zeolite, but the existence of small mesopores could not be ascertained (DA4 in Fig. 6.1).
Upon acid wash of the dealuminated sample (to yield sample DA4-AW1), much like after the
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alkaline treatment, significant mesoporosity was formed (Smeso=173 m2 g-1). However,
transmission electron microscopy suggested that the porosity is not as homogeneously
distributed (DA4-AW1 in Fig. 6.1) and crystallinity decreased from 45% to 31% (Table 6.2).
Upon desilication of DA4, resulting in DA4-AT1, crystallinity reduced slightly down to
37%, confirming the minimal influence of the alkaline-treatment on the zeolite structure. The
Si/Al ratio reduced to 3.9, ratifying the preferential leaching of silicon from the solid.
Moreover, Fig. 6.4 reveals that the uptake is shifted to higher relative pressures, indicative of
larger mesopores. Accordingly, the mesopore size distribution shows an average pore size
around 3 nm, and an Smeso of 177 m2 g-1 is obtained (Table 6.2). TEM clearly demonstrated the
presence of intra-crystalline mesoporosity (DA4-AT1 in Fig. 6.1). The following mild acid
washing (DA4-AT1-AW1) resulted in the removal of Al-rich debris, as was substantiated by
the increased Si/Al ratio (to 4.2), crystallinity (to 52%), and mesopore size (to 6 nm). The
increase in mesopore size was corroborated by TEM (DA4-AT1-AW1 in Fig. 6.1). The
mesoporosity increased to 292 m2 g-1, which was coupled to a micropore volume of 0.26 cm3 g-1.
We conclude that the dealumination treatment leads a partially defective crystal comprising
small mesopores clogged with amorphous aluminosilicate debris. The removal of these species is
most efficient applying first an alkaline treatment followed by treatment with a mild acid
wash. This preferential order could be related to the realumination process that occurs upon
alkaline treatment, leading to the reinsertion of Al in the framework [43,44]. We attribute the
minimal drop of crystallinity upon alkaline treatment to both the removal of amorphous Si
debris and the removal of Si from the framework. The sequential alkaline treatment-acid wash
potentially represents a suitable tool to remove aluminosilicate debris from zeolites in general.
Conversion to the protonic form (code ‘H’) by thermal activation led to the partial
amorphization of the solids (Table A6.5). The drop in crystallinity was about 40% for all
samples. Nevertheless, the porous properties remained largely intact. The mesoporous sample
of highest interest (DA4-AT1-AW1) displayed a reduction in micropore volume from 0.26 cm3
g-1 to 0.19 cm3 g-1, whereas the mesopore surface area decreased from 292 to 202 m2 g-1.

27

Al

MAS NMR revealed that in all calcined samples, the majority of aluminum was present in a
tetrahedral coordination (Fig. A6.3).
Acidity assessment was performed by infrared spectroscopy performed in the OH stretching
region (Fig. 6.8) and by temperature programmed desorption of ammonia (Fig. A6.4). IR
spectroscopy was undertaken to study the hydroxyls related to Brønsted acidity (3600 and
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3550 cm-1) and those representative of isolated silanols on the external surface (3740 cm-1) [45].
The parent Y zeolite displayed mainly the bands related to Brønsted acidity, attending to its
high acidity and limited external surface area. Upon dealumination (DA4-H) the bands related
to the Brønsted acidity became less intense, which should be related to the lower Al content
and the formation of Al-rich debris, respectively. On the other hand, the band at 3740 cm-1
became prominent, corroborating the presence of substantial defects. Sequential alkaline
treatment (DA4-AT1-H) led to a strong reduction in intensity and definition of the three
bands. The latter relates to the realumination of the surface [31,46]. Upon subsequent acid
wash (DA4-AT1-AW1-H), the intensity and definition of all bands increased strongly again,
attending to the removal of Al-rich debris, confirming the strong suppressive effect on the
bands in the OH stretching region. Using NH3-TPD a more conclusive idea of the bulk acidity
was provided (Fig. A6.4). The total acidity of the samples, as estimated from the integral of
the curves, related well to their Al content.

Figure 6.8. Infrared spectra in the OH stretching region of Y zeolites.

3.5. Hierarchical USY Zeolites
3.5.1. USY
In Sections 3.1-3.3 the introduction of mesoporosity in a pristine Y zeolite was tackled.
However, it is unclear if the followed approach also holds for a Y zeolite that was steamed, i.e.
a USY faujasite with similar bulk Si/Al ratio but higher framework Si/Al ratio. We performed
alkaline treatments on a steamed zeolite (USY1-P) using different NaOH concentrations. The
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Table 6.3. Treatment yields and properties of USY zeolites.
Sample
USY1-P
USY1-AT2
USY1-AT3
USY1-AT4
USY1-DA3
USY1-DA3-AT1
USY1-DA3-AT1-AW1

Yielda

Crystallinityb

Vporec

Vmicrod

Smesod

%

%

cm3 g-1

cm3 g-1

m2 g-1

100
69
17
84
64 (54)
80 (43)

79
30
21
20

0.41
0.36
0.28
0.07
0.30
0.51
0.60

0.30
0.26
0.10
0
0.20
0.21
0.13

74
49
47
12
60
214
296

USY2-P
63
0.51
0.28
125
USY2-AT1
82
24
0.52
0.10
275
USY2-AT2
54
0.28
0.04
203
USY2-AT1+TPA
76
0.58
0.28
164
USY2-AT2+TPA
65
39
0.71
0.29
253
USY3-P
42
0.61
0.33
117
USY3-AT1
77
0.47
0.05
291
USY3-AT2
44
0
0.58
0
321
USY3-AT1+TPA
71
0.71
0.29
236
USY3-AT2+TPA
47
32
1.10
0.26
500
a
Yield in grams of solid after treatment per gram of starting material (overall yield with respect to the
parent zeolite in brackets). bXRD. Values are relative to parent Y zeolite (P). cVolume adsorbed at
p/p0=0.99. dt-plot method.

results, listed in Table 6.3, indicate that, like in the case of the pristine Y zeolite, relatively
mild treatments (0.2 M NaOH, USY1-AT2) do not lead to any apparent modification of the
solid. Only at higher concentrations (>1 M NaOH) dissolution occurred, displaying yields
down to 17% (USY1-AT4). Upon treatment of USY1 at higher alkalinities, microporosity
reduced drastically. The latter is attributed to the realumination of the extra-framework Al
(generated by steaming) upon alkaline treatment. This suggests that the direct desilication of
USY is not the right strategy.
To successfully introduce intra-crystalline mesoporosity, we applied the protocol established
for the pristine Y zeolite on USY1-P. The resulting solid (USY1-DA3-AT1-AW1) displayed an
impressive mesopore surface area (296 m2 g-1), and a micropore volume of 0.13 cm3 g-1
(Table 6.3). Accordingly, it is clear that, like in the case of pristine Y, steamed zeolites are also
readily prepared in hierarchical form by desilication once the Si/Al ratio has been increased by
mild dealumination. However, despite the large external surface increase, both acid treatments
(DA3 and AW1) led to a reduction of the micropore volume. Additionally, although the
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mesopore surface area and the pore volume increased, the crystallinity of USY1-DA3-AT1AW1 was similar to that of USY1-DA3-AT1.

3.5.2. Dealuminated USY
A remarkable result is the large difference in dissolution kinetics of pristine and dealuminated
Y zeolite upon alkaline treatment. As mentioned in the Introduction, the facile dissolution is
particularly pronounced for zeolites which were severely dealuminated. The high sensitivity of
the FAU topology to alkaline media should relate to the relative low framework density, high
surface area, and large micropores (all of which are tightly interconnected) [25]. Of course,
whereas the application of mild conditions is economically and environmentally favorable, the
associated amorphization of the material, as evidenced by de Jong et al. [33], is undesired.
In Chapters 2 and 3, we demonstrated that addition of tetraalkylammonium cations in
the alkaline solution protects the zeolite crystals during the demetallation process [47]. Using
this concept, we executed alkaline treatments on steamed and severely dealuminated USY
zeolites (Si/Al=15, coded ‘USY2-P’ and Si/Al=30, coded ‘USY3-P’) in the absence and in the
presence of TPA+. Fig. 6.9a shows that, upon conventional alkaline treatment of USY2, the
N2-isotherm displayed increased uptake at middle-to-high relative pressures and mesopore
surface areas up to 275 m2 g-1 were obtained (USY2-AT1, Table 6.3). However, the uptake at
p/p0<0.1 decreased strongly, indicating a significant amorphization of the material. Indeed,
Vmicro dropped from 0.28 cm3 g-1 (USY1-P) down to 0.10 cm3 g-1 (USYY2-AT1). The 65% loss of
micropore volume was accompanied with a similar loss in crystallinity (62%, Table 6.3). The
more amorphous appearance of the crystals was confirmed by TEM (Fig. 6.9b).
With TPA+ included in the alkaline solution, the resulting solids showed dramatically
improved structural and textural properties. Sample USY2-AT2+TPA displayed a similar
uptake at p/p0>0.1 compared to USY2-AT1, but the uptake at low relative pressures was fully
preserved with respect to USY2-P (Fig. 6.9a). Accordingly, the textural properties indicate a
Vmicro of 0.29 cm3 g

-1

and a Smeso of 253 m2 g-1. Moreover, the crystallinity loss upon treatment

was limited to 37% (Table 6.3). When the same treatments were applied to USY3, the positive
influence of TPA+ in the alkaline solution was even more striking. The solids exposed to the
standard desilication protocol combined the development of external surface area (up to 321 m2
g-1 for USY3-AT2) with a complete loss of the micropore volume and crystallinity. In contrast,
when TPA+ cations were present in the alkaline solution, Vmicro a mostly unaffected and
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Figure 6.9. (a,c) N2 isotherms and (b) transmission electron micrographs of treated Si-rich USY
zeolites (‘USY2’ and ‘USY3’). The scale bar in (b) applies to all images. Inset in (a) and (c): BJH
mesopore size distributions. The presence of tetrapropylammonium cations (USY2-AT2+TPA, USY3AT1+TPA, USY3-AT2+TPA) in the NaOH solution leads to a more controlled zeolite dissolution, and
accordingly to the preservation of microporosity and crystallinity upon mesopore formation.

crystallinity was maintained, while strongly enhanced Vpore (up to 1.10 cm3 g-1 for USY3AT2+TPA) and Smeso (up to 500 m2 g-1 for USY3-AT2+TPA) were attained (Fig. 6.9c,
Table 6.3). To evaluate the general applicability of the approach, similar alkaline treatments
were performed on a beta zeolite with Si/Al=220. In line with previous observations [48], this
zeolite also completely amorphized upon alkaline treatment in aqueous NaOH (beta-AT2). Like
for the USY2 and USY3 zeolites, the inclusion of TPA+ in the alkaline solution (betaAT2+TPA) enabled to couple the introduction of significant mesoporosity (to 569 m2 g-1) to a
largely preserved micropore volume and preserved crystallinity (Table A6.7). Undoubtedly, the
protective role displayed on MFI (Chapters 2 and 3) [30,47] is also effective for FAU and
BEA. In fact, their presence in the alkaline solution is of critical importance due to the extreme
sensitivity of these 12 MR zeolites in alkaline media.

3.6. Catalytic Evaluation
3.6.1. Alkylation using Y zeolites
In the alkylation of benzyl alcohol with toluene using ZSM-5 the introduction of mesoporosity
by desilication yielded an activity over 5-fold superior (Chapter 4) [31]. However, since the
FAU micropores are, for toluene and benzyl alcohol, more accessible than the ZSM-5
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micropores, it is the question whether the catalytic performance of the already very active Y
zeolite is improved by the post-synthetic modifications. Fig. 6.10a shows the catalytic
conversion as a function of time for selected zeolites. The performance of the parent zeolite (PH) displayed a 47% conversion of benzyl alcohol (XBA) after 40 min. Upon introduction of
mesoporosity by sequential dealumination and desilication (DA4-AT1-H), a slightly higher
activity was achieved (XBA=53% after 40 min). Conversely, after the final wash (DA4-AT1AW1-H), the activity almost doubled after 40 min of reaction (XBA=84% after 40 min). Upon
normalizing the conversion to the Al content, the differences between the samples became even
more obvious. The activity of DA4-AT1-AW1-H was almost four-fold of that of P-H, and over
two times that of DA4-AT1-AW1-H. We attribute the improved catalytic activity to the
improved access to the acid sites provided by the introduced secondary porosity. It can be
concluded that the introduction of external surface area is mostly efficient if accessible, hence
connected to the external surface, and free of non-zeolitic debris.

Figure 6.10. Catalytic evaluation of Y and USY zeolites in (a) the alkylation of toluene with benzyl
alcohol and (b) the pyrolysis of low-density polyethylene. Inset in (b): derivative of the thermogravimetric (DTG) profiles. The grey area in the inset highlights the increased light-off of sample
USY2-AT2+TPA-H.

3.6.2. Catalytic cracking using stabilized Y zeolites
Fluid catalytic cracking (FCC) is one of the largest acid-based catalytic reactions used in the
petrochemical industry. In related catalysts, Y or USY zeolites represent the main zeolite
component [2]. Accordingly, testing our hierarchical zeolites in this reaction is of high
relevance.
Catalytic cracking of VGO was performed at a range of conversions achieved by changing
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the zeolite-to-VGO ratio (cat/VGO) from 0.25 to 0.83. An as-prepared hierarchical Y (DA5AT1-AW1-H), a commercial USY zeolite (reference sample), and two stabilized hierarchical
zeolites (DA5-AT1-AW1-ST, DA5-AT1-AW1-LA-ST) were evaluated. The porous and acidic
properties of these catalysts are summarized in Table A6.6. Sample DA5-AT1-AW1-H proved
more active than the reference at low cat/VGO ratios, while at higher ratios this trend
reversed (Fig 6.11a). The initial high activity is attributed to the higher acidity in the
hierarchical zeolite. On the hand, the reduced activity at higher ratios is attributed to an
increased deactivation rate, due to the instability of the zeolite [49]. To prevent the
deactivation, the stability of the zeolite was increased via steaming (DA5-AT1-AW1-ST) and
lanthanum exchange followed by steam treatment (DA5-AT1-AW1-LA-ST). These zeolites
displayed a reduced porosity and acidity compared to DA5-AT1-AW1-H (Table A6.6). In line
with the lower acidity, the activity of the stabilized zeolites was lower at low cat/VGO ratios
and, in case of DA5-AT1-AW1-ST, slightly higher than DA5-AT1-AW1-H at higher cat/VGO
ratios. However, in FCC the most critical parameters should be the selectivity. Compared to
the reference, sample DA5-AT1-AW1-H displayed a slightly lower selectivity to gasoline, a
similar selectivity to diesel, and an increased gas formation (Fig. 6.11b-c). In contrast, the
stabilized zeolites displayed a strongly favorable selectivity; a similar gasoline yield, a diesel
yield increase of up to 4%, and a strongly reduced selectivity to undesired gases. From these

Figure 6.11. Catalytic behavior in fluid catalytic cracking of vacuum gas oil of a zeolite reference
(solid circle) and different hierarchical zeolites. (a) Conversion of vacuum gas oil (XVGO) at different
catalyst/VGO ratios. Yields to (b) gasoline, (c) diesel, and (d) gases at different XVGO. The starting
hierarchical zeolite (open circle) was steamed (ST, gray triangle) or lanthanum exchanged followed by
steaming (LA-ST) (grey square) to improve performance. Conditions: T=510°C, feed time=30 s, 0.5 g
zeolite.

Preparation and Catalytic Evaluation of Hierarchical Y and USY Zeolites

119

results a number of tentative conclusions can be drawn. Firstly, since the reference zeolite
(obtained by steaming and dealumination) displayed a mesoporosity similar to the other
samples, it can be concluded that the type of mesoporosity, hence order of post-synthetic
modifications, is of crucial importance. Additionally, it proves that a (strongly) reduced acidity
in a hierarchical zeolite does not imply an inferior catalytic performance. For example, whereas
DA5-AT1-AW1-LA-ST comprised a total acidity about 10 times lower than the reference
(Table A6.6), it still delivered a remarkably superior catalytic performance. Likely, due to the
increased access in the hierarchical sample, a reduction in acidity seems required to prevent
(over)cracking and maximizing the yield to desired (liquid) products. This implies that, in view
of optimizing the catalytic selectivity, the acidity of hierarchical zeolites should be carefully
tailored.
To put the catalytic performance into perspective an economic analysis of the obtained
benefits versus the extra cost of zeolite production was executed. Taking the overall yields of
solids of the post-synthetic modifications into account (ca. 50%), we estimate that the
hierarchical Y catalysts is roughly twice as expensive. The extra cost per barrel of VGO can
then be derived from the global yearly VGO production (estimated at 2.7 billion barrels [50])
and the yearly zeolite Y consumption (291.000 tons, worth 1.2 billion USD [51]). This
translates into an additional cost of ca. 0.45 USD per barrel VGO for catalyst preparation.
On the benefit side, focus was placed on the gained yields in diesel. Taking a diesel value of
40 USD per barrel into account [52], the 4% additional diesel yield (Fig. 6.11c), represents an
additional value of 1.6 USD per barrel of processed VGO, hence a potential profit of ca. 1 USD
per barrel. Subsequently, assuming a FCC plant capacity of 100.000 barrels of VGO per day,
an additional income of ca. 100.000 per day USD is formed. This very positive economic
indication strongly highlights that hierarchical Y zeolites prepared by novel post-synthetic
strategies represent viable candidates as next-generation FCC catalysts.

3.6.3. Pyrolysis using USY zeolites
The pyrolysis of low-density polyethylene (LDPE) was investigated as it forms a simple test for
diffusion-limited reactions [38,53,54]. Fig. 6.10b shows the conversion of LDPE (XLDPE) to
volatile compounds as a function of temperature in presence of USY zeolite catalysts. The
conversion profile of USY2-P-H displayed a temperature at which 10% LDPE is converted
(T10) of 290°C, which is significantly lower than the non-catalyzed degradation of LDPE
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(T10=440°C).

The

hierarchical

sample

(USY2-AT2+TPA-H,

T10=260°C)

displayed

a

significantly higher activity than the parent zeolite, which is attributed to the more accessible
micropore structure. In contrast, USY2-AT2-H evidenced, with a T10 of 380°C, a much lower
activity than the parent zeolite. This confirms that, upon introducing secondary porosity, the
intrinsic zeolite properties should remain mostly preserved.

4. Conclusions
Combinations of post-synthetic modifications, including base (NaOH) and acid (H4EDTA and
Na2H2EDTA) treatments, were strategically applied to prepare a wide variety of hierarchical Y
and USY zeolites (Fig. 6.12). It was demonstrated that both the pristine Y and its steamed
ultra-stable derivative USY need to be carefully dealuminated to facilitate subsequent
introduction of mesoporosity by desilication in alkaline medium. It proved of vital importance
to remove Al-rich debris after sequential acid and base treatment of Y and USY zeolites with
low Si/Al ratios, freeing porosity, and increasing crystallinity. The sequential alkaline
treatment and acid wash concomitantly remove amorphous aluminosilicates debris formed after
framework dealumination of zeolites. For Al-deficient zeolites, the inclusion of TPA+ in the

Figure 6.12. Strategies to design hierarchical FAU zeolites by post-synthetic modifications. After
desilication of Al-rich zeolites, the removal of remaining debris by a mild acid wash is crucial. On the
other hand, upon alkaline treatment of Si-rich zeolites, the inclusion of pore-growth moderators is
highly beneficial.
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alkaline solution plays a vital role moderating Si dissolution, yielding a hierarchical USY zeolite
with preserved crystallinity and microporosity. The latter strategy should particularly benefit
the introduction of mesoporosity by desilication in zeolites of low framework density and low
Al content. The superiority of the hierarchical Y and USY zeolites was demonstrated in the
catalytic cracking of vacuum gas oil, the alkylation of benzyl alcohol with toluene, and the
pyrolysis of LDPE. Our results emphasize that, in principle, each zeolite can be prepared in
hierarchical form, provided that both the individual post-synthetic treatments, as well as the
sequences hereof, are optimized.
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Chapter 7
Hierarchical FAU and LTA-Type
Zeolites as Superior Base Catalysts
1. Introduction
Zeolites are a class of aluminosilicate catalysts of paramount importance to the chemical
and petrochemical industries. Their unique properties, e.g. strong Brønsted acidity, high
surface area, high (hydro)thermal stability, and shape selectivity, combined with an extensive
tunability, render them the catalyst of choice in many catalyzed reactions [1,2]. Nevertheless,
often only a fraction of their potential is exploited, due to diffusion and access limitations. The
size of the micropores (0.3-1 nm) is similar to that of many molecules, enforcing an intracrystalline ‘single file’ diffusion. The latter regime is associated with diffusivities orders of
magnitude lower compared to outside the pores, implying an underutilization of the zeolite
volume [3].
To alleviate diffusion limitations, wide-pore zeolites and hierarchical zeolites were conceived
[3-6]. Whereas the former class aims at enhancing diffusion in the micropores [7], hierarchical
zeolites facilitate access to the active sites in the micropores using a secondary network of
meso- or macropores [8-13]. The increased external surface associated with hierarchical zeolites
renders the crystal interior more accessible to large molecules [14], which is particularly
advantageous in the catalytic processing of bulky substrates [15]. Hierarchical zeolites can be
obtained by reducing the zeolite crystal in one or more dimensions, resulting in nanosized [8],
two-dimensional [9,10], or lamellar zeolites [11], or by introducing intra-crystalline mesopores
and thereby forming mesoporous crystals [12,13].
Of the plethora of bottom-up and top-down methods available to prepare hierarchical
zeolites [3-13], base leaching, or desilication, is widely applied owing to its experimental
simplicity and to the efficiency of the resulting multi-porous crystal [13]. Nevertheless, as
described in Chapters 4-6, in many cases, desilication by aqueous NaOH should be considered
only part of the post-synthetic modification strategy [13]. For example, in the case of Y zeolites
[16], the execution of a dealumination step prior to base leaching facilitates the desired
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formation of intracrystalline mesopores. Additionally, mild acid washing has proved of crucial
importance to remove Al-rich species residual from alkaline treatment. In the case of steamed
and acid-leached USY zeolites [16,17], the inclusion of pore-directing agents (PDAs) in the
alkaline solution permits the introduction of extensive mesoporosity while preventing
amorphization. The premeditated use of these tools has enabled the preparation of hierarchical
zeolites of numerous framework types over a wide compositional range (i.e. from pure silica
down to Si/Al=4, see Chapter 6) [13,16]. Consequently, Al-rich zeolites, e.g. X or A
(Si/Al=1), pose the last compositional challenge to be amended to hierarchical form by postsynthetic strategies.
Hierarchical X [18] and A [19] zeolites have been obtained using bottom-up strategies,
involving costly organic templates that after the synthesis need to be thermally removed.
However, it should be emphasized that the commercial synthesis of zeolites with Si/Al<5 does
not involve the use of organic templates as structure-directing agents, which significantly
reduces manufacturing expenses (ca. 2-5 USD per kg) [20]. The resulting economic constraints
infer that most preferably affordable routes, e.g. post-synthetic modifications, should be used
to derive their mesoporous analogues.
To date, the benefits of hierarchical zeolites have predominantly been established for acidcatalyzed reactions as alkylation (Chapters 2, 4, and 6), hydro-isomerization (Chapter 5),
and fluid catalytic cracking (Chapter 6) [21]. Comparatively, the application of hierarchical
zeolites in base catalysis is limited to isolated cases [22]. In fact, in general zeolites have
attracted little attention in base-catalyzed processes. The far-from-hegemonic role of zeolite
base catalysts stems from the limited basic strength attainable by ion exchange [23-25].
Stronger basicity can be introduced using more elaborated treatments, such as the deposition
of intra-zeolitic metal clusters [26] or oxides [27], or the high temperature treatment of acidic
zeolites in gaseous NH3 [28]. Another possible reason for the limited application of zeolites in
base catalysis is that often bulky molecules are involved, e.g. fine chemicals, which are unable
to enter the zeolite micropores. Accordingly, efforts have focused on the base modification of
purely mesoporous materials, such as MCM-41 [24]. However, the role of mesopores on the
catalytic performance of base-modified zeolites remained virtually unexplored.
Herein, we provide insights into the design of superior hierarchical FAU and LTA-type
zeolites for base-catalyzed reactions. Strategies developed in Chapter 6 are employed to
prepare mesoporous Y and USY zeolites, and a novel post-synthetic methodology to introduce
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mesoporosity into Al-rich zeolites X and A is presented. The hierarchical zeolites are
transformed by alkali (Cs, Na) ion exchange or nitridation in NH3 at elevated temperatures,
followed by a thorough characterization, and catalytic evaluation in the Knoevenagel
condensation of benzaldehyde with malononitrile. Enhanced basicity development and catalytic
function highlight the value of auxiliary mesoporosity, providing opportunities for the
preparation of more efficient zeolite base catalysts.

2. Experimental
2.1. Materials and Procedures
The X and A zeolites (sodium form, Si/Al=1.2, coded ‘X’ and ‘A’, respectively) were provided
by Acros. The Y zeolite (ammonium form, CBV 300, Si/Al=2.6, coded ‘Y’) and the steamed
and dealuminated USY zeolite (protonic form, CBV 720, Si/Al=15, coded ‘USY’) were
provided by Zeolyst International.
Post-synthetic modifications were undertaken using the aqueous solutions and conditions
reported in Table 7.1. Treatments involving volumes of up to 100 cm3 were performed under
magnetic stirring using an EasymaxTM 102 instrument from Mettler Toledo. Treatments
involving solutions of 100-500 cm3 were executed under magnetic stirring in a round-bottomed
flask equipped with a reflux condenser. The controlled addition of H4EDTA was achieved using
a Soxhlet reactor. In a typical experiment, the zeolite sample (0.3-100 g) was added to a
vigorously stirred solution of the desired solute, molarity (0.1-3 M), and temperature (25100°C), and was left to react for the required time (0.5-72 h). Afterwards, the reaction was
quenched and the resulting solid was filtered, washed using distilled water, and dried overnight
at 65°C. In the case TPABr was included in the alkaline solution, the obtained powder was
calcined in air at 550°C for 5 h, using a heating rate of 5°C min-1. Acid treatments using
Na2H2EDTA were labeled ‘AWx’ (AW: acid wash), while the treatment aimed at framework
dealumination was labeled ‘DA’. Alkaline treatments (in the presence or absence of TPABr)
were labeled ‘ATx’. The suffix ‘x’ represents integers for further specification. After ion
exchange of the zeolites to the ammonium, sodium, or cesium form, the codes ‘NH4’, ‘Na’, or
‘Cs’ were used, respectively.
Prior to nitridation, sieve fractions (200-400 μm, code ‘SF’) were prepared by pressing the
powder (ca. 1 g) using 8 tons of pressure for several minutes, crushing the resulting pellets, and
sieving. Nitridation was performed on the sieve fraction (0.5 g) placed in a quartz
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Table 7.1. Sample notation and treatment conditions.
Sample code

Reagent

DA
AT1
AT2
AW1
AW2
NH4

C

T

t

Vsolutiona

Repetitions

M

°C

h

cm3 g-1

#

100
65
65
100
100
65
65
25
25
25

72
0.5
0.5
6
6
2
2
8
8
24

15
30
30
60
15
13
50
100
100
100

1
1
1
1
1
4
4
3
3
1

H4EDTA
0.11
NaOH
0.2
NaOH+TPABr
0.3+0.2
Na2H2EDTA
0.11
Na2H2EDTA
0.11
KCl followed by
3
3
NH4Cl
Na
NaNO3
0.1
Cs
NaNO3 followed by
0.1
DA
CsOAc
0.1
a
Volume of solution per gram of zeolite.

tubular fixed-bed reactor. The sample was heated to the desired reaction temperature (650950°C) at a ramp rate of 10°C min-1 in 10 vol.% NH3 in He (30 cm3 min-1). This reaction was
continued using the same flow and temperature for 48 h. After reaction, the reactor was cooled
to room temperature in a helium flow, and the resulting solids were stored under a nitrogen
atmosphere. Sieved and nitrided zeolites were labeled ‘Nx’, where ‘x’ represents the reaction
temperature.

2.2. Characterization
Powder X-ray diffraction (XRD) patterns were acquired with a PANanalytical X’Pert PROMPD diffractometer in Bragg-Brentano geometry using Ni-filtered Cu Kα

radiation

(λ=0.1541 nm). Data were recorded in the 2θ range of 3-60° with an angular step size of 0.05°
and a counting time of 8 s per step. The relative crystallinity of the faujasite samples was
determined according to the method described by the American Society for Testing and
Materials (ASTM), standard D3906. Similarly, for zeolite A, the method described in standard
D5357 was followed. Si and Al concentrations in the solids were determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES) on a Horiba Ultima 2 instrument
equipped with photomultiplier tube detection. Cs concentrations were determined by atomic
absorption spectroscopy (AAS) using a Varian SpectrAA 220 FS instrument, while N
concentrations were analyzed using a LECO CHN-900 combustion furnace. Transmission
electron microscopy (TEM) and selected area electron diffraction (SAED) measurements were
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performed using a FEI Tecnai F30 microscope operated at 300 kV or a Phillips CM12
instrument operated at 100 kV. Scanning electron microscopy (SEM) was carried out on a
Zeiss Gemini 1530 FEG microscope operated at 5 kV. Nitrogen sorption at -196°C was carried
out in a Micromeritics TriStar II instrument. Prior to the measurement, the samples were
degassed in vacuum at 300°C for 3 h. The t-plot method was used to discriminate between
micro- and mesoporosity. The mesopore size distribution was obtained by the Barrett-JoynerHalenda (BJH) model applied to the adsorption branch of the isotherm. High-resolution lowpressure Ar adsorption isotherms were recorded at -196°C on a Micromeritics ASAP 2020
analyzer after evacuation at 300°C for 8 h. The hybrid nonlinear density functional theory
(NLDFT) model describing argon adsorption in cylindrical micro- and mesopores was used to
calculate the pore size distribution. Mercury intrusion porosimetry was performed in the
pressure range from vacuum to 400 MPa on a Micromeritics Autopore IV 9510. Degassing was
undertaken in situ. A contact angle of 140° for mercury and the Washburn equation were used
to derive the corresponding pore size distribution. The skeletal density of the solids was
measured by He pycnometry performed on a Micromeritics Accupyc II 1340 instrument. Prior
to analysis, the samples (ca. 0.3 g) were dried in vacuum at 100°C for 4 h. The density was
obtained by taking the average of 50 measurements after equilibration for 150 measurements.
Temperature-programmed desorption of CO2 (CO2-TPD) was carried out in a Thermo TPDRO
1100 unit equipped with a thermal conductivity detector. The zeolite (0.1 g) was pre-treated at
550°C in He flow (30 cm3 min-1) for 3 h. Afterwards, 2 vol.% of CO2 in N2 (30 cm3 min-1) was
adsorbed at 50°C for 90 min, followed by He purging at the same temperature for 60 min.
Finally, desorption of CO2 was monitored in the range of 50-700°C (heating rate: 10°C min-1).
Fourier transform infrared (FTIR) spectroscopy was carried out in a Thermo Nicolet 5700
spectrometer equipped with a SpectraTech Collector II diffuse reflectance (DRIFTS) accessory
and a high-temperature cell. Prior to the measurement, the samples were dried at 300°C in
flowing N2 (100 cm3 min-1) for 60 min. Spectra were recorded under a N2 atmosphere at 200°C,
in the range of 650-4000 cm-1, by co-addition of 200 scans and with a nominal resolution of
4 cm-1.
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Al magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy was

performed at a spinning speed of 10 kHz on a Bruker Avance 400 spectrometer equipped with a
4 mm probe head and 4 mm ZrO2 rotors at 182.4 MHz. Spectra were obtained using 2048
accumulations, 90° pulses with a pulse length of 2.4 μs, a recycle delay of 0.25 s, and with
(NH4)Al(SO4)2·12 H2O as a reference.
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2.3. Catalytic Testing
The Knoevenagel condensation of malononitrile with benzaldehyde was carried out in a threenecked round-bottom flask equipped with a reflux condenser under vigorous magnetic stirring.
Experiments were performed under N2 atmosphere to prevent oxidation of benzaldehyde. In a
typical experiment, malononitrile (40 mmol), benzaldehyde (40 mmol), and n-decane (50 mmol,
used as internal standard), were added to 30 cm3 of toluene, and heated to the desired
temperature (30°C, 50°C, or 80°C). Afterwards, the catalyst (0.05 g) was added, followed by
time-resolved sampling. The products were analyzed off-line using an HP Agilent 6890 gas
chromatograph equipped with a 25 m CPSIL8CB column and FID detector.
3. Results and Discussion
The results and discussion are organized in three sections: Section 3.1 covers the postsynthetic transformation of conventional X, A, Y, and USY zeolites into their hierarchical
analogues. Section 3.2 tackles the introduction of basicity into the zeolites by ion exchange or
nitridation. Finally, Section 3.3 presents the catalytic benefits of basic hierarchical zeolites in
the Knoevenagel condensation of benzaldehyde with malononitrile.

3.1. Mesoporosity Introduction
The transformation of the conventional zeolites to the hierarchical form was performed using
the post-synthetic liquid-phase modifications summarized in Table 7.1. Below, the porous
modifications of each zeolite (X, A, Y, USY) are described.

3.1.1. Zeolite X
The parent NaX zeolite exhibited a diffraction pattern corresponding to a single-phase highlycrystalline faujasite structure (Fig. 7.1), large μm-sized crystals (Figs. 7.2 and 7.3), and a N2
adsorption isotherm typical of a conventional microporous zeolite (Fig. 7.4a). Consistent with
the low Si/Al ratio (=1.2), no dissolution, crystallinity alteration, or mesopore formation was
apparent upon alkaline treatment of the parent sample with 0.2 M NaOH (X-AT1)
(Table 7.2). In the case of zeolite Y, the high framework stability in alkaline media can be
overcome by a mild dealumination treatment with H4EDTA to reach Si/Al≥4. This enables
mesopore formation by subsequent desilication in NaOH and acid washing in aqueous
Na2H2EDTA [16]. However, similar dealumination of zeolite X is not readily achieved without
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Figure 7.1. X-ray diffraction patterns of selected faujasite zeolites.

invoking major structural loss [29]. To maintain a high cation exchange capacity (CEC),
essential for the introduction of alkali metal ions, reduction of the framework Si/Al ratio
should be minimized. Nevertheless, since mesoporosity can also be generated through mild
alkaline and acid washings [16], partial amorphization followed by sequential removal of the
resulting debris offers an alternative route to obtain a hierarchical zeolite X by post-synthetic
modification.
To evaluate this hypothesis, zeolite X was first brought to the ammonium form. The
resulting zeolite (X-NH4) displayed a considerably reduced crystallinity (74%), consistent with
the relative instability of ammonium-exchanged zeolite X [30]. Subsequent alkaline treatment
of this zeolite (X-NH4-AT1) led to a substantially lower yield than that obtained upon similar
treatment of the sodium form (Table 7.2). However, the mesopore surface area did not exceed
53 m2 g-1. No improvement in the yield or porosity resulted when the volume of NaOH solution
per gram of zeolite was increased in attempts to enhance the dissolution (not shown). The low
effectiveness of NaOH treatment for mesoporosity introduction is attributed to the
simultaneous ion-exchange of the zeolite back to the more inert sodium form. A mild acid
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Figure 7.2. Transmission electron micrographs of conventional and hierarchical X and A zeolites.
Insets: selected area diffraction patterns.
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Figure 7.3. Scanning electron micrographs of conventional and hierarchical X and A zeolites.

Figure 7.4. N2 isotherms of conventional and hierarchical zeolites. (a) X and A, (b) Y, and (c) USY
zeolites. Insets: BJH mesopore size distributions.

132

Chapter 7

treatment using aqueous Na2H2EDTA (X-NH4-AW2), an agent used in the removal of Al-rich
debris from alkaline-treated Y zeolites [16], was additionally employed. This treatment was not
effective for the parent X, but it did enhance the dissolution (down to 83% yield) and induce
limited mesopore formation (up to 43 m2 g-1, Table 7.2) in the ammonium-exchanged zeolite X.
Unlike in the case of alkaline treatment, varying the volume of Na2H2EDTA solution
(VEDTA) proved more effective in improving the treatment efficiency. Raising VEDTA from 15 to
90 cm3 g-1 resulted in a linear decrease of the solid yields (down to 35%) and a concomitant
linear increase of the external surface (Smeso up to 177 m2 g-1, Fig. 7.5a and Table A7.1). The
efficiency of mesopore formation can be expressed by relating the amount of introduced
external surface area to the associated weight loss [31]. In the case of the acid-treated X-NH4AWx samples, the relative external surface generated was ca. 2 m2 g-1 per percent of weight
loss (hereafter m2 g-1 %-1). This is substantially lower than what was reported for alkalinetreated Y or USY zeolites, yielding values up to 8 [16] and 12 m2 g-1 %-1 [17], respectively (see
Chapter 6). Nevertheless, we expect that further optimization of these treatments will
improve the efficiency. The solid treated with 60 cm3 g-1 of solution (X-NH4-AW1) combined a
substantial external surface Smeso (122 m2 g-1) with a fully preserved micropore volume

Table 7.2. Treatment yields and properties of X and A zeolites.
Yielda

Crystallinityb

Vmicroc

Vmesod

Vporee

Smesod

%

%

cm3 g-1

cm3 g-1

cm3 g-1

m2 g-1

100
98
95
90
83
52
-

100
95
99
73
56
-

0.23
0.23
0.27
0.13
0.26
0.27
0.26
0.21
0.13

0.03
0.06
0.04
0.09
0.08
0.08
0.19
0.02
0.26

0.26
0.29
0.31
0.22
0.34
0.35
0.45
0.23
0.39

22
26
31
75
53
43
122
15
95

Sample
X
X-AT1
X-AW2
X-NH4
X-NH4-AT1
X-NH4-AW2
X-NH4-AW1
X-Cs
X-NH4-AW1-Cs

A
100
0
0
0
2
A-NH4
98
95
0
0
0
3
79
71
0.01
0.13
0.14
62
A-NH4-AW1
A-Cs
0
0
0
1
A-NH4-AW1-Cs
0
0.12
0.12
59
a
b
c
Grams of solid after treatment per gram of starting material. XRD. Volume adsorbed at p/p0=0.99.
d
t-plot method. eVmeso=Vpore-Vmicro.
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(Vmicro=0.26 cm3 g-1), and was accordingly selected for further characterization. Variation of the
VEDTA also enhanced dissolution and mesopore formation on treatment of the sodium-exchanged
X zeolite, but to a much lower extent (Fig. 7.5a). In addition, mesoporosity formation was less
efficient (Fig. 7.5b).
The N2 isotherm of sample X-NH4-AW1 combined a preserved uptake at p/p0<0.1, with a
largely enhanced uptake at middle-to-high relative pressures (Fig. 7.3a). The BJH mesopore
size distribution revealed an enhanced uptake over the whole mesopore range, and a
particularly pronounced contribution at 3 nm. High-resolution low-pressure Ar adsorption was
performed to more precisely assess the influence of the treatments on the micropore region
(Fig. A7.1). The isotherms reveal that the uptake of X-NH4-AW1 at low relative pressures was
similar to that of the parent X zeolite, supporting the preservation of the intrinsic zeolitic
properties. Transmission electron microscopy (TEM) demonstrated the significant impact of
the treatments on the crystals’ structure and morphology (Fig. 7.2). Intracrystalline
mesoporosity was clearly visible, which, unlike in the case of alkaline-treated zeolite Y [16], was
coupled with some intercrystalline mesoporosity. The presence of the intercrystalline
mesoporosity is tentatively attributed to differences in the distribution of aluminum in the
framework of zeolite X, which compared to zeolite Y [32], was more prone to fragmentation
upon chemical leaching [33]. TEM also provided further confirmation of the sample
crystallinity, with lattice fringes, and sharp selected area electron diffraction patterns clearly
observed (SAED, Fig. 7.2). Scanning electron microscopy evidenced little change in the sample

Figure 7.5. Relationship between the mesopore surface area (Smeso) and the yield of solids after
Na2H2EDTA treatment. (a) Smeso and yield as a function of the volume of Na2H2EDTA solution (0.11 M)
per gram of zeolite (VEDTA). (b) Smeso as a function of the weight loss upon application of the acid
treatments to X and A zeolites. Treatments were performed on ‘X’, ‘X-NH4’, and ‘A-NH4’ zeolites,
resulting in the ‘X-AWx’ (circles), ‘X-NH4-AWx’ (squares), and ‘A-NH4-AWx’ (triangles) samples.
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morphology, while the crystals appeared more eroded (Fig. 7.3).

27

Al MAS NMR confirmed

that the aluminum remained in tetrahedrally-coordinated framework positions after treatment
(Fig. A7.2). The Hg intrusion profile of zeolite X displayed a gradually increasing intrusion
(0.2 cm3 g-1) at low pressures (0.01-0.8 MPa), a sharper intrusion of similar volume at 0.8 MPa,
and almost no intrusion at higher pressures (Fig. 7.6a). The resulting pore size distribution
revealed a single contribution centered at 1.5 μm, which is attributed to the intrusion into
intercrystalline voids (Fig. 7.6c). After treatment, the contribution between 0.01-0.8 MPa
pressure remained fairly similar, but the major intrusion, although of similar volume, occurred
at a slightly higher pressure (1 MPa). Correspondingly, the pore size distribution revealed a
shift from 1.5 μm (X) to 1 μm in the treated zeolite. In line with the microscopic evidence,
these observations point to a size reduction attributed to the fragmentation of some of the
crystals during demetallation. Additionally, a marked intrusion of ca. 0.1 cm3 g-1 occurred at

Figure 7.6. Hg intrusion curves (a,b) and pore size distributions derived by the Washburn equation
(c,d) of conventional and hierarchical X and A zeolites. The insets in (a-d) highlight particular regions
of each graph. For clearer visualization, the profiles of X-NH4-AW1 and A-NH4-AW1 are shifted
upwards in the insets in (a) and (b) by 0.1 and 0.65 cm3 g-1, respectively.
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pressures >40 MPa, relating, in line with the N2 adsorption results, to the presence of
accessible mesopores.

3.1.2. Zeolite A
LTA-type zeolite A (Si/Al ratio=1.2) was subjected to the same experimental protocol
developed for zeolite X. Treatments AT1 and AW2 proved similarly ineffective in developing
hierarchical porosity in the parent NaA zeolite (data not shown). Again, after ion exchange of
the zeolite from sodium to ammonium form, the Na2H2EDTA treatments substantially
enhanced mesopore formation (Fig. 7.5b, Tables 7.2 and A7.1). The introduction of
mesoporosity was less efficient for zeolite A-NH4 than for X-NH4 (1.5 vs. 2 m2 g-1 %-1,
respectively). Moreover, unlike in the case of X, the increase of the Smeso as a function of weight
loss followed an exponential trend. Such behavior was previously observed upon alkaline
treatment of octadecasil [34]. In the latter case, the base leaching of the clathrasil framework
resulted in the formation of purely intercrystalline mesoporosity. In the case of acid-treated
zeolite A it remains difficult to quantitatively discriminate the relative contributions of intraand intercrystalline mesoporosity. The nitrogen isotherm of A-NH4-AW1 displayed a clearly
enhanced uptake, amounting to a mesopore surface area of 62 m2 g-1, that is, ca. 30 times that
of the parent zeolite. In addition, the BJH mesopore size distribution showed, as in the case of
X-NH4-AW1, a sharp contribution at 3 nm. The presence of intra- and intercrystalline
mesoporosity within the crystalline zeolite was again confirmed by TEM observation (Fig. 7.2),
while SEM showed that the crystal morphology and shape remained mostly intact, although
the surface of the crystals appeared rougher (Fig. 7.3). 27Al MAS NMR confirmed that, like in
the case for zeolite X, the bulk of the Al remained in framework positions (Fig. A7.2). A sharp
step around 1 MPa was evidenced in the Hg intrusion curve of the parent A, corresponding to
voids of ca. 2 µm in diameter (Fig. 7.6b). Similarly to zeolite X, the post-synthetic
modification led to a shift of the pore size distribution to smaller sizes (to ca. 1 μm).
Additionally, in line with the N2 adsorption results, an increased uptake at pressures >40 MPa
occurred, relating to the presence of accessible mesopores (Inset Fig. 7.6d). Hence, Na2H2EDTA
treatment of the ammonium form represents a general strategy to introduce hierarchical
porosity in low-silica zeolites. In effect, this result unlocks the full topological and
compositional flexibility to prepare hierarchical zeolites by post-synthetic design.
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3.1.3. Zeolite Y
Hierarchical Y zeolites were obtained following the post-synthetic modification strategies
described in Chapter 6 [16]. However, in this case the parent zeolite (Si/Al=2.5) was
dealuminated using a controlled (rather than direct) addition of H4EDTA, resulting in a highly
crystalline zeolite Y-DA (Si/Al=5.4, Fig. 7.1, Table 7.3). The presence of small (2-3 nm)
mesopores was clearly evidenced in TEM images (Fig. 7.7) and in the mesopore size
distribution (Fig. 7.4b) of Y-DA. The large resulting mesopore surface area (Smeso=388 m2 g-1)
demonstrated that highly mesoporous zeolites can be obtained upon dealumination by
controlled acid leaching. In accordance with previous observations [16], the microporosity,
crystallinity, as well as the mesopore size, increased after alkaline (Y-DA-AT1) and subsequent
acid (Y-DA-AT1-AW2) treatments. Since the mesopore volume of the treated Y zeolites
remained mostly constant, the total surface area decreased with increasing mesopore size
(Table 7.3).
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Al MAS NMR experiments confirmed that all of the aluminum in the starting

and hierarchical Y zeolites was located in the framework (Fig. A7.3).

Figure 7.7. Transmission electron micrographs of conventional and hierarchical Y and USY zeolites.
The scale bar applies to all images.
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Table 7.3. Properties of Y and USY zeolites.
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3.1.4. Zeolite USY
The USY zeolite investigated in this study had a nominal Si/Al ratio of 15 [35]. The
hierarchical analogue of this zeolite was obtained by treatment in an aqueous solution of
tetrapropylammonium (TPA+) bromide (0.2 M) and NaOH (0.3 M). During this treatment
TPA+ acts as a pore directing agent (PDA), enabling the introduction of mesoporosity while
preventing amorphization of the crystal structure as described in Chapter 6 [17]. Compared
to the latter chapter, the USY zeolite was treated using a higher alkalinity (0.3 M NaOH) to
enhance mesopore formation. The resulting solid (USY-AT2) displayed the archetypical N2
isotherm of a hierarchical USY zeolite (Fig. 7.4c), and combined a mesopore surface area of
over 500 m2 g-1 with a largely preserved crystallinity and microporosity (Table 7.3). The Si/Al
ratio decreased from 17 to 11. The influence of the introduction of mesoporosity in the USY
zeolites was studied in more detail by DRIFTS in the hydroxyl stretching region and 27Al MAS
NMR. The spectrum of the parent USY zeolite comprised three bands, attributed to the
isolated external silanols (3739 cm-1) and Brønsted acidic hydroxyls (3624 and 3561 cm-1),
respectively (Fig. 7.8). In agreement with previous work [17], these three bands appeared more
intense following alkaline treatment in the presence of TPA+. The intensity of the band at
3739 cm-1 increased due to the larger external surface area. Moreover, the Brønsted hydroxyl
stretching bands became more intense due to the removal of amorphous Si-rich debris residual
from steaming and dealumination treatments applied during the preparation of the commercial
sample. The
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Al MAS NMR spectra of USY and USY-AT2 reveal that the majority of Al

remained in the framework upon post-synthetic modification (Fig. A7.3).

Figure 7.8. Infrared spectra in the OH stretching region of USY zeolites.
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3.2. Basicity Introduction
3.2.1 Nitridation
The incorporation of nitrogen into the zeolite framework was performed in a continuous-flow
fixed-bed reactor by high-temperature nitridation in an ammonia mixture. This treatment
forms amido or imido species that display a distinct basicity [36]. Nitridation was performed on
a USY zeolite with Si/Al=15 since, in comparison with zeolite Y, it is relatively stable upon
treatment. To avoid an excessive pressure drop in the reactor, the zeolite powders were sieved
into 200-400 μm fractions before treatments. The whole sieving procedure, involving pressing,
crushing, and sieving, caused a reduction in porous properties of the resulting samples (USYSF and USY-AT2-SF, Table A7.2). The micropore volume reduced by 22% (USY-SF) and 18%
(USY-AT2-SF), while the mesoporous surface area decreased by 16% (USY-SF) and 25%
(USY-AT2-SF). The influence of nitridation on the crystallinity, nitrogen content, and porosity
of the treated zeolites is depicted in Fig. 7.9. The nitrogen content increased (up to ca. 7 wt.%)
with treatment temperature for both samples. Interestingly, the mesoporous zeolite
incorporated less nitrogen than the parent zeolite at lower temperatures, whereas this trend
was reversed at temperatures >750°C. The parent zeolite was largely unaffected by the
treatments in terms of crystallinity and porosity. The hierarchical zeolite, however, proved
somewhat less stable. Sample USY-AT2 displayed a reduction of ca. 60% in crystallinity,
independent of the reaction temperature. The external surface decreased from 388 m2 g-1 to

Figure 7.9. Influence of the nitridation temperature (TN) on (a) crystallinity, (b) nitrogen content, (c)
micropore volume, and (d) mesopore surface area of conventional (open circles) and hierarchical (solid
circles) USY zeolites. The properties of USY-SF and USY-AT2-SF are represented by the open and
solid square, respectively.
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below 200 m2 g-1 (after treatment at 950°C), while the micropore volume decreased from 0.23
cm3 g-1 down to 0.06 cm3 g-1. TEM and N2 sorption confirmed that, after nitridation at 850°C,
the sample structure, morphology, and porosity remained mostly intact for both the
conventional and hierarchical zeolites (Figs. 7.4 and 7.7).
The influence of the nitridation treatment was studied in more detail by FTIR and

27

Al

MAS NMR for samples USY-N850 and USY-AT2-N850. The OH stretching region in the FTIR
spectra showed that the band related to isolated surface silanols (3739 cm-1) remained similar
for the parent zeolite upon nitridation (Fig. 7.8). However, the latter band decreased in
intensity for USY-AT2-N850, which is in line with the decreased external surface area. The
bands associated with Brønsted acid sites (3624 and 3561 cm-1) were barely distinguishable in
either nitrided sample. Instead, the presence of two bands at 3412 and 3375 cm-1 evidenced the
transformation of Brønsted acid groups into predominately imido groups [36]. The similar
appearance of these bands suggests that the basic sites introduced in samples USY-N850 and
USY-AT2-N850 are comparable. Nevertheless, the bands at 3412 and 3375 cm-1 appeared
broader and less intense for the mesoporous sample. The latter bands could be due to a larger
degree of thermal dehydroxylation during treatment of this sample [36].
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Al MAS NMR

evidenced the disappearance of the bands at 0 ppm, related to octahedrally coordinated extraframework aluminum, upon nitridation. In addition, the band at 59 ppm due to framework
aluminum was significantly broadened (Fig. A7.3).

3.2.2. Cesium Exchange
Lattice oxygen atoms, bearing a partial negative charge, give rise to a Lewis-type basicity in
the framework of alkali-exchanged zeolites. The activity of such basic zeolites was reported to
increase with higher framework Al content (higher cation exchange capacity) and increasing
countercation radius, following the trend Cs+>Rb+>K+>Na+>Li+ [24,37,38]. In this work, we
have therefore focused on cesium-exchanged zeolites.
Cesium exchange was performed on conventional and hierarchical A, X, Y, and USY
zeolites (Tables 7.2 and 7.3). Based on the catalytic performance (vide infra), further study of
the Cs-exchanged zeolites focused on zeolite Y. After cesium exchange, the apparent
crystallinity of the Y zeolites decreased by ca. two thirds (Fig. 7.1), based on the high electron
density associated with Cs-exchanged zeolites [27].
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Al MAS NMR confirmed that all

aluminum remained in framework positions (Fig. A7.3). The porosity of each zeolite reduced
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after incorporation of Cs into the solid. This is attributed to the increased skeletal densities
(Table 7.3), and the relatively large volume that the Cs+ cations occupy within the zeolite
structure [27]. Independent of the Al content, all hierarchical analogues comprised a higher
molar Cs/Al ratio than the conventional starting zeolites (Table 7.3). This enhanced degree of
ion exchange is attributed to the increased accessibility of the exchange sites facilitated by the
external surface area. It should be emphasized that the Cs/Al ratio is based on bulk values,
and does not discriminate on the nature of the aluminum. For example, base leaching typically
results into the extraction of both Si and Al from the solid, but aluminum species can be
redeposited on the solid in the form of ‘realuminated’ species (see Chapters 3 and 4) [39].
These species, although displaying particular acidity [40], are not considered as classical
framework aluminum and their cation exchange capacity remains unclear.
The basicity of the Cs-exchanged zeolites was evaluated by CO2-TPD (Fig. 7.10). The CO2
desorption profiles evidenced a substantially larger concentration and a higher strength of basic
sites in Y zeolites compared to the USY zeolites. The post-synthetic modifications of the Y
zeolites did not affect the basic strength as demonstrated by the similar temperature of the
desorption peak. They did invoke a reduction in basicity, which relates well with the
evaluation of the Si/Al ratios (Table 7.3). Nevertheless, whereas Y-DA-AT1-Cs displays a
lower Si/Al ratio, and higher Al content than Y-DA-AT1-AW2-Cs, its total basicity was lower.
This difference is attributed to the presence of realuminated species in Y-DA-AT1-Cs, which
are unable to give rise to the same CEC as fully-coordinated framework aluminum. In the case
of the USY zeolites, the total basicity increased slightly after treatment which could be
explained by the higher Al content. However, taking the apparently lower CEC of

Figure 7.10. CO2-TPD profiles of conventional and hierarchical Y and USY zeolites.
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realuminated species into account, the increased basicity was attributed to the removal of
amorphous Si-rich species present in the as-received USY zeolite [17].

3.3. Catalytic Evaluation
The condensation of benzaldehyde with malononitrile (Scheme 7.1) was selected as a model
base-catalyzed reaction to evaluate the performance of the conventional and hierarchical
zeolites [41]. The conversion of benzaldehyde (XBA) was taken as a measure of the catalytic
activity.

In

general,

all

catalytic

tests

resulted

in

selectivities

of

>90%

to

benzylidenemalononitrile, the desired product. This implies that the enhanced secondary
porosity did not alter the reaction selectivity. Reactions were performed at 25°C, 50°C, or
80°C, temperatures at which minimal conversion occurs in the absence of a catalyst
(Fig. 7.11a). Furthermore, no apparent conversion was evidenced over the protonic form of
USY under these conditions.

Scheme 7.1. Knoevenagel condensation of benzaldehyde with malononitrile.

3.3.1. Nitrided Zeolites
Application of the nitrided USY zeolite catalysts invoked substantially increased conversions
(Fig. 7.11a). Sample USY-N850 displayed a conversion of ca. 25% after 4 h, while the
hierarchical sample USY-AT2-N850 was about twice as active. A more complete picture was
obtained by evaluating the catalytic performance of the parent and hierarchical USY zeolites
nitrided at different temperatures (‘TN’, Fig. 11b). At TN=650°C, the conventional zeolite
outperforms the hierarchical zeolite, which can be attributed to the lower nitrogen content in
the mesoporous zeolite. However, at 750°C and 850°C, where the nitrogen contents are roughly
similar, the mesoporous zeolites exhibited superior catalytic performance. The latter was
particularly evident in the case of nitridation at 750°C. After TN=950°C, despite having a
higher nitrogen content, the hierarchical zeolite displayed a similar catalytic performance to
the conventional zeolite, which is attributed to the comparable mesoporosity of these samples.
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Figure 7.11. Catalytic evaluation of USY zeolites in the Knoevenagel condensation of benzaldehyde
with malononitrile. (a) Conversion of benzaldehyde (XBA) versus time at 50°C, (b) XBA after t=4 h at
50°C as a function of nitridation temperature (TN), (c) XBA at t=4 h as a function of the Knoevenagel
reaction temperature (TK).

The Knoevenagel condensation was performed at different temperatures (TK) using samples
USY-N850 and USY-AT2-N850 in order to estimate the activation energy (Fig. 11c). The
resulting values were in both cases ca. 36 kJ mol-1, indicating that the active sites are not
altered by the post-synthetic modifications.

3.3.2. Cesium-Exchanged Zeolites
The performance of the Cs-exchanged zeolites is shown in Fig. 7.12a. The conventional Y-Cs
displayed a limited conversion of benzaldehyde (XBA<5%). Conversely, the dealuminated
sample (Y-DA-Cs), comprising less than half the basicity of Y-Cs, displayed a 10 times higher
conversion (XBA=50%). Sample Y-DA-AT1-Cs displayed a conversion of 30%, whereas the
washed sample (Y-DA-AT1-AW2-Cs) evidenced an XBA of 50%. Taking the comparable
porosities of Y-DA-AT1-AW2-Cs and Y-DA-AT1-Cs into account, the 20% difference in
activity clearly illustrates the beneficial impact of the acid wash. On the other hand, the
similar performance of Y-DA-Cs and Y-DA-AT1-AW2-Cs suggests that the mesopore size has
a negligible influence. The latter makes sense since the kinetic diameter of the product (ca.
1 nm) is substantially smaller than the 2-3 nm diameter of the mesopores. The sodium form of
the dealuminated Y zeolite (Y-DA-Na) displayed a conversion of 20%, i.e. less than half the
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Figure 7.12. (a) Catalytic evaluation of FAU and LTA-type zeolites in the Knoevenagel condensation
of benzaldehyde with malononitrile at 80°C and t=4 h. (b) The conversion of benzaldehyde (XBA) as a
function of the mesopore surface (Smeso) for the Cs-exchanged and nitrided zeolites in (a).

activity than that of the cesium form. Nevertheless, the performance remains ca. 5 times higher
than the conventional Y-Cs zeolite, which is of particular environmental and commercial
interest. Zeolite X-Cs and A-Cs performed similarly to Y-Cs, that is, XBA≤5%. As observed for
the Y zeolites, the introduction of mesoporosity in zeolite X and A resulted in an increased
conversion (XBA=20% for X-NH4-AW1-Cs and XBA=12% for A-NH4-AW1-Cs). The relatively
small catalytic enhancement is attributed to the lower degree of mesoporosity in the
hierarchical X and A zeolites compared to zeolite Y. Compared to the nitrided samples USYN850 and USY-AT2-N850, the Cs-exchanged zeolites were less active (Fig. 7.12a). Nonetheless,
the relative gain in activity exceeded by far that observed for the nitrided samples; Whereas
the hierarchical nitrided samples displayed a doubled conversion, the Cs-exchanged samples
were up to 10 times more active. The relatively large activity gain for X, and Y zeolites is
attributed to the very low external surface area of the parent X, and Y zeolites (ca. 20 m2 g-1),
being an order of magnitude lower than that of USY (227 m2 g-1). To evaluate the role of the
secondary porosity in greater detail, the activities of the Cs-containing and nitrided zeolites
were plotted against Smeso (Fig. 7.12b). The resulting linear trend suggests, in line with the
similar activation energies (vide supra), that the external surface plays a dominant role in
determining the catalytic conversions. This point is further supported by the fact that the
linear relationship also holds for the A zeolites. After all, the LTA micropores are ca. 0.4 nm,
inferring that the reaction can only occur at the external surface. Strikingly, in Knoevenagel
condensations on alkali-exchanged zeolites, the reaction rate was reported to be unaffected by
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the size, hence external surface, of the zeolites [37]. However, that conclusion was based on
catalytic tests performed on zeolites of average sizes 0.8 μm and 0.47 μm. Assuming a density
of 2.2 g cm-3, the external surfaces of these crystals can be calculated to be in the range of 25 m2 g-1, which is unparalleled to those reported in this contribution (>100 m2 g-1).
The pronounced role of the external surface area in base catalysis has pervasive
implications. First and foremost, our results demonstrate that reactions catalyzed by basic
zeolites suffer from significant transport and/or access limitations. The possibility to transform
any zeolite into a hierarchical form enables to overcome these difficulties, revitalizing the use of
zeolites as base catalysts, particularly in reactions where the size of the reagents, let alone that
of the products, exceeds the micropore size. Examples hereof are commonly encountered in the
synthesis of fine chemicals as fragrances and dyes [42]. With such large molecular sizes, it is
conceivable, that the size and uniformity of the mesopores is also important, e.g. by giving rise
to a mesopore-induced shape selectivity [43]. Additionally, it is possible that certain zeolites,
i.e. those assumed not to possess the required basic strength for a particular reaction, become
viable catalysts based on the introduced secondary porosity. Finally, we anticipate that the
improved accessibility of the micropore structure may enhance the efficiency of other base
modifications, like the intra-zeolitic deposition of metal clusters [26] and oxides [27] or the use
of alkylammonium cations [44].

4. Conclusions
By combining recently established post-synthetic treatments, with a novel route for Al-rich
(Si/Al=1) zeolites, hierarchical A, X, Y, and USY zeolites were prepared and subsequently
converted into basic catalysts by nitridation or alkali ion exchange. In both cases, the presence
of the secondary porous network facilitated an enhanced incorporation of either nitrogen or
cesium in the solids. Catalytic evaluation of the basic hierarchical zeolites in the Knoevenagel
condensation of benzaldehyde with malononitrile demonstrated that the secondary porosity
plays a vital role, attaining activities up to 10 times higher than the conventional zeolites. For
Cs-exchanged zeolites, the role of the external surface largely exceeded that of the total
basicity. Our results underline the prospects of hierarchical zeolites in base catalysis,
particularly in the conversion of bulky substrates, often encountered in the manufacture of fine
chemicals.
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Chapter 8
Summary and Outlook
The summary and outlook is divided into four sections: Section 1 entails general strategies
and tools required to prepare any conventional zeolite in hierarchical form. Section 2 focusses
on established and novel descriptors, key to the tailored design of hierarchical zeolite catalysts.
The catalytic and related economic benefits are generalized in Section 3. Finally, the outlook
and perspectives are provided in Section 4.

1. Framework and compositional flexibility
Amending ordinary zeolites to their hierarchical analogues requires strategic combinations of
individually-optimized post-synthetic modifications. The precise details of the multi-treatment
design strategy depends on a number of characteristics of the starting zeolite: the Si/Al ratio,
micropore size, micropore dimensionality, and the type of counter cation. These aspects have
sparked the development of a variety of tools that, if combined appropriately, enable to
transform any conventional zeolite into a superior hierarchical porous catalyst (Fig. 8.1).
Alkaline treatment: Base leaching is employed to leach the framework, aimed at generating
mesopores. Alkaline treatment using NaOH (in the absence of external PDAs, vide infra) is
suited for 10 MR zeolites with 10<Si/Al<100, and for 12 MR zeolites 4<Si/Al<10. Alkaline
treatments require optimization, mostly in terms of alkalinity, towards the morphology, Si/Al
ratio, and micropore size. For example, 10 MR zeolites with a Si/Al<15 require the most
severe conditions (>0.6 M NaOH), while 12 MR zeolites with similar composition necessitate
only a mild alkalinity (0.05 M NaOH) to induce dissolution and mesopore formation.
Alkaline treatment + pore-directing agents: The use of inorganic (Al and Ga complexes)
and organic additives (tetraalkylammonium cations (TAAs)) to the alkaline solutions have
proved of high value. Because of their specific interaction with the zeolite surface under
alkaline conditions they can be used to influence the degree and mechanism of dissolution,
hereby

controlling

the

mesopore

size.

Moreover,

in

addition

to

framework Al, they have also proved to be active pore-directing agents (PDAs), able to direct
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Figure 8.1. Overview of post-synthetic strategies (green) to turn any conventional zeolite (red) into a hierarchical zeolite. The most
important features (blue) of the conventional zeolite comprise (in order of importance): the Si/Al ratio, micropore size, micropore
dimensionality, and counter cation. Zeolites comprising Si/Al=1 can be brought to ammonium form (NH4), after which a controlled
dealumination (DA) leads to mesopore formation. Parent zeolites with Si/Al=2.5-5 can be dealuminated to facilitate subsequent
dissolution by alkaline treatment (to Si/Al>10 and Si/Al>4, for 10 and 12 MR zeolites, respectively). For these zeolites, the removal
of Al-rich debris using an acid wash (AW) after alkaline treatment (AT) is of crucial importance. 12 MR zeolites with Si/Al>10
require pore-directing agents (PDAs) in the alkaline solution to prevent amorphization during alkaline treatment. 10 MR zeolites in
the Si/Al range 10-100 do not amorphize upon base leaching, but require an additional acid wash in the case the aluminum content is
high (Si/Al ratio 10-25) or when the dimensionality of the micropores is limited (1-2D). Hierarchical high-silica zeolites (Si/Al>100)
are prepared by including PDAs in the alkaline solution.
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the leaching process even in high-silica zeolites (Si/Al>100). The inclusion of organic PDAs,
especially TAAs, in the alkaline solution enables to prevent framework amorphization and
surface realumination, which is particularly beneficial in the preparation of hierarchical 12 MR
zeolites with Si/Al>10.
Acid wash: A very important feature of alkaline treatment is that, whereas both Si and Al
are leached from the solid, aluminum is reincorporated in the solid forming ‘Al-rich debris’ on
the external surface. Especially in zeolites of low Si/Al ratio (<25) and/or limited micropore
size (10 MR) and micropore dimensionality (1-2D) this realumination can cause extensive
blockage of micro-and mesopores. By using a mild acid wash, n.b. not aimed at dealumination
the zeolite framework, the Al-rich debris can be removed, yielding a zeolite with a Si/Al ratio,
crystallinity, microporosity, and acidity nearer to that of the parent zeolite.
Framework dealumination: Mesopore formation by base treatment is not always directly
possible due to the high Al content in the parent zeolite. In this case, the Si/Al ratio can be
increased to enable subsequent dissolution by alkaline treatment. The Si/Al ratio needed to be
reached is ca. 10 for 10 MRs and 4 for 12 MRs zeolites. Importantly, optimized framework
dealumination by a controlled acid leaching can also lead to mesopore formation. For example,
controlled dealumination by mild acid treatment enabled to form mesopores in Al-rich
(Si/Al=1.2) zeolites as X and A. In the latter case, the zeolite’s cation plays a key role in
attaining the most efficient mesopore formation.

2. Descriptors
The use of descriptors, obtained using a variety of characterization techniques, is inherent to
the preparation any (hierarchical) zeolite. These enable to get insights into key features of the
zeolite hierarchical zeolite (Fig. 8.2). Below, the most relevant descriptors are summarized.
Yield: A number of prime indicators should be kept in mind upon post-synthetic
modification. From an economic point of view, the first thing to take into account is the
amount of dissolved material. This is most practically attained by relating the yield of solid
after the treatment to the starting amount.
Crystallinity: After the treatment has been performed, it of highly relevant to verify the phase
purity and crystallinity of the resulting solid. This is typically done using quantitative XRD
and/or TEM. Quantification of the crystallinity is of particularly importance for zeolites that
form large amounts of Al-rich debris (Si/Al<25) and zeolites that easily amorphize under
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Figure 8.2. The application-driven design of zeolite catalysts. Based on the needs of catalytic
applications, alternative catalysts are prepared. Evaluation of prepared alternatives concerns not only
the catalytic performance (activity, selectivity, and stability), but also underlying socio-economic
factors (cost, scalability, and sustainability). The preparation of novel alternative catalyst should
include, besides the traditional criteria (framework and intrinsic functionality), the secondary porosity.
To tailor the upcoming generation of hierarchical zeolite catalysts, assessment of a wide variety of
physico-chemical descriptors is a prerequisite.

alkaline conditions (12 MRs).
Mesoporosity: The introduction of a secondary pore system is the main goal of any strategy
to prepare hierarchical zeolites. The qualitative and quantitative nature of the auxiliary pore
system is mostly readily assessed by nitrogen adsorption at -196°C. This technique yields
distinct isotherms for zeolites with meso- and macropores in the range of ca. 2-100 nm.
Moreover, common models as the BET, t-plot, and BJH can be applied to the isotherms to
obtain the total surface area, external surface area, micropore and mesopore volume, and the
mesopore size distribution. However, it should be stressed that, based on a limited
applicability, these models are not always accurate. Therefore, they are ideally applied for
comparative purposes. In addition to the size and relative abundance, the accessibility of
mesopores with sizes down to ca. 5 nm can be assessed using mercury intrusion.
Microporosity: The careful assessment of the intrinsic porosity is of high relevance. Upon
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mesopore formation the micropore volume is often reduced. From a material perspective, this
loss should be kept as small as possible. The microporosity is typically assessed by application
of t-plot method to the nitrogen adsorption isotherm. However, the micropore volume is most
accurately assessed by argon adsorption at -186°C.
Composition and acidity: The influence on the composition, usually Si/Al ratio, is highly
relevant as it is tightly associated with the zeolite’s cation exchange capacity and acidity. For
example, whereas strong dealumination is used to increase the Si/Al ratio to facilitate
mesopore formation, it also reduces to total acidity of the zeolite. Conversely, upon alkaline
treatment, the Brønsted acidity is often preserved, but the realuminated species give rise to
Lewis acidity. A number of techniques are used to assess the acidity of zeolites. Commonly,
temperature-programmed desorption of ammonia (NH3-TPD) is used to determine the bulk
acidity and strength of acidity. Infrared (IR) spectroscopy performed in the OH stretching
region is used to examine the acidic hydroxyls. However, the most insightful techniques to
assess the zeolites acidity is infrared spectroscopy performed on adsorbed pyridine and CO,
giving a more quantitative picture of the type and strength of the acid sites. For alkaliexchanged basic zeolites, CO2-TPD is often employed. Naturally, it should be stressed that,
based on the enhanced active site accessibility, the acidity requirements are very different for
conventional and hierarchical zeolites.
Morphology: The appearance of zeolite crystals can be assessed to further the understanding
of implications of the post-synthetic modifications. For example, the Al gradients in small or
large zeolites can have a large effect on the alkaline leaching behavior. A close examination of
the crystals is preferably done by transmission electron microscopy (TEM), whereas the
influence of the zeolite on the particle and agglomerate size can be performed by scanning
electron microscopy (SEM).
A number of advanced descriptors have been developed that to gain better quantitative
insights in occurring trends specific to hierarchical zeolites.
Desilication efficiency: A very practical descriptor, relating the key feature of hierarchical
zeolites, i.e. external surface, with the inherent disadvantage of (base) leaching, i.e. loss of
solids. The ‘desilication efficiency’ combines the latter, resulting into the dimension m2 g-1 %-1.
This descriptor is very useful in comparing the leaching behavior of zeolites of, for example,
different Si/Al ratio (Chapter 4), morphology and framework (Chapters 5 and 7), or
counter cation (Chapter 7).
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Accessibility index: the accessibility index (ACI) enables to standardize acid site
accessibility in zeolites. The ACI is determined by relating the amount of acid sites probed by
alkylpyridines of different sizes to the total amount of acid sites in the zeolite. For example,
pyridine (0.57 nm), able to enter the ZSM-5 micropore (0.56 nm), can probe all sites resulting
in an ACI near unity. On the other hand, the more bulky lutidine (0.67 nm) and collidine (0.74
nm) can access only part of the acid sites. Accordingly, the accessibility of the zeolite crystal is
assessed as a function of molecular size.
(Indexed) hierarchy factor: The introduction of mesoporosity in hierarchical zeolites is
frequently coupled to a lowered micropore volume. This trend sparked the development of the
generic tool termed the hierarchy factor (HF). The HF is expressed as the relative mesopore
surface area (Smeso/Stotal) multiplied by a relative microporosity (Vmicro/Vtotal), and can be used to
classify the porous characteristics of any material. The hierarchy factor was complemented
with a variant specific to framework and preparative approach: the indexed hierarchy factor
(IHF). In the latter case, the normalization proceeds by dividing Vmicro and Smeso, not by the
total pore volume and surface area, but by their maximum values, i.e. IHF=((Vmicro/Vmicromax) ×
(Smeso/Smesomax)).

3. Catalytic and economic benefits
The superior performance of hierarchical zeolites prepared by post-synthetic modifications has
been demonstrated in variety of catalytic applications in this thesis. Superior catalytic
performance was attained in the form of increased activity and selectivity to the desired
product (Fig. 8.3).
The most common indicator used for any catalyst is its activity. Hierarchical zeolites
prepared by post-synthetic modifications described in this thesis have been evaluated in
alkylation, n-alkane hydro-isomerization, fluid catalytic cracking (FCC) of vacuum gas oil
(VGO), pyrolysis of LDPE, and Knoevenagel condensation. In all cases, the hierarchical
zeolites originated an increased catalytic conversion. Moreover, in FCC of VGO and hydroisomerization, the enhanced catalytic activity was particularly pronounced when taking into
account that the hierarchical zeolite comprised a lower acidity compared to the conventional
catalysts. In all cases, the apparent enhanced acid site utilization is attributed to the enhanced
accessibility of the acid sites implied by the enhanced secondary porosity.
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Figure 8.3. Superior catalytic performance using hierarchical zeolites. The enhanced external surface
increases the number of pore mouths and decreases the average diffusion pathlength. These features
give rise to a higher activity (a) and a higher selectivity due to a reduced (over)cracking (b).

Ideally, any catalysts should combine the highest possible conversion with the highest
selectivity, resulting into a 100% yield of the desired molecule. In alkylation and Knoevenagel
condensation minor changes of selectivity were evidenced, which may imply that these
reactions take place mostly on the external surface. In the latter case, the enhanced secondary
porosity does not so much enhance the accessibility, but mostly increases the number of active
sites. In contrast, changes of selectivity were observed in the hydro-isomerization of long
alkanes (n-decane, n-nonadecane, and pristane) using ZM-22 and FCC of VGO on stabilized
hierarchical Y zeolites. In the case of hydro-isomerization, the increased isomer yields were
observed at the expense of undesired cracking, hence gas formation. Also in FCC, an increased
selectivity to the desired product (diesel) was coupled to a reduced gas formation. These results
were in both cases attributed to the reduced (over)cracking caused by the shortened micropore
diffusion pathlength.
The last indicator for a catalyst is the stability hence lifetime, which was not explicitly
covered. However, contributions beyond the scope of this thesis evidenced that hierarchical
zeolite prepared by post-synthetic design displayed longer life times in a variety of reactions.
Particularly reactions that are renowned for heavy coking (e.g. alcohols to olefins), benefit
strongly from the secondary porosity.
The catalytic performance of a new generation catalyst should be combined with an
affordable, scalable and sustainable preparation. Whereas the sustainability and scalability of
post-synthetic modifications are obvious, a positive economic evaluation is less straightforward
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since the loss of solid material is inherent to mesopore formation. Therefore, the close
evaluation of the reported catalytic benefits versus the increased costs is of eminent relevance.
While benefits are represented by increased yields to the desired products, additional costs
comprise the loss of material, waste water treatment, used reagents, and extra unit operations.
In fluid catalytic cracking of vacuum gas oil using hierarchical Y zeolites, a preliminary
economic valuation demonstrated that even if the zeolite cost is doubled, the increased diesel
yield led to a positive financial outcome.

4. Outlook
The work described in this thesis has led to major achievements in the synthesis and
application of hierarchical zeolites prepared by post-synthetic modifications. Next to the
enhanced understanding of the desilication mechanism, positive catalytic (and economic)
benefits have been reported. Nevertheless, a number of subjects deserve more dedicated study.
For example, some fundamental issues concerning the mesopore formation by desilication
have not been fully addressed. Although general rules and guidelines were devised, the
understanding of mesopore formation at a molecular level is still missing. Both techniques with
sufficient spatial and time resolution, as well as theoretical studies could shed more light on
this. In addition, the exact nature and moreover the catalytic potential of the aluminum
covering the external surface (i.e. the realuminated species) has not been conclusively
identified.
Also the development of novel descriptors remains of interest. For example, a descriptor
that not only takes the quantity, but also the quality of secondary porosity into account,
would be of high relevance. The latter stems from the observations that unconnected mesopore
cavities, e.g. those obtained by steaming, do not enhance accessibility to the same extend as
compared to the connected mesopores obtained by alkaline leaching (see Chapter 6). In
addition, a descriptor combining porosity with changes in acidity (or basicity) could be
devised. Should the external surface dominate the reaction rate, it is likely that the relative
weight in of acidity (or basicity) in this factor should be strongly restricted.
Knowing that any zeolite can be brought to the hierarchical form, an increased application
of hierarchical zeolites in general can be expected. For example, the potential of hierarchical
zeolites as improved ion exchangers and adsorbents may constitute a novel avenue of research.
Also, the functionalization of mesopore surface area provides a chance to combine the unique
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characteristics of zeolites to novel applications.
The large-scale synthesis of hierarchical zeolites initiates a shift towards a key step in
catalysts design: shaping. The forming of mesoporous zeolites shapes enables the detailed study
of a truly hierarchical zeolite catalyst. In the latter sense, each size range comprises a unique
function: the zeolite micropores provide the activity; the mesopores facilitate intracrystalline
transport; and the shaped geometry enables practical implementation. A crucial aspect lies in
the realization whether the structure-property-function relationships obtained for lab-scale
powders apply also for shaped mesoporous zeolites. The latter is in question since shaped
catalysts commonly include additives as, for example, binders (Fig. 8.4). Unsurprisingly,
ongoing efforts in the group of Prof. Dr. Javier Pérez-Ramírez are directed towards providing
more rationality in this critical step.

Figure 8.4. The scale up of hierarchical zeolites is a key step in catalysts design. It remains unsure
whether the structure-property-function relationships established from lab-scale powders are equivalent
to those of ton-scale shaped catalysts.

In conclusion, the application-driven precision design of zeolite catalysts is traditionally
guided by the framework topology (micropore size and related stability) and the intrinsic
functionality (acid-site density and strength). However, in the acid- and base-catalyzed
reactions presented in this thesis, the catalytic performance proved dominated by the external
surface. Therefore, the next-generation of zeolite catalysts should be designed with, in addition
to the traditional parameters, the auxiliary porosity as key criterion (Fig. 8.2). The versatility,
tunability, scalability, and facile integration with established industrial protocols, imply that
this upcoming generation of industrial hierarchical zeolite-based catalysts must be designed by
post-synthetic modification strategies.
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Appendix A
Annexes
Chapter 2

Figure A2.1. Powder X-ray diffraction patterns of the parent (P) and alkaline-treated samples.

Figure A2.2. Infrared spectra in the OH stretching of the parent (P) and alkaline-treated samples.
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Table A2.1. Data points included in Fig. 2.7 sorted by synthesis method and type.
Sample

Vmicroa

Vpore

3

3

cm g
Conventional
mordenite
beta
ZSM-5
ZSM-5
ZSM-5
beta
beta
ZSM-5
mordenite
mordenite
mordenite
ZSM-5
ferrierite
ZSM-5
ITQ-4
Dealumination
mordenite
mordenite
mordenite
mordenite
Seeding
beta
beta
beta
beta
beta
beta
Delamination
ITQ-18
Composites
SBA-15 + silicalite-1
SBA-15 + silicalite-1
SBA-15 + silicalite-1
SBA-15 + silicalite-1
SBA-15 + silicalite-1
SBA-15 + silicalite-1
SBA-15 + silicalite-1
SBA-15 + silicalite-1
SBA-15 + silicalite-1
beta + MCM-41
beta + MCM-41
beta + MCM-41
beta + TUD-1

-1

cm g

Smesoa
-1

2

m g

-1

Stotalb
2

m g

-1

HFc

Ref.

-

0.15
0.26
0.18
0.17
0.17
0.24
0.22
0.09
0.20
0.21
0.21
0.17
0.14
0.17
0.20

0.19
0.31
0.20
0.28
0.26
0.26
0.31
0.09
0.31
0.22
0.22
0.21
0.22
0.28
0.25

23
22
7
58
40
21
60
15
35
8
5
22
20
50
29

384
590
303
449
430
602
615
203
535
500
520
380
369
445
529

0.05
0.03
0.02
0.08
0.06
0.03
0.07
0.07
0.04
0.02
0.01
0.05
0.03
0.07
0.04

[1]
[2]
[3]
This work
[4]
[5]
[6]
[7]
[8]
[8]
[8]
[9]
[10]
[11]
[11]

0.19
0.18
0.18
0.18

0.24
0.31
0.31
0.20

48
108
113
36

452
462
465
455

0.08
0.14
0.14
0.07

[12]
[12]
[12]
[1]

0.26
0.26
0.26
0.27
0.29
0.35

0.54
0.43
0.50
0.49
0.43
0.50

79
92
102
81
120
145

639
705
713
694
769
857

0.06
0.08
0.07
0.07
0.10
0.12

[2]
[2]
[2]
[2]
[2]
[2]

0.01

0.58

588

611

0.02

[13]

0.04
0.02
0.03
0.02
0.00
0.02
0.02
0.02
0.03
0.06
0.03
0.05
0.07

1.10
0.86
0.38
0.67
0.56
0.74
0.52
0.87
0.67
0.65
0.54
0.46
1.15

297
160
79
82
100
166
85
160
171
548
535
405
161

377
179
135
114
101
212
126
200
228
874
818
800
730

0.03
0.02
0.04
0.02
0.00
0.02
0.03
0.02
0.03
0.05
0.04
0.05
0.01

[14]
[14]
[14]
[14]
[14]
[14]
[14]
[14]
[14]
[15]
[15]
[15]
[16]
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Sample

Vmicroa

Vpore

3

3

cm g
beta + TUD-1
beta + TUD-1
Nanocrystals
ZSM-5
ZSM-5
ZSM-5
ZSM-5
beta
beta
Templating
mordenite
mordenite
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-12
ZSM-12
ZSM-12
ZSM-12
ZSM-12
Desilication
mordenite
mordenite
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-12
ZSM-12
ZSM-12
ZSM-12
ZSM-12

-1

cm g

Smesoa
-1

2

m g

-1

Stotalb
2

m g

-1

HFc

Ref.

-

0.08
0.10

1.15
1.07

289
377

637
639

0.03
0.05

[16]
[16]

0.13
0.13
0.12
0.09
0.20
0.19

0.26
0.28
0.23
0.19
0.85
1.03

141
137
81
52
184
185

415
424
335
246
607
602

0.17
0.15
0.12
0.10
0.07
0.06

[17]
[17]
[17]
[17]
[18]
[18]

0.09
0.12
0.11
0.10
0.11
0.10
0.11
0.06
0.10
0.10
0.11
0.11
0.11
0.10
0.12
0.11
0.11
0.10

0.38
0.20
0.48
0.57
0.74
0.82
0.86
0.39
0.74
0.76
0.81
0.84
0.76
0.25
0.28
0.30
0.30
0.28

166
38
162
195
222
232
234
142
241
210
208
201
181
95
87
81
81
105

378
317
408
422
478
478
503
295
466
443
456
450
445
318
308
320
320
310

0.10
0.07
0.09
0.08
0.07
0.06
0.06
0.07
0.07
0.06
0.06
0.06
0.06
0.12
0.12
0.09
0.09
0.12

[1]
[1]
[19]
[19]
[19]
[19]
[19]
[19]
[19]
[19]
[19]
[19]
[19]
[20]
[20]
[20]
[20]
[20]

524
530
211
239
263
279
234
287
292
321
311
320
276
264
258
294
268

0.14
0.13
0.03
0.02
0.03
0.05
0.08
0.12
0.15
0.09
0.09
0.12
0.13
0.15
0.13
0.14
0.14

[1]
[1]
[3]
[3]
[3]
[3]
[3]
[3]
[3]
[3]
[3]
[3]
[21]
[21]
[21]
[21]
[21]

0.15
0.16
0.12
0.14
0.16
0.17
0.15
0.14
0.14
0.17
0.18
0.13
0.08
0.08
0.08
0.08
0.08

0.36
0.37
0.14
0.16
0.21
0.23
0.21
0.17
0.19
0.35
0.38
0.41
0.24
0.22
0.23
0.24
0.25

174
167
6
6
9
19
27
42
58
60
58
115
117
116
104
125
120

161

162
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Sample

Vmicroa

Vpore

3

3

cm g
ZSM-12
ZSM-12
ZSM-12
ZSM-12
ZSM-12
ZSM-12
ZSM-12
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
beta
beta
beta
beta
beta
beta
beta
beta
beta
beta
ZSM-5
ZSM-5
mordenite
mordenite
mordenite
ZSM-5
ZSM-5
ZSM-5
ferrierite

0.05
0.07
0.07
0.04
0.09
0.09
0.08
0.17
0.15
0.13
0.14
0.14
0.14
0.10
0.09
0.14
0.13
0.13
0.16
0.16
0.15
0.13
0.13
0.13
0.14
0.12
0.13
0.21
0.20
0.15
0.21
0.12
0.22
0.19
0.15
0.13
0.10
0.07
0.03
0.17
0.20
0.19
0.17
0.14
0.13
0.13

-1

cm g
0.36
0.42
0.30
0.58
0.33
0.29
0.30
0.30
0.30
0.44
0.48
0.51
0.51
0.47
0.57
0.48
0.54
0.50
0.30
0.33
0.41
0.53
0.58
0.68
0.42
0.58
0.59
0.33
0.43
0.37
0.37
0.46
0.32
0.32
0.43
0.44
0.52
0.09
0.08
0.32
0.35
0.38
0.23
0.36
0.43
0.21

Smesoa
-1

2

m g
154
167
147
189
107
110
106
80
111
234
243
283
267
276
277
141
302
329
55
70
160
225
200
180
180
215
200
76
165
230
125
305
70
80
250
300
370
17
18
45
90
115
36
131
175
19

-1

Stotalb
2

m g
258
306
283
280
317
310
287
460
464
556
572
610
598
498
510
493
603
556
440
455
520
550
520
495
505
515
510
597
694
578
680
675
650
595
695
705
705
154
88
465
570
570
383
414
427
342

-1

HFc

Ref.

0.09
0.09
0.12
0.05
0.09
0.11
0.10
0.10
0.12
0.12
0.12
0.13
0.12
0.12
0.09
0.08
0.12
0.15
0.07
0.07
0.11
0.10
0.09
0.07
0.12
0.09
0.09
0.08
0.11
0.16
0.10
0.12
0.07
0.08
0.13
0.13
0.10
0.08
0.09
0.05
0.09
0.10
0.07
0.13
0.12
0.03

[21]
[21]
[21]
[21]
[21]
[21]
[21]
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
[4]
[4]
[4]
[4]
[4]
[4]
[4]
[4]
[4]
[5]
[5]
[5]
[6]
[6]
[6]
[6]
[6]
[6]
[6]
[7]
[7]
[8]
[8]
[8]
[9]
[9]
[9]
[10]
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Sample

Vmicroa

Vpore

3

3

cm g
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ferrierite
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ZSM-5
ITQ-4
ITQ-4
ITQ-4
ITQ-4
ITQ-4
ITQ-4
ITQ-4
ITQ-4
ITQ-4
a

0.13
0.12
0.13
0.11
0.12
0.12
0.13
0.12
0.10
0.08
0.04
0.01
0.13
0.13
0.12
0.14
0.14
0.16
0.16
0.13
0.13
0.14
0.14
0.15
0.16
0.06
0.11
0.10
0.22
0.11
0.13
0.22
0.22
0.17

-1

cm g
0.23
0.25
0.23
0.29
0.21
0.22
0.22
0.25
0.31
0.36
0.28
0.29
0.21
0.31
0.35
0.54
0.39
1.16
0.34
0.52
0.37
0.47
0.52
0.29
0.30
0.41
0.44
0.29
0.30
0.35
0.30
0.29
0.27
0.36

Smesoa
-1

2

m g
33
58
36
55
20
30
16
49
77
107
80
56
22
70
93
177
148
286
112
119
143
159
153
64
74
206
177
127
52
158
118
37
35
123

-1

Stotalb
2

m g
339
343
346
320
326
323
336
300
337
304
174
67
335
383
376
498
464
636
477
446
455
494
490
422
442
359
433
355
587
406
416
569
572
532

-1

HFc

Ref.

0.06
0.08
0.06
0.07
0.04
0.05
0.03
0.08
0.07
0.08
0.07
0.03
0.04
0.08
0.08
0.09
0.12
0.06
0.11
0.07
0.11
0.10
0.08
0.08
0.09
0.08
0.10
0.12
0.06
0.12
0.12
0.05
0.05
0.11

t-plot method. bBET method. cHierarchy factor defined as (Vmicro/Vpore)×(Smeso/Stotal).

[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[10]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
[11]
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Figure A3.1. X-ray diffraction pattern of the parent silicalite-1.

Figure A3.2. SEM micrograph of parent silicalite-1.

Figure A3.3. TEM micrograph of sample AT.
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Table A4.1. Yield, textural properties, and crystallinity of parent and treated MFI zeolites.
Yield (Y)

Smesoa

SBETb

Vmicroa

Vpore

Crystallinityc

IHFd

IHF×Ye

%

m2 g-1

m2 g-1

cm3 g-1

cm3 g-1

%

-

-

P

100

102

394

0.12

0.46

100

0.19

0.19

0.2NaOH

99

91

378

0.12

0.49

89

0.17

0.17

0.4NaOH

92

104

441

0.14

0.52

62

0.23

0.21

0.6NaOH

82

112

430

0.14

0.42

58

0.24

0.20

0.8NaOH

61

133

410

0.12

0.41

33

0.25

0.15

1.0NaOH

45

170

241

0.03

0.66

21

0.08

0.04

1.2NaOH

35

163

209

0.02

0.70

34

0.05

0.02

51(18)

275

405

0.05

1.02

-

0.21

0.04

P

100

76

412

0.14

0.29

100

0.17

0.17

0.2NaOH

93

37

318

0.11

0.22

87

0.06

0.06

0.4NaOH

87

103

474

0.15

0.39

74

0.24

0.21

0.6NaOH

75

147

444

0.13

0.51

53

0.30

0.22

0.6NaOH-0.02HCl

100(75)

158

588

0.15

0.55

60

0.44

0.28

0.6NaOH-0.05HCl

99(74)

160

615

0.16

0.61

61

0.50

0.30

0.6NaOH-0.10HCl

91(68)

173

627

0.16

0.62

68

0.54

0.29

0.7NaOH

62

214

441

0.10

0.55

-

0.33

0.17

0.8NaOH

52

228

491

0.12

0.67

26

0.42

0.22

0.8NaOH-0.02HCl

98(51)

273

580

0.14

0.70

30

0.59

0.30

0.8NaOH-0.05HCl

91(47)

299

621

0.14

0.77

44

0.65

0.31

0.8NaOH-0.10HCl

82(43)

301

642

0.15

0.79

43

0.70

0.30

39

236

354

0.05

0.64

18

0.18

0.07

1.0NaOH-0.02HCl

97(38)

240

431

0.08

0.55

24

0.30

0.11

1.0NaOH-0.05HCl

87(34)

288

541

0.11

0.55

24

0.49

0.17

1.0NaOH-0.10HCl

72(28)

341

676

0.14

0.90

26

0.74

0.21

1.2NaOH

35

168

346

0.07

0.74

30

0.18

0.06

1.4NaOH

37

69

352

0.11

0.51

41

0.12

0.04

73(27)

135

480

0.14

0.64

30

0.29

0.08

P

100

76

461

0.17

0.31

100

0.20

0.20

0.2NaOH

78

163

451

0.12

0.51

66

0.30

0.24

0.3NaOH

62

200

475

0.12

0.66

63

0.37

0.23

0.4NaOH

57

185

470

0.12

0.93

56

0.34

0.20

Sample
Z10

1.2NaOH-0.10HCl
Z15

1.0NaOH

1.4NaOH-0.10HCl
Z25

f

168
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Yield (Y)

Smesoa

SBETb

Vmicroa

Vpore

Crystallinityc

IHFd

IHF×Ye

%

m2 g-1

m2 g-1

cm3 g-1

cm3 g-1

%

-

-

0.6NaOH

44

187

447

0.11

0.57

41

0.32

0.14

0.8NaOH

32

221

448

0.10

0.65

26

0.34

0.11

P

100

78

468

0.17

0.28

100

0.21

0.21

0.1NaOH

92

132

496

0.15

0.33

91

0.31

0.28

0.2NaOH

75

212

489

0.11

0.58

70

0.36

0.27

0.3NaOH

51

378

585

0.08

0.95

52

0.47

0.24

0.4NaOH

38

358

573

0.08

1.23

35

0.44

0.17

0.5NaOH

29

403

671

0.11

1.50

27

0.69

0.20

0.6NaOH

25

293

502

0.09

1.06

22

0.41

0.10

P

100

36

422

0.16

0.18

100

0.09

0.09

0.1NaOH

85

69

471

0.16

0.27

85

0.17

0.15

0.2NaOH

60

104

485

0.15

0.35

91

0.24

0.15

0.4NaOH

21

132

502

0.15

0.32

65

0.31

0.06

Sample

Z40

Z1000

a

b

c

t-plot method. BET method. Derived from the intensity (relative to the parent) of the 051 reflection of the
MFI diffraction pattern. dIndexed hierarchy factor defined as (Vmicro/0.16 cm3 g-1)×(Smeso/403 m2 g-1). eThe index
hierarchy factor multiplied with the yield (in the case of sequential treatments the overall yield was applied).
f
values in parentheses represent the overall yield.
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Figure A4.1. 27Al MAS NMR of parent MFI zeolites.

Figure A4.2. X-ray diffraction patterns of parent and alkaline-treated Z15 zeolites.

Figure A4.3. 29Si MAS NMR of parent and treated Z15 zeolites.
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Chapter 5

Figure A5.1. X-ray diffraction patterns of an impure ZSM-22 (IP) and the sample resulting from
alkaline treatment (IP-AT) using 0.4 M NaOH, at 30 min and 85°C. The unlabelled peaks belong to the
TON diffraction pattern.
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Figure A5.2. Isomerization experiments of n-decane (left) and n-nonadecane (right) performed on
conventional (Pt/P2) and hierarchical (Pt/P2-AT3-HCl) Pt/ZSM-22 catalysts. (a) Conversion (X), (b)
yield of skeletal isomers (I) and hydrocracked products (C), and (c) distribution of cracking product
yields at ca. 35% hydrocracking. Reaction conditions for n-decane isomerization: P=0.45 MPa,
PH2/PHC=214, W/FC10o=1400 kg s mol-1. Reaction conditions for n-nonadecane isomerization:
P=0.45 MPa, PH2/PHC=13, W/FC19o=4600 kg s mol-1.
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Table A6.1. Notation of the samples and treatment conditions.

Sample code
DA1
DA2
DA3
DA4
DA5
DA6
DA7
AT1
AT2
AT3
AT4
AT5
AT6
AT7
AT8
AT9
AT10
AT1+TPA
AT2+TPA

C

T

t

Zeolite content

M

°C

h

g L-1

H4EDTAa
H4EDTA
H4EDTA
H4EDTA
H4EDTA
H4EDTA
H4EDTA

0.07
0.11
0.15
0.11
0.11
0.04
0.20

100
100
100
100
100
100
100

6
6
6
72
24
6
6

66.7
66.7
66.7
66.7
66.7
66.7
66.7

NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH+TPAOHb
NaOH+TPAOH

0.1
0.2
3.0
5.0
1.0
0.3
0.4
0.5
0.6
0.8
0.05+0.05
0.15+0.05

65
65
65
65
65
65
65
65
65
65
65
65

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

33.3
33.3
33.3
33.3
33.3
33.3
33.3
33.3
33.3
33.3
33.3
33.3

Reagent

AW1
Na2H2EDTAc
0.11
100
AW2
Na2H2EDTA
0.04
100
AW3
Na2H2EDTA
0.07
100
AW4
Na2H2EDTA
0.21
100
0.60
100
AW5
Na2H2EDTA
a
b
H4EDTA = Ethylenediaminetetraacetic acid. TPAOH =
c
Na2H2EDTA = Ethylenediaminetetraacetic acid disodium salt.

6
6
6
6
6
tetrapropylammonium

66.7
66.7
66.7
66.7
66.7
hydroxide.
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Table A6.2. Properties of Y zeolites: Single treatments.
Yielda

Crystallinityb

Vporec

Vmicrod

Smesod

%

%

cm3 g-1

cm3 g-1

m2 g-1

P
AT5
AT3
AT4

99
81
60

100
92
90
79

0.34
0.35
0.50
0.46

0.30
0.30
0.37
0.29

22
27
39
59

DA4
DA1
DA2
DA7

91
87
79
66

89
55
33
19

0.41
0.36
0.34
0.19

0.37
0.32
0.29
0.14

27
28
40
27

0.42
0.42
0.41
0.42
0.42
per gram

0.38
0.36
0.35
0.35
0.37
starting

27
29
32
46
30

Sample

AW2
96
AW3
92
AW1
89
104
AW4
97
104
AW5
97
a
Yield in grams of solid after treatment
c
Volume adsorbed at p/p0=0.99. dt-plot method.

of

material.

b

XRD.
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Table A6.3. Properties of Y zeolites: Acid-washed samples.
Sample

Yielda

Vporeb

Vmicroc

Smesoc

d pd

%

cm3 g-1

cm3 g-1

m2 g-1

nm

P
0.34
0.30
22
AT4
60
0.46
0.29
59
AT4-AW1
92 (55)
0.51
0.33
75
DA2
79
0.34
0.29
40
DA2-AW1
89 (71)
0.37
0.22
125
2
DA4
81
0.46
0.36
79
DA4-AW1
89 (72)
0.49
0.31
173
3
DA2-AT1
85 (67)
0.41
0.28
123
2
DA2-AT1-AW2
93 (63)
0.48
0.24
209
4
DA2-AT1-AW3
93 (63)
0.61
0.29
250
4
DA2-AT1-AW1
92 (62)
0.47
0.23
223
4
DA2-AT2
78 (62)
0.66
0.20
330
8
DA2-AT2-AW2
88 (55)
0.64
0.25
215
10
DA2-AT2-AW3
87 (54)
0.63
0.23
211
10
DA2-AT2-AW1
87 (54)
0.79
0.29
258
10
DA2-AT7
66 (52)
0.59
0.27
161
8
DA2-AT7-AW2
87 (46)
0.64
0.30
185
8
DA2-AT7-AW3
86 (45)
0.65
0.27
189
10
DA2-AT7-AW1
85 (44)
0.68
0.29
188
10
a
Individual step yield, in grams of solid after treatment per gram of starting material (overall yield with
respect to parent zeolite in brackets). bVolume adsorbed at p/p0=0.99. ct-plot method. dAverage BJH
mesopore size.
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Table A6.4. Properties of Y zeolites: Sequential dealumination-desilication (contour plots).
Sample

Yielda

Vporeb

Vmicroc

Smesoc

d pd

%

cm3 g-1

cm3 g-1

m2 g-1

nm

0.34
0.43
0.47
0.45
0.45
0.57

0.30
0.34
0.34
0.33
0.35
0.34

22
63
66
55
58
11

2

P
DA6-AT1
DA6-AT2
DA6-AT7
DA6-AT9
DA6-AT10

97
93
87
87
85

(89)
(85)
(81)
(80)
(77)

DA1-AT1
DA1-AT2
DA1-AT7
DA1-AT9
DA1-AT10

90
84
78
76
76

(79)
(74)
(68)
(66)
(66)

0.44
0.50
0.60
0.63
0.55

0.33
0.32
0.33
0.38
0.32

121
132
108
110
91

2
2
12
14
18

DA2-AT1
DA2-AT2
DA2-AT7
DA2-AT9
DA2-AT10

85
79
66
60
59

(67)
(62)
(52)
(47)
(47)

0.41
0.66
0.59
0.52
0.54

0.28
0.20
0.27
0.24
0.26

123
330
161
120
117

2
8
10
15
20

DA7-AT1
79 (53)
0.19
0.10
65
DA7-AT2
62 (41)
0.44
0.14
289
2
DA7-AT7
25 (16)
0.52
0
331
8
DA7-AT10
14 (10)
0.46
0.04
153
19
a
Individual step yield, in grams of solid after treatment per gram of starting material (overall yield with
respect to parent zeolite in brackets). bVolume adsorbed at p/p0=0.99. ct-plot method. dAverage BJH
mesopore size.
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Table A6.5. Properties of activated Y zeolites.
Sample

Crystallinitya

Vporeb

Vmicroc

Smesoc

d pd

%

cm3 g-1

cm3 g-1

m2 g-1

nm

P-H
52
0.32
0.29
28
DA4-H
29
0.32
0.24
66
DA4-AT1-H
28
0.40
0.22
179
3
DA4-AT1-AW1-H
31
0.44
0.19
230
6
a
b
c
d
Determined by X-ray diffraction. Volume adsorbed at p/p0=0.99. t-plot method. Average BJH
mesopore size.

Table A6.6. Treatment yields and properties of USY zeolites.
Crystallinitya

Bb

Lb

Vmicroc

Smesoc

%

μm g-1

μm g-1

cm3 g-1

m2 g-1

Sample

Reference
46
204
89
0.15
DA5-AT1-AW1-H
31
487
492
0.16
DA5-AT1-AW1-ST
32
99
133
0.08
DA5-AT1-AW1-LA-ST
12
28
36
0.05
a
XRD. Values are relative to parent Y zeolite (P). bAmount of Bronsted (B) or Lewis (L)
determined by infrared spectroscopic analysis of adsorbed pyridine. ct-plot method.
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179
143
150
acid sites

Table A6.7. Properties of beta zeolites: General applicability of pore-directing agents.
Sample

Yielda

Crystallinity

Si/Al

Vporeb

Vmicroc

Smesoc

%

%

mol mol-1

cm3 g-1

cm3 g-1

m2 g-1

beta-P
100
220
0.34
0.20
82
beta-AT2
58
0
0.49
0
236
beta-AT2+TPA
65
85
0.90
0.13
569
a
Individual step yield, in grams of solid after treatment per gram of starting material (overall yield with
respect to parent zeolite in brackets). bVolume adsorbed at p/p0=0.99. ct-plot method.
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Figure A6.1. X-ray diffraction patterns of selected Y zeolites at different stages of the sequential
treatment protocol.
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Figure A6.2. Influence of the treatment time during dealumination in 0.11 m H4EDTA at 100°C on
crystallinity (a), microporosity (b), and mesoporosity (c), before (solid bars) and after calcination (open
bars). The parent Y zeolite is represented at 0 h.

180

Appendix A

Figure A6.3.
protocol.

27

Al MAS NMR spectra of Y zeolites at different stages of the sequential treatment

Figure A6.4. NH3-TPD profiles Y zeolites at different stages of the sequential treatment protocol.
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Chapter 7

Table A7.1. Properties of X and A zeolites.
Yield

VEDTAa)

[%]

3

[cm g ]

Vmicrob)
[cm3 g-1]

Vmesoc)
[cm3 g-1]

Vpored)
[cm3 g-1]

Smesob)
[m2 g-1]

-

-

0.23

0.03

0.26

22

X-AW2

95

15

0.27

0.04

0.31

31

X-AW3

79

30

0.30

0.07

0.37

40

X-AW1

68

60

0.31

0.11

0.42

61

X-AW5

55

90

0.28

0.15

0.43

84

X-NH4-AW2

83

15

0.27

0.08

0.35

43

X-NH4-AW3

75

30

0.28

0.10

0.38

60

X-NH4-AW4

64

45

0.25

0.15

0.40

87

X-NH4-AW1

52

60

0.26

0.19

0.45

122

X-NH4-AW5

35

90

0.17

0.29

0.46

177

-

-

0

0

0

2

A-NH4-AW2

84

15

0.01

0.08

0.09

20

A-NH4-AW3

68

30

0.01

0.07

0.08

30

A-NH4-AW1

47

60

0.01

0.13

0.14

62

Sample
X

A

-1

35
90
0
0.19
0.19
109
A-NH4-AW5
a
b
c
d
Volume of 0.11 M Na2H2EDTA solution per gram of zeolite. t-plot method; Vmeso= Vpore-Vmirco. Volume
adsorbed at p/p0=0.99.
Table A7.2. Properties of USY zeolites.
Sample
USY
USY-AT2
d

USY-SF

Vmicroa
cm3 g-1

Vmesob
cm3 g-1

Vporec
cm3 g-1

Smesoa
m2 g-1

0.32

0.30

0.62

227

0.28

0.77

1.05

523

0.25

0.25

0.50

191

0.23
USY-AT2-SF
0.52
0.75
388
a
b)
c
d
t-plot method; Vmeso=Vpore-Vmirco. Volume adsorbed at p/p0=0.99. SF=sieve fraction (200-400 μm)
obtained upon pressing, crushing, and sieving the sample.
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Figure A7.1. (a) Ar isotherms at -196°C of selected X zeolites and (b) the cumulative pore volume
(Vpore) as a function of the pore size (dp).
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Figure A7.2. 27Al MAS NMR spectra of X and A zeolites. The peak at 59 ppm indicates tetrahedrally
coordinated (framework) aluminum.

Figure A7.3. 27Al MAS NMR spectra of Y and USY zeolites. The peak at 59 ppm indicates
tetrahedrally coordinated (framework) aluminum. The peak at 0 ppm represents aluminum species in
octahedral coordination (extra-framework).
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Appendix B
List of Abbreviations
AAS
ACI
ASTM
AT
AW
BA
BA
BE
BET
BJH
Bpy
Blu
CEC
DA
DE
dp
DRIFTS
DSC
H4EDTA
Na2H2EDTA
EFAl
FCC
FID
FTIR
HF
ICP-OES
IHF
Lpy
LDPE
MAS NMR
MCT
mol.%
MR
NLDFT
P
p
p0
p/p0
PDA

Atomic Absorption Spectroscopy
Accessibility Index (-)
American Society for Testing and Materials
Alkaline Treatment
Acid Wash
Benzyl Alcohol (Chapters 4 and 6)
Benzaldehyde (Chapter 7)
Ethylbenzene
Brauner-Emmet-Teller model [1]
Barret-Joyner-Halenda model [2]
Brønsted sites determined by adsorption of pyridine (μmol g-1)
Brønsted sites determined by adsorption of lutidine (μmol g-1)
Cation Exchange Capacity
Dealumination
Desilication Efficiency (m2 g-1 %-1)
pore diameter (nm)
Diffuse Reflectance Infrared Fourier Transform Spectroscopy
Differential Scanning Calorimetry
Ethylenediaminetetraacetic acid
Ethylenediaminetetraacetic acid disodium salt
Extra-Framework Aluminum
Fluid Catalytic Cracking
Flame Ionization Detector
Fourier-Transform Infrared
Hierarchy Factor (-)
Inductively Coupled Plasma Optical Emission Spectroscopy
Indexed Hierarchy Factor (-)
Lewis sites determined by adsorption of pyridine (μmol g-1)
Low-Density Polyethylene
Magic Angle Spinning Nuclear Magnetic Resonance
Mercury Cadmium Telluride
mol percentage (mol/100 mol)
Membered Ring
hybrid Non-Local Density Functional Theory [3]
Parent zeolite
pressure (Pa)
saturation pressure (Pa)
relative pressure (-)
Pore-Directing Agent
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PSD

s

SBET
SEM
Smeso
STEM
Stotal
T
TAA+
TBA+
TEOS
TGA
TEM
TMA+
TPA+
TPD
USD
USY
VGO
Vads
Vmicro
Vmeso
Vtotal
Vpore
vol.%
wt.%
X
XRD

Pore Size Distribution
skeletal density (g cm-3)
total (BET) surface area [1] (m2 g-1)
Scanning Electron Microscopy
external surface area (m2 g-1)
Scanning Transmission Electron Microscopy
same as SBET
Temperature (°C)
Tetraalkylammonium cation
Tetrabutylammonium cation
Tetraehtylorthosilicate
Thermogravimetric Analysis
Transmission Electron Microscopy
Tetramethylammonium cation
Tetrapropylammonium cation
Temperature-Programmed Desorption
United States Dollar
Ultra-Stable Y zeolite
Vacuum Gas Oil
adsorbed volume (at standard temperature and pressure) (cm3 g-1)
micropore volume [4] (cm3 g-1)
mesopore volume (Vpore -Vmicro) (cm3 g-1)
same as Vpore
total pore volume (Vpore=Vads at p/p0=0.99) (cm3 g-1)
volume percentage (cm3/100 cm3)
weight percentage (g/100 g)
Conversion (%)
X-Ray Diffraction
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For abbreviations specific to zeolites and zeolite frameworks see Chapter 1, Table 1.1, page 3.
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Appendix E
Cover Stories

No less than 4 covers were published in distinct journals based on the work described in this
thesis. The covers, following in chronological order on the next 8 pages, are accompanied by
explanations to illustrate the (link to the) scientific background.
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Cover 1
The first cover relates to Chapter 2 and is associated with an article published in Advanced
Functional Materials (2009, 19, 3972). The watercolor cover was hand-painted by Prof. Dr.
Javier Pérez-Ramírez, using the theme of seawater erosion as a metaphor for the pore
formation process by alkaline leaching. The latter process induces secondary porosity, but can
also reduce the intrinsic properties of the crystal. By the application of pore-directing agents
(PDAs) the attack on the crystal is controlled, making it possible to regulate the number of
pores created and maintaining the intrinsic properties of the crystal. This idea is captured in
the cover image by using a natural metaphor in the form of a rock eroded by seawater.
Whereas the unprotected side is uncontrollably eroded, resulting into a sever degradation of
the material (left), the presence of a protective layer leads to a more finely controlled porosity
(right). The painting was first sketched as a pencil drawing, followed by application of blue
and white watercolors as a base layer. The shading was built up with layers of blue paint,
followed by final emphasis and shadowing with crayon and Indian ink. A few final touches
were made in Adobe Photoshop, to ensure the image would reproduce well in print as a front
cover.
The cover is additionally described online:
http://materialisam.wordpress.com/tag/advanced-functional-materials/
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Cover 2
The second (inside) cover is based on the results described in Chapter 3 and relates to a
publication in Chemistry - A European Journal (2011, 17, 1137). This cover was made in
Microsoft® PowerPoint by Danny Verboekend and focusses and the three key assets to prepare
zeolites with intracrystalline mesopores by base leaching. These three assets, also referred to as
‘the holy trinity’, are: the zeolite, the alkalinity, and the (external) pore-directing agents
(PDAs) (see also Fig. 3.9). This concept was translated into a ‘stencil’ machine (the
desilication unit 1), converting pictures of conventional purely microporous silicalite-1 into
impressive pictures of hierarchical silicalite-1 zeolites. The desilication unit is appropriately run
at 65°C 30 min per picture and is fueled by a source of alkalinity and PDA (supplied from
above). To symbolize the leap forward in the understanding of the base leaching mechanism,
the desilicator unit 1 is shaped (roughly) like the Arc de Triomph. The latter is in perfect
harmony with the background image: representing the large avenues and smaller narrow streets
of Paris, in turn symbolizing the porous network accomplished in the hierarchical zeolite.
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Cover 3
This cover in Catalysis Science & Technology (2011, 1, 879) relates to the review on
hierarchical zeolites prepared by desilication. Parts of this publication are included in the
Chapters 1 and 8 of this thesis. This unconventional cover can be interpreted in various ways
and deserves an elaborate explanation.
Research focused on zeolites has witnessed the development of an impressive number of postsynthetic modifications such as steam, acid, and base treatment, to establish changes in
composition, acidity, stability, and porosity. Accordingly, we have thought of a zeolite circus
since there is a variety of artists contrasting in behavior and skills. The last decade,
particularly base leaching, i.e. desilication, has been in the spotlight (hence arena of the circus)
since it dramatically enhances catalysts utilization by the introduction of a network of
connected intra-crystalline mesopores. Therefore, in the post-synthetic modifications-show
desilication is a star and is accordingly represented by the animal trainer; attending to its
proud and prestigious nature within the circus circle. The various animals in the show
represent the different zeolites, displaying the large versatility of desilication. In our particular
illustration the size of the animal represents the Al content in the zeolites, i.e. the more
aluminum in the zeolite crystal the larger the animal. The latter aspect deals with a key
aspect, namely that desilication functions, besides for the optimal Al content (lion), also for Alrich zeolites (elephant) and Al-deficient, hence Si-rich zeolites (mouse). Of course, this
versatility also extends to other aspects as, for example, the number of zeolite frameworks for
which the benefits of desilication have been reported. A specific tribute is represented by the
man in blue. This person represents the other people working in the circus that enable the
animal trainer to do his wonderful tricks in an impeccable scenario. With respect to the review
he represents the additional treatments that can be performed in combination with desilication
to optimize the efficiency. For example, in the review we highlight that an additional acid wash
should be used after desilication of Al-rich zeolites, to remove the formed debris. This is
represented directly by the man in blue with the broom cleaning the excrement of the
elephant. Similarly, we can envisage the builders that set-up the circus as the dealumination
treatment that can be performed prior to desilication (these are not shown). We consider the
man in blue of key importance since he represents a key message from our review: in order to
make desilication as efficient, versatile, and controllable as it is today, we need the support
from other treatments.
The cover idea and detailed sketches were made by Danny Verboekend. The sketches were
subsequently refined and turned into the final cover by Marcel Reich. Interesting note is that
in order to be accepted for publication, we had to remove one piece of elephant feces. This
piece was originally falling down directly from the bottom of the elephant.
The cover is additionally described online:
http://blogs.rsc.org/cy/2011/08/16/issue-6-now-online/
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Cover 4
The last cover concerns strategies of sequences of post-synthetic modifications to synthesize
two different families of FAU zeolites (Y and USY) in their hierarchical porous, and
catalytically superior, forms. Related work was published in Advanced Functional Materials
(2012, 22, 916) and is described in Chapter 6.
Since the strategies can be considered as unique route to different treasures (superior
catalysts), we thought the similarity to a treasure map striking. The ship is the first part of the
map that deserves attention; it represents the aCe group that has, after successfully addressing
zeolites from MFI and TON land, finally made it to their most challenging adventure: FAU
land. Once set foot on the FAU grounds, the first thing to do is to find the starting material,
or the ‘pristine’ Y zeolite; this material is extracted from the ‘Faujasite Quarry’. With this
starting material one can make either mesoporous Y zeolite with relatively high Al content
(upper treasure) or a mesoporous USY zeolite of relatively low Al content (lower treasure).
This decision is to be made in the ‘Prophecy Tower’. After having decided and leaving the
latter tower, the movement on the map shares a similarity to the type of post-synthetic
modifications applied. Roughly speaking, going south equals dealumination, east desilication,
and going north represents acid washing. En route to the upper treasure, only a little distance
south needs to be covered, suggesting little dealumination of the zeolite. The resulting Al-rich
zeolite is then suitably described as the ‘Richdom of Aluminum’. The following movement
east, representing alkaline treatment, leads to the realumination relics. These architectural
relics used to be part of functional architecture. In the latter sense, they represent the alkalineinduced realumination of Al, forming Al-rich debris on the zeolite’s external surface. Movement
north finalizes the route by exposure to the ‘Cleansing Waters’. This process represents the
mild acid wash applied to remove the Al-debris, or ‘Realumination Relics’, from the zeolite.
When the lower treasure is seeked after, the path down south through ‘Silicon Valley’ needs to
be overcome. This represents the classical steaming and acid leaching as is done routinely in
industry, reducing the Al content strongly. Although the resulting USY zeolites are
hydrothermally stable, they readily amorphize upon desilication. This is presented by
movement east into the ‘Destruction Desert’. The destruction in the desert can be
prevented by using the ‘Oasis of Taa’, enabling to arrive at the precious treasure. ‘Taa’
stands for the acronym of Tetra Alkyl Ammonium cations, which represent a way to preserve
the intrinsic zeolite properties upon alkaline treatment of USY.
The cover idea and detailed sketches were provided by Danny Verboekend. Finalization of the
sketch and coloring was performed by Marcel Reich. Interesting note is that both the
shipwreck as the skull are based on the preparative approach of two specific works referenced
in the introduction of Chapter 6.
The cover is additionally described online:
http://www.materialsviews.com/seeking-treasures-in-fau-land-hierarchical-zeolite-design/
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