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Abstract

Zeolites, as microporous, aluminosilicate minerals are widely used as catalysts and absorbents in
industrials. In some applications (e.g., petroleum industries), the pristine micropores of zeolites limit
the diffusions of bulk molecules from accessing the intracrystalline activate sites giving a low effective
utilisation. The creation of hierarchical zeolites by introducing mesoporosity into microporous zeolite

framework is one of the most practical ways to reduce such limitations.

The microwave-assisted chelation (MWAC) dealumination, and ultrasound irradiation desilication are
both effective and efficient method for mesoporosity creation in synthetic zeolites, especially ones with
low silicon to aluminium ratios (SAR) such as FAU Y. In this PhD project, development of process
intensification for post-synthetic hierarchical zeolites was systematically investigated. Here, the work
was carried out by: (i) demonstrating the introduction of secondary mesoporosity into microporous
zeolites improves catalytic activity in heterogeneous reactions; (ii) developing the effect of ultrasound-
assisted desilication for dealuminated zeolites to create mesopores; (iii) proving MWAC methods are
effective in fabricating hierarchical zeolites and the degree of dealumination is related to the number
coordination centres in the acidic chelating agent; and (iv) developing an insight into the mechanism of
the MWAC dealumination process and understanding the interactions between the chelating
agent/mineral acid (i.e., HIEEDTA and HCI) and the zeolite framework under microwave irradiation.
The relevant research findings from the project on the process intensification of post-modification for
hierarchical zeolites provides the guidance for the design of porous catalysts with desired properties
and demonstrate the potential of applying such approaches for fabricating secondary mesoporosity into

various topology zeolite frameworks, and even of applying in practical industrial utilisations.
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Chapter 1 Introduction

Fluid catalytic cracking (FCC) as a refinery process is primary applied to reform petroleum with high
boiling point and high molecular weight fractions to value-added fuels and chemicals, such as gasoline,
diesel, liquefied petroleum gas (LPG) and light olefins [1]. The global refinery catalysts market size is
expected to grow from USD 4.0 billion in 2020 and USD 4.7 billion by 2025, at a compound with the
annual growth rate of 2.9% during the forecast period. The growth of this market can be attributed to
the rising demand for petroleum derivatives such as fuels and commodity chemicals. Additionally,
demand for fuel with a high octane number is also anticipated to drive the growth of the refinery
catalysts market [2]. Because the introduction of zeolite materials in the formulation of FCC catalysts
has resulted in a significant increase in the yield of gasoline and downstream products (e.g. propylene)
since 1970s [3], zeolites (specifically faujasite (FAU) Y and ZSM-5 (MFI type)) have been developed
as the most valuable catalyst alternatives for FCC process. Recently, due to the high global demand of
light olefins, modification of the FCC catalysts can improve the production of propylene up to
approximately 20 wt% in a maximum petrochemical operation mode of a FCC unit [4]. Although the
society demand the shift to clean and sustainable energy due to the sustainability call the relevant
development of the emerging fields needs time. Therefore, as shown in Figure 1.1, in the coming 30—
40 years, the world economy and energy supply will still significantly rely on fossil fuels and the

petroleum refining industry and processes (including FCC).
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Figure 1.1 Global primary energy consumption by energy source: (a) diverse outlook by 2040 [5] and (b)
outlook with projections to 2050 [6].

Since 1964, zeolites, especially FAU Y zeolites, have been being the main additives in FCC catalysts
to improve catalytic activity and selectivity to the desired products in FCC process [3]. Zeolites are
crystalline  microporous inorganic  materials  (silicates, aluminosilicates, titanosilicates,
aluminophosphates, etc.) with uniform channel systems and pore windows with molecular dimensions
(0.3-1 nm). They are widely used as catalysts and adsorbents in the petroleum and chemical industries
(e.g. oil refining (FCC) [7], esterification [8], oligomerisation of light olefins that[9] and isomerisation
[10]) due to well-defined microporosity, good thermal and chemical stability, tuneable compositions,
and environmental friendliness [11]. Nevertheless, the pure micropore networks (<1.2 nm) of
microporous zeolites restrict molecular diffusion and mass transport within zeolite crystals and the
bulky molecules are limited from accessing the intracrystalline active sites. In addition to the

accessibility and diffusion issues, the selectivity to preferred bulky product molecules is also prohibited
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by the micropore size in some reactions (e.g. transalkylation of toluene with trimethylbenzenes [12]).
During FCC, the poor accessibility and molecular diffusion may accelerate the coke deposition which
covers the active sites (i.e., Brgnsted acid sites). And the continuous coke deposition can then
significantly limit the access to active sites, block the porous frameworks and reduce the surface area,
which lead to rapid catalyst deactivation and lifetime reduction [13-15]. In order to improve the
accessibility of intracrystalline active sites and suppress the coke formation, various strategies were
developed such as the development of zeolites with the reduced crystal dimensions and secondary larger
pores [16]. For the latter, in addition to the intrinsic micropores, secondary mesopores and/or
macropores are present in the zeolitic framework as well, which are commonly referred as hierarchical
zeolites. Regarding the definition of micro-/meso-/macro-pores, generally, the IUPAC classification of
pore sizes is used: micropores are pores having a pore diameter below 2 nm, mesopores are pores having
a pore diameter between 2 and 50 nm and macropores are pores with a pore diameter of above 50 nm.
Zeolites with hierarchical porous structures are proven to facilitate mass transport and contribute to the
improved catalytic performance in FCC reactions [17, 18]. Various strategies have been developed to
introduce secondary large pores in microporous zeolites, which can produce zeolitic materials with

notably different hierarchical pore networks.

For example, modification of zeolite crystallisation conditions can enable the direct synthesis (i.e.,
bottom-up approaches) of zeolitic materials with mesoporous features. Commonly, in the bottom-up
cases, additional templates are used during zeolitisation in addition to the required silica and alumina
sources to scaffold secondary large pores (including both intracrystalline and intercrystalline large pores)
during the synthesis, which will be rendered by subsequent templates removal step such as calcination
[19]. Post-synthetic modification of pre-synthesised parent zeolites (i.e., the top-down approaches) is a
different way to tune the porosity of zeolites. The post-treatments normally are based on demetalisation,
such as dealumination and desilication, and/or followed with further additional treatments such as mild
acid washing and steaming to create intracrystalline mesopores. Top-down methods have been practiced
by relevant industries for decades and widely used not only for introducing hierarchical structures in

zeolites, but also for tuning their acidic properties, as well as stability [20, 21].
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Hydrothermal treatments are inevitable in traditional methods of preparing and modifying zeolites, and
such methods are highly practical but can be energy intensive and less sustainable. Recent development
of the fields showed the potential of alternatives to conventional conductive/convective heating, such
as microwave and ultrasound irradiation, to improve the efficiency of zeolite synthesis and modification.
The alternative methods based on the alternative energies may considerably reduce the preparation time
with the improved process efficiency and energy saving, and thus simultaneously response to the Green
Chemistry principles. Both microwave and ultrasound irradiation provide a novel way to intensify the
zeolite synthesis [22, 23], however, the investigation on the process intensification of post-synthetic
zeolite modification (to introduce hierarchical pores to the pristine zeolite microporous frameworks)
using microwave and ultrasound irradiation is relatively lacking, which requires further investigation.
Thereafter, the work presented in this thesis focuses on the application of microwave and ultrasound
irradiation for process intensification of the post-synthetic modification of Al-rich zeolites for the
purpose of preparing hierarchical zeolites. Firstly, the work investigates the effect of hierarchical
structures on enhancing the molecules accessibility, and how it can improve the catalytic activities in
liquid-phase catalysis. Secondly, the ultrasound-assisted desilication and microwave-assisted chemical
treatment dealumination methods, as well as the relevant sequential treatments based on the methods,
were developed to perform the modification of zeolite Y (with the silicon-to-aluminium ration, SAR =
2.6) toward hierarchical mesopore generation. The characterisation and catalytic application of the
developed zeolitic materials were performed and discussed in detail. Finally, this work dedicates the
effort to understand the fundamental aspects of the microwave-assisted chemical dealumination,
specifically the thorough study on effect of microwave irradiation on zeolite framework, which will be
beneficial to the further development of the technology toward practical applications at a large scale.
As detailed discussed in 2.3.1, the efficient heat generation of microwave irradiation makes it excellent
choice for aluminium-rich zeolite dealumination process as a green chemistry energy. However, for
alkaline-assisted desilication procure, the microwave irradiation cannot be applied since the microwave
reactor has content of SiO,, which is easily dissolved in alkaline solution under fast thermal conduction.
The results and findings achieved by the PhD project show the promising possibility of using the
microwave and/or ultrasound irradiation to replace the conventional modification protocols, at least
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partially, to achieve the sustainable and efficient post-synthetic treatments of zeolites for introducing

mesoporous structures.

1.1 Thesis structure

The main aims of this PhD project are to explore new intensified methods based on microwave and
ultrasound irradiation to enable the post-synthetic treatments of zeolites for introducing hierarchical
porous structures and develop insight into the methods. The relevant findings of the PhD research has
resulted in several peer-reviewed publications and conference presentations (as below in Section 1.2).
Accordingly, this PhD thesis is presented with the alternative format according to the thesis submission
guidelines approved by The University of Manchester®. Specifically, the thesis has the following

chapters:

Chapter 2 reviews the state-of-the-art of the various strategies to improve accessibility to the
intracrystalline voids of zeolites. Zeolites including their structure, synthesis, modification and
characterisation are described briefly as well. The utilisation of microwave and ultrasound energy for

intensifying zeolite modification is thoroughly discussed.

Chapter 3 comprehensively studied the porosity and acidity of three commercial FAU Y zeolites
(including the original HY-2.6 and dealuminated HY-15/-30 zeolites), and revealed that HY-15 and
HY-30 possess >50% open mesoporosity in the mesopores range of 5-10 nm. The acidity of the
dealuminated Y zeolites has been reduced significantly in comparison to that of HY-2.6. Catalytic
results of Fischer esterification of methanol with carboxylic acids and aldol condensation of
benzaldehyde with 1-heptanal have evidenced that the critical role of mesoporosity of the dealuminated
Y zeolites in liquid-phase reactions as compared to acidity. Results from this study allow us to explain

the origin of the high activity of zeolites with mesoporosity in the liquid-phase catalysis.

In Chapter 4, the ultrasound-assisted alkaline treatment was proposed as the alternative to conventional
hydrothermal alkaline treatments during the sequential chemical dealumination and alkaline

desilication treatments. In comparison with the hydrothermal alkaline treatment, the ultrasonic

1 http://documents.manchester.ac.uk/display.aspx?DoclD=7420
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treatment showed the comparatively enhanced efficiency in treating the dealuminated Y zeolites for
creating mesoporosity. The acidic property and catalytic activity (in catalytic cracking of n-octane) of
mesoporous Y zeolites obtained by the two methods were comparable. The ultrasonic desilication

treatment was found to be generic.

A novel post-synthetic method combining the microwave-assisted dealumination and hydrothermal
alkaline treatment for obtaining mesoporous Y zeolite catalysts is presented in Chapter 5. In the first-
step microwave-assisted dealumination of the pristine Y zeolite, both the mineral acid and organic
carboxylic acids were used, and their effects on the physical and chemical properties of the resulting
modified zeolites are studied in detail. The hierarchical feature of the mesopores in the modified zeolites
(using carboxylic acids) was probed by the model reaction of aldol condensation of 1-heptanal with
benzaldehyde for the selective formation of jasminaldehyde. The normalised selectivity to
jasminaldehyde (with respect to the strong acidity) was proportionally related to the specific mesopores
volume of the zeolites, revealing hierarchical porous networks in the relevant modified Y zeolites and

indicating the effect of hierarchical mesopores in the zeolites on their catalytic performance.

In Chapter 6, systematic investigation was performed to develop an insight into the mechanism of the
microwave-assisted chelation dealumination process. Specifically, isotopic labelling Infrared and
nuclear magnetic resonance analysis were performed to understand the interactions between the
chelating agent/mineral acid and the zeolite framework (zeolite Y as the model zeolite) under
microwave irradiation. The findings suggest that, under the microwave condition (i) chelating agent
interacted with the framework directly for Al extraction, and thus creating intracrystalline mesopores
without extra-framework formation; and (ii) mineral acid primarily hydrolysed the framework Al-O

bond without Al removal, producing extra-framework and jeopardising pore structure and crystallinity.

Chapter 7 concludes the research findings from this PhD project and provides the recommendations for

future work.
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Chapter 2 Literature review

2.1 Introduction to zeolites

Zeolites, as one of the most classic alunimosilicates, have attracted lots of attention for over 260 years
since 1756 discovered by Axel Fredrik Cronstedt. They are microporous crystalline polymers which
consist of three-dimensional (3D) networks based on the connection between TO4 (T = Si, Al. Where
AlO4 is alumina and SiO, is silica) units. Each unit is linked by its oxygen atoms leading to a net
negative charge of AlO, tetrahedron. Such a net negative charge is balanced by cations M which are

not a part of the framework and can be exchanged by other cations. The structural formula of zeolites

is generally described as M,

m/x

AlO Sio -yH,O, where x is the valence of cation M, y is the
[( 2)m ( 2)r|:| 2

number of moles present in the framework of inter-channel molecular water, and n/m is the silicon-to-
aluminium ratio (SAR) substantially varying from 1 to infinite. From Léwenstein’s rule, AlI-O—Al

linkage is unacceptable due to the charge restriction, meaning that 1 is the lowest SAR achievable [24].

Zeolite structures are designated by a three capital letters code according to the 6™ edition of Atlas of
Zeolite Framework Types, published by the Commission of the International Zeolite Association (IZA)
[25]. Till now, the number of zeolite structures in the IZA database has been expanded to 248, and
between six and seven new structures are added to the catalogue every year [26]. Finite and infinite
units (i.e., chain- or layer-like) are introduced to describe zeolite framework topologies. The infinite
units are found to occur in the tetrahedral units connected through their oxygen atoms to form multi-
membered rings, which are called secondary building units (SBU, where the primary building units are
the tetrahedra TO4). 23 SBU symbols are presented in Figure 2.1. SBUs are invariably non-chiral
(neither left- nor right-handed) and contain up to sixteen T-atoms, which suggests that only one type of
SBU rather than enantiomeric pairs is needed to assemble the 3D framework. By simply applying
operations such as translation and rotation to one or more SBU, the periodic building units (i.e., chains,
tubes, layers, (double) rings and cages) are built up. And then the zeolite frameworks are built from

periodic 0-, 1-, or 2- dimensional structurally invariant periodic building units.
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Figure 2.1 Secondary building units (SBU) and their symbols. Number in parenthesis indicates the frequency
of occurrence among all identified zeolite structures [25].

2.1.1 Pore structures of zeolites

A characteristic feature of zeolites, i.e., the structural porosity, is formed within zeolite structure
building units. The zeolite channels are defined by membered-rings (windows) that consist of T-atoms.
Normally, only those windows with a minimum of 8 T-atoms allowing diffusion of molecules are
considered for porosity characterisation. A polyhedron, whose maximum window is a 6-ring, is called
a cage which is not included into zeolite channels. All other polyhedra are called cavities. Cages or
cavities can be connected in several ways. Most of the zeolites can be classified into three categories
by the number of T-atoms in membered-rings: zeolites containing (i) 8 membered-rings (8 T-atoms)
are denoted as small pore zeolites having free diameters of 0.30—0.45 nm, (ii) ten membered-rings are
referred to medium pore zeolites with the corresponding pore opening at 0.45-0.60 nm, (iii) twelve
membered-rings are assigned to large pore zeolites with free diameters from 0.60 to 0.80 nm, and for
those containing more than 12 T-atoms windows are assorted to ultra large pore zeolites (with the pore
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opening >0.80 nm) [27]. Figure 2.2 shows two classical small pore size zeolites, CHA type (SAPO-34)
and LTA type. Shorthand notations have been adopted to describe zeolite channels in various
frameworks, specifically, the number in bold type indicates the number of T-atoms forming the rings
controlling diffusion through the channels; the number of asterisks in the notation indicates whether the
channel system is one-, two- or three-dimensional; the crystallographic free diameter of the channels
presents in Angstrom units (A); (L) means channel systems are perpendicular to specific
crystallographic directions; interconnecting channel systems are separated by a double arrow («); and
a vertical bar (|) means that there is no direct access from one channel system to the other. For instance,
LTA type zeolite is typified by a 3D system of channels parallel to all crystallographically equivalent
axes (i.e., along [100], [010] and [001]) of the cubic structure (the meaning of <100>) with circular 8-
ring apertures as shown in Figure 2.2 (c) and (d). And in Figure 2.3, MFI type zeolite with medium
porous structure exhibits that the channels parallel to [100] together with those parallel to [010] give

rise to a 3D channel system.

(b) (d)
AT IR
AV AV E-u\ L ¥

Figure 2.2 (a, b) CHA L[001] 8 3.8x3.8***, cages &: 6.5x11 A, where (a) is framework viewed normal to
[001] (upper right: projection down [001]), (b) is 8-ring viewed normal to [001]; (c, d) LTA <100> 8
4.1x4.1*** cages &: 11.4A, where (c) is framework viewed along [001] and (d) 8-ring viewed along <100>
[25].
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Figure 2.3 (a-c) MFI [100] 10 5.1x5.5 «» [010] 10 5.3x5.6}***, where (a) is framework viewed along [010],
(b) is framework viewed along [010] and (c) is 10-ring viewed along [010]; (d-f) MWW 1[001] 10 4.0x5.5**
| L[001] 10 4.1x5.1**, where (d) is framework viewed normal to [001] (upper right: projection down [001]),

(e) is 10-ring viewed normal to [001] between ‘layers’ and (f) is 10-ring viewed normal to [001] within ‘layers’
[25].

Large pore zeolites always attract the attention due to their practical usages in catalysis. *BEA (as
shown in Figure 2.4 (a-c)) belongs to disordered type materials since in a normal synthesis the stacking
of each ‘layer’ is random. Literally, no bulk material with ordered structure is presently known, the
framework structure is given here to make a thorough description. Although three polytypes are
recognised which are related to disordered structure, they do not cause any blocking of the 3-
dimensional 12-ring channel system. In the framework structure, cub-octahedral units ‘sodalite cage’
are joined by double six-membered rings (known as hexagonal prisms) leading to the formation of
supercages within 12-ring. Faujasite (FAU) as a classic of large pore zeolites with supercages and 3D
channel systems has been one of the most popular materials in catalytic processes. Only 15 of the 248
framework types available today are employed as catalysts for commercial purposes. Nevertheless, only
five or six among those are large pore zeolites (BEA, cancrinite (CAN), FAU, MOR, and offretite
(OFF)). Although some specific processes may need large- and ultra-large-pore zeolites to contribute
specific commercial applications (i.e., fluid catalytic cracking, FCC [28]), there is a clear need to

explore more general avenues to develop zeolite materials with enhanced pore accessibility [29].
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Figure 2.4 large pore zeolites: (a-c) *BEA <100> 12 6.6x6.7** <> [001] 12 5.6x5.6*, where (a) is framework
viewed along [010], (b) is 12-ring viewed along <100> and (c) is 12-ring viewed along [100]; (d, e) FAU
<111> 12 7.4x7.4*** supercages @: 13 A, where (d) is framework viewed along [111] (upper right: projection
down [110]), (e) 12-ring viewed along <111> and (f) is the sodalite cage building unit [25].

2.1.2 Active sites

In addition to the pore structure, another characteristic feature of zeolites is the extra-framework cations,

which determine the activity of zeolites. The appropriate tuning/choice of the extra-framework (EFAL)

cations is one of the key factors that make zeolites versatile materials for a wide range of applications.

Here we use FAU zeolite Y to facilitate the description of active sites in zeolites. In Al-containing Y

zeolite, the inclusion of extra-framework cations such as metal cations and proton can be introduced

during synthesis and/or after various post-synthetic treatments such as ion exchange. Regarding the

location of extra-framework cations, it can be both in the inner cavities and at the external surface.

Figure 2.5 shows the main locations of cation sites within zeolite Y framework. These sites include:

site | located in the centre of hexagonal prims; site I’ and 11” located in sodalite cages where site I1” is

about 1 A to the centre of sodalite cage; and site Il and IIl located in supercages. Additionally, the

location depends on the type, loading and hydration state of cations.
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Figure 2.5 (a) Cation sites in the framework of zeolite Y, and (b) specific location of cation sites in various
building units. Hexagonal prisms, sodalite cages and supercages with maximum entrances of 2.6, 2.6, 7.4 A
and diameters of 2.6, 6.6 and 11.8 A, respectively [30].

Proton (H)-form zeolites can be employed as solid acid catalysts in which the catalytic activities are
given by protonic sites, i.e., Bransted acid sites (B). B sites are found in zeolites associated with bridging
hydroxyl groups attached to framework oxygen atoms linking tetrahedral Si and Al atoms, i.e.,
Si—OH-AIL. In this case, theoretically, the maximum number of protonic sites is equal to the number of
framework aluminium [31]. The acid strength of B is influenced by a function of the angel of the T-O-T
bond. The acid strength of B sites is increased with an increase of the T-O-T bond angle. T-O-T bond
angel in HFAU, HMFI and HMOR zeolite ranges from 138° to 147°, 133 to 177° and 143° to 180°,
respectively, and accordingly HMOR possesses relatively strong acid sites and is active in n-butane and
n-hexane isomerisations at 200—-250 °C [32]. In addition to the acidity contributed by the hydroxyl
groups in zeolite framework, EFALS also contribute to the overall enhance acidity of zeolites. In other
circumstances where the zeolite is not protonated, trigonal coordinated Al-atoms (i.e., EFALS)
possessing the vacant orbital is produced which can accept an electron pair and acts as a Lewis acid

sites [33].

In comparison with the active sites within the zeolite framework, active sites locate on the external
surface of zeolite crystals are insignificant, i.e., about <1% for crystallites of 1 um. Therefore, the

accessibility of the internal active sites plays a significant role in catalytic applications of zeolites. For
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instance, the active sites located in the supercages of zeolite Y with maximum opening of 0.74 nm are
relatively accessible to some organic molecules with relevant kinetic diameters, whereas those located
in the hexagonal prims, are comparatively inaccessible to the molecules. Furthermore, it has been
concluded that, in most cases, catalytic reactions over zeolites occur within their intracrystalline cages
and channels [27]. Hence, the presence of active sites in the zeolite cages, channels in the apertures,
gives rise to shape selectivity, which is one of the major characteristics of zeolite catalysis. Generally,
the shape selectivity originates from the limitation of certain molecules in a reactant mixture entering
the microporous framework of zeolites, or of certain product molecules existing from the framework.
Shape selectivity also considerably influences the diffusion rate of both reactants and products,
particularly in the case of the presence of distinct difference in the diffusivity reactant/product
molecules in zeolite catalysis. Figure 2.6(a) presents that, when the dimension of molecules approaches
those of zeolite pores, a new regime of intracrystalline diffusion arises. In this regime, also known as
configurational diffusion, even subtle differences in pore dimensions (from 0.3 to 0.9 nm) can result in
large changes (from 10-%° to 108 m? s7) in diffusivities [34]. Additionally, the formation of certain
transition states is limited by the space available near the active sites, which depends on the size and
geometry of the inner cavities as well. Meticulous illustration of three types of shape selectivity is shown

in Figure 2.6 (b-d).
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Figure 2.6 (a) Effect of pore diameter on diffusivity [35]. (b-d) Types of shape selectivity occurring during
zeolite catalysis, where (a) product selectivity occurs (e.g. cracking of an n-iso Cs mixture) when part of
reactant mixture is small enough to diffuse into the pores; (b) reactant selectivity occurs (e.g. disproportionation
of m-xylene) when some of the product molecules formed inside the pores are too large to transport out the
pore systems; and (c) transition state selectivity arises (e.g. during the formation of 1,3,5-trimethylbenzene)
when reactions are prevented because the corresponding transition state requires more space than that is
available in the cavities.

2.2 Hierarchical zeolites

In response to improve the utilisation of zeolites as the catalyst, significant research efforts have been
made to solve the accessibility and diffusion issues. Essentially, two different yet complementary
strategies, i.e., reducing zeolite crystal sizes and increasing their pore sizes, can be followed. Firstly, by
reducing the zeolite crystal size, and in some cases the shape, the effects due to diffusion can be
mitigated along pore systems. For instance, nanosized zeolites with dimensions in a range 5-500 nm or
zeolite materials with dimensions between 500 and 1,000 nm can introduce substantially higher external
surface area and simultaneously preserve their properties similar to that of micronsized crystals [36].
Nanosized FAU-type zeolites with 10 nm and 70 nm crystal size were successfully synthesised, and
nitrogen (N2) analysis elucidated that the external surface area of nanosized FAU-type zeolites can be
significantly improved by reducing the crystal size [37]. Further catalytic evaluation of dealkylation of
1,3,5-triisopropylbenzene (TiPBz) confirmed that the nanosized zeolites have the improved activity (i.e.,

conversion of TiPBz at 70-76%, and selectivity to 1,3-diisopropylbenzol (DiPBz) and 1,4-DiPBz at
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around 85%) as compared to the commercial micronsized zeolite (i.e., conversion of TiPBz at ~34%
and selectivity to 1,3-DiPBz and 1,4-DiPBz at about 78%). Additionally, the reduction of zeolite crystal
sizes can also be achieved by developing two-dimensional (2D) zeolites [38-41]. Nanosheet MFI-type
zeolites have shown their potentials in traditional catalysis such as benzyl alcohol alkylation with
mesitylene [42], acylation (acylation of indole and benzoylation of resorcinol), esterification (hexanoic
acid with benzyl alcohol), condensation (synthesis of vitamin E by the reaction of isophytol and 2,3,6-
trimethylhydroquinone), and hydroamination (aniline with methyl acrylate) [43]. Although nanosized
zeolites are much more stable than layered-like zeolites, the relevant strict/tedious synthesis conditions
and low yields make them, at present, not suitable for large-scale production and application.
Accordingly, more efforts are needed to improve the development of nanosized zeolites toward

industrial adoption and application.

The second strategy, i.e., the introduction of secondary pore systems inside the zeolite framework, has
received the attention over the past 20 years. The comparatively superior performance of zeolites with
secondary pore systems in many traditional and emerging catalytic applications strongly supports the
interest of zeolite community in developing such materials [44]. Zeolites with the secondary pore
systems are also termed as mesoporous or hierarchical zeolites, in which zeolite structural elements
(compartments) are characterised by more than one length scales, and each of these structural elements
(microporosity and mesoporosity) has to have distinct but complementary functions such as minimising
the mass transport resistance. The characteristic of hierarchical zeolites is that the inherent
microporosity determined by the framework structure of the zeolite hierarchically connects with the
secondary pore system which can be either intercrystalline or intracrystalline or even a combination
thereof [45]. In general, to introduce secondary porous systems into the zeolite framework; it is vital to
apply post-synthetic preparation on pre-synthesised zeolites or combine it with direct synthesis methods.
Post-synthetic preparation is mostly performed either using bottom-up methods or top-down approaches.
Additional porosity can be accomplished using bottom-up methods during the crystallisation of zeolites
with either hard or soft templates or through dedicated assemblage of individual zeolite crystals [46].

Regarding top-down strategies, the formation of mesoporosity are commonly achieved by selective
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extraction of specific framework elements from pristine microporous zeolites with or without additional
pore-directing agents. Although bottom-up methods can tailor highly ordered mesopores disadvantages
associated with templates, such as the availability, relatively high cost, time-consuming synthesis and
safety concerns, still limit their potential in practical utilisation. Conversely, top-down methods (such
as dealumination, desilication and/or followed by recrystallisation) are comparatively practical. An
overview of the classification of hierarchical pure zeolites are shown in Figure 2.7, and only pure
zeolites are considered (composites with other materials are not included). In principal, all preparation
principles and materials can be combined to produce diverse (new) hierarchical zeolitic materials. For
example, the combination of reducing crystal size and widening pore size to procedure such materials
at a pilot scale was successfully accomplished by crystallisation and extraction, specifically, MFI-type
hierarchical nanosized zeolite (hollow architecture with single crystal size less than 150 nm) has been

investigated [47, 48].
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Figure 2.7 Classification of hierarchical pure zeolites (composites are not included) according to the origin of
additional porosity and the preparation principles [45, 49].

33



2.2.1 Synthesis of hierarchical zeolites

2.2.1.1 Hard-templating

In order to form secondary pore systems during direct synthesis, porous or nonporous solid materials
are used as the mesoporogen. The solid materials consist of carbonaceous materials, biological materials,
polymeric microspheres as well as inorganic solid materials [50]. In a typical synthesis procedure, the
reagents and zeolite precursors are prepared and mixed with the hard template. Thereafter, zeolite
crystallisation with the hard template is treated in single or multiple steps under hydrothermal conditions,
and, simultaneously, the microporous zeolite is formed around the hard template. Finally, the template
is removed by calcination (for organic templates or carbon materials) or dissolution treatments (for
inorganic templates) to render the secondary mesopores. Due to the simple removal by calcination,
carbonaceous materials such as carbon nanoparticles [51], carbon fibres [52], carbon nanotubes [53],
and carbon aerogels [54] are often used for introducing secondary mesopores in zeolites. However, the
nanosized zeolite crystallites obtained from crystallisation with carbon nanoparticles were not
aggregated, which implies that costly separation processes may be necessary to recover the zeolite after
catalysis [55]. Chen et al. [56] used 3D mesoporous carbon as hard template successfully synthesised
BEA-, FAU,- LTA- and LTL-type zeolite with highly ordered mesoporosity. The synthesis protocol
involves costly, as well as being time-consuming. In addition to the carbonaceous materials, natural
polymeric materials have also been explored as templates to scaffold secondary pore systems in zeolites.
In comparison to the carbonaceous materials, they are relatively inexpensive, non-toxic and hydrophilic.
Template removal of hard templates is always necessary in the method discussed above, which may
require harsh conditions such as high temperatures and long duration of calcination, and hence can
potentially jeopardise the crystallinity the resulting zeolites [45]. Generally, routine zeolite calcination
after synthesis is achieved at 400-550 °C maximum 5 h, whereas, for instance, at least 550 °C and 12
h is necessary to remove carbon black [56] and carbon particles [57]. Alternatively, mesoporous silica
particles [58] can also be applied as hard templates which do not necessitate the step for template
removal, because they act as both mesoporogens and silica source during steam-assisted zeolite

crystallisation. Other solid templates such as polyethylene [59] and wood [60] can also be the candidates
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to substitute the conventional hard templates discussed above. Nevertheless, the hard templating
strategies still face some intrinsic limitations such as multistep procedures, relatively high prices and

possibly unavoidable health and environmental issues related to some of the hard templates.

2.2.1.2 Soft-templating

The idea of soft-templating is more generalised as compared to hard-templating route. In comparison
with the hard-templating methods, the soft-templating methods generally have better control over
mesopore size distribution and pore connectivity by treating bulky organic molecules as mesoporogens
or structure-directing agent (SDA). Soft-templating methods are originated from the synthesis of
ordered mesoporous silica material MCM-41 by employing the self-assembly ability of surfactant in
1992 [61]. However, their pore walls are completely amorphous. Since these surfactant molecules are
used to direct the formation of the mesophase only, a microporogen must be added additionally [49].
Soft templates typically include commercial organosilanes [62], cationic polymers [63], commercial
cation surfactants such as cetyltrimethylammonium bromide (CTAB) micelles [64, 65], and bespoke
dual functional templates [66]. In ordered to create hierarchical zeolites with high crystallinity, dual-
functional templates have been applied. The strategy of dual-functional templating is referred as the
combination of a SDA for facilitating zeolite synthesis and a surfactant template for introducing
mesoscopic phase, both are added to the reaction medium at the beginning of the synthesis [67, 68]. In
such synthesis, silane-functionalised templates [69], bifunctional surfactants [70] and bifunctional
cationic polymers [71] can not only enhance the interaction between dual-functional templates and
zeolite frameworks but also minimise the interaction between templates themselves, being able to avoid
phase separation. Choi et al. [72] gives an example of synthesis MFI-type zeolite nanosheets using a
designed bi-functional ammonium-type surfactant (Cz2Has-N*(CHs)2-CeH12-N*(CH3)2-CeH13(Br)2 (Ca-
6-6)). Surfactant molecules are aligned along the straight channel of MFI framework and form mono
MFI layers. These synthesised monolayers then regularly stack along one orientation to form
multilamellar nanosheets or stack randomly in unilamellar nanosheets, and result in numerous

intercrystalline pores. The protocol is relatively simple with a two-step procedure, which includes (i)
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the aging of zeolite synthesis gel without surfactant and (ii) the mixture of the aged gel with the

commercial surfactant of CTAB, to enable the formation of the hierarchical structure.

Although the use of these soft templates is a good strategy to prepare hierarchical zeolites with a high
degree of interconnected mesopores and can be applied to different zeolitic structures, most of them are
not commercially available and must be designed and synthesised prior to zeolite synthesis. The
preparation of such templates can be very labour intensive and expensive. Even though CTAB has been
applied for mesoporous zeolite preparation in industrial scale, the soft template removal still causes
serious pollution (e.g. bromide from CTAB incomplete combustion) and limits the sustainable

development, especially based on strict environmental protection policy.

2.2.2 Post-synthetic treatments of zeolites

2.2.2.1 Demetalation

Top-down approaches, also known as post-synthetic modifications, are initially developed to stabilise
the zeolite framework (via dealumination for FAU zeolites) or tune the zeolite acidity [73]. Afterwards
it was found that the post-synthetic methods are highly capable to introduce mesopores and/or
macropores into the parent zeolite crystals by demetalation. Demetalation is based on the selective
removal or extraction of framework atoms (T atoms) from crystalline zeolitic materials through acid

leaching, steaming, alkaline treatment, recrystallisation or combinations of them.

Dealumination is a conventional method that involves the leaching of the tetrahedrally coordinated
aluminium from the zeolite framework, such as FAU zeolites with low SAR values. It was primarily
applied to improve the hydrothermal stability of FAU Y zeolites, and further investigation realised the
associated generation of secondary mesoporosity in zeolites as the consequence of dealumination.
Dealumination is generally achieved by acid leaching, calcination, steaming and chemical treatment.
Both acid leaching and chemical treatment are performed in solution (solid-liquid interactions), whereas
steaming is carried out in vapour phase (vapour-solid interactions). Dealumination was first reported
with acid leaching, by Barrer and Makki in 1964 [74], in which clinoptilolite was treated by
hydrochloric acid (HCI) solutions with various concentrations at ~100 °C for 4 hours. It was found that,
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with an increase of the HCI concentration, the aluminium was progressively removed from the
framework which leads to the improved benzene and isopentane sorption capacity of the dealuminated
zeolites. However, mesoporosity formation by acid leaching is limited by the SAR of the parent zeolites
[75]. For instance, Meng et al. [76] used HCI to modified sodium form ZSM-5 with SAR = 25, the
external surface area and mesopore volume only improved ~6 m? gt and ~0.02 cm?® g%, respectively,
resulting in insignificant catalytic improvement in non-hydrocracking of diesel (both yield and
selectivity to gasoline). As expected, acid leaching along is not effective in creating hierarchical BEA
(SAR =17.6) [77] and MOR (SAR = 14) [78] zeolites, and additional treatment steps (e.g. desilication)
may be necessary. Dealumination by steaming is a common practice which has been applied at
industrial scale for years. Steaming is mainly used to produce ultra-stable Y zeolite for fluid catalytic
cracking [79]. It is generally performed at temperatures between 600800 °C in the presence of steam.
By contacting with steam, hydrolysis of Al-O-Si bonds on ammonium form Y frameworks occurs and
Al atoms are expelled to form framework cavities with EFAL species. As mentioned above, EFAL
offers Lewis acidity, which can be advantageous in some catalytic reactions. However, since amorphous
debris may result in a partial blockage of both meso- and micropores due to the deposition of amorphous
phases with the framework and/or on the external surface, a further mild acid (such as
ethylenediaminetetraacetic acid, HiEDTA) chemical treatment [80] might be necessary to ameliorate
the accessibility of the multiscale pore system. Hierarchical zeolites can also be prepared via chemical
treatment with H4sEDTA [81], gaseous silicon tetrachloride (SiCls) [82] and ammonium
hexafluorosilicate (AHFS) [83, 84]. Since Kerr [73] used EDTA to partially remove Al atoms from
sodium form Y zeolite about 40 years ago, this approach has been developed to tune the Al
concentration in zeolite frameworks [81, 85-88], or selectively remove EFAL species in order to tune
the accessibility and catalytic activity [89, 90]. Although the literature did not provide detailed
information on porosity, the morphology obtained from TEM characterisation confirms the introduction
of meso- and even macropores after contacting NaX zeolite with 0.1 M Na;H,EDTA solution for 4 h at
100 °C [85]. Verboekend et al. [91] modified NH.Y (SAR = 2.6) with 0.11 M H4EDTA solution under

reflux for 72 h at 100 °C, which significantly improve external surface area and mesopore volume, in
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comparison with the parent, from 28 to 388 m? gt and 0.03 to 0.27 cm? g2, respectively, and meanwhile
remained 78% relative crystallinity. Apparently, as simple yet low-cost (due to the availability of most
of economic dealumination chemicals) modification procedures, dealumination treatments serve as
practical solutions for creating hierarchical zeolites from the parent zeolites with relatively high

framework aluminium concentration (i.e., low SAR).

To fabricate hierarchical zeolites, desilication by alkaline leaching of framework silicon species has
become a very attractive method as well. The use of alkaline treatment was recorded as a patent by
Dean Arthur Young [92] in 1960s, which claimed that alkaline treatment (treating mordenite with
sodium hydroxide, NaOH solution, pH = 10.5) was found to increase the adsorptive capacity of the
mordenite zeolites, as well as their catalytic activity. Apparently, by corroding the framework structure
of zeolites by leaching Si species partially, the internal pore structure of the resulting zeolites was more
accessible compared to the parent zeolite. After 25 years of silence, desilication gains the attention of
the community again to be applied to ZSM-5. Regarding ZSM-5, the presence of aluminium in the
framework dramatically influences the kinetics of crystal dissolution under basic conditions [93, 94].
Ogura et al. [95] firstly emphasised the formation of intercrystalline mesopores in ZSM-5 zeolites after
leached by NaOH solution. Later on, Groen et al. [96-98] systematically investigated the mechanism of
mesoporosity formation during disilication procedure over MFI-type zeolites, and concluded that the
controlled desilication of ZSM-5 zeolites is possible with an optimal SAR of 25, being able to introduce

intracrystalline mesoporosity, as well as preserving the intrinsic micropores to a large extent [99-101].

Al content significantly influences the degree of desilication in ZSM-5 zeolites. For ZSM-5 zeolites
with an optimal window of SAR in a range of 20-50, controlled alkaline treatments lead to an
impressive increase in mesopore surface area up to 235 m? g%, and a broad pore size distribution centred
at around 10 nm can be obtained. Simultaneously, the original crystalline and acidic properties can be
preserved to a large extent, which effectively contributes to the efficient utilisation of the functionality
of the hierarchical porous architecture. For the parent ZSM-5 with higher SAR values (>50), unselective
dissolution takes place leading to excessive leaching of framework species and severe loss of

crystallinity. When it comes to the parent ZSM-5 with SAR below 25, the degree of dissolution of Si
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species is restricted by the Al shielding effect. The repulsion between negatively charged AlO4~ units
on zeolite framework and OH™ decelerates the hydrolysis of Si—O—Al bonds, resulting in shielding of
the Al- bearing entities in partial skeletons at the initial stage of desilication. After the hydrolysis of
Si—O—Al bonds, the dislodged Al species are hydrolysed to the hydroxides (e.g., AI(OH)s7), which
reversely deposit on the etched zeolite surface and passivates the ongoing dissolutions of the affected
zones [46]. Based on this knowledge, the framework Al can be served as pore-directing agents for
further designing of hierarchical zeolites. For instance, efforts have been made to develop ZSM-5
zeolites with hollow structures recently. Some work demonstrated that high framework Al
concentration suppresses Si extraction, conversely, low framework Al concentration leads to the
excessive Si extraction [102]. The difference in the extraction rate of Si species in the Si-rich core and
Al-rich shell of H-ZSM-5 (denoted Al-zoned) upon NaOH etching promotes the formation of hollow
architectures. Such unique structure can greatly reduce the diffusion length of reactants/products, as
well as the residence time of intermediates in the framework of zeolites, and thus suppressing the

undesirable side reaction such as over-hydrocracking of hydrocarbons.

The other inorganic agents (such as AI(NO)s, LiOH, Ga*, B®* and so on) or organic additives (such as
tetrapropylammonium TPA*, tetrabutylammonium TBA®, benzyltriethylammonium BTA* and
cetyltrimethylammonium CTAY) also have the shielding effect, which can act as external PDA to
regulate the intracrystalline mesoporosity during base leaching [103]. Those special quaternary
ammonium cations, present in basic solution, can shield the matrix by the interfacial affinity between
alkyl chains and silicate zones. By treating MFI-type zeolite with tetrapropylammonium hydroxide
(TPAOH), hierarchical ZSM-5 with the maximum external surface area of 287 m? g* and mesopore
volume of 10.2 cm® g can be fabricated [104]. Nevertheless, treating MFI-type zeolites with various
concentrations NaOH solutions mixed with a constant amount of CTAB surfactant can enhance the
mesoporosity and improve the catalytic performance in etherification 2,5-bis(hydroxymethyl)furan
with ethanol to biofuels [105]. Consequently, desilication has been successfully applied to
aluminosilicateous zeolites with different framework topologies, such as MOR [106, 107] AEI (SAPO-

18) [108], BEA [109, 110] and FAU [111, 112].
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2.2.2.2 Sequential modifications

Direct desilication of Al-rich zeolites (with SAR < 15) is challenging, specifically on zeolite Y with
SAR of 2-3, as the high Al concentration retards the extraction of Si from the zeolite framework. In
order to create mesoporosity in Al-rich zeolites, combinations of post-synthetic treatments were
developed. Mordenite (SAR = 15) was sequentially leached with 2 M nitric acid at 100 °C for 4 h and
0.2 M NaOH for at 65 °C 0.5 h [113]. It was found that the SAR of the zeolite was firstly tuned to ~25
after dealumination without detectable mesoporosity. The subsequent desilication washed out the Si
species, after which significant mesopores were rendered in the framework. The approach was later
successfully applied to Al-rich mordenites with different SAR values (i.e., SAR = ~8 and ~10) [114].
Since the sequential approaches sustained the microporosity and acidity of the parent mordenite as well,
the resulting mesoporous mordenite showed the improved performance in the liquid-phase alkylation
of benzene with propylene to cumene (e.g. conversion of propylene at ~100% for mesoporous zeolites
vs. ~15% for the parent zeolite). In addition to the acid-alkaline leaching (i.e., the dealumination-
desilication protocol), the steaming-desilication protocol is also capable to introduce uniform
intracrystalline mesopores (4—6 nm) into the microporous Al-rich ZSM-5 (SAR = 13.9) [115]. Shahid
et al. [116] also found that steaming followed by sequential acid-base treatment for ZSM-5 leads to
significant mesoporosity formation in comparison with the materials obtained by the conventional acid-

base leaching treatment.

Sodium form Al-rich clinoptilolite with SAR = 5.2 can also be modified by sequential acid-alkaline
treatment. Using HCI solution rises the SAR to ~10.4 and subsequent desilication by NaOH solution
yields both external surface area and mesopore volume up to 4-fold increase relative to the parent Na-
clinoptilolite [117]. In order to introduce more hierarchical mesoporosity into Al-rich zeolites, it is also
an effective way to treat dealuminated zeolites with PDA under alkaline conditions. For instance,
Garcia-Martinez et al. [118] developed a post-synthetic method to prepare mesoporous zeolite Y with

relatively uniform intracrystalline mesopores (~4 nm). The method involves dealumination of the parent
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Y by citric acid and alkaline treatment with NH4OH solution and CTAB. The well-controlled mesopores
(determined by the chain length of PDA) are rendered after the removal of PDA by calcination. The
sequential dealumination-(desilication+PDA) was also expanded to other zeolite frameworks. Gora-
Marek et al. [119] uses a combined procedure of dealumination with nitric acid and desilication with
NaOH and additional TPAOH to produce MOR zeolite with hierarchical porous structures which are
beneficial to the conversion and the selectivity to primary products in TIPB and vacuum gasoil (VGO)
cracking. They confirmed that desilication performed in the presence of PDA contributes significantly
to the development of mesoporosity in comparison with the conventional alkaline treatment with NaOH
solutions. Other combined methods were also developed, such as chemical treatment combined with
desilication, which is exemplified by the modification of Al-rich ZSM-5 zeolites using the sequential
fluorination-desilication. The resulting materials show broad distribution of significant mesopores , as

well as maintained high Al concentration simultaneously [120].

For typical Al-rich zeolites such as faujasite zeolites X and Y, hierarchical structures commonly cannot
be directly synthesised. Delamunination is necessary for introduce mesopores as the SAR value of
FAU-type zeolites is far from the optimal range identified for the post-synthetic desilication protocol.
Verboekend et al. [91, 121] performed the chemical treatment (using H4EDTA) of zeolite Y. By
reducing the treatment duration from 72 h to only 6 h, it did not strongly influence the formation of
mesopores in Y zeolites. After the desilication treatment of the dealuminated Y with the optimal NaOH
solution (i.e., 0.2 M NAOH at 65 °C for 30 min), both external surface area and mesopore volume of
the materials were remarkably increased, however, significant amorphous phase was formed as well.
They also found that the removal of amorphous Al-rich debris from the sequentially dealuminated and
desilicated zeolites by a following moderate acid treatment (e.g. using Na;H-.EDTA) could enhance
micro- and mesoporosity, increase crystallinity, restore acidity and composition, and, ultimately,
enhance catalytic activity. The conversion of benzene alcohol of three-step modified Y zeolite reaches
84% after 40 min, where pristine and dealunimated-desilicated Y zeolites can only achieved 47% and
53%, respectively. They then normalised the conversion to the Al content and found that the activity of

the three-step modified Y is four-fold and twice of that of pristine Y and dealunimated-desilicated Y
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zeolites, respectively, confirming the effectiveness of the three-step modification. Accordingly, a
general strategy of preparing hierarchical FAU zeolites using the bottom-up and top-down methods was
proposed as presented in Figure 2.8 [122]. A three-step post-synthetic method was then developed
successfully for treating Al-rich MOR-type (SAR = 4.8) by Huang et al. [123]. Using steaming-acid
leaching (with 3 M HNOg)-alkaline treatment (0.1 M NaOH), hierarchical mordenite zeolites with
intracrystalline mesopores centred around 20 nm were obtained, which were fully characterised by TEM
and N physisorption analysis. The crystallinity was preserved while the acidity dropped with an

increase in SAR. Again, it was shown that the three-step treatment was more effective than the one-step
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Figure 2.8 A flow chart of conclusion for hierarchical FAU-type zeolites synthesis using bottom-up and top-
down strategies. Top-down methods consist of steam, acid (red), and base (purple) treatments [122].

2.3 Process intensification for post-synthetic mesoporous zeolites

Since the preparation of porous materials contributes significantly to the environmental impact and
sustainability of the molecule which produced via catalytic synthesis, the sustainable aspects of porous
materials, concerning aspects of raw materials, synthesis, and/or modification should be considered for
the sustainability of their catalytic applications thereafter [124]. Based on the concept of green and
sustainable chemistry, as mentioned in previous section, the bottom-up strategy still suffers from
limitations such as non-recyclable and high-cost templates. By contrast, top-down method is more
efficient and practical for sustainable industrial application. However, it is obvious that almost all top-
down methods still experience relative long treatment duration at relative high temperature (nearly
80—-200 °C) contributing to a high energy cost process and low efficiency. Thereafter, new

developments to intensify post-synthetic methods are continuously reported in recent years. It has been
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shown that alternative energy such as microwave (MW) and ultrasound (US) can remarkably reduce
the synthesis time of zeolites thus making the synthesis and/or modification of zeolites more efficient

regarding the energy and time usages [125-127].

2.3.1 Microwave energy and ultrasound energy

Microwaves are a form of electromagnetic radiation with wavelengths in a frequency range from 300
MHz to 300 GHz (wavelength between 1 m and 1 mm), where typical operation frequency of MW is
915 £ 15 MHz and 2.45 £ 0.15 GHz. The use of 2.45 GHz (12.2 cm wavelength) is more prevalent due
to the fact that energy absorption is maximum for water at this frequency. Additionally, magnetrons at
this frequency are widely available in laboratory (and household) microwave instrument [128, 129]. In
the case of energy transfer under microwave irradiation, the alternating electric field is primarily
responsible for heat generation, interacting with dielectric molecules via two modes of action: dipolar
orientation and ionic conduction. In dipolar orientation, the dipole molecules in the electric field tend
to align them with the magnetic field, and hence they oscillate according to the oscillation of the
magnetic field. Dielectric heating occurs due to the friction between rotating molecules which results
in heating the bulk phase. In ionic conduction, a free ion or ionic species moves translationally through
space, attempting to align with the changing electric field. The friction between these moving species
results in heat generation which is similar to dipolar orientation (as exhibited in Figure 2.9 (a)). In both
cases, the more polar and/or ionic of species, the more efficient they promote heat generation.
Microwave irradiation is fundamentally different from conventional heating (Figure 2.9 (b)), and thus
having the potential to be explored for developing efficient and effective methods for the synthesis and

post-modification of zeolites.
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Figure 2.9 (a) Mechanisms of microwave heating: dipolar rotation (or orientation) and ionic (or electrical)
conduction; and (b) comparison between conventionally conductive heating and microwave-assisted heating
[130].

Ultrasonic irradiation has the frequency larger than 20 kHz, which can provide intensified localised
conditions regarding temperatures and pressures in liquids[131]. In the field of zeolite synthesis and
modification, sonication is the act of applying sound energy to agitate particles in a heterogeneous
sample by using an ultrasonic bath or an ultrasonic probe, colloguially known as a sonicator. Since
sound waves propagating through a liquid at ultrasonic frequencies with wavelengths much longer than
molecular dimensions or the bond length between atoms in the molecule, the sound wave cannot directly
affect the vibrational energy of the bond, therefore, cannot directly increase the internal energy of a
molecule, i.e., no direct interaction between ultrasound and the chemical species at the molecular level
[132]. Instead, ultrasound causes cavitation events that refer to the formation, growth and violent

collapse of micro-bubbles in a liquid medium.

Ultrasonication generates alternating, expanding and compressing sound waves, leading to the
formation and oscillation of small vacuum bubbles. During the expansion in ultrasonic field, gas in the
liquid diffuses into the vacuum bubbles, and conversely, the gas within the bubble diffuses back into
the liquid bulk during compression. However, due to the relatively small surface area of bubbles not all
gas molecules within the bubble can diffuse out. After multiple expansion and compression, micro-
bubbles holding ultrasonic energy grow continuously to reach a critical size, causing the bubble collapse
during one compression cycle [23]. The collapse of the bubbles is an almost adiabatic process, resulting
in high speed impinging liquid jets and strong hydrodynamic shear-forces. Bubble collapse in liquids

produces enormous amounts of energy via the conversion of kinetic energy of the liquid motion to heat
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of the content in the bubble. A very short-lived localised hot-spot is generated as the compression of
the bubbles during cavitation is more rapid than thermal transport. These hot spots can reach a
temperature of around 5,000 °C, pressures of roughly 1,000 bar, and heating and cooling rates above
1,010 °C st [129]. For liquids containing solids, similar phenomena may occur when exposed to
ultrasound. Once cavitation occurs near the extended solid surface (fin), the cavity collapse is
nonspherical and causes high-speed ejection of liquid. These jets and associated shockwaves can
damage the now highly heated solid surface. The liquid-solid suspension thereafter generates high-
speed particle collisions, which alter the surface morphology, composition and reactivity of the solid

particles [133].

Applications of ultrasound in chemistry often use frequencies of 20-100 kHz. When the intensity is
higher than 10 watts per square centimetre, cavitation can be inducted in liquid media. In general,
ultrasound baths in laboratory operate near to 40 kHz, where physical effects of ultrasound (e.g.
emulsification and surface damage) are more dominant at lower frequencies, and cavitation occurs over
the full frequency range [131]. Thus, sonication gives the benefits for accelerating the nucleation and

crystallisation of various zeolites (e.g. SSZ-13 CHA-type [134], erionite ERI-type [135] and NaX FAU-

type [136]).

2.3.2 Microwave-assisted post-synthetic treatments

Considering the thermal requirement in zeolite synthesis, microwave irradiation can instantly heat up
the system via dipolar orientation and/or electrical conduction, therefore, in comparison with the
conventional heating, resulting in a more efficient, more precise, and safer mode of heating, and hence
has been acknowledged with its benefits for zeolite synthesis since 1980s [22, 137-139]. Moreover, it
is found that under comparable conditions, the microwave heating is faster than the hydrothermal

method and has no destructive effect on the molecular sieve skeleton structure [140].

MW-assisted post-synthetic modification was firstly applied on titanosilicate ETS-10 possessing a
three-dimensional system of interconnected micropores with dimensions of about 0.8 x 0.5 nm [141,

142]. ETS-10 zeolites in hydrogen peroxide solutions with various weight percent were heated up to
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150 °C under MW irradiation and held for 15 min. As compared to the conventional treatment (ETS-
10 was treated three times with fresh 10 wt % H,O; solution for 20 min each time at room temperature),
MW-assisted method can introduce starkly mesopores in EST-10 zeolite frameworks, indicating the
effective volume heating by MW accounted for the rapid fabrication of mesopores in ETS-10 [143].
Consequently, MW-assisted post-synthetic modification resulted in abundant intracrystalline
mesopores and improved catalytic performance in the Beckmann rearrangement of cyclohexanone

oxime.

Zhang et al. [144] also used H,O- solution with MW-assisted method to generate mesoporosity in
microporous Beta zeolite frameworks. Different from above mechanism which literally applied MW to
intensify the extraction of Ti metals by H.0-, in this work secondary porosity was created via the local
explosion by MW-assisted rapid decomposition of H,0.. Specifically, H.O, was decomposed to
generate gases under microwave irradiation (4—30 wt% of H.02, MW is set at 180 °C holding for only
9 min), which rushed out from the framework and created secondary mesopores in line with the
direction of the pristine crystal channels. In the microexplosion, both dealumination and desilication
occured and the acidity and microporosity were well preserved. The hierarchical structure and preserved
acidity in the modified Beta zeolites benefited to the catalysis, which was reflected by the increase in
the conversion of 2-methoxynaphthalene acylation and the selectivity to the target molecule of 2-acetyl-

6-methoxynapthalene.

Sonia Abell6 and Javier Pérez-Ramirez [145] firstly applied MW-assisted desilication on NH4-form
ZSM-5 (SAR = 37 and 40) and successfully prepared hierarchically structured zeolites combining
micro-/meso-porosity. In this work, the effect of the heating time of the alkaline treatment (with 0.2 M
NaOH at 65 °C) under both microwave and conventional conditions was investigated. The optimal
treatment time was measured as 30 and 3 min, respectively, for the conventional and MW treatment.
Under the MW condition, substantial mesoporosity wWith Sexiernai Of 230 m?g~ and Vmeso 0f 0.39 cm?g*
was created in the resulting ZSM-5 after 3 min, which was comparable with that of the modified ZSM-
5 from the 30 min conventional alkaline treatment. Other studies of employing MW irradiation to

intensify the desilication treatment of zeolites for introducing hierarchical porosity into zeolite
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frameworks, i.e., by reducing the treatment time, were also reported such as mild basic solution (e.g.
treated ZSM-5 with NH4OH or ethylenediamine) [146] or additional PDA (e.g. modified ZSM-5 with

CTAB and modified BEA with TPAOH) [147, 148].

Paixdo et al. [149] performed the MW-assisted desilication of NHs-form MOR zeolites. Due to the
relatively low SAR of the selected MOR (SAR = 20), under the conventional hydrothermal alkaline
condition (0.2M at 85 °C) and extended treatment time of >2 h was necessary to generate mesopores in
MOR. In comparison with ZSM-5 [145], MW-assisted desilication showed similar promoting effect on
MOR zeolites regarding the mesoporosity development. However, MW irradiation benefited the
conversion of the fraction of MOR framework (with intrinsic micropore size <0.7 nm) to large
micropores with pore size between 0.7 and 2 nm. The authors claimed that, in the conventional
hydrothermal desilication, inward corrosion (from the outer surface of zeolite crystals toward the
interior) prevails which leads to the heterogeneous mesoporous features. On the other hand, in
desilication under microwave conditions, the zeolite framework absorbs MW radiation directly to
enable the quick and uniform heating, and hence the uniform extraction of Si species and the resulting
homogeneous perforated crystals (confirmed by TEM analysis). Similar phenomena, i.e., the formation
of well-dispersed mesopores in the modified MOR zeolite due to MW irradiation (0.4 M NaOH alkaline

modification), were reported as well [150].

As previous work suggested that MW-assisted desilication may be a generic approach for efficient and
effective creation of mesoporous zeolites, the method was employed to fabricate mesoporous ZSM-12
(MTW, which is a one-dimensional zeolite with framework of 12-membered ring channel systems)
[151]. In this study, NaOH concentration was varied from 0.1 to 0.3 M and the treatment time was fixed
at 10 min under MW irradiation. Again the method was effective to create intracrystalline mesoporous
structures in ZSM-12 zeolite, e.g. Vimeso = 0.34 and 0.53 cm3 g, respectively, for the resulting zeolites
treated with 0.2 M and 0.3 M NaOH solutions after 10 min as presented in Table 2.1. However, the
silica-rich extra framework deposits were also formed and blocked the micropores. n-heptane cracking
was performed to evaluate the catalytic activity of the modified ZSM-12. The sample modified with 0.3

M NaOH (by the MW method) presented a high conversion at ~ 75.4% and propylene-to-ethylene ratio
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of 0.7. However, the improvement of catalytic activity was insignificant as compared with that by the

parent ZSM-12, which could be contributed to the reduced acidity caused by the framework collapse.

Table 2.1 Porous properties of the parent and modified ZSM-12 zeolites [151].

Sample Sexternal SeT Vmicro Vmeso
(m*g™h (m*g™ (cm*g™) (cm*g™)

Parent ZSM-12 40 306 0.175 0.09

0.2 M 10 min 205 134 0 0.34

0.3 M 10 min 380 180 0 0.53

MW-assisted dealumination of zeolites was also investigated uisng several Al-rich zeolites. Gonzalez
et al. modified Na-form MOR (SAR = 6.5) [152], Na-form ZSM-5 (SAR = 20) and Na-form Beta (SAR
= 10) [153] with 6 M HCI using the MW-assisted and hydrothermal reflux or autoclaving methods.
Comparatively, the treated samples by the MW method showed the relatively large reduction in the
crystallinity and unit cell volume compared with those by the conventional treatments, reflecting the
relatively high degree extraction of Al species from the framework under MW irradiation. However,
compared with the parent MOR zeolite, the MW-assisted dealumination did not promote the creation
of mesoporous structures, being comparable with the conventional hydrothermal methods. In order to
evaluate the catalytic activity of the MOR zeolites under investigation, the isomerisation of styrene
oxide to yiled B-phenylacetaldehyde (PA) and 2-ethoxy-2-phenylethanol (EPE) was carried out. The
dealuminated zeolites by the MW method (15 min treatment time) showed high conversions of
73-100%, whereas the dealuminated zeolites by the conventional methods showed relatively low
conversions of 32-49%. The difference of the modified MOR zeolites in catalysis was attributed to
their acidic properties which were different (according to the NHs-TPD analysis) depending on the
heating methods employed by the dealumination method. Later, the same post-synthetic treatments
were applied on Beta and ZSM-5 zeolites [153], which showed the effectiveness of the MW-assisted

dealumination for Al extraction from Al-rich Beta and ZSM-5 zeolites.

Shekara et al. [154] systematically studied the influence of p-toluenesulfonic acid (p-TSA)
concentration, dealumination temperature and time on BEA zeolites under both MW and hydrothermal

conditions. It was found that 2 min was sufficient to dealuminate BEA zeolite under MW irradiation,
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conversely, the conventional hydrothermal method required at least 2 h to achieve the same level of
dealumination. Additionally, the extent of dealumination depended on the concentration of p-TSA at a
fixed temperature. Although dealumination of BEA zeolite was achieved with high efficiency regarding
the treatment time under the MW condition, mesoporosity development was not significant in the
relevant treated zeolites. Comparative catalysis of esterification of p-cresol with phenylacetic acid
(PAA) for p-cresyl phenyl acetate (PCPA)) showed that the MW modified Beta zeolite presented the
high conversions of PAA and yield of PCPA, respectively, which could be contributed to the varied
acid sites in the modified zeolites. This work demonstrated that the use of MW irradiation in the post-
synthetic dealumination of zeolite Beta was more efficient and controllable than the conventional
method. Recently, Wang et al. [140] modified H-form Beta (SAR = 16) using acetic acid (0.3-1.5 M)
at 80 °C for 30 min under MW irradiation. As expected, MW-assisted dealumination did not contribute
to the formation of mesoporosity in Beta zeolite, but adjusted the surface acidity of the resulting zeolites

(e.g. reduction in strong acid).

2.3.3 Ultrasound-assisted post-synthetic treatments

The first post-synthetic treatment of zeolites under ultrasound irradiation was performed by Shu et al.
[155], in whcih4A zeolite (LTA type, SAR = 1) was dispersed in the solution of toluene and thionyl
chloride and kept in a sonication bath for 12, 24 or 48 h at 40 °C. The control experiments under the
conventional hydrothermal conditions (i.e., in a water bath under stirring) were also performed.
Ultrasound irradiation was highly efficient to dealuminate 4A zeolite under ambient conditions at
around 40 °C, creating octahedral-coordinated Al species in the modified zeolites. The SAR value
increased with an increase of the treatment time extends, and Al species were almost fully removed
after 48 h treatment under sonication. The sonication treatment also caused the decrease of Sger, i.e.,
421.3 m? g* for the parent 4A zeolite and 293.8 m? g~* for the modified sample after 48 h sonication
treatment. Although the authors claimed the formation of mesopores in 4A zeolite due to Al extraction,
no corresponding mesoporous data (e.g. Smeso, Vimeso and mesopore PSD) were provided. Conversely,
the treated 4A samples by the conventional method did not show the development of mesoporosity,

showing the effect of ultrasound irradiation on dealumination of 4A zeolite under the condition
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investigated. The work attributed the effective dealumination to the local heating phenomenon caused
by ultrasound cavitation. The pioneering work showed the potential of employing sonication for
intensifying dealumination of zeolites. Ultrasound-assisted dealumination was then performed on Al-
rich zeolite Y after 8 years [156]. The work used acetylacetone solution to extract Al from zeolite
framework, and the treatment was conducted under both sonication (for 30 min) and conventional (for
2 h under stirring) at room temperature. Similarly, ultrasound showed the capability of efficient
dealumination of Y zeolite, giving the modified samples with high SAR values, reduced surface areas

and relative crystallinity.

Ultrasound also showed the potential to shorten the desilication treatment and enabled the modification
under milder conditions. Khoshbin and Karimzadeh [157] performed desilication of the as-synthesised
microporous ZSM-5 (SAR = ~20) using 0.05 M NaOH at ambient temperature. The treatment was
performed under the conventional stirring condition for 60 min and ultrasound condition (for 10, 20 and
30 min, respectively). It was found that, in comparison with the sample modified by the conventional
method, the modified samples from the sonication treatment possesses lower crystallinity, higher
external surface area and mesopore volume. Specifically, the sample from the sonication treatment (for
20 min) presented the well-developed hysteresis loop, indicating the introduction of mesoporosity (with
external surface area of about 90 m? g~* and mesopore volume of around 0.1 cm® g-1). The acidity and
accessibility of the resulting zeolite increased with an increase in the treatment time under sonication
which resulted in the improved performance in catalytic cracking of naphtha. Recent study also showed
the positive effect of ultrasound irradiation on the post-synthetic desilication treatment of Y in presence
of PDA for preparing hierarchical Y zeolites [158]. The authors mixed NaOH/TPAOH solution with
Si-rich zeolite Y (SAR = 30) and kept the mixture at room temperature for 30 min under ultrasound
irradiation (for comparison, conventional desilication method using the same alkaline solution at 80 °C
for 30 min was also performed). The relevant SAR and porous properties of the parent and treated Y
zeolites are shown in Table 2.2. Comparative catalysis of furfural decarbonylation was used to assess

the activity of the zeolitic materials under investigation, and the mesoporous Y zeolites obtained by the
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ultrasound-assisted method showed the improved activity due to the well-developed mesoporosity

(Table 2.2).

Table 2.2 SAR values (by ICP) and porous properties (by N2 physisorption) of the modified Y zeolites from the
conventional and ultrasound-assisted desilication methods [158].

Sample Vimicro (€M g™ Vimeso (cM3g™) SAR
Parent Y 0.260 0.290 31
Conventional method with 10% TPAOH 0.190 0.947 20
Ultrasound-assisted method with 10% TPAOH 0.150 1.071 21
Conventional method with 40% TPAOH 0.232 0.936 24
Ultrasound-assisted method with 40% TPAOH 0.085 0.916 24
Conventional method with 70% TPAOH 0.208 0.717 26
Ultrasound-assisted method with 70% TPAOH  0.209 0.740 26

2.4 Characterisation of zeolites

2.4.1 Powder X-ray diffraction

Powder X-ray diffraction is widely used for crystallographic structure identification, chemical
composition and unit cell dimensions of crystalline materials. X-rays considered as electromagnetic
radiation with wavelength between 1071° to 10-8 m are generated by accelerated electrons colliding with
materials. In a vacuum cathode ray tube, electrons are produced by heating tungsten and then
accelerated under high voltage to collide anode metal target. Orbital electrons are bombarded out of
inner electron shell of the metal target (such as Cu, Fe, Mo and Cr) by those incident electrons with
high energy. After that, electrons in higher energy levels (i.e., 2p and 3p) fill the vacancies in low energy
level (1s), and characteristic X-ray spectra are emitted. The electronic transition from 2p to 1s is called
Ka, whereas from 3p to 1s is called Kp. In order to have monochromatic X-rays for further diffraction,
foils (i.e., Ni, Mn, Zr or V) are applied to barricade K3 which has weaker intensity than Ka. For zeolite
characterisation, copper is commonly used as the anode target since copper gives the best cost and
wavelengths above 1 A (Ko = 1.5418 A). The monochromatic X-rays then strike atoms of the sample
and elastic scattering takes place. Due to the periodic arrangement of regular arrays of atoms or ions in
crystals, constructive interference of scattered monochromatic waves occurs in specific directions when

conditions satisfy with Bragg’s law:
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ni=2d sin(0) (Eq. 2.1)
where n is an integer (ns%), A it the wave length of the incident X-ray, d is the interplanar

spacing in the atomic lattice and & is the angle between incident X-ray and crystal reflecting planes.

Figure 2.10 Two parallel lattice planes reflect two X-ray beams.

As the sample and detector rotated at an angle of 26, reflected signal of X-ray beams are recorded,
processed, counted and converted to diffraction patterns. The intensity of the diffractions are determined
by the distribution of the elections in the unit cell. Lattice planes going through areas with high electron
density reflect strongly, and conversely low electron density gives weak diffracted intensities. Each
type of crystallite has its specific diffraction pattern typically treated as ‘fingerprint’ for classification
and identification. Moreover, the size of crystallite can also be obtained from X-ray diffraction pattern.
The size is related to the full width of peak at half maximum according to Scherrer equation:
L— KA (Eg.2.2)
pcos(6)
where L is the mean crystal size, K is a shape factor, 4 is the X-ray wavelength, £ is the half width

subtracting the instrumental line broadening at 26 in radians.

The crystallinity of the sample can be identified by comparison of d-spacings (or known as characteristic
diffraction peaks) with standard patterns, and the framework SAR can theoretically be determined by

diffraction patterns and empirical formula [159].
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2.4.2 Gas sorption analysis

Gas physisorption is widely used to determining the pore architecture of porous materials, including
zeolites. It occurs when gas or vapour phase (adsorbate) contacts with the solid surface (adsorbent). The
interaction between gas molecules and the surface of the adsorbent is mainly governed by the Van der
Waals forces and without any forms of chemical bonding. The interplay between the fluid-wall and
fluid-fluid interactions as well as the effect of the confined pore space on the state of fluids confined to
narrow pores always influence the behaviour of molecular physisorption in zeolites which lead to
various types of isotherms. The International Union of Pure and Applied Chemistry (IUPAC) has
classified six types of isotherms and three types of pores (according to their internal pore width, i.e., the
diameter in case of cylindrical pores and the distance between opposite walls in case of slit pores) [160].
Pores with the pore width of smaller than 2 nm are called micropores, between 2—-50 nm are called
mesopores, and greater than 50 nm are called macropores. Regarding the definition of nanopores, they
commonly refer to pores with the pore width not exceeding 100 nm. The isotherms illustrate the amount
of adsorbate adsorbed as a function of the equilibrium pressure (as the relative pressure, p/po, where p
is the actual pressure and po is the saturation pressure at a given temperature) of the gas at constant
temperature. Over the past 30 years, IUPAC refined the classification of physisorption isotherms as

shown in Figure 2.11.
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Figure 2.11 IUPAC classification of physisorption isotherms [161, 162]. B symphonises the formation of
monolayer.

Common isotherms measured for porous solids include type I, Il, and IV. Type | isotherms represent
the monolayer adsorption on microporous solids (e.g. zeolites) which have small external surface areas,
and hence the adsorption on them is limited by the accessible microporous volume. Type 1(a) suggests
microporous materials with narrow micropores smaller than 1 nm, and Type I(b) isotherms indicates

wider micropores and narrow mesopores less than about 2.5 nm.

Type 1l isotherms are given by macroporous or non-porous solids, indicating monolayer-multilayer
adsorption. Especially point B implies where adsorption multilayer is about to begin, and monolayer
adsorption is finished. The amount of adsorbed gas molecules appears to increase without limit when

p/po = 1.

Type IV isotherms show similar sorption path to that of Type Il initially, and then are followed by pore
condensation. In the case of Type IV(a), the special feature of hysteresis loops is associated with the

capillary condensation which occurs during the desorption of adsorbed gas molecules from mesopores
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whose sizes are larger than 4 nm. At the initial stage of adsorption, monolayer adsorption of adsorbate
molecules on the wall occurs. As the more vapour molecules enter the pore, vapour molecules interact
with each other for multilayer adsorption which leads to the formation of condensed state. This process
continues until meniscus is formed, which can keep gas-liquid phase equilibrium even below the
saturated vapour pressure. Therefore, it is difficult to break this gas-liquid phase balance for desorption
processes, in which case hysteresis loops occur. Reversible Type IV(b) isotherms are signatures of
materials with relatively small mesopores (less than 4 nm) and/or conical and cylindrical mesopores

that are closed at the tapered end.

2.4.2.1 Type of hysteresis loops

H1 H2(a) H2(b)

T l Y

H3 H4 H5

Amount adsorbed ————
™~
™~

% '
—7

Relative pressure ———————jimm——

Figure 2.12 IUPAC classification of hysteresis loops [161].

Type H1 loop is associated with a narrow range of uniform mesopores. A common characteristic of
many hysteresis loops is the steep region of the desorption branch which leads to the occurrence of the
lower closure point. Particularly for ink-bottle-shape pores associated with type H2(a) and H2(b), the
wide body of the pore remains filled until the neck part evaporates at a lower vapour pressure. Type

H2(a) hysteresis loops have very steep desorption branch, which can be contributed to narrow range of
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pore necks or cavitation-induced evaporation. At a given temperature, the neck size controls whether
pore blocking or cavitation occurs. Above a certain critical neck size (For N, and argon, Ar, adsorption
at —196.15 °C and —186.15 °C, respectively, = 6 nm) pore blocking occurs, and below this cavitation
controlled evaporation takes place. The Type H2(b) loop is related to pore blocking, where the size

distribution of necks is much wider than the size distribution of pores.

Type H3 loop with adsorption branch resembles Type Il isotherm, is found with slit-shape pores,
arrogated plate-like materials or macroporous materials which are not completely filled by adsorbate
condensate. Type H4 loop contains a composite of Type | and Type Il adsorption branch. This loop is
often found with arrogated zeolites or some mesoporous zeolites. Type H5 is caused by a material

consisting of both open and partially blocked mesoporosity [163].

2.4.2.2 Choice of gas adsorbate

N at —196.15 °C has been generally considered as the standard adsorbate for porosity analysis of porous
materials. However, N2 physisorption is not suitable for the quantitative assessment of ultramicropores
(pore width < 0.7 nm). Because of the presence N> molecular quadrupole moment, they can generate
specific interaction (e.g. fluid-wall attraction) with polar surfaces (i.e., surface functional groups and
exposed ions) of zeolites or other microporous materials during adsorption leading to unsatisfied
microporosity evaluation, especially for ultramicropore assessment. Argon (Ar) at —186.15 °C can
overcome this limitation because Ar molecule does not have specific interaction with polar surfaces.
However, kinetic restriction at cryogenic temperatures still prevents both Ar and N, at —186.15 °C and
—196.15 °C, respectively, from diffusing into the small micropores with pore widths of <0.45 nm.
Consequently, CO, adsorption at 0 °C is frequently used for the ultramicropore analysis. CO, molecule
has the relatively small kinetic diameter of 0.33 nm (for comparison: 0.36 nm for N and 0.34 nm for
Ar) which facilitate the diffusion of CO; into ultramicropores. However, it is still challenging to perform
the porosity analysis of porous materials with polar surfaces, mainly because of the existence of CO»
molecular quadrupole moments, which is similar to N> molecules. Although a range of probe molecules

has been explored and applied to probe porosity of porous materials, they all have different limitations.
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Accordingly, combination of different gas physisorption analyses is necessary to obtain the

comprehensive information on porosity [164].

2.4.2.3 Brunauer-Emmett-Teller (BET) surface area

The Langmuir adsorption model assumes that (i) the surface is homogeneous, (ii) adsorption is
monolayer adsorption, (iii) no (or ideally) interactions between adsorptive and adsorbent, and (iv) all
adsorbing sites are energetically equivalent. Accordingly, the Langmuir equation is applicable to
describe Type | isotherms for microporous materials. The BET method extended the monolayer
Langmuir theory to multilayer adsorption, being widely used as the standard method to analyse gas
sorption data to obtain the specific surface area of porous materials [165]. To ensure the valid use of
the BET method, the following assumptions are made: (i) gas molecules physically adsorb on a solid
surface in layers infinitely, (ii) all the adsorption sites for multilayer adsorption are energetically

identical, and (iii) multilayer adsorption is govern by the Van der Waals forces.

p/pp, _ 1 C-1 (Eq. 2.3)
n(1-p/p,) n,C " n,C (p/po)
which is derived in:
1/[n((p/ps)-1)]=(1/n,C)+[(C ~1)/n,C](p/ps) (Eq. 24)

where n is the specific adsorbed gas quantity in mol g™ at the relative pressure p/po; nm is the specific
monolayer adsorbed gas quantity in mol g*; and C is the BET constant related to the enthalpy of

adsorption.

The specific surface area, i.e., the BET surface area (Sger), can be derived from monolayer capacity nm
in the range of linearity of the BET plot, which is always restricted within the p/po range of ~ 0.05-0.30,

as shown in (Eqg. 2.5):
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Seer =N, N, o (Eq. 2.5)
where Na is the Avogadro constant (6.022 x 10~ mol), and o is the average cross-sectional area of
the adsorptive molecule (o(N2) = 0.162 nm?). The Sger can also be derived from the volume of the

adsorbed gas in the monolayer Vi, (cm® g) and molar volume M (22,414 cm?® mol2):

V.N,o (Eq. 2.6)
SBET ZT

In practice, the following three principles are recommended when applying the BET method to the
sorption data: (i) the C constant is positive (positive intercept of the linear fit); (ii) the value of the slope
of the linear fit is positive (where the term n(1—p/p,) continuously increases with p/po); (iii) the BET

monolayer capacity ny, falls within the pressure region selected for the calculation.

2.4.2.4 t-plot method

t-plot method [166] is generally used for assessing the micropore volume and external surface area in
micro- and meso-porous zeolites. As the researchers found, the multi-molecular layer of adsorbed N>
could be formed freely on all parts of the surface, its statistical thickness, t (nm), is practically
independent of the nature of the sample. The relation of the volume of N adsorbed (Va, cm® [STP] g**

of adsorbent) and the thickness of the adsorbed N; layer t are presented in following equation:

1547V, Eq.2.7

t

SBET
where the constant 15.47 represents the conversion of the gas to liquid volume. The data are expressed
in terms of an average thickness of the adsorbed layer t and redrawn as a t-curve, a plot of the amount
of adsorbed N, (cm?® g1) at corresponding relative pressure (p/po) as an empirical function of t under

—196.15 °C. The Harkins and Jura empirical equation is applied for calculating t [167]:

(Eg. 2.8)

~ 13.99 !
1 0.034-1log(p/p,)

58



By plotting the V,, for an unknown zeolite sample as a function of the experimental t, a straight line as
long as the multilayer is formed unhindered. This straight line goes through the origin and its slope is a

measure of surface area, S; (m? g™%):

1547V, Eq. 2.9
t

S

The intercept and slope of the straight line are interpreted as the micropore volume and the external

surface area, respectively, according to the following relations:

V, =ix0.001547(cm®) Eqg.2.10
S,(m°g*)=15.47xs Eq. 2.11
where i and s are the intercept and slope of the straight line, respectively. In the presence of
microporosity, it is necessary to define the external surface of the porous materials, that is, the non-
microporous surface. For example, the external surface area refers to the mesopore surface area of the
mesopore zeolites. Four shapes of t-plot are presented in Figure 2.13. For micro- and meso-porous
zeolites, the intercept Va (cm® g1) of the first linear segment on the y-axis is proportional to the
micropore volume, Vmico (cm® g) according to the Gurvich rule [168], whereas the slope s is

proportional to the external surface area, Smeso (M? g74).
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Figure 2.13 t-plot shapes derived from N, adsorption isotherms [168, 169].
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2.4.2.5 Pore size distribution

A wide range of methods to determine characterisation of micropores are based on the standard gas
adsorption analysis. The method for the determination of micropore volume is based on the work by
Horvath and Kawzoe (HK), i.e., the H-K method. The H-K method can be used to calculate micropore
volume distribution of pores with specific geometries such as slit, cylindrical and spherical pores.
Recently, density functional theory (DFT) and non-local-density functional theory (NLDFT) methods
are developed, which enable the pore size analysis of different size micropores with the improved

accuracy.

BJH method developed by Harrett, Joyner and Halenda is based on modified Kelvin equation. The
Kelvin equation provides a relationship between the pore diameter and the pore condensation pressure,
and predicts that pore condensation shifts to a high relative pressure with an increase of pore diameter
and temperature. The BJH method based on the adsorption and desorption branch of adsorption
isotherms yields different results since adsorption corresponds to a progressive filling of mesopores,
whereas desorption generally associates with the sudden evaporation of condensed adsorbate from the
pores. Accordingly, when calculating pore size distribution, the selection of adsorption or desorption
may give different results. The BJH pore size distribution (PSD) based on desorption branch always
gives an artificial distribution at around 4 nm, caused by the spontaneous evaporation of metastable
pore liquid (cavitation, i.e., the tensile strength effect). In contrast, the BJH method based PSD using
the adsorption branch does not give this artificial peak. Therefore, in order to present the appropriate

mesopore size distribution, it is a prudential choice to compare desorption and adsorption branches.

2.4.3 Mercury porosimetry

Mercury porosimetry is principally aimed at porous materials with pore between 500 um and 3.5 nm.
Since mercury is a non-wetting liquid (i.e. liquid-solid contact angle greater than 90°) and cannot
spontaneously penetrate pores by capillary action, it must be forced into the pores by the application of
a pressure (i.e. Ap, equilibrated pressure) exceeding the saturated vapour pressure [170]. Mercury

porosimetry is most often conducted as a quasi-equilibrium experiment. The equilibrated pressure is
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inversely proportional to the size of the pores, only slight pressure being required to intrude mercury
into large macropores, whereas much greater pressures are required to force mercury into small pores.
This is because forcing mercury into small pores greatly increases the mercury surface area in contact
with the material, and the surface tension force (y) opposes this unfavourable expansion in contact [171].

The Ap needed to intrude mercury is calculated from the Young-Laplace equation [172]:

1 1 (Eg. 2.12)
Ap=y(=+-)
n n

where r1 and r are the radius of curvature of the mercury—gas meniscus. Essentially, the pore shape is

assumed as a cylindrical pore geometry in mercury porosimetry such that:

rL=r,=r_.cosd (Eq. 2.13)

pore

where rgore IS the corresponding pore size, and 4 is the mercury—gas—solid contact angle (> 90° for non-
wetting liquid). After that, the Washburn equation can be derived:

_ 2ycosé (Eq.2.14)
r

pore

Ap

The value of surface tension and contact angle are typically taken as 0.48 N m™ and 130-140°,
respectively. This provides a simple relationship to convert the mercury pressure into a pore size. By
measuring the volume of mercury that intrudes into the sample material with each pressure change, the
volume of pores in the corresponding size class is known. In addition, several techniques are available
to determine a more accurate contact angle for mercury porosimetry, which was thoroughly discussed

in elsewhere [170, 171].

2.4.4 Nuclear magnetic resonance (NMR)

2.4.4.1 The nuclear magnetic resonance phenomenon

In addition to mass (mass number, A) and charge (atomic number, Z), nuclei have angular momentum
when experience spinning action. Practically, nuclei can be analysed by nuclear magnetic resonance
(NMR) technique when their spin quantum number I is not zero. Based on quantum mechanics, the
nucleus possesses magnetic moment when | is not zero, and it has 21+1 possible spin orientations or
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states. In the absence of a magnetic field, all the states have same energy level. When the nucleus is
placed in a magnetic field Bo, these states present different potential energy (or called a split of spin
energy levels) and transitions show up between adjacent states with the adsorption or emission of
photons in radio frequency range. The nuclear moment can be aligned with (+) and against (-) the field
Bo direction. Nuclei experience different magnetic fields when they are in different environments since
surrounding electrons can shield these magnetic fields in different degrees and thus slightly influence
the frequencies of photons absorbed or emitted. The energy level transitions is reflected by NMR
phenomena. The radio frequency of a nucleus is presented as chemical shift and measured relative to
an external reference chemical. Literally, the spinning nuclei move on a cone around By, field performing
like a gyroscope in the gravitational field, instead of flipping over and aligning with the B, field direction.

This precessional motion of their spin axes is so called Larmor precession.

In NMR method, magnetic quantum number refers to m as the direction of the angular momentum

vector, given by the series:

m=1,(1-1),(1-2),..—1 (Eq. 2.15)
For example, | of H is 1/2, m may be +1/2 (lower energy level, align with the magnetic field) and —1/2
(higher energy level, against the magnetic field). If | = 1, the values of mare 1, 0 and —1. Particularly,
m obtained by | based on empirical model relating to A and Z: (i) if both A and Z are even, land mis 0
and nucleus has no magnetic moment (e.g. 2C and *0), (ii) if A and Z are even and odd, respectively,
I is integer and the nucleus is difficult for NMR analysis; and (iii) when A is odd | will be half-integer
(e.g.*H, Y0, #’Al, 2Si in aluminosilicate framework) which is suitable for NMR analysis. As mentioned
above, only transitions between adjacent energy levels are allowed, so if | = 3/2, transitions between m

=+3/2 and m = +1/2, between m = +1/2 and m =-1/2 and between m = —1/2 and m = —3/2 are possible.

Since the magnetisation vector is not permanent around the magnetic field, it will return to the
thermodynamic equilibrium orientation, which is parallel to the Bo field direction. This dynamic process
is named as T: (longitudinal relaxation). There is another relaxation process, called T, (transverse

relaxation) which determines the time for the transverse magnetisation decay. Figure 2.14 illustrates the
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T, relaxation. In NMR spectroscopy, any process causing T; relaxation also results in T, relaxation as
the energy exchange affects one of the spins contributing to the xy-plane, and T- is always less than or

equal to T;1. Both processes occur simultaneously.

Figure 2.14 (a) A resonant 90° pulse rotates the spin magnetisation to the transverse plane; (b) spins in the z-
direction are preserved and xy-plane transforms into phase coherence. After that, the 180° pulse flips the spins in
the xy-plane; and (c) finally spins refocus align the y-axis [173].

2.4.4.2 Magic angle spinning (MAS)

In solid samples, more significant dipolar interaction arises due to the shorter space between a certain
nucleus and neighbouring nuclear magnetic moments as compared to liquids. When the molecules have
different orientations to the external magnetic field, nuclei will present different magnetic shielding and
resonance frequencies, resulting in chemical shift anisotropy. Moreover, for solid samples nuclei with
I >1/2, the non-spherical electron distribution generates an electrical quadrupolar moment which
interacts with the nucleus, and this interaction is called the quadrupolar interaction. As compared with

liquid samples, solids always present broadened and overlapped NMR spectral lines due to the
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disruption of dipolar interaction, chemical shift anisotropy, quadrupolar and relatively short spin-spin

relaxation time.

Magic angle spinning (MAS) technique has been employed to diminish the dipolar interaction and
chemical shift anisotropy to enhance the spectral resolution for solid-state NMR experiment. The
sample rotor is rapidly spun at a fixed magic angle (5 = 54.74° = 55°44'8") respect to the magnetic field
Bo [174]. When the rotor spins at g = 54.74°, the chemical shift anisotropy will be entirely eliminated
and the dipolar interaction will be partially disappeared. Hence, a narrow spectra with high resolution

can be obtained for extracting the information.

Bo 4
B=55°44’8"

Figure 2.15 The sample (grey cylinder) is spinning at a high speed and inclined to the magnetic field.

2.4.4.3 NMR analysis in zeolites

NMR spectroscopy has been widely used in analysis of zeolite structure, diffusion, and catalysis. 2’Al
MAS NMR can be applied to determine the chemical environment of zeolite frameworks, being suitable
to allow the qualitative and quantitative analysis of Al species including both the framework and extra-
framework Al. For zeolite in sodium form, the position of Na* can be detected by 2Na MAS NMR.
Commonly, 3P and “'Ti/*Ti NMR are applied on zeolites with phosphorous (i.e., SAPO zeolites) and
titanium (i.e., TS-1), respectively. When it comes to acid sites characterisation, *H MAS NMR has been
developed to determine zeolite surface OH groups in diverse chemical environments. Table 2.3 lists the

properties of the NMR isotopes at 9.4 T magnetic field.

64



Table 2.3 NMR isotopes and frequencies in zeolite chemistry.

Nucleus z Spin Natural Frequency at9.4 T Relative sensitivity
abundance (%) (MHz)

H 1 12 99.98 400.19 5,870.00

B 5 3/2 80.10 128.39 776.47

B 5 3 19.90 42.99 23.23

BC 6 172 1.07 100.63 1.00

BN 7 1/2 0.37 40.56 0.022

170 8 5/2 0.038 54.25 0.065

9F 9 1/2 100.00 376.56 4,900.00

Na 11 3/2 100.00 105.86 545.29

Mg 12 5/2 10.00 24.49 1.58

2TAl 13 5/2 100.00 104.27 1,217.65

25 14 12 4.68 79.50 2.16

sip 15 12 100.00 162.00 391.00

41T 22 5/2 7.44 22.56 0.92

T 22 712 5.41 22.57 1.21

129%e 54 1/2 26.44 111.29 33.60

295 chemical shifts

2Si MAS NMR spectra are generally used for Si distribution. In aluminosilicate zeolite structure,
silicon atoms are coordinated in tetrahedral form consisting of five different silicon chemical
environments denoted as Si(nAl) units, where n = 0,1,2,3,4 corresponds to the number of neighbouring
aluminium atoms. Each unit has one specific chemical shift range, which is summarised in Table 2.4
and Figure 2.16. As the amount n of neighbouring Al increased, the signals are systematically shifted
to high field. In addition to the number of Al in the second coordination sphere of the central Si atom
with a given number of Si—O-T bridges (degree of tetrahedral Al substitution), the presence of
crystallographically inequivalent Si(nAl) sites may affect the °Si chemical shift (i.e., the length of Si—O
and bond angles) as well. Accordingly, differences in #Si chemical shifts may be common in zeolites
with different crystallography, though these zeolites have analogous chemical components [175]. In
addition, the existence of OH groups bound with silicon atoms and located at the outer surface of
zeolites structure or defect sites can also result in the shift of signals to low field from the corresponding
Si(nAl) units and overlap with the Si(n+1(Al)) signal. In order to acquire the information for SiOH,

'H/?°Si cross polarisation technique can be applied for qualitative analysis.
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Table 2.4 °Sj chemical shifts.

Si(nAl) Chemical shift refers to TMS
(ppm)
Si(0Al) -102 ~-120
Si(1Al) -97 ~ -107
Si(2Al) -92 ~-100
Si(3Al) -85 ~-94
Si(4Al) -82 ~-92
(a) (b)
OH @ osi osi @2 0si osi
Al Al Al Si Si HO-8i-0H HO-8i-0H HO-8Si—-08i HO - 8i—0Si Si0 = 8Si—08i
o o o O o ol OH om osi osi
AlOSIOAI AlOSiOSi SiOSiOSi SiOSiOSi SiOSiOSi
v g 9 O 9 0Al Si(4Al 0si Si(3Al 0Si Si(2Al) 0Si Si(1Al
Al Al Al Al Si DALSi(aAl) OS1 Si(3Al) oSt SLSI(IA)
e Si(4A) e Si(3A 1) e Si(2Al) e Si( 1 Al) = Si(OAL) AlDTa-0Al  AlOTSrOAl  AlOFSi-08, AlD=S=0Rt
0Al 0Al 0Al 0si
E 3 Si(4Al)
I Si(3Al)
Sio,C, i Si(2Al)
E 3 Si(1Al)
= D' — Si(OAl)
— \ - D? 3
505 SiOg
m Q°
¢ Si0, --Q1 .
-
1 L 1 1 . 1 L 1 ™S & — Q_ ¢
-80 -90 -100 -110 -120 € ? | l ‘{ r { }' 9 L3
Chemical shift (ppm) 5;/ppm 0 -20 -40 -60 -80 -100 -120 150 -200

Figure 2.16 Range of 2°Si chemical shifts in zeolites [175, 176].

Loewenstein’s rule suggests that each zeolite framework Al atom bonds with four O-Si—O and Al-O-

Al linkages are not allowed. Accordingly, the zeolite framework silicon-to-aluminium ratio (SARF) can

be directly calculated based on the peak intensity of the five 2°Si peaks using (Eq. 2.16):

4 4
SAR, ZZ ISi(nAI)/ZO'anISi(nAI)
n=0 n=0

where Isipaly is the peak intensity of the Si(nAl) unit.

(Eq. 2.16)

(Eg. 2.16) has been widely applied to zeolites X and Y. However, for zeolites containing

crystallographically inequivalent Si sites such as mordenite, offretite and erionite, several inequivalent

Si sites may simultaneously contribute to a certain Si(nAl) unit peak, which is likely to cause resonance

peaks overlapping. For instance, as shown in Figure 2.17, comparison between zeolites with different
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SAR values shows the existence of inequivalent Si sites in Si(OAl), and part of the Si sites may be the

non-framework Si species, which can potentially lead to a higher SARr value when (Eq. 2.16) is used.

Si(1Al)
Si(0AI)

Si(1Al) Si(2Al)

/'\/Si(oAl) Si(1Al)
N

A
/ ) Mordenite

Oftretite

(C) Si(2Al)

SI(0AD Si(oAn

-90 -100 -1l0 “120 —s0 -100 -110 -120

Figure 2.17 2°Si NMR spectra of (a) mordenite (SAR < 10), (b) siliceous mordenite (SAR > 100); (c) offretite
(SAR < 10) and (d) siliceous offretite (SAR > 100) [177].

27Al chemical shifts

Since the spin quantum number of 2’Al is 5/2, the 2’ Al resonance spectra are wider due to quadrupolar
moment. In order to minimise the influence of broaden signals, several efforts such as applying
significantly strong By field, high spinning rates, and rehydration of zeolite samples, have been made
to develop reliable and ‘visible’ aluminium spectra. MAS technique successfully narrows the Al
resonances by decreasing quadrupolar interaction. Generally, framework Al four-coordinated with four
O-Si—0 has a single resonance peak around 50 to 65 ppm, whereas non-framework six-coordinated Al
presents one peak around 0 ppm (both use Al(H.0)6** as the reference). Although one-dimensional 2’Al
MAS NMR is a popular technique to determine framework and non-framework Al, it still cannot
eliminate quadrupolar interaction. Thus ‘invisible’ aluminium gives rise to asymmetric tetrahedrally
coordinated Al peak. Further detection of ‘invisible’ 2’Al can be achieved by double rotation, dynamic

angle spinning, and multiple quantum two-dimensional NMR spectroscopy.

2.4.5 Fourier-transform infrared spectroscopy

Infrared spectroscopy has been developed to elucidate chemical bonds and then molecular structure of

both organic and inorganic compounds. By measuring the absorption or transmission of infrared
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radiation over a range of wavelengths, the functional groups in a chemical compound can be identified.
When infrared radiation excites molecular vibrations, and if the radiation frequency matches with the
vibration one of molecule, the infrared irradiation will be absorbed by molecule. This absorption causes
transitions between two vibrational energy levels and transitions between quantised rotational energy
levels occur at the same time [178]. The stretching frequency, v (s™), of two linked atoms depends on

the force constant (k) and the reduced mass (W) [179], as shown in (Eg. 2.17) and (Eq. 2.18):

1 [k

v=—"o: I|— (Eq. 2.17)
2r\ u

_ MlMZ

H= M.+ M, (Eqg. 2.18)

where M; and M are masses of two atoms, respectively.

The absorbed IR frequency increases as the mass of attached atoms decreases. Once one of the atoms
in the molecule is replaced by an isotope, the stretching frequency will be changed. In (Eq. 2.17), v can

be denoted as v = v, where v is the light speed (3x108 m s1) and ¥ is the wavenumber (cm?).

Table 2.5 Electromagnetic spectrum [180].

Region Wave number range (cm™) Molecular spectra
Visible & ultraviolet (UV) > 14,000 Electronic transitions
Near IR 14,000-4,000 Molecular vibrations
Mid IR 4,000-400 Molecular vibrations
Far IR 400-4 Molecular vibrations
Microwave <4 Molecular rotations

Table 2.5 lists the electromagnetic spectrum. As moving from top to down, the energy, frequency and
wavenumber all perform a decreased trending. FT-IR measurements for zeolites are generally used in
the mid IR region, i.e., 4,000 to 400 cm™* (as shown in Table 2.5) at a resolution of 4 cm™. The spectral
resolution in cm™ is equal to the reciprocal of the maximal retardation in cm. Thus, a resolution of 4
cm is obtained from the maximal retardation in 0.25 cm. In order to calculate the absorbance of the
functional group, the infrared spectrum of the amount of absorbed light versus wavenumber is plotted.

The absorbance spectrum is calculated by:
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A=log(l, /1) (Eq. 2.19)
where A is absorbance, |y is the intensity in the background spectrum, | is the intensity in the sample
spectrum. A can also be presented trough Beer-Lambert Law, which is related to molecular

concentration:

A=c¢lc (Eq. 2.20)
where ¢ is the molar attenuation coefficient of the material (L mol=t cm™), | is the pathlength (cm) and
¢ is the molar concentration (mol L™). Therefore, the height of a characteristic peak is proportional to

concentration providing a possibility for quantitative analysis.

The infrared spectrum can also be plotted into percent transmittance T (%) versus wavenumber:

T(%)=II—><100% (Eq. 2.21)

0

Percent transmittance can be transformed to absorbance through A=log(1/T). Normally, percent

transmittance and absorbance are used for identification and quantitative analysis, respectively.

Nowadays, a Fourier Transform Infrared (FTIR) Spectrometer commonly consists of a beam source
and Michelson interferometer. Figure 2.18 elucidates the working principle of Michelson interferometer.
In a Michelson interferometer adapted for FTIR, a beam from the polychromatic infrared source is
collimated and directed to a beam splitter. The beam splitter reflects half of the beam toward a fixed
mirror and transmits the rest toward a moving mirror. Two beams are reflected from two mirrors back
to the beam splitter, and transmitted and reflected, respectively again. The latter beams interfere with
each other, pass into the sample compartment and refocus on to the detector. As the relative path length
is affected by the moving mirror, an interferogram can be obtained by translating the moving mirror to
vary the optical path difference. After collecting signals, the spectrum is gained by carrying out an

inverse Fourier transformation.
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Figure 2.18 Schematic diagram of a Michelson interferometer.

FTIR provides the stretching information of zeolite frameworks and the nature of zeolite surface
hydroxyl groups. Table 2.6 concludes various structural unit vibrational bands in zeolites. Although
certain chemical groups or bonds only vibrate at the characteristic frequency range, more than one
infrared frequency can be absorbed by certain bonds and groups. For instance, tetrahedral bonds
(T—O-T, where T represents Si or Al atom) have three different vibrational modes at three different
frequency ranges between 1,400 cm and 400 cm. IR spectroscopy also gives information about
secondary building units such as single rings and double rings. The greater the member ring is, the

lower vibrational frequency it will be.

Table 2.6 zeolite structural unit vibrational bands [181].

Internal tetrahedra External linkages
Vibrational mode Frequency (cm™) Vibrational mode Frequency (cm™)
Asymmetric stretch 1,250-950 Asymmetric stretch 1,150-1,050
Symmetric stretch 720-650 Symmetric stretch 820-750
T-O bend 500-420 Double rings 650-500

Pore openings 420-300
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IR spectroscopy is not suitable to distinguish Al-O stretching and Si—O stretching, however, it is
sensitive to the amount of aluminium in aluminosilicate zeolites. IR technique has been used for
tracking changes in SARr Variation of Al amount changes the T-O-T bond angles because the Al
atoms have smaller size and different charge density compared to Si atoms, which lead to a shift in
frequency for symmetric and asymmetric stretching in zeolite. With a decrease in the Al content in
zeolite frameworks, the symmetric and asymmetric stretching, as well as secondary building unit

vibrations such as double rings, show a shift to higher frequency (or known as higher wavenumber).

Acidity of hydroxyl groups in dehydrated zeolites can also be studied by IR spectroscopy measuring
O—H stretching. Normally three types O—H groups are mainly present on protonic form zeolite: bridging
hydroxyl groups (Si—-OH-AI, Bregnsted acid site), silanol groups on the zeolite outer surfaces (Si—OH,
external silanols) and O—H on lattice defects (e.g. Si—OH, internal silanols and Si-OH-HO-Si silanol
nests). Nevertheless, hydrogen-bonded hydroxyl groups located in silanol nests also contribute to
zeolite O—H stretching. The stretching frequency of bridging hydroxyl groups depends on the size and
shape of the rings or cages where the hydroxyl group is located and on chemical composition such as
SARE and the cations. Generally, the bridging hydroxyl group stretching is identified by IR in two
ranges: (i) the high frequency signals between 3,650 and 3,550 cm~ correspond to the O—H located in
large rings (larger than eight-membered ring, i.e., supercage of FAU type zeolites); and (ii) low
frequency signals 3,580-3,530 cm™ correspond to the O—H vibration in six- or eight-membered rings
(i.e., sodalite cages in FAU type zeolites) [182]. The frequency of external silanols is in a range of
3,750-3,745 cm™, whereas internal silanols and silanol nests have a frequency range between 3,735
and 3,700 cm™. Due to hydrogen bonding, hydrogen-bonded hydroxyl groups result in a prominently

broad absorption band at 3,650-3,200 cm™* centred around 3,500 cm™2.

In order to gain detailed information on acidity, IR measurement of probe molecules absorbed on zeolite
frameworks is very useful. Both Brgnsted and Lewis acid sites can be identified and quantified by the
technique. Pyridine is one of the most widely used probe molecules, especially in FAU type zeolites.

Commonly, the pyridine absorption bands at ~1,540 cm™ belongs to the protonated pyridine on
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Bransted acid sites, whilst the band at ~1,450 cm™ is related to non-protonated pyridine on Lewis acid
sites. The physisorbed pyridine bands are present at around 1,490 cm™ and absorption bands of
pyridinium ion adsorbed on cations (e.g. Na*, K+ and so on) are centred at around 1,440 cm™. Based on
Beer-Lambert Law (Eg. 2.20), the concentration of acid sites can be derived through molar extinction

coefficient (p, cm mmol) and the amount of adsorbed probe molecule [159]:

2
X X
p (Bransted ) I I B r
w

C( Bronsted) —

(Eq. 2.22)

2
p(Lewis) X J‘ I L X r
W

(Eq. 2.23)

C(Le-wis) =
where ¢ (mmol g™) is concentrations of acid sites, _[IB and jIL are the integral intensity of bands

corresponding to Brgnsted and Lewis acidity, respectively. r (cm) and w (g) are the diameter and weight
of zeolite wafer, respectively. It is worth noting that the molar coefficient should be determined for a

particular probe on a given zeolite.
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Chapter 3 On the effect of mesoporosity of FAU Y zeolites in the
liquid-phase catalysis

This chapter was based on the published work on the porosity, acidity and activity in liquid-phase
catalysis of three commercial Y zeolites possessing different SAR. R. Zhang, S. Xu, D. Raja, N.B.
Khusni, J. Liu, J. Zhang, S. Abdulridha, H. Xiang, S. Jiang, Y. Guan, Y. Jiao, X. Fan, Microporous and

Mesoporous Mater., 278 (2019) 297—306. https://doi.org/10.1016/j.micromes0.2018.12.003

3.1 Introduction

Considering zeolite catalysis, both porous and acidic properties of zeolites are important. However, the
microporous nature of zeolites (pore width <1 nm) generally limits the accessibility of acidic sites to
bulky molecules, resulting in diffusion-limited reactions and/or deactivation due to coking [122, 183-
187]. This is, in general, the driving force for developing zeolites with mesoporosity and/or mesoporous
materials such as MCM-41 and SBA-15 [188]. Comparing zeolites with the hierarchical (or open)
mesoporosity to mesoporous materials, the former shows much better performance in catalysis
(regarding activity and stability), due to the presence of strong acidity along with the hierarchical inter-
connected mesoporosity [184]. For example, the amphiphilic organosilane surfactant promoted
mesoporous MFI zeolite (BET surface area = 590 m? g%, SAR = 20, average pore size = 7.4 nm)
demonstrated a drastically high activity in the ethanol to olefin/gasoline reaction in comparison to the
mesoporous AI-MCM-41 (BET = 948 m? g%, SAR (silicon-to-aluminium ratio) = 20), i.e., 86% versus

< 1% in conversion [189].

Among various developed strategies of making zeolites with mesoporosity, post-synthetic
modifications of zeolites, such as dealumination by steaming, acid leaching and/or chemical treatment
and desilication by alkaline treatment, are practical methods to obtain zeolite with mesoporosity
robustly and economically [122, 185, 190-192], exemplified by the commercial success of ultra-stable
Y zeolites (USY) [91, 121, 193]. Post-synthetic modifications are well-known ‘top-down’ method [122,
183, 185, 186], creating mesoporous structures via the destructive approaches by removing framework

Al and/or Si species. Undoubtedly, the modification of the acidity of the resulting zeolites also occurs
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along with the development of intercrystalline mesoporosity, and hence contributing to the improved
catalytic performance. Therefore, systematic and comparative studies into the role of both acidity and
porosity in catalysis are necessary to facilitate the rational design of zeolites with mesoporosity. Remy
et al. performed the combined MAS NMR and XPS spectroscopic study of a series of commercial
dealuminated Y zeolites (hydrogen form or H form), suggesting that the presence of tetra-/penta-
coordinated aluminium sites were responsible for the activity in hydroisomerisation of heptane and
decane [193]. However, the detailed analysis of porous properties was missing from the study [193],
which might contribute to the measured activity as well. Insight into the effect of pore size and shape
selectivity of various zeolites (ranging from ZK-5 to Y) on the catalytic conversion of glucose was
obtained by Jae et al. without the consideration of the acidic property of these zeolites [194]. Very recent
work by Osatiashtiani et al. on Y catalysed acetic acid esterification reactions showed the specific effect
of surface hydrophobicity (due to dealumination) on esterification, as well as the importance of active

site accessibility (due to mesoporosity) [195].

In addition to the traditional petrochemical reactions such as cracking and alkylation [187], zeolites
have also found increasing applications as catalysts for liquid-phase reactions [186], especially the
condensation-type reactions for fine chemical synthesis [196, 197] and biochemical conversion [195].
In the liquid-phase system, zeolites with mesoporosity show the significantly improved catalytic
performance than the parent microporous zeolites [189, 195, 198, 199], because the improved mass
transport of molecules is particularly more important in the liquid-phase than the gas-phase reactions
[200]. As the influence of the acidity of zeolites on the observed catalytic behaviours is also important,
more work on the liquid-phase catalysis on zeolites and zeolites with mesoporosity is required to deepen
the understanding of the influence of mesoporosity and acidity on the catalytic activity of zeolites in

the liquid phase.

This chapter presents a comprehensive analysis of porosity and acidity of three commercial FAU Y
zeolites followed by their catalytic evaluation in condensation reactions, aiming at understanding the
influence of porous and acidic properties on the catalytic activity of the commercial Y zeolites.

Specifically, the porosity of Y zeolites was analysed using the combined N, physisorption and mercury
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(Hg) porosimetry to obtain the comprehensive description and characterisation of the hierarchical
feature of mesopores in the samples. Acidic properties of the catalysts were characterised using the
ammonia temperature-programmed desorption (NHs-TPD), and pyridine Fourier transform infrared
(pyridine-IR) analyses. Aldol condensation of benzaldehyde with 1-heptanal and Fischer esterification

of methanol with carboxylic acids were used as model reactions to determine catalytic activity.

3.2 Experimental

3.2.1 Zeolite Y catalysts and chemicals

Commercial Y zeolites (CBV300, CVB720 and CVB760) were obtained from Zeolyst International.
CBV300 (NH,4 form) has a SAR of 2.6. Before use, CBV300 was and calcined at 450 °C (heating rate
=5°C min?, holding time =5 h) to convert to its H* form (denoted as HY-2.6). CVB720 and CVB760
have the SAR of 15 and 30, respectively, and are in their H forms, denoted as HY-15 and HY-30,
respectively. According to the literature [193], HY-15 and HY-30 were prepared by the steam and acid

treatment of CBV300.

Chemical for catalytic condensation reactions were all used as received, including benzaldehyde
(ReagentPlus®, = 99%, Sigma-Aldrich), 1-heptanal (97%, Alfa Saesar), dodecane (ReagentPlus®, =
99%, Sigma-Aldrich), a-Amylcinnamaldehyde (jasminaldehyde, 97%, Sigma-Aldrich), propionic acid
(ACS Reagent, > 99.5%, Sigma-Aldrich), hexanoic acid (> 99%, Aldrich), lauric acid (Fluorochem),
methanol (anhydrous, 99.8%, Aldrich), methyl propionate (99%, Aldrich), methyl hexanoate (99%,
Alfa Aesar), methyl laurate (> 98%, FG ,Aldrich), dihexyl ether (97%, Sigma-Aldrich) and ethanol

(99.7-100%, absolute, VWR International).

3.2.2 Characterisation of materials

N2 physisorption analysis of catalysts at —196.5 °C was performed using a Micromeritics 3Flex Surface
Characterisation Analyser. Prior to N2 sorption measurements, zeolite samples (150 mg) were degassed
at 200 °C under vacuum overnight. Specific surface area of materials was determined based on the BET

method. Pore size distribution was obtained by the BJH method (using the adsorption branch of
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isotherms) and the non-local density functional theory (NLDFT) [201]. The meso-macro-pore sizes of
the catalysts were also analysed using Hg intrusion porosimetry performed on AutoPore IV 9510

analyser (Micromeritics, pressure range: 0.10 to 60000 psi(a)).

NH;-TPD was performed using a Micromeritics AutoChem Il 2920 chemisorption analyser (~100 mg
sample, 10 °C min?, He flow rate = 30 cm® STP min™?). Details of the NHs-TPD analysis is described
elsewhere [202]. Pyridine Fourier transform infrared (py-FTIR) tests were performed using a nexus
Model Infrared Spectrophotometer (Termo Nicolet Co, USA) operating at 2 cm™ full width at half
maximum (FWHM) equipped with an in situ cell containing CaF, windows. Adsorption of pyridine
was performed at room temperature and then evacuated at 200 °C measuring pyridine adsorbed at all
acid sites. After that, the sample was evacuated in situ at 350 °C corresponding to the pyridine

adsorption at the strong acid sites.

The morphology of Y zeolites was examined by scanning electron microscopy (SEM, Fei Inspect S50
operating at 5 kV accelerating voltage) and transmission electron microscopy (TEM, Fei Tecnai F20
with the operating voltage of 200 kV). Powder X-ray diffraction (PXRD) patterns of the zeolite catalysts
were obtained using a Philips X Pert X-ray diffractometer with the condition of CuKe; radiation, 1 =
1.5406 A, 40 kV, 40 mA, 5° < 26 < 65°, 0.0167° step size. Fourier transform infrared transmission
spectroscopy (FTIR) was performed in a Bruker VERTEX 70 spectrometer with the red light emission
from a Helium-Neon laser and the wide range MIR-FIR beamsplitter and detector. The spectra were
obtained at ambient temperature by 56 scans at 4 cm™ resolution in the wavelength range of 400-4,000

cm?,
3.2.3 Catalytic reactions

Catalytic condensation reactions were carried out using Schlaker reaction tubes (Aldrich®) under N..
Before the catalytic tests, all catalysts were dried in an oven at 150 °C overnight to remove the moisture.
In aldol condensation, the catalyst (200 mg) was firstly loaded into 25 ml Schlaker tube followed by
the addition of benzaldehyde (5 ml, 48.7 mmol), heptanal (1.2 ml, 8.7 mmol) and dodecane (0.2 ml,

0.87 mmol, as the internal standard). Then the resulting suspension was stirred at 300 rpm and 130 °C

76



(in an oil bath) under the inert atmosphere (N2). The reaction mixture (about 0.2 ml) was sampled

periodically (diluted with ethanol and filtered) for gas chromatography (GC) analysis.

The reaction condition of Fischer esterification was adapted from the literature [16, 20]. Typically, 30
mg of the catalyst was first introduced into the Schlaker reaction tube reactor (10 ml), followed by
methanol (6.11 ml, 150 mmol), carboxylic acid (propionic acid: 0.375 ml, hexanoic acid 0.633 ml,
lauric acid 1.129 ml, all 5 mmol) and dihexyl ether (0.12 ml, 0.5 mmol, as the internal standard). Liquid
phase esterification was carried out in an oil bath at an isothermal temperature of 60 °C under stirring
(500 rpm) and an inert atmosphere of N». Aliquots of the mixture (0.2 ml) were withdrawn during the

reaction then diluted with ethanol and filtered into a 2 ml GC vial before being analysed by GC.

Sample analysis was performed using Agilent 7820A GC System with an Agilent J&W HP-5 capillary
column, stationary phase = (5%-Phenyl)-methylpolysiloxane, dimension =30 m % 0.32 um x 0.25 um).
Details of GC methods are described in Table 3.1 and Table 3.2. Products identification was performed
in an Agilent 6890N GC with 5973N Inert MSD (mass selective detectors) system using the same

capillary column.

Table 3.1 GC method for benzaldehyde, heptanal and dodecane (internal standard) using ethanol as a solvent.

10 pl Agilent syringe

Injection 1 pl injection volume with x2 pre-injection and X2 post-injection washes
heater temperature = 280 °C
Inlets split ratio = 50:1 (split flow = 65 ml min™)

temperature limits = —60 °C to 325 °C
stationary phase = (5%-Phenyl)-methylpolysiloxane
dimension = 30 m (length)x0.32 mm (ID)*0.25 pum (film)
Column carrier hydrogen flow = 1 ml min (20 cm sec™)
initial temperature = 130 °C
initial hold time at 130 °C = 2.5 min
ramp = 15 °C min™™,
final temperature = 240 °C
Oven final hold time at 240°C = 5 min
Flame ionization detector (FID)
heater temperature = 320 °C
air flow = 400 mL min™
Detector H; fuel flow = 30 ml min™?
N, make-up flow = 20 ml min™!
data rate = 100 Hz
minimum peak width = 0.002 min
Signals zero at the start of the run
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Table 3.2 GC methods for Fischer esterification of methanol with carboxylic acids, dodecane (internal standard)
using dihexyl ether as an internal standard.

Propionic acid Hexanoic acid Lauric acid
Injection volume (pl) 0.3 0.3 0.3
Inlet heater temperature (°C) 280 280 325
Split ratio (-) 220:1 220:1 220:1
Column flow (ml min™) 1.3 1.3 13
FID heater temperature (°C) 280 320 325
Oven temperature programme (-)  initial T=75°C initial T =120 °C initial T =120 °C

initial hold time at 75 °C

initial hold time at 120 °C

initial hold time at 120 °C

=5 min =5min =5min
ramp = 25 °C min™. ramp = 25 °C min%. ramp = 25 °C min2.
final T =195 °C final T=195°C final T=195 °C
final hold time at 195 °C  final hold time at 195 °C =  final hold time at 195 °C =
=2 min 2 min 7 min
Total run time (min) 11.4 10 15.8

3.3 Results and discussion

3.3.1 Characterisation of Y zeolites

Both XRD patterns and IR spectra of the three catalysts (Figure 3.1) show the characteristic features of
FAU type zeolite. XRD analysis of the catalysts (Figure 3.1 (a)) display the identical characteristic
diffraction peaks of FAU zeolite in the wide angle range of 15.5 to 34.8° 20. By using the Integrated
Peak Area Method [201, 203][204], HY samples show the crystallinity of 100% (HY-2.6), 67% (HY-
15) and 49% (HY-30), respectively. The characteristic vibration bands of Y zeolite were measured by
FT-IR (Figure 3.1 (b)). The band at around 451 cm™ is the structure-insensitive Si-O and/or Al-O
bending vibration of the internal tetrahedral alumosilicate framework [187]. The band at 573 cm™
corresponds to the double six membered ring external linkage peak of FAU zeolites [187, 205]. The
bands between 660 cm™ to 820 cm ™ are assigned to zeolite Y symmetric stretching vibrations [206].
The other two distinct peaks at 1,005 cm™ and 1,143 cm™ are attributed to internal tetrahedral
asymmetrical stretching and external linkage asymmetrical stretching, respectively [207]. The band
shifts of HY-15 and HY-30 (to higher wavenumber) were due to the lower Al content in the sample
compared to that of HY-2.6. Since the Si—O bond length of 1.61 A [208] is shorter than the bond length
of Al-O (1.75 A [209]), the strong Si electronegativity leads to higher vibration frequency, causing the

band shifts to greater wavenumber in HY-15 and 30.
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Figure 3.1 (a) PXRD patterns and (b) FT-IR spectra of zeolite Y catalysts.

Figure 3.3 shows the SEM and TEM micrographs of Y zeolites. As shown in Figure 3.3a, ¢ and e, all
materials present the similar morphology of crystallite aggregates with comparable sizes of 400-600
nm, which is typical for FAU type zeolite. Surface EDS analysis (insets Figure 3.2, Figure 3.3 (a), (c)
and (e), and Table 3.3) gave the SAR of three samples as 2.5, 14.2 and 29.4, respectively, for HY-2.6,
HY-15 and HY-30, similar to their corresponding theoretical SAR values. TEM analysis presents the
close observation of the morphology of Y zeolites. TEM micrograph of HY-2.6 is shown in Figure 3.3
(b), in which a dense and uniform crystalline region was identified, suggesting the absence of
mesoporosity in HY-2.6. Conversely, for HY-15 and HY-30 (Figure 3.3 (d) and (f)), the bright areas in
the micrographs represent intracrystalline mesopores within the two Y zeolites materials. TEM images
of Figure 3.3 (d) and (f) also reveal that the mesopores in HY-15 and HY-30 are not well shaped with

estimated pore sizes of < 20 nm, possibly open at the crystal surface.

79



2
Al
|
Map
MAG: 4000x HV: 15kV_WD: 7.6mm
i i : ‘ 10 & i
keV
|
T T T T T T T
z : H . ) 2 1
keV
nl
Map a8
MAG: 4000x HV: 15kV_WD: 7.6mm T T T T T T
2 i s 8 10 2 1
keV

Figure 3.2 EDS surface elemental analysis of Y zeolites: (a) for HY-2.6, (b) for HY-15 and (c) for HY-30.
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Figure 3.3 SEM and TEM micrograms of commercial zeolite Y catalysts: (a) and (b) for HY-2.6; (c) and (d) for
HY-15; (e) and (f) for HY-30. Insets: the relevant EDS spectra of catalysts.

Table 3.3 EDS surface elemental analysis of Y zeolites.

Sample HY-2.6 HY-15 HY-30

Element Atomic percentage Error Atomic percentage Error Atomic percentage Error
[at.%] [%] [at.%] [%] [at.%] [%]

Oxygen 71.95 6.6 70.01 6.8 67.81 6.2

Silicon (Si) 19.99 1.3 28.02 1.9 31.13 2.0

Aluminium (Al) 8.06 0.6 1.98 0.2 1.06 0.1

SAR? 2.5 14.2 29.4

4Silicon-to-aluminium ratio
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3.3.2 Pore structure analysis of Y zeolites

N adsorption-desorption isotherms of Y zeolites are shown in Figure 3.4 (a), from which the
comprehensive information of their porous characteristics was extracted, especially the specific surface
areas and pore volumes, as summarised in Table 3.4. N sorption isotherm of HY-2.6 is a typical
Langmuir type isotherm (type | in the Brunauer-Deming-Deming-Teller (BDDT) classification [210])
which is the signature for the microporous crystalline materials. On the other hand, N sorption
isotherms of HY-15 and HY-30 show the hysteresis loops after the micropore adsorption, indicating the
presence of mesoporous structures in their crystalline domain. According to the literature [193], HY-15
and 30 were obtained using the post-synthetic treatment of HY-2.6 (i.e., the parent material) by steaming
(twice under severe conditions) and subsequently by mineral acid leaching. In the former step, the parent
zeolite Y was dealuminated due to the high-temperature steam treatment [193], after which the
aluminium agglomerates are present in the crystalline framework, blocking the porous networks. The
subsequent acid leaching could dissolve the aluminium agglomerates, rendering mesopores in the
resulting zeolitic materials. Since the HY-15 and HY-30 went through the comparable post-synthetic
treatment, similarities in their N, adsorption-desorption curves and porous features could be explained.
Through the destructive post-synthetic treatments, mesoporosity was created in the zeolitic framework
by sacrificing zeolites’ intrinsic microporosity, leading to the decrease in the micropore area (as the
values of Smicro in Table 3.4, reduced by 16.6% and 23.8%, respectively, for HY-15 and 30 comparing
to HY-2.6). However, the total specific surface areas (i.e., Sger) of HY-15 and HY-30 were compensated

by the created external surface area, resulting in the improved Sget than that of HY-2.6.
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Figure 3.4 (a) N2 sorption isotherms at —196.5 °C and (b) mercury intrusion/extrusion curves of commercial Y
zeolites with different SAR.

Table 3.4 Comprehensive analysis of pore structures (regarding specific surface areas and pore volumes) of
commercial Y zeolites.

N sorption Mercury porosimetry
Catalysts  Specific surface areas [m?>g!] Specific pore volumes [cm® g™

Smicroa Sexternala BET Vmicroa Vmeso, sb Vmeso, IC Vtotald

Sng VHgf
[mg™] [em*g™]

HY-2.6 858 9 867 036 0 0 036 0 0
HY-15 716 231 947 030 7.4x102% 0.11 055 146 5.0x1072
HY-30 654 291 946 027 46x102% 0.13 058 141 5.8x1072

at-plot method; ° pore size range = 2-5 nm, calculations were based on the cumulative pore volume from the BJH method; ©
pore size range >5 nm, calculations were based on the cumulative pore volume from the BJH method; 9single point adsorption
total pore volume at p/p°®= 0.99; ®pore size range >5 nm, calculations were based on the cumulative pore by Hg intrusion; fpore
size range >5 nm, calculations were based on the cumulative Hg intrusion.

The differential pore size distribution (DPSD) and cumulative pore volume (CPV) curves with reference
to the pore sizes of the materials are shown in Figure 3.5 and Figure 3.6. According to DPSD (Figure
3.5), three Y zeolites show the comparable distribution of pore sizes in the micropore region (centred
at about 0.74 nm). Mesopores with average pore diameters of around 4 and 18 nm were identified in H-
15 and H-30 by the BJH method (red open circles in Figure 3.5 (b), (c) and Figure 3.6, the comparison
of PSD by the BJH and NLDFT method is presented in Figure 3.7). CPV of Y zeolites by N sorption
analysis (Figure 3.5 (a)) shows the pure microporous nature of HY-2.6, i.e., an insignificant increase of

CPV in the mesopore region in comparison to that of HY-15 and HY-30. Conversely, step changes in
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CPV were measured for HY-15 and HY-30 after 2 nm pore size, suggesting the contribution of

mesopores to the cumulative pore volume.
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Figure 3.5 Full range DPSD of commercial Y zeolites by N2 sorption and Hg porosimetry analysis: (a) HY-2.6,
(b) HY-15 and (c) HY-30.
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30.

84



0.0016 T T 0.14 0.0016 T
(a) HY-15 (b) HY-30
. = BJH method 0.12 . = BJH method
T‘ = NLDFT : Il = NLDFT
|
0.0012 \ 0.0012
0.10
—_ =
£ < E
c oy p
o 0.08 S o |
‘€ 0.0008 ' < £ 0.0008
S ‘ 0063 & ]
3 u i =
g ! . L
> pl 0.04 3 > -
T 0.0004 L = T 0.0004
"y L
0.02 y
W o e . -': .
mn -ﬂ.- L '-ll.‘ L 5 L .llll.......
L] [ gy m-m
0.0000 - EEEEE ify-n-l-ww-m-w 0.00 0.0000 = ey o
0 5 10 15 20 0 5 10 15 20
Pore Width (nm) Pore Width (nm)

Figure 3.7 Comparison of the PSD of mesopores obtained by the BJH method and the non-local density functional
theory (NLDFT) method: (a) HY-15 and (b) HY-30.

Considering the reaction in the liquid phase, the diffusivity of species is generally five orders of
magnitude lower than that in the gas phase [211]. Therefore, the open mesoporosity (or hierarchical
mesoporosity) is preferred to be created out from the microporous zeolitic phases to facilitate the
molecular diffusion and increase the accessibility of acid sites (located on the external surface) from
the outside [29, 122]. However, N2 sorption only provides the total mesoporosity including both open
and close mesoporosity (i.e., the closed mesoporoes in crystals that cannot be accessed from the outside,
but can be probed by gas molecules under the gas sorption conditions), as the mesopore volumes by N
sorption (Vmeso) Shown in Table 3.4. Although mercury porosimetry is recognised the standard method
for macropore analysis, recent studies also showed its potential for pore size analysis over a certain
range of meso-macro-pore widths [163, 212-214]. On the other hand, the mercury porosimetric
measurement has the lower theoretical boundary of about 3.5 nm [170], overlooking the hierarchical
mesopores with the pore sizes < 5 nm (which is the practical lower boundary). Therefore, the
effectiveness of a method for creating open mesopores in zeolites needs to be analysed carefully using

the mesopore information from both techniques [163, 215] to avoid any misleading conclusions.

In order to complement the evaluation of mesoporosity in Y zeolites by N» sorption, mercury
porosimetric measurements were performed (Hg intrusion/extrusion curves are shown in Figure 3.4 (b)),
in which the mercury was intruded into accessible gaps/pores in the bulk zeolite samples from the

outside. DPSD of materials by mercury porosimetry is illustrated in Figure 3.5 as the blue hollow
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triangles. In DPSD analysis of Hg porosimetry data for the open mesoporosity, only the pore size range

of 5-100 nm was presented since crystal sizes of Y zeolites were about 400-600 nm (Figure 3.3).

In comparison to DPSD by the BJH method (by N2 physisorption), the presence of large mesopores
with pore sizes of 5-30 nm in HY-15 and HY-30 is obvious, corresponding to the rise in their
cumulative intrusion curves (Figure 3.8 (b)). The detailed comparison of PSDs by the corresponding
logarithmic differential and differential intrusion curves is shown in Figure 3.6. The two methods show
PSDs with a similar trend in region of 10-30 nm, confirming that these larger mesopores are open at
the surface of Y zeolites (i.e., HY-15 and HY-30). However, it is worth noting that, in comparison to
N2 sorption, Hg porosimetry tends to underestimate the pore sizes in this range (Figure 3.6 (b)), showing

the inefficiency of using Hg intrusion to probe small mesopores.
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Figure 3.8 Cumulative pore volume (CPV) curves of commercial Y zeolites by (a) N2 sorption (solid scatters: H-
K cumulative micropore volume; open scatters: BJH desorption cumulative mesopore volume) and (b) Hg
porosimetric measurements.

By comparing the specific mesopore volume data by N» sorption and mercury porosimetry in Table 3.4,
we found that, in the large mesopores region (>5 nm), mercury porosimetry discounted the specific
mesopore volume comparably, by about >50% (i.e., 52.4% for HY-15 and 55.2% for HY-30,
respectively). This confirms that at least 50% of large mesopores in HY-15 and HY-30 is hierarchical,
and hence open (to the outside) at the crystal surface. In the small mesopores region (2-5 nm), N

sorption reveals that HY-15 possesses a larger proportion of small mesopores (ca. 70.1% out of the total
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specific mesopores volume) than that of HY (ca. 35.4%). However, the hierarchical connection between
the small and large mesopores is not clear due to the limitation of the current characterisation techniques.
In summary, N, physisorption and Hg porosimetry analysis reveals that HY-30 possesses an improved
hierarchical mesoporosity than HY-15 with higher values in Sexiemal, Vimeso, 1 @hd Vig, as presented in

Table 3.4.

3.3.3 Acidic properties of Y zeolites by NH3-TPD and pyridine-IR

The evaluation of the acid strength of zeolite catalysts along with the relevant concentration was
conducted using NHs-TPD (Figure 3.9 (a) and Table 3.5). NHs-TPD spectra (Figure 3.9 (a)) show two
desorption steps (relevant peak desorption temperatures of NH3-TPD spectra are shown in Table 3.5)
for all FAU zeolites by ramping the temperature linearly from 100 to 600 °C, suggesting the presence
of acid sites with two strengths in the catalysts. The acid site concentration (Table 3.5) was calculated
using the amount of ammonia desorbed from the catalysts above the two temperatures, showing that
HY-2.6 possesses much more acid sites, especially strong ones, than that of HY-15 and HY-30. The
relative values of total acidity of catalysts correlate well with the amount of aluminium in the catalysts
since Brgnsted acid sites are described as a hydroxyl group bridged between Al and Si (Al-OH-Si are

primarily responsible in zeolites for their strong acidity).
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Figure 3.9 (a) NHs-TPD profiles of zeolite Y catalysts; (b) v(OH) vibrations of the catalysts after pyridine sorption
and subsequent evacuation at 200 °C (top) and 350 °C (bottom); (c) IR spectra, in the region characteristic of
adsorbed pyridine vibrations, of the catalysts after pyridine sorption and evacuation at 200 °C and 350 °C.
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The comprehensive characterisation of acid sites of the catalysts was examined by infrared (IR)
spectroscopic study of pyridine adsorption on the catalysts at the peak desorption temperatures
according to the NHs-TPD. Background IR spectra of the catalysts, in v(OH) region (Figure 3.9 (b)),
show two identifiable bands at around 3,745+3 and 3,660+5 cm™, respectively. Vibration bands
associated with surface isolated silanol groups (Si—OH, or terminal silanols) at about 3,745 cm™ are
obvious after the activation (by outgassing) at 200 °C, suggesting the presence of Si(0Al) building units
in the catalysts [182, 216-218]. Compared to HY-2.6, the presence of terminal silanols in the
dealuminated catalysts of HY-15 and HY-30 is more obvious, reflecting the removal of framework Al
from the two zeolites. The band at around 3,660 cm™ can be assigned to the bridging OH groups
structuring the supercages of Y zeolites [182, 219], which is more observable in HY-2.6 and HY-15
than in HY-30, suggesting the effect due to the sever dealumination. The broad band at lower
frequencies of 3,500-3,200 cm™* was assigned to acidic OH groups in sodalitecages of Y zeolites, which

is common for Al-rich zeolites such as HY-2.6 [218, 219].

Table 3.5 Analysis of NH3-TPD and Py-FTIR data for zeolite Y catalysts.

. o Weak acidit Strong acidity® Total acidity

Sample Temperature at maximum [°C] [mmol g,l]ya [mrgol g*l]y [mmol g 1]
First peak Second peak  Brgnsted® Lewis® Bronsted® Lewis® Brgnsted® Lewis®
HY-2.6 209.1 320.4 0.102 0.951 0.796 0.023 0.898 0.974
HY-15 199.4 338.0 0.011 0.316 0.148 0.002 0.160 0.318
HY-30 190.2 325.9 0 0.050 0.013 0 0.013 0.050

3acidity of the first peak in the NHs-TPD spectra; Pacidity of the second peak in the NH3-TPD spectra; determined by the
pyridine-IR.

Pyridine-IR spectra of the catalysts (Figure 3.9 (c)) allow us to identify the acidity of surface OH groups,
as well as determining the relevant concentration of Brgnsted and Lewis acid sites on zeolite catalysts.
It is well understood that the pyridine adsorption on Brgnsted acid sites forms the pyridinium ions (via
the protonation of pyridine by the OH groups of Bragnsted acid sites), giving the characteristic band at
1,545 cm™ [217-222], which was measured for all three catalysts (Figure 3.9 (c)) after activation at 200
and 350 °C, respectively. After outgassing at 200 °C, bands at 1,455-1,435 cm™* were also measured
which could be attributed to the band of pyridine bonded to Lewis acid sites (surface OH groups of

oxides [217, 223] and/or Lewis acidic low-coordination AI** species [218]). Typically, pyridine
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adsorption on strong Lewis acid gives the characteristic vibration band at about 1,455 cm™ [218]. It is
worth noting that H-bonded pyridine, i.e., physically adsorbed pyridine, typically vibrating at 1,445
cm*, was unlikely to be in the catalyst after activation at 200 °C. Therefore, in this chapter, we assigned
bands in the range of 1,455-1,435 cm™ to Lewis acidity. Acidic features of the catalysts after the
evacuation at 350 °C were shown as the dash lines in Figure 3.9(c), showing the insignificant presence
of Lewis acidity. By integrating the IR bands according to the characteristic peaks of Brgnsted and
Lewis acidity, concentrations of Brensted and Lewis acidity were quantified for the three zeolite
catalysts [221], which was summarised in Table 3.5. HY-2.6 shows a strong presence of Brgnsted and
Lewis acid sites of 0.898 and 0.974 mmol g%, respectively. In general, HY-15 still possesses silica-
alumina domains (i.e., Si(nAl), n = 1-4) as evidenced by a 0.148 mmol g* Brgnsted acid sites within
its strong acidity, whereas, in HY-30, the existance of Bransted acid sites appears to be less significant.
NHs-TPD and pyridine-IR analyses of the catalysts show that the total acidity and the Brensted-to-
Lewis acidity ratio corresponds well to the SAR, in an exponential decay manner, as shown in Figure
3.10. The analysis of the acidic property of Y zeolites suggests that the type of acid sites may vary

significantly, though the similar porous structures are obtained for dealuminated Y zeolites of HY-15

and HY-30.
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Figure 3.10 Total acidity and Brgnsted to Lewis acidity ratio as a function of the SAR of zeolite Y catalysts.
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3.3.4 Catalytic performance of Y zeolites in condensation reactions

Acid catalysed condensation reactions, such as esterification [195, 198, 199], acetalisation [198] and
aldol-type reactions [8], have been used as the effective tool to assess the effectiveness of zeolites with
mesoporosity in liquid-phase catalysis. In condensation reactions, reactants or products with the large
molecular size compared to the dimensions of zeolite pores are involved, making the hierarchical
mesoporosity ideal to allow the reactions. In this chapter, the catalytic activity of Y zeolites was probed
by the Fischer esterification of carboxylic acids of different molecular sizes with methanol and aldol
condensation of benzaldehyde with 1-heptanal for the synthesis of jasminaldehyde (Scheme 3.1).
Repeated reactions were performed with the catalyst used in this chapter, showing that the conversion

and selectivity values were reproducible to better than £5% (Figure 3.11).
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Scheme 3.1 (a) Fischer esterification of methanol with carboxylic acids and (b) aldol condensation of
benzaldehyde with 1-heptanal.
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Figure 3.11 Repeatability test of Y zeolites catalysed reactions (HY-15 as the catalyst for Fischer esterification
reactions, in which C3 = propionic acid, C6 = hexanoic acid, C12 = lauric acid).

Esterification over solid acid catalysts is recently demonstrated by Wilson’s group for upgrading fast
pyrolysis bio-oil [195, 199]. Three carboxylic acids of propionic, hexanoic and lauric acid have the
kinetic diameter of about 0.52, 0.60 and 0.72 nm, respectively, therefore, indicating different levels of
diffusion limitations in the catalytic esterification over zeolite Y having the intrinsic 0.74 nm micropore
size. Kinetic diameters were estimated using the empirical correlation developed by Wang and
Frenklach [224], which has been proved to be adequate to approximate the kinetic diameter of organic
acids [194]. Conversion is intuitive to understand the effect of pore sizes on zeolite catalysed
esterification since the accessibility of acid sites (especially Brgnsted acidic sites on the external surface)
to the organic acid is the prerequisite for the reaction to occur (esterification is initiated by the
protonation of the carbonyl oxygen by acid sites of zeolites, making the carbonyl carbon electrophilic).

Conversely, selectivity is a function of both porosity and acidity in esterification on zeolites.

Figure 3.12 (a) shows that HY-2.6 is not effective to promote the esterification of the three carboxylic
acids with methanol, which is evidenced by <10% conversions in all reactions, suggesting that the
reactions may only take place on the surface of zeolite crystals. Conversely, HY-15 and HY-30 with
hierarchical mesopores (by Hg porosimetry) show significantly improved activities in all esterification

reactions, for example, 4.0% of lauric acid was converted by HY-2.6, while 7.9% and 24.5% was
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converted by HY-15 and HY-30, respectively. Additionally, for the conversion of three carboxylic acids
over one specific catalyst, although the sizes of probing molecules (<1 nm) are much smaller than the
mesopores sizes of HY-15 and HY-30, the steric hindrance imposed by the porous structure of catalysts
is still significant. In Figure 3.12 (a), it was found that the trend conversion of different carboxylic acids
over the catalyst correlates well with the kinetic diameter of carboxylic acids, manifesting the steric

hindrance of molecules in the porous zeolites,

Although HY-15 possesses a higher percentage of small mesopores of 2-5 nm, i.e., Vineso, s is 70% out
of the total specific mesopore volume with HY-30 having only 31%, they seem not contributing to the
conversion of carboxylic acids. As shown in Figure 3.12 (a), HY-30 promote the highest conversion in
esterification reactions, surpassing that of HY-15 by ca. 20% in all cases. This agrees with their specific
external surface areas (Sexernal), @s Well as the mesopore volume data (>50 NM, Vineso, h and Vg in Table
3.4), i.e., both N sorption and Hg porosimetry measured about 20% more Sexwernat aNd mesopore volume
in HY-30 than HY-15. Figure 3.12 (b) shows that the selectivity to the corresponding esters depends on
both molecule size (of carboxylic acids) and zeolites (detailed and quantitative analysis of side
reactions/by-products is out of the scope of present chapter). It is found that, for microporous HY-2.6,
the selectivity was affected notably by the size of carboxylic acids. For propionic acids, 55.5%
selectivity to ethyl propionate was obtained, while only 6.3 % selectivity to methyl laurate was achieved
using lauric acid. Comparatively, this effect was less significant for HY-15 and HY-30 with
mesoporosity. For the esterification of a specific carboxylic acid over different zeolites, HY-30 with the
best hierarchical meso-micro-pore structure demonstrated the highest selectivity to the corresponding
ester. The findings from this study agree well with that by the previous work using ion-exchange resin
catalysts (average pore sizes > 23 nm, average porosity > 0.35 cm?® g!) [225]. In esterification over
mesoporous resin catalysts, side reactions such as alcohol dehydration and transesterification between
the reactants occurred alongside the main reaction, primarily on the active sites inside the pores of
catalysts because the diffusion resistance within the pores is insignificant for these slow reactions.
Conversely, the target reaction of carboxylic acid esterification with alcohol (i.e., the relative fast

reaction) was promoted mainly on the external surface of catalyst particles due to the significant
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diffusion effect on it [225]. Therefore, we expect a similar scenario happened in the system under study.
The presence of open mesoporosity in zeolites is particularly important to the selectivity to esters in the

liquid phase esterification of carboxylic acids with different molecular sizes.

Previously, the hierarchy factor (HF, which is a function of BET and external surface areas and total
and mesopore volumes) was defined to quantify the hierarchy and connectivity of pores in hybrid micro-
meso-porous zeolite materials [226], and hence suggesting the catalyst’s catalytic performance (i.e., the
higher of the HF value, the better of the catalytic activity, although other factors such as acid site
strength also play a role in catalysis). In this chapter, HF values for HY-2.6, HY-15 and HY-30 are
calculated as 0.01, 0.13 and 0.14, respectively, not reflecting their activity data regarding conversion.
HY-15 and HY-30 have comparable values of HF, however, HY-30 gave higher conversions, yields
and selectivities as compared to HY-15. Therefore, the findings of this chapter suggest that the
accessible mesoporosity is still the dominating factor for zeolite catalysis in the liquid phase, especially
for esterification. However, the activity and selectivity data of esterification reaction over Y zeolites do
not correlate well with their acidic properties, suggesting that the porous characteristics have a more

significant impact on esterification than acidity.
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Figure 3.12 (a) Conversion of carboxylic acids in esterification and (b) ester selectivity over zeolite catalysts (30
mg) at 60 °C (molar ratio of carboxylic acid to methanol = 1:30, reaction time = 6 h).
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Figure 3.13 shows the results of aldol condensation of 1-heptanal and benzaldehyde over Y zeolites.
Mechanistic studies of the synthesis of jasminaldehyde over aluminosilicates have been previously
reported by Corma et al. [196, 197], which is beyond the scope of this chapter. Among the three catalysts,
HY-2.6 displays the lowest global reaction rates regarding conversions of 1-heptanal, suggesting that
reactions over HY-2.6 are limited significantly by diffusion. HY-2.6 has the lowest conversion of 1-
heptanal over the course of the reaction (i.e., about 63% at the end of the reaction at 46 h), while HY-
15 and HY-30 exhibits comparable performance of ca. 80% for HY-15 and 78% for HY-30). By
considering the porous structures, the ca. 25% increase in the conversion of 1-heptanal from HY-2.6 to
the HY-15 and HY-30 can be attributed to the presence of a mesoporosity in the latter two cases,
enhancing the accessibility of the reactants into the acid sites within their zeolitic frameworks. For the
selectivity to jasminaldehyde at the end of the reaction (based on the conversion of 1-heptanal), HY-15
exhibited the best performance (ca. 31%), followed by HY-30 (ca. 22%) and HY-2.6 (ca. 12%). Since
both HY-15 and HY-30 have mesoporosities, the promoted formation of jasminaldehyde (kinetic

diameter = 0.74 nm) due to aldol condensation can be expected.

Solid acids catalysed aldol condensation is different from esterification because both reactants, i.e., 1-
heptanal and benzaldehyde, can be protonated and react with the enolic form of 1-heptanal, giving the
major by-product of (E) 2-n-pentyl-2-nonenal and the target product of jasminaldehyde [196, 197].
Again, the link of selectivity to jasminaldehyde in aldol condensation to the acidic property of Y zeolites
is not evident. HY-15 possesses considerably higher amount of acidity (Table 3.5 and Figure 3.9) than
HY-30 (i.e., by 123% for the Bransted acidity and by 576% for the total acidity), not reflecting the
improved selectivity by only ca. 41%. Accordingly, the substantial deficiency of acidity in HY-30
compared to HY-15 does affect the production of jasminaldehyde, as well as not being detrimental

regarding the conversions of 1-heptanal and benzaldehyde.

Regarding the experimental procedure used for the reaction, i.e., catalysts were saturated first by
benzaldehyde (kinetic diameter = 0.58 nm), the larger proportion of mesopores open at the crystal
surface as well as the larger external surface area of HY-30 are prone to be occupied by benzaldehyde.

Hence, the possibility towards other side reactions involving benzaldehyde such as benzoin
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condensation to form benzoin [227] is more likely in HY-30 than HY-15. It is the plausible explanation
for the higher benzaldehyde conversion associated with a lower jasminaldehyde selectivity given by

HY-30 compared to HY-15 (Figure 3.13), despite having more favourable porous properties.
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Figure 3.13 Conversion of 1-heptanal and selectivity to jasminaldehyde as a function of reaction time in the aldol
condensation on Y zeolites (200 mg) at 130 °C (molar ratio of benzaldehyde to 1-heptanal = 5.6).

3.4 Conclusion

The development of zeolitic framework materials sees more their applications in the liquid-phase
catalysis, where mesoporosity is beneficial to mitigate the serious diffusion limitation commonly
experienced by the intrinsic micropores of zeolites. In this chapter, three commercial FAU Y zeolites
were analysed comprehensively for their porous and acidic properties, aiming at elucidating their
catalytic performance in two types of liquid-phase reactions of Fischer esterification and aldol
condensation. The integrated results by N, physisorption and Hg porosimetry showed the importance
of the combined method for obtaining the hierarchical feature of mesoporosity in zeolites. For example,
although HY-15 and HY-30 possess comparable BET surface area and total pore volume, the proportion
of > 5 nm large mesopores in HY-30 was confirmed by the combined method as about 17% higher than

that in HY-15, explaining its better catalytic performance in Fischer esterification reactions.

In comparison to the microporous FAU Y (HY-2.6), the hierarchical mesoporosity in HY-15 and HY -

30 showed significantly improved catalytic performance in both reactions, especially for ones involving
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bulky reactants and products. Detailed acidic characters of Y zeolites showed that the introduction of
meso-micro-pore hierarchy into Y zeolite (via the post-synthetic methods) compromises the acidities
of mesoporous Y significantly. However, the substantial absence of acid sites in HY-15 and HY-30
compared to that of the parent HY-2.6 did not affect the conversion of substrates, suggesting the

determinate role of mesoporosity in the Y zeolite catalysed liquid-phase reactions.
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Chapter 4 Using ultrasound to improve the sequential post-
synthetic modification method for making mesoporous Y zeolites

This chapter was based on the published work on creating hierarchical Y zeolites by sequential
treatments based on ultrasound-assisted desilication methods. R. Zhang, P. Zhong, H. Arandiyan, Y.
Guan, J. Liu, N. Wang, Y. Jiao, X. Fan, Front. Chem. Sci. Eng., 14 (2020) 275-287.

https://doi.org/10.1007/s11705-019-1905-1
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Scheme 4.1 Graphical abstract of mesopore formation from (a) 3-dimentional view and (b) plane view.

4.1 Introduction

Zeolites as a class of crystalline porous materials with intrinsic micropores (i.e., < 1 nm) are being used
considerably by industry as adsorbents and catalysts due to their high specific surface areas, excellent
hydrothermal stability, inclusion of acidity and ion exchange ability. For catalytic application, zeolite
Y, with the intrinsic low SAR of ~2.6 and 12-member ring windows of a 3D channel system (with the
pore width of ~0.74 nm), has been widely used in FCC after its successful synthesis by Breck in 1964
[74], representing the most important technical breakthrough in petrochemical conversions. The

microporous structure of zeolite Y imposes the accessibility and diffusion limitation on their
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applications, which is one of the primary contributing factors to the catalyst deactivation [183], due to
the coke deposition covering acidic sites and/or clogging the micropores [228, 229]. Therefore, to
improve the catalytic performance of zeolites, especially FAU zeolite Y for FCC, it is necessary to
make zeolites with hierarchical meso-micro-pores (or mesoporous zeolites) to mitigate the accessibility
and diffusion limitation. Common strategies for making hierarchical zeolites can be categorised into the
destructive (top-down) and constructive (bottom-up) methods [230]. Although the bottom-up method
can remarkably enhance pore accessibility by soft [231, 232] or hard templating [54], the associated
cost and environmental issues (of using templates) can be problematic for largescale applications in
industry [185]. The top-down method, which creates the intracrystalline mesopores by the post-
synthetic dealumination and/or desilication (via steaming, chemical treatment, acid and base washing)

[185, 233-236], is simple and effective, as well as being practical for industrial adoption.

Dealumination involves the extraction of framework Al species, and it is commonly achieved by
steaming, acid and chemical treatment using mineral (e.g. hydrochloric acid [237]) and organic
chelating agents (or chelators such as ethylenediaminetetraacetic acid, HiEDTA [73] and citric acid
[238]). Chelators not only provide the hydronium ions (for the hydrolysis of framework Al species) but
also complex non-framework Al species to water-soluble complexes which can be easily removed from
the zeolite framework [73, 239]. Particularly for the pristine FAU Y zeolite with low SAR of 2.4-2.6,
dealumination is also necessary to reduce the framework Al concentration, and thus improving its
thermal stability for harsh FCC reaction (500 °C-550 °C) and regeneration (650 °C—760 °C) steps [3,
183]. Desilication via the alkaline treatment is generally effective for zeolites with high SAR (> 20),
such as ZSM-5 (Mobile Flve, MFI type) [240], beta (BEA type) [109], mordenite (MOR type) [241],
to create hierarchical mesopores. Direct desilication of pristine Y zeolite is not effective since the high
concentration of framework Al species protects the framework Si against the attack by OH-.
Accordingly, the sequential dealumination and alkaline treatments of zeolite Y were proposed, creating
mesoporous Y zeolites effectively, in which the first step of dealumination helps to remove the
framework Al partially from the pristine Y zeolite, and the second step of alkaline treatment has multiple

functions, including (i) removing the debris remaining in the zeolite framework by dealumination
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treatment, (ii) enabling the desilication for improving the intracrystalline mesoporosity, and (iii)
facilitating the recrystallisation to recover the crystallinity partially. Verboekend et al. performed the
chemical treatment of a parent Y with SAR = 2.4 for dealumination (using H4EDTA and
ethylenediaminetetraacetic acid disodium salt, Na;H.EDTA, at 100°C for 6 h), and then alkaline
treatment (using aqueous NaOH solution at 65 °C for 30 min), and created hierarchical Y zeolites with
high specific mesopore areas (Sexterna, UP t0 388 m? gt) and mesopore volumes (Vimeso > 0.1 cm® g)
[121]. Accordingly, for the pristine Y zeolite, the preliminary dealumination to increase the bulk SAR
is the prerequisite for the subsequent alkaline treatment to be effective for desilication, and thus the

creation of hierarchical mesoporosity [75, 122].

Although the post-synthetic treatment is robust, effective and practical, the associated drawbacks, such
as being energy intensive (e.g. the steam generation for steaming and lengthy operation at elevated
temperatures for acid leaching and chemical treatment), still need to be addressed for improving the
sustainability of such protocols and the resulting mesoporous zeolites. Over the past years, process
intensification of zeolite synthesis using alternative energy such as microwave and ultrasound has been
proposed and researched and found to be greener and safer than the conventional hydrothermal
synthesis at high temperatures (80-200 °C) and autogenous pressures of the aqueous synthesis solution
[36]. Such process intensification strategies are also extended to post-synthetic modification of zeolites

such as microwave-assisted dealumination [154, 242] and desilication [145].

Ultrasound irradiation (with frequencies > 20 kHz) has proven to be very useful in organic synthesis
and synthesis of nanomaterials (known as sonochemistry) [243]. Ultrasound can be transmitted through
solids, gases and liquids. In liquids, longitudinal vibrations of molecules cause cavitation (i.e., the rapid
formation and collapse of cavities or bubbles in a liquid medium), being responsible for most of the
ultrasonic physical and chemical effects [243]. For post-synthetic treatment systems for zeolite
modification, i.e., liquid-solid systems of zeolite slurry, cavitation due to ultrasound irradiation may
make the additional microscopic stirring effect, intensifying the treatments by improving the local mass
transfer [244]. Ultrasound-assisted desilication of zeolite Y (SAR = 2.6) has been attempted by Oruji et

al. for preparing Y zeolites with mesoporous features [245]. The alkaline treatments were performed
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with 0.5 mol L NaOH at 30 °C for various treatment durations (i.e., 20, 40 and 60 min) under
ultrasound irradiation (at 20 kHz with a probe sonicator). However, the use of ultrasound seemed not
to intensify the post-synthetic alkaline treatment, and the ultrasonic treatment produced the resulting Y
zeolites With Sexternat < 10 m? g% and Vmeso < 0.05 cm? g2, which can hardly be classified into mesoporous
zeolites. Such results can be expected, as discussed above, because it is very difficult to achieve
effective desilication due to the high concentration of framework Al species in the pristine Y zeolite.

Even under severe alkaline conditions (e.g. = 3 mol L2 NaOH and =65 °C), mesoporosity cannot be

introduced in zeolite Y effectively [122]. Therefore, to utilise ultrasound irradiation for intensifying
desilication, either using the parent zeolites with high SAR (i.e., > 20, for the one-step direct alkaline
treatment) or developing relevant sequential dealumination-alkaline treatment strategies for the parent
zeolites with low SAR, especially the pristine zeolite Y, is necessary to realise the desired effect, i.e.,

making mesoporous zeolites.

In this chapter, the possibility of using ultrasound irradiation to intensify the alkaline treatment step in
the sequential post-synthetic treatment of pristine zeolite Y was explored, aiming at preparing
hierarchical Y zeolites more efficiently than the conventional sequential method under hydrothermal
conditions. The first-step chemical treatment of the pristine Y zeolite for dealumination was performed
under hydrothermal conditions using different chelating agents, concentrations and treatment time.
Then the second step of alkaline treatment (of the dealuminated Y zeolites) was performed
comparatively using the conventional hydrothermal treatment and ultrasound-assisted treatment in the
NaOH solution at 65 °C. The resulting Y zeolites are comprehensively characterised regarding their
physical and chemical properties such as crystallinity, porosity, SAR and acidity, as well as being
assessed using the model cracking reactions, demonstrating the effectiveness of the developed
ultrasonic treatment to improve the sequential post-synthetic treatment for making mesoporous Y

zeolites.
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4.2 Materials and methods

4.2.1 Sequential post-synthetic treatments under hydrothermal conditions

For all experiments in this study, the parent ammonium zeolite Y was purchased from Zeolyst

International (i.e., CBV 300, molar SAR = 2.6), and was used as received. HY/EDTA (titration, = 99%,
Aldrich), citric acid (ACS reagent, = 99.5%, Aldrich) and NaOH (reagent grade, 97%, Aldrich) were

all used as received.

For chemical treatment of the parent zeolite Y using different chelators, zeolite Y (4 g for each
experiment) was dispersed in 50 mL of aqueous solution of citric acid and H.EDTA with different
concentrations (in a three-neck flask) and mixed well, then treated hydrothermally at 100 °C
(temperature was maintained by immersing the flask in an oil bath) under stirring and reflux for different
durations from 30 min to 6 h. After the chemical treatment, the system was cooled down to room
temperature, and the dealuminated sample was separated from the solution by centrifugation (at 4400 r
mint). Then, it was washed thoroughly with deionised (DI) water for 5 times and dried at 100 °C in an

oven overnight to obtain the dry dealuminated sample.

For alkaline treatment under the hydrothermal condition, a dry dealuminated sample was treated in 0.2
mol Lt NaOH solution at 65 °C under stirring for 30 min. The desilicated sample was then separated
by centrifugation, washed with DI water for 5 times and dried at 100 °C before characterisation. The
yield after the treatment was determined by comparing the dry mass of the resulting material against

the weight of the starting material.

4.2.2 Sequential post-synthetic treatments involving the ultrasound-assisted alkaline

treatment

The same procedure was used to obtain the dry dealuminated sample. For ultrasound-assisted alkaline
treatment, the dry dealuminated sample was dispersed in 0.2 mol Lt NaOH solution and sonicated at
65 °C for 5 min by immersing the flask in an ultrasonic bath (U500H, 50-60 Hz). The resulting sample

was subject to the same work-up procedure before characterisation.
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Loss of materials was inevitable during the sequential post-synthetic treatments and the work-up
procedure. Therefore, blank experiments (i.e., treating the parent zeolite using the same procedures with
the DI water) were performed to estimate the sample weight loss due to the protocol. The relevant weigh
losses for chemical and alkaline treatments are about 5% and 6%, respectively. The samples were named
accordingly as aY-b-c-d, where a is the acronym of chelators used (i.e., EA for HiEDTA and CA for
citric acid) in chemical treatments, b is the concentration of chelator, ¢ is the time of the chemical
treatment, and d is the condition used for alkaline treatment ofdesilication (i.e., HT for the hydrothermal

treatment and S for the ultrasonic treatment), respectively.

4.2.3 Characterisation of materials

PXRD patterns of materials were obtained using a Philips X’Pert X-ray diffractometer with
monochromatised CuKo; radiation (40 kV, 30 mA, A = 1.5406 A). XRD data were recorded in the 26
range of 5-40° with an angular step size of 0.0168° and a counting time of 1.167° min™*. The relative
crystallinity (RC, using the XRD pattern of the parent zeolite Y as the reference with 100% RC) of the
modified zeolites was calculated using the Integrated Peak Area Method [246]. The total integrated
peak area of the eight peaks corresponding to the 15.7°, 18.7°, 20.4°, 23.6°, 27.0°, 30.7°, 31.4°, and

34.1° was calculated for determining the RC values of the modified zeolites ((Eq. 4.1).

> Intergrated peak area of the modified zeolite (Eg. 4.2)
= x100%

RC=
z Intergrated peak area of the parentzeolite

N> adsorption-desorption analysis was performed at —196.5 °C on a Micromeritics 3Flex Surface
Characterisation Analyser to characterise the porous property of materials. Prior to the measurements,
120 mg samples was degassed at 350 °C under vacuum overnight. Specific surface areas of samples
were calculated by the BET method. The pore size distribution was obtained by the BJH method using
the adsorption branch of isotherms. The micropore surface area, micropore volume and external surface
area were obtained by the t-plot method. The morphology of samples was obtained by field SEM (FEI
Inspect F50 operating at 5 kV accelerating voltage) and field emission TEM (FEI Tecnai F20 with the
operating voltage of 200 kV). An energy-dispersive XRF (EDXRF) spectrometer (PANalytical MiniPal
4 EDXRF) was used to determine the elemental composition of materials, and hence the calculation of
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bulk SAR of zeolites. NH3-TPD analysis of the acidity of zeolites was carried out on a Micrometrics
AutoChem Il 2920 chemisorption analyser (100 mg sample), and the relevant technical details of NHs-

TPD analysis are described elsewhere [201].

4.2.4 Catalysis

Selected zeolites were ion-exchanged using 1 mol L™* aqueous ammonium nitrate (NH4NOs, = 98%,

Aldrich) solution at 80 °C for 24 h and calcined at 500 °C (heating rate = 5 °C min%, 3 h) to be evaluated
using cracking reactions with n-octane as the model compound. The catalysis was performed at 350 °C
using a fixed bed reactor (1.D. = 10 mm) with 1 g pelletised zeolite diluted with glass beads. Before the
catalytic reaction, the catalyst bed was preheated at 350 °C for 2 h, then n-octane (0.1 mL mint with
N as the inert carrier gas at 240 mL min) was introduced to initiate the cracking. The cracking
products were analysed using an in-line GC (Agilent 7890B) equipped with a flame ionisation detector

(FID) and Agilent PoraPLOT Q column.

4.3 Results and discussion

For the pristine Y zeolite with a low SAR of ~2.6, dealumination before the alkaline treatment is
necessary to improve mesoporous structures. Therefore, to compare the effectiveness of hydrothermal
(at 65 °C for 30 min) and ultrasonic (at 65 °C for 5 min) alkaline treatment in modifying the
dealuminated Y zeolites, the treatment time (30—360 min) of the first-step chemical dealumination (with
0.1 mol L H4EDTA solution) was varied. The yield of materials after the chemical treatment for
dealumination (DA) and the overall sequential treatment are showed in Figure 4.1. All yield values
were corrected according to the blank experiments. By varying the time of DA treatment from 30 min
to 6 h, the relevant yields are measured at 80%+5%, suggesting the extraction of Al species from the
pristine zeolite Y. After the second step of alkaline treatment, regardless of the ultrasonic or
hydrothermal method, comparable overall yields were obtained at 70%+5%, indicating the removal of

Si species under the alkaline conditions.
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Figure 4.1 Yields of EAY zeolites after the sequential chemical (using H4EDTA) and hydrothermal/ultrasonic
alkaline treatments of the pristine zeolite Y.

XRD patterns of EAY zeolites in reference to that of the parent zeolite Yare shown in Figure 4.2, and
the calculated RC values of the zeolites are summarised in Table 4.1. In general, EAY zeolites obtained
by different post-synthetic treatments, regardless of the duration of the chemical dealumination
treatment or the method used by desilication, show the analogous crystalline properties such as the
characteristic diffraction peaks. However, it is noticeable that, in comparison with the parent zeolite Y,
the relevant XRD characteristic peaks shifted towards high 26, suggesting the decrease of unit cell
parameter [247]. Since the content of framework Al in the zeolite is proportional to unit cell parameter,
the findings confirm the extraction of framework Al species during the sequential treatments. Especially
for EAY-0.1-6h-HT and EAY-0.1-6h-S, the shift is comparably significant, suggesting the effective
dealumination by treating the parent Y for 6 h. The extraction of Al species from the parent Y zeolite
is also confirmed by XRF analysis, as shown in Table 4.1, showing that all EAY zeolites have larger
SARs than that of the parent Y (SAR of ~2.6). Specifically, based on the SARs of the materials, the
chemical treatment seems to require at least 3 h to be effective for dealumination, i.e., the SAR of EAY

zeolites treated for < 3h is comparable at 3.92+0.07, while that treated for 6 h has the ratio of 4.32+0.1.
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Based on the calculated RC values, EAY zeolites became less crystalline with the extension of the
treatment time used by the chemical dealumination treatment. By extending the time of dealumination
from 30 min to 6 h, RC values of the resulting materials by the ultrasonic and hydrothermal alkaline
treatment are about 89% and 71%, respectively. Comparing the alkaline treatments after the same
dealumination treatment, EAY zeolites obtained by the ultrasonic treatment shows the relatively low

crystallinity than that by the hydrothermal treatment, e.g. RCeay-0.1-6h-s = 64% Vs. RC gay-0.1-6h-n1 = 71%.
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Figure 4.2 XRD patterns of EAY zeolites obtained by the sequential post-synthetic treatments under different
conditions.

0

Table 4.1 SARs and values of RC of the parent Y and EAY zeolites.

Sample SARby XRF  RCby XRD Sample SAR by XRF  RC by XRD
Parent Y 2.60 100%

EAY-0.1-30min-HT  3.88 89% EAY-0.1-30min-S  3.98 84%
EAY-0.1-1h-HT 3.88 87% EAY-0.1-1h-S 3.86 83%
EAY-0.1-3h-HT 4.05 85% EAY-0.1-3h-S 3.86 81%
EAY-0.1-6h-HT 4.39 71% EAY-0.1-6h-S 4.25 64%

The textural property of the resulting materials was analysed by N, physisorption, and the corresponding
adsorption-desorption isotherms and the BJH PSD (obtained from the adsorption branches of isotherms)

are shown in Figure 4.3. The parent Y exhibits a typical Type-I isotherm for microporous materials,
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whereas all EAYs show the hysteresis loop which is the evidence of the presence of mesoporous
features in the materials. Concerning the mesoporosity in EAYSs, the chemical treatment with the
treatment time of <3 h was less effective in comparison with the 6 h treatment. This is evidenced by the
corresponding specific mesopore volumes (Vimeso) and external surface areas (Sexerar) presented in Table
4.2, in which the EAY's dealuminated for <3 h Show Vineso = 0.1+0.01 cm?® g~! and Sexternal = 64+9m? g2,
Comparatively, for EAY-0.1-6h-S and EAY-0.1-6h-HT, the values for Vimeso and Sexternal are higher than
0.19 cm® g and 120 m? g}, respectively. According to the previous work by Kerr [73, 248], the
chemical dealumination treatment of zeolite Y using HsEDTA relies on the hydrolysis of framework
Al species, which needs hours to be effective to produce non-framework Al species. Conversely, the
complexation of non-framework Al species using HiEDTA is relatively fast to extract Al species and
create defective framework to make mesoporosity. Based on the same chemical dealumination
treatment, the consecutive ultrasonic alkaline treatment was relatively more effective than the
hydrothermal alkaline treatment and delivered better results regarding the mesoporous features of the
relevant EAY zeolites. For example, Vimeso Values for EAY-0.1-6h-S and EAY-0.1-6h-HT are 0.19 cm?®
gtand0.22 cm® g%, respectively. According to SEM and TEM analyses, exemplified by EAY-0.1-6h-
S and EAY-0.1-6h-HT, surface defects and mesoporous structures were observed for EAY zeolites,
suggesting the effectiveness of the sequential post-synthetic treatments under study for creating
hierarchical mesoporous structures in the pristine zeolite Y. Also, as shown in Figure 4.3 (b), (d) and

(f), PSDs of the obtained EAY zeolites all have the monomodal distribution centred on ~8.5 nm.
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Figure 4.3 N2 adsorption-desorption isotherms and PSDs for (a—b) EAY-0.1-6h-HT and EAY-0.1-6h-S; (c-d)
EAY-0.1-3h-HT and EAY-0.1-3h-S; (e-f) for EAY-0.1-1h-HT, EAY-0.1-1h-S, EAY-0.1-30min-HT, EAY-0.1-
30min-S.
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Table 4.2 Porous properties of the parent Y zeolite and EAY zeolites.

Samples Specific surface areas [m? g] Specific pore volumes [cm® g!]
SmicroE1 Sextemala BET VmicroEl Vmesob VtotalC
Parent Y 858 9 867 0.35 0.01 0.36
EAY-0.1-30min-S 7122 82 804 0.33 0.12 0.45
EAY-0.1-30min-HT 757 61 818 0.34 0.09 0.43
EAY-0.1-1h-S 713 60 773 0.33 0.10 0.41
EAY-0.1-1h-HT 759 59 818 0.34 0.09 0.43
EAY-0.1-3h-S 706 63 769 0.32 0.10 0.42
EAY-0.1-3h-HT 711 59 770 0.32 0.09 0.41
EAY-0.1-6h-S 568 128 696 0.25 0.19 0.45
EAY-0.1-6h-HT 521 160 681 0.23 0.22 0.46

a by the t-plot method; P pore size range = 2-50 nm, calculations were based on the cumulative pore volume using the BJH
method,; ° single point adsorption total pore volume at p/p0 = 0.99.

As discussed above, the ultrasound-assisted alkaline treatment of dealuminated zeolite Y is
comparatively effective and efficient to make mesoporous Y zeolites, especially compared with the
conventional alkaline treatment under the hydrothermal condition. The ultrasound irradiation enables
the rapid extraction of Si species from the dealuminated zeolite framework [249], leading to the
structural defects in the resulting EAY zeolites, and thus the relatively low crystallinity (Table 4.1,
compared to the EAY zeolites obtained by the hydrothermal alkaline treatment). Previously, the direct
ultrasound-assisted alkaline treatment of the pristine Y zeolite (SAR = 2.6) was reported, stating that
the mesoporous Y zeolites were obtained [245]. However, the obtained zeolites only have insignificant
mesoporous features, especially Vmeso < 0.1 cm?® gt. Accordingly, it is difficult to classify such zeolites
as mesoporous zeolites. By using the sequential chemical and ultrasound-assisted alkaline treatment,
the EAY zeolites represent a 5-fold increase of the mesopore volume and a 14-fold increase of the
mesopore area in comparison to the Y zeolites reported by Oruji et al. [245]. The findings of this study
suggest that dealumination of the parent zeolite is necessary before the ultrasound-assisted alkaline
treatment for preparing mesoporous zeolites via the post-synthetic modification of zeolites with low

SARs, exemplified by the Y zeolite.
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Figure 4.4 SEM and TEM micrographs of (a—b) the parent zeolite Y, (c-d) EAY-0.1-6h-HT and (e-f) EAY-0.1-
6h-S.

The developed protocol facilitated by ultrasonication is generic, which was proved by using citric acid
(CA) as the chelator in the chemical dealumination step. Citric acid has been used commonly in the
post-synthetic dealumination of various zeolites such as ZSM-5 [250-252], zeolite beta [253-255] and

zeolite Y [228, 231, 234, 256, 257] with few studies using CA in the sequential treatment [121, 234,
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256]. For example, Xing et al. [256] performed the sequential hydrothermal treatment of zeolite Y using
0.17 mol L citric acid for dealumination (4 h) and 0.1 mol L™ for desilication (6 h), and introduced a
large amount of NaOH mesopores in the resulting zeolite (Vmeso = 0.29 cm?® g2). Li et al. prepared the
hierarchical Y zeolite with high mesoporosity with Vimeso = 0.34 cm® g chemical (with 0.15 mol L™
alkaline treatment (0.8 mol L™ using a sequential citric acid for 1 h) and NaOH for 0.5 h) [228].
However, the PDA (e.g. tetrabutylphosphonium hydroxide, TBPH) was employed during the alkaline
treatment to enable the mesopore formation. Although the reported methods are effective in creating
mesopore in Y zeolite, they require lengthy treatment time and PDAs, which may be improved using
the developed ultrasonic method in the sequential treatment. Therefore, the sequential chemical
treatment of the parent Y zeolite using citric acid for dealumination and followed by the hydrothermal
and ultrasonic alkaline treatment were performed to demonstrate the effectiveness of using ultrasound

irradiation to improve the alkaline treatment.

During the chemical dealumination treatment using citric acid, two treatment durations of 1 h and 3 h
and three citric acid concentrations (i.e., 0.1, 0.14 and 0.16 mol L) were used, and the relevant yields
and XRD patterns of the resulting CAY zeolites are presented in Figure 4.5. Overall, the findings
regarding the yield and XRD analysis of CAY are in line with that of EAY zeolites. An increase of the
treatment time of chemical dealumination from 1 h to 3 h with citric acid caused the slight decrease of
DA and overall yields (Figure 4.5 (a)), revealing the insignificant effect of treatment time (< 3 h) on the
extent of dealumination. The RC value and SAR of CAY zeolites are shown in Table 4.3, showing that
the two features do not have the strong correlation with the chemical treatment time under study (i.e.,
< 3 h). By comparing the two methods used for the alkaline treatment, they showed the comparable
performance regarding the yield. Again, the ultrasonic desilication treatment was found more intensive
than the hydrothermal one, as shown in Table 4.3, producing the CAY zeolites with lower RC values,
e.g. 86% for CAY0.1-1h-HT versus 83% for CAY-0.1-1h-S. Figure 4.5 (b) presents the XRD patterns
of the materials, showing that the characterised peaks of CAY zeolites from the ultrasonic treatment

shift more to high 26 compared to that by the conventional hydrothermal desilication. All findings
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confirm the effectiveness of the ultrasound irradiation in the alkaline desilication treatment, being able

to extract Si species from the dealuminated Y zeolites efficiently.

Compared to the method using HiEDTA as the chelator, the one employing citric acid delivered the
mesoporous Y zeolites with similar yields and RC values after the sequential treatments. Since the
ability of citric acid for removing framework Al species is comparable with that of EDTA, the effective
dealumination with the concentrated citric acid and short treatment time may be possible. This
hypothesis was confirmed by the relevant yield and XRD data of CAY-0.14-1h-S and CAY-0.16-1h-S,
as shown in Figure 4.5 (2) and Table 4.3. Moreover, for the comparatively severely dealuminated Y
zeolites, i.e., the CAY zeolites produced using concentrated citric acid solutions (i.e., 0.14 and 0.16 M),

the ultrasound-assisted alkaline treatment was also very effective.
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Figure 4.5 (a) Yields of CAY zeolites after the sequential chemical (using citric acid) and hydrothermal/ultrasonic
alkaline treatments of the pristine zeolite Y; (b) XRD patterns of CAY zeolites the sequential post-synthetic
treatments under different conditions.

Table 4.3 SARs and values of relative crystallinity (RC) of the parent Y and CAY zeolites.

Sample SAR by XRF RCby XRD  Sample SAR by XRF RC by XRD
CAY-0.1-1h-S 3.94 83%

Parent Y 2.60 100% CAY-0.1-3h-S 3.95 81%

CAY-0.1-1h-HT 3.95 86% CAY-0.14-1h-S 4.40 73%

CAY-0.1-3h-HT 4.02 82% CAY-0.16-1h-S 4.92 69%
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All CAY zeolites were analysed by N, physisorption analysis, as shown in Figure 4.6. It is clear that
after the sequential treatment (using citric acid for dealumination), all samples present hysteresis loops
at middle to high relative pressure, which are typical features for mesoporous zeolite with the Type IV
isotherm. These hysteresis loops and high crystallinity (without amorphous phase), as well as the TEM
analysis of the selected CAY zeolites (as shown in Figure 4.7), prove that intracrystalline mesopores
were successfully introduced into the parent Y zeolite. N> isotherms of the hydrothermally desilicated
CAYs show similar uptake values at low relative pressure, but being slightly smaller than that of the
ultrasonically desilicated CAYs and the parent Y. When 0.1 M citric acid was used for dealumination,
the subsequent ultrasonic alkaline treatment showed relatively better effectiveness than the
hydrothermal treatment, as shown by the comparison of mesoporous features of the resulting CAY
zeolites in Table 4.4 (e.g. values oOf Sexwermar). Additionally, by comparing the CAY zeolites with the
relevant EAY zeolites (both treated using 0.1 M chelating agents for 1 h and 3 h), it was found that
citric acid is more effective than H4EDTA to perform the first step chemical dealumination treatment,
which led to the comparatively improved mesoporous features in the resulting zeolites (Table 4.2 and
Table 4.4). PSDs of CAY-0.1-1h and CAY-0.1-3h zeolites are shown in Figure 4.6 (b), showing that

the mesopores in these samples are centred around 9 nm.
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Figure 4.6 (a) and (c) N2 adsorption-desorption isotherms; and (b) and (d) PSDs for CAY zeolites produced using
different sequential post-synthetic treatments.

Table 4.4 Porous properties of the parent Y zeolite and CAY zeolites.

Samples Specific surface areas [m? g ] Specific pore volumes [cm® g ]
Smicroa Sexternala BET Vmicroa Vmeso Vtotalc
Parent Y 858 9 867 0.35 0.01 0.36
CAY-0.1-1h-S 545 82 627 0.28 0.14 0.42
CAY-0.1-1h-HT 491 76 567 0.26 0.10 0.36
CAY-0.1-3h-S 581 87 668 0.30 0.12 0.42
CAY-0.1-3h-HT 499 68 567 0.26 0.12 0.38
CAY-0.14-1h-S 531 206 737 0.23 0.25 0.48
CAY-0.16-1h-S 236 101 337 0.12 0.16 0.28

at-plot method;  pore size range = 2-50 nm, calculations were based on Vietal — Vimicro.
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Figure 4.7 TEM micrographs for (a) CAY-0.1-1h-HT, (b) CAY-0.1-1h-S, (c) CAY-0.14-1h-S and (d) CAY-0.16-
1h-S

Based on the ultrasonic desilication treatment, the effect of citric acid concentration (i.e., 0.1, 0.14 and
0.16 mol L) used in the chemical dealumination treatment on the mesoporosity of the resulting CAY
zeolites was studied. As expected, an increase in the concentration of citric acid in the dealumination
step caused the decrease of the yield (Figure 4.5 (a)) and relative crystallinity (Table 4.3), as well as the
increase of the SAR of the final CAYs, suggesting the important role of the chelator concentration in
removing the framework Al (based on the same treatment time), and hence the effectiveness of
mesopore formation at the end of the sequential treatment. By comparing the relevant N isotherms,
CAY-0.16-1h-S shows the lowest uptake at the low relative pressure compared to CAY-0.1-1h-S and

CAY-0.14-1h-S, suggesting severe dealumination, and hence the damage of the microporous crystalline
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domain. Table 4.4 shows that the micropore surface area of CAY-0.16-1h-S is appreciably low at only
236 m? g, while that of CAY-0.1-1h-S and CAY-0.14-1h-S is above 530 m? gt. Comparatively, CAY -
0.14-1h-S possesses the best combination of the mesoporous and microporous features with high
external and micropore surface area of 206 and 531 m? g2, respectively, as well as the specific pore
volumes (Table 4.4). Considering the mesoporous property of the resulting zeolites, the developed
sequential method employing ultrasound is as effective as the previously reported ones such as the
sequential chemical treatment (using H4EDTA [121] or citric acid [91])-alkaline treatment, sequential
steaming-chemical treatment (using H4EDTA) [90, 258], sequential chemical treatment (using citric
acid)-surfactant-templating method [238, 259] and sequential acid leaching (using HCI)-alkaline
treatment [121]. For CAY-0.16-1h-S, the sequential treatment using the highly concentrated citric acid
caused the excessive Al extraction, and hence the destruction of the zeolite framework, leading to the
collapse of the framework. This is also reflected by comparing the RC values of the relevant samples,

and CAY-0.16-1h-S shows the lowest one at 69%.

Selected samples were ion-exchanged and analysed by NHs-TPD to compare the effect of different
sequential treatments on the acidic property of the resulting materials in reference to the parent Y, and the
obtained results are presented in Figure 4.8 (a) and Table 4.5. All zeolites exhibited the typical NH3
desorption behaviour corresponding to the Y zeolite, being in line with Chapter 3 findings. The desorption
peaks can be deconvoluted into two which are related to the weak (< 200 °C) and strong acidic sites (>
300°C), respectively (Table 4.5). Compared to the acidic property of the parent Y, the sequential post-
synthetic treatments, regardless of the chelator and the desilication method used, caused the decrease of
strong acidity, i.e., 0.818 mmol g* for the parent Y versus < 0.618 mmol g for the mesoporous Y. Based
on the same first-step chemical treatment, the conventional hydrothermal and the proposed ultrasound-
assisted alkaline treatments are equivalently effective, producing mesoporous zeolites with the comparable
acidic property, as shown in Table 4.5. The selected mesoporous zeolites along with the parent Y were
assessed by the comparative catalytic cracking of n-octane at 350 °C. Figure 4.8 (b) shows the absolute
conversion of n-octane over different zeolites as a function of time-on-stream. All catalysts show the
comparable initial activity close to ~97%. The parent Y deactivated significantly (deactivation rate = —

3.4%h™), and the conversion of n-octane was about 65% after 10 h test. Conversely, the mesoporous Y
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zeolites demonstrated the improved catalytic performance, especially the EAY zeolites, which almost

sustained their activity during the test. By comparing the EAY and CAY zeolites used in the catalytic tests,

the former possesses the better mesoporosity (~0.21 cm? g 1) than the latter (about 0.12 cm? g1). Therefore,

although the strong acidity is relatively low in EAY zeolites (compared to the CAY zeolites, Table 4.5), the

well-developed mesopores facilitate the accessibility and diffusion of molecules in their frameworks, leading

to the improved performance in the cracking reaction. CAY zeolites deactivated gradually over time at the

rate of about —1%-ht. More importantly, the catalytic tests show that during the sequential post-synthetic

treatments, the developed ultrasound-assisted method (in the alkaline treatment) is as effective as the

conventional hydrothermal method, however, the efficiency of the ultrasonic method is better than the

hydrothermal one, i.e., the reduction in the treatment time by 6-fold.
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Figure 4.8 (a) NHs-TPD spectra and (b) catalytic cracking activity (regarding the absolute conversion of n-octane)
of the parent Y and selected mesoporous Y zeolites (including EAY-0.1-6h-HT, EAY-0.1-3h-S, CAY-0.1-3h-HT

and CAY-0.1-3h-S).

Table 4.5 Analysis of NHs-TPD data for the parent Y and selected mesoporous Y zeolites.

T of desorption peaks

Weak acidity ~ Strong acidity Total acidity

Catalyst [°C] [mmol g™ [mmol g™ [mmol g
First peak Second peak

HY-2.6 202.1 296.5 0.396 0.818 1.214

EAY-0.1-6h-HT 227.0 3315 0.895 0.458 1.353

EAY-0.1-6h-S 225.0 315.9 0.743 0.544 1.287

CAY-0.1-3h-HT 227.5 325.5 0.815 0.618 1.433

CAY-0.1-3h-S 227.5 328.6 0.840 0.606 1.446
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4.4 Conclusions

Mesopore zeolites are practical solutions to solve the accessibility issues experienced by the pristine
microporous zeolites in the important chemical conversions, especially petrochemicals. Therefore, the
continuous development and innovation of preparing various types of mesoporous zeolites are
necessary to improve the sustainability of zeolites and the processes (not limited to the catalytic
petrochemical conversions) using zeolites, contributing to the sustainable development of the industry
and society. In this chapter, sequential post-synthetic chemical dealumination and desilication of the
pristine Y zeolite (with SAR of ~2.6, the most important catalyst for FCC to produce gasoline range
organics) was performed to prepare mesoporous Y zeolites. H.EDTA was first used as the chelating
agent in the study, and the effect of the dealumination treatment time (30 min to 6 h) and the method
for desilication, i.e., hydrothermal and ultrasonic desilication, on the creation of mesoporosity was
investigated. It was found that, for the pristine Y zeolite, the condition used by the dealumination step
in the sequential treatment is critical for creating mesopores. When 0.1 mol-L* HEDTAwas used, if
the dealumination treatment was performed for < 3 h, the sequential method was not very effective for
making zeolites with mesoporous features, €.9. Sexternar < 100 m? g~X. More importantly, the ultrasound-
assisted desilication treatment of the dealuminated zeolites was found effective in the sequential
treatment method to facilitate the creation of mesopores, being more efficient than the conventional
hydrothermal dealumination treatment with the reduced treatment time, i.e., 5 min vs. 30 min. The effect
of the ultrasound irradiation on the desilication is generic, which was confirmed by the comparative
work using the citric acid dealuminated Y zeolites. In addition, based on the same first-step chemical
treatment, the developed ultrasonic alkaline treatment method was as effective as the hydrothermal
alkaline treatment, which was evidenced by the analysis of the porous, acidic and catalytic properties
of the selected mesoporous zeolite analogues. The findings from this chapter emphasised that the
ultrasound irradiation is a promising alternative to the conventional hydrothermal heating, being more
energy and time-efficient, in the sequential post-synthetic dealumination-desilication method for

making hierarchical mesoporous zeolites.
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Chapter 5 Sequential microwave-assisted dealumination and
hydrothermal alkaline treatments of Y zeolite for preparing
hierarchical mesoporous zeolite catalysts

This chapter was based on the published work on introducing secondary mesopores into Y zeolite
framework by a novel post-synthetic method combining the microwave-assisted chemical
dealumination and hydrothermal alkaline treatment. R. Zhang, D. Raja, Y. Zhang, Y. Yan, A.A.
Garforth, Y. Jiao, X. Fan, Sequential Microwave-Assisted Dealumination and Hydrothermal Alkaline

Treatments of Y Zeolite for Preparing Hierarchical Mesoporous Zeolite Catalysts, Top. Catal., 63 (2020)

340-350. https://doi.org/10.1007/s11244-020-01285-0

5.1 Introduction

Synthetic zeolites represent one of the most important industrial catalysts since 1954, which have been
being used widely in various heterogeneous catalysis such as fluid catalytic cracking (FCC, over zeolite
Y) and cumene production (over mordenites [260]), as well as the emerging bio-refinery such as
catalytic transformation of various platform biomolecules including organic acids, alcohols and sugars
[261, 262] due to their strong acidity, high surface area, good hydrothermal stability and relatively low
cost [185, 232]. Although the pristine microporosity of zeolites (<1 nm) offers the important
functionality of shape/size selectivity in applications such as xylene isomerisation and toluene
disproportionation over ZSM-5 zeolites, it often imposes the accessibility and intracrystalline diffusion
limitations for processes involving bulky molecules such as FCC and liquid-phase fine chemicals
synthesis [46, 98, 183, 257, 263, 264]. Accordingly, to mitigate the molecular transport limitation within
the microporous framework of zeolites, substantial effort has been devoted to prepare alternative
zeolitic materials such as nano-sized zeolites with different geometries, zeolite hollow structures and
mesoporous zeolites [265, 266]. Creation of hierarchical mesopores within the microporous domain of
zeolites via the post-synthetic methods is relatively practical and convenient in comparison with the
direct synthesis routes, such as the templating methods [29]. Common post-synthetic modification

methods include steaming, calcination, acid leaching, chemical treatment and alkaline treatment [267].
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However, the specific treatment and procedure of a post-synthetic method depends on the nature of

zeolites, especially their chemical composition represented by the SAR [46, 185, 268].

For the pristine zeolite Y with the intrinsically low SAR of 2.4-2.6, direct post-synthetic modification
by alkaline treatment is ineffective to create mesoporous features, since the highly concentrated
framework Al species protect the framework Si species from the alkaline attack [228, 235, 236, 266].
Conversely, steaming and acid treatments are commonly used to dealuminating Y zeolites, and hence
creating mesoporosity, as well as improving the thermal stability of the resulting zeolite [121, 237, 269,
270]. By combining the alkaline treatment after the dealumination of zeolite Y, i.e., the sequential post-
synthetic dealumination and desilication treatments, mesoporous Y zeolites with the improved
hierarchical features and crystallinity can be obtained due to the removal of amorphous Al-rich debris
resulted from the dealumination [121]. Verboekend et al. demonstrated that the sequential chemical
treatment-alkaline treatment for the post-synthetic treatment of commercial Y zeolites such as CBV 300
(SAR = 2.6, by Zeolyst International) is highly effective to create well-developed mesoporosity in the
resulting zeolites (i.e., Sexterna = 330 m? g %) [91, 121]. The first-step dealumination was achieved by
chemical treatment using H4EDTA or Na;H.EDTA as the chelating agents, being milder than the
conventional steaming method. However, the dealumination with HLEDTA and Na;H,EDTA aqueous
solutions requires at least 6 h to be effective under the hydrothermal conditions at 100 °C, still being
relatively energy intensive. The sequential ammonium hexafluorosilicate (AHFS) and alkaline
treatment (i.e., using NaOH solutions) of a NaY (SAR = ~2.4) was also effective, producing the
resulting mesoporous zeolite Y with the mesopore volume at ~0.45 cm?® g1 [264]. Although the relative
milder temperature at 65 °C was used for the sequential treatment, the use of toxic AHFS is not desired

for practical applications at large scale.

Since both synthesis and modification (especially the post-synthetic treatments) of zeolites are relatively
energy-intensive and time-consuming, as well as involving environmental issues for some cases such
as the removal of organic template via calcination, strategies to improve the sustainability of these
processes were explored over the recent years. MW and ultrasonic irradiation has been proved to be

comparatively effective (in comparison with the conventional hydrothermal, HT, methods) to promote
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the green synthesis and modification of porous framework materials such as zeolites [203, 271, 272]
and metal-organic frameworks (MOFs) [273] due to the advantages such as the absence of thermal

gradient and rapid volumetric heating.

There are few reports, as reviewed by ref. [262], on the use of MW for the single-step liquid-phase
modification of zeolites for tuning the acidity (via dealumination) and porosity (via desilication or
detitanation), claiming that the MW only serves the purpose of improving the heat transfer of the
systems via the effective and rapid volumetric heating. However, the resulting zeolites with mesoporous
characteristics only comparable to the analogues produced under the conventional HT conditions in
spite of the reduced treatment time from hours to minutes. In our recent development, the combination
of MW irradiation with the chelating agent (i.e., the MWAC method), especially HiEDTA, was found
highly efficient and effective to produce hierarchical Y zeolites [274]. Compared with the HT treatment,
at the laboratory scale, the MWAC method showed about 12.5-fold decrease in energy consumption, as

well as being able to prepare mesoporous Y zeolite with exceptional mesopore volume of >0.48 cm?
g™

In this chapter, sequential post-synthetic treatments combining the MW-assisted dealumination and HT
alkaline treatments of the pristine Y zeolite using different acids (e.g. the mineral acid such as
hydrochloric acid (HCI) and carboxylic acids such as oxalic and citric acid) were developed, and the
effect of the type of acids on the mesoporous feature of the post-treated zeolites from the sequential
treatments was investigated. The physiochemical properties of the resulting materials were
characterised by N2 physisorption, PXRD, FT-IR, inductively coupled plasma optical emission
spectrometer (ICP-OES), TEM and NH3-TPD analysis. The correlation between the number of carboxyl
groups in carboxylic acids and the mesoporous features was investigated preliminarily. Additionally,
the mesoporosity in the modified Y zeolite by the sequential method was assessed by the aldol
condensation (of 1-heptanal with benzaldehyde), in which the selective formation of the bulky product
of jasminaldehyde, as well as its diffusion into the liquid bulk, was promoted by hierarchical porous

structures.
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5.2 Experimental

5.2.1 Sequential microwave-assisted dealumination and hydrothermal alkaline

treatments of Y zeolite

The pristine zeolite used in this work is the commercial NH4Y zeolite (CBV 300, SAR = 2.6) purchased
from Zeolyst International, and used as received (i.e., the Parent Y). Post-synthetic dealumination
treatments under the MW conditions were carried out in a monomode CEM Discover microwave reactor
using the following chemicals: hydrochloric acid (HCI, ACS reagent, 37%, Aldrich), citric acid (CA,
ACS reagent, >99.5%, Aldrich), oxalic acid (OA, 98%, anhydrous, Acros Organics), tartaric acid (TA,

L-(+)-Tartaric acid, ACS reagent, >99.5%, Aldrich) and diethylenetriaminepentaacetic acid (DA, =

99%, Aldrich). In a typical MW-assisted dealumination post-synthetic treatment, 2 g pristine zeolite
was dispersed in 20 ml acidic solution (with different acids at 0.16 M) in a 35 ml Pyrex pressure vessel
under stirring at room temperature. The vessel was then introduced into the MW reactor and heated to
100 °C and held for 1 min at 150 W. The resulting mixture was then cooled in an ice-water bath and
centrifuged to separate the solid from the solution. The solid was washed with DI water repeatedly for

5 times and dried in an oven at 100 °C overnight.

All dried samples after dealumination were subject to the alkaline treatment under the hydrothermal
condition (i.e., with 0.2 M sodium hydroxide, NaOH, at 65 °C for 30 min under stirring) to remove the
amorphous Al-rich debris from the framework. NaOH (reagent grade, 97%) was purchased from Sigma
Aldrich and used as received. After the HT alkaline treatment, samples were washed using DI water
and dried at 100 °C overnight for characterisation or ion exchange. The resulting Y zeolites were named
as a-Y, where a is the acronym of the acid used in the MW-assisted dealumination treatment (such as
HCI for hydrochloric acid and CA for citric acid, as defined above). A control experiment of performing
the single-step HT alkaline treatment of the Parent Y (under the HT condition at 65 °C with 0.2 M
NaOH for 30 min) was also carried out, the resulting material was worked up using the same procedure

described above and denoted as AK-Y. The loss of materials in the process of the sequential treatments
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and work-up was estimated using blank experiments (with DI water), and relevant solid yields were

about 95%.

5.2.2 Characterisation of materials

N> physisorption analysis was performed at the liquid nitrogen temperature of about —196.15 °C using
a Micromeritics 3Flex Surface Characterisation Analyser. Prior to the N, sorption measurements,
samples (~150 mg) were degassed at 350 °C under vacuum overnight. Specific surface area of materials
was determined using the BET method. The micropore and external surface areas, as well as the
micropore volume, were determined by the t-plot method. Pore size distributions were obtained using
the HK (for micropores) and the BJH method (for mesopores). XRD analysis was performed using a
Philips X’Pert X-ray diffractometer with monochromatised CuKa; radiation (40 kV, 30 mA, A = 1.5406
A). XRD patterns of materials were collected for 26 diffraction angles ranging from 5° to 40°, and the
scanning rate was 1.167° min with a step size of 0.0168°. The RC was estimated by comparing the
integrated peak areas of the modified samples with that of the Parent Y (which was considered to have
100% RC) according to the ASTM Standard [275]. The total integrated areas of the eight peaks assigned
to the (331), (511), (440), (533), (642), (822), (555), and (664) facets were calculated for comparison.
FT-IR analysis was performed on a Bruker VERTEX 70 spectrometer with the red light emission from
a Helium-Neon laser and the wide range MIR-FIR beamsplitter and detector. The IR spectra were
obtained at ambient temperature by 56 scans at 4 cm™ resolution in the wavelength range of 400-4,000
cmt. The bulk elemental Si and Al concentrations in zeolites were measured by ICP-OES (Analytik
Jena PlasmaQuant PQ 9000). NHs-TPD analysis was performed using a Micromeritics AutoChem 11
2920 chemisorption analyser (~100 mg sample, 10 K min-t, He flow rate = 30 cm® STP min™) to
determine the strength and amount of the acidic sites on the zeolites. TEM analysis of samples was

performed on a JEOL JEM-2100 electron microscope operated at 200 kV.

5.2.3 lon exchange

The modified Y and Parent Y zeolites were ion exchanged to be converted into their H forms for

catalysis. To perform the ion exchange, 1 g zeolite was added into 20 ml of 1 M ammonium nitrate
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(NH4NOs, =98%, Aldrich) solution. The mixture was stirred at 500 rpm at 80 °C for 24 hours. Then

the zeolite was centrifuged (at 4,400 rpm for 5 min) and washed 3 times with DI water and dried in an
oven at approximately 100 °C overnight. All ion exchanged zeolites were calcined at 450 °C
(temperature programme: ramp from the room temperature to 450 °C at 5 °C min™?; at 450 °C for 5 h;

cooling naturally to room temperature).

5.2.4 Catalysis

In order to probe the hierarchy of the mesoporosity in the modified Y zeolites, the liquid-phase aldol
condensation of benzaldehyde with 1-heptanal was used as the model reaction. Before reaction, the
calcined zeolites were dried overnight at 120 °C to remove the moisture in the framework. The reaction
was performed using Schlaker reaction tubes (Aldrich®) under N, for 24 h. Detailed experimental
procedure and sample analysis using GC is described in Section 3.2.3. The fractional conversion of 1-
heptanal (Ch) and selectivity to jasminaldehyde (Sjas) were calculated according to (Eq. 5.1-2), and the

normalised selectivity (Sjasnorm.) is defined as (Eq. 5.3).

n; —n'
C, (%):*“n_—hf“xloO% (Eq. 5.1)
S (%)=—= L 100%
jas ( 0)—ﬁx 0 (Eq 52)
i,bz f bz
S % I g)= S
jas.norm. ( o mMmo g) (Eq 53)

~ Concentration of strong acidity [mmol g ']

where ni and n¢p are the moles of 1-heptanal in the initial and final system, respectively; njss is the mole

of jasminaldehyde produced.

5.3 Results and discussion

5.3.1 Properties of the modified Y zeolites

Alkaline treatments of Al-rich zeolites such as Y and mordenite zeolites are generally not effective
concerning altering the SAR of the zeolites via the treatment [185, 235], which was confirmed by this

work as well. As shown in Table 5.1, AK-Y resulted from the direct alkaline treatment of the Parent Y
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shows the insignificant change in solid yield (sample weight loss of ~5%) compared to other samples
obtained by the sequential treatments (hence AK-Y was not further characterised for the comparative
study afterwards). Therefore, to produce mesoporous zeolites from the Al-rich pristine zeolite, i.e.,
Parent Y in this study, preparatory dealumination is necessary. In the sequential MW-assisted
dealumination-HT alkaline treatments of Parent Y, it was found that the use of mineral acid of HCI in
the MW-assisted dealumination was not ineffective, regarding the solid yield (92+5%) and the variation
in SAR (at ~3.1, determined by ICP-OES, being slightly higher than that of Parent Y at ~2.7) after the

treatment.

When carboxylic acids were used, the solid yield decreased noticeably (i.e., <76£5%), and the SAR
increased by varying the acid from dicarboxylic acids (at ~3.8) to polycarboxylic acids (> ~3.9) with
the increased numbers of carboxyl groups (as shown in). This phenomenon may be correlated to (i) the
concentration of hydrogen ions (H*) in the solution and (ii) availability of coordination centres (i.e., the
COO™ group and nitrogen (N) centre). As the concentration of acids used in the MW-assisted
dealumination was the same, the H* concentration of the system is expected to increase when
polycarboxylic acids are used instead of the dicarboxylic acids. In an acidic environment, H* attacks
the framework Al species to initiate hydrolysis, leading to the formation of non-framework Al species
[276], which can be removed to achieve dealumination. In the presence of chelating agents such as
polycarboxylic acids, the extraction of Al species is accomplished via complexation reactions [73].
Oxalic acid and tartaric acid have the same number of coordination centres (i.e., x2 COO™groups), and
hence produced the OA-Y and TA-Y zeolites with the comparable solid yields and SAR values. Tartaric
acid has two additional hydroxyl groups which did not affect the dealumination step significantly under
the MW condition, being in line with the previous findings (for zeolite beta under hydrothermal
conditions) [77]. Although citric acid possesses three carboxyl groups, it is relatively weak acid (the
acid dissociation constant for the first proton, pKa = 3.13) compared to oxalic acid (pKa: = 1.27). Under
the condition used, the solid yield of the resulting CA-Y was lower than that of OA-Y and TA-Y, while
the SAR values were comparable. Diethylenetriaminepentaacetic acid with a diethylenetriamine

backbone (x3 N centres) with five carboxyl groups showed the comparably best ability to dealuminate
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Parent Y under the MW condition due to the combination of the relatively strong acidity (pKa: = 1.80)
and high affinity for metal cations. DA-Y has a SAR of ~6.3, being much higher than that of other post-
treated Y zeolites, which reflects the effectiveness of using diethylenetriaminepentaacetic acid for

dealumination of Al-rich zeolite Y (as effective as H4EDTA, under the MW condition [31]).

Table 5.1 The solid yield (for the modified Y zeolites from the post-synthetic treatments), SAR (by ICP-OES),
RC values and unit cell sizes of the Parent Y and modified Y zeolites.

Sample Solid yield? [%] SARP [-] RC®[%] Unit cell size [A]
Parent Y - 2.7 100 24.70
AK-Y 94 - - -

HCI-Y 92 3.1 72 24.55
OA-Y 76 3.8 82 24.64
TA-Y 69 3.9 75 24.64
CA-Y 59 3.9 38 24.60
DA-Y 61 6.3 20 24.58

@ jsolated mass of solid after the single-step alkaline or the sequential post-synthetic treatments divided by the mass of the
starting pristine zeolite (+5% margin of errors); ? determined by ICP-OES; ¢ determined by XRD.

Comparative XRD analysis of the zeolites was shown in Figure 5.1 (a). The characteristic diffraction
peaks in a range of 15° to 35° 26, which are the crystallographic features of FAU crystalline phase, are
clearly identified for all the samples, confirming the preserved Y lattice structure in the modified
zeolites. However, the peak intensity of the samples varies differently, suggesting the change of the RC
after the post-synthetic treatments. Using the peak intensity of the Parent Y as the reference, RC values
of the modified zeolites were listed in Table 5.1. Using HCI in the MW-assisted treatment, the resulting
HCI-Y has a RC value of ~72% which was due to acid-induced hydrolysis of the Parent Y, causing the
damage on the crystalline structure. When carboxylic acids were used, RC values seem to be correlated
well with the number of coordination centres in them. Carboxylic acids with two COO™ groups, i.e.,
oxalic and tartaric acid, can preserve the crystallinity relatively well after the sequential treatment at
about 82% and 75%, respectively, being higher than that of HCI-Y. Conversely, the crystallinity of the
modified zeolites was reduced notably when polycarboxylic acids were used in the MW-assisted
dealumination, as shown in Table 5.1. Considering the concentration of carboxylic acids used in the
treatment was the same, then the phenomena can be explained by the complexation mechanism. For
APP*, which normally adopt octahedral geometries to form six-coordinate complexes [277], three

oxalates or tartrates will be bound with AI**to form an anionic complex, whilst two citrates or one
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pentetate will be sufficient to complex one AI®*. Accordingly, the extraction of Al species from the
zeolite framework using citric and diethylenetriaminepentaacetic acid can be much more effective,
leading to relatively severe damage on the microporous crystalline phase for creating mesopores (which
will be discussed later). This was also confirmed by the relevant changes of XRD patterns and unit cell
sizes of the modified zeolites, i.e., after the sequential post-synthetic treatment (excluding the HCI-Y),
compared with the Parent Y, (i) the characteristic peaks of the modified Y zeolites shift slightly to the
higher two theta values, and (ii) their unit cell dimensions decrease continuously from 24.70 A to 24.58
A with an increase in the number of coordination centres of the acids used. The unit cell parameter of
Y zeolites (including USY) are normally in the range of 24.2—25.0 A with cubic symmetry [32], Parent
Y used in this work has a unit cell size of 24.70 A, being in the range above. The decrease in the unit
cell size after the post-synthetic treatments can be attributed to Al extraction from the Al-rich Parent Y
since the Al-O-Al bond length (of ~1.75 A) is relatively longer than that of Si-O-Si bond (about 1.62
A) [278]. The comparison of HCI-Y with the modified Y zeolites using carboxylic acids (concerning
the solid yield, SAR and RC values) suggests that the mineral acid might be only effective for hydrolyse
the pristine zeolite (causing the compromised crystallinity), whereas carboxylic acids were much more

effective for Al extraction under the condition used for the sequential post-synthetic treatment.
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Figure 5.1 (a) XRD and (b) FT-IR patterns of the modified Y zeolites after the sequential post-synthetic treatments.
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FT-IR spectra for the Parent and modified Y zeolites are shown in Figure 5.1 (b). The positions of IR
band at 450 cmare generally comparable corresponding to the structural insensitive internal Si-O4 and
Al-O, tetrahedral bending vibration. The band at 569 cm™, 717 cm™ and 1,145 cm™ corresponds to
spectral feature of the double six-member rings, the external linkage symmetrical stretching and
asymmetrical stretching in FAU zeolites [279], respectively, confirming the FAU framework of the
modified zeolites after the post-synthetic treatments. However, DA-Y does not show strong signal at
these wavenumbers, which might be attributed to the severely damaged FAU framework, as evidenced
by XRD analysis. The other two bands at 791 cm™* and 1,010 cm™ are attributed to internal tetrahedral
symmetrical stretching and asymmetrical stretching vibrations, respectively [280]. The latter was found
shifted to higher wavenumber after the post-synthetic treatments, especially DA-Y, due to the sever
dealumination (i.e., the relatively strong electronegativity of Si than that of Al, leading to high vibration

frequency).

N, adsorption-desorption analysis was performed to show the effect of acid types on the porous feature
of the modified zeolites from the sequential post-synthetic treatments in reference with that of Parent
Y, and the relevant results are presented in Figure 5.2 and Table 5.2. Parent Y shows the type | N
physisorption isotherm which is the characteristic of microporous adsorbents. After the treatment using
HCI, the resulting HCI-Y shows the similar isotherm to that of Parent Y, but with reduced amount of
micropores which is evidenced by its relatively low quantity adsorbed at low relative pressure (p/p° <
0.01, Figure 5.2 (a)) and the reduced specific surface areas (i.e., the BET surface area, Sger, micropore
surface area, Smicro) and pore volume (i.e., the micropore volume, Vnmicro), as shown in Table 5.2. The
post-synthetic treatment using HCI did not develop significant mesoporous features in HCI-Y (only
With Sexernat OF 77 m? g71). The findings are in line with the discussion above, i.e., under the condition
used for the sequential post-synthetic treatment, the mineral acid of HCI was only effective for

hydrolysis rather than the extraction of Al species for mesopores formation.

Using dicarboxylic acids in the sequential post-synthetic treatment, although their acidities are weaker
than that of HCI, they were comparatively more effective than HCI to create mesopores in zeolite Y.

As shown in Figure 5.2 (a), the isotherms of OA-Y and TA-Y show hysteresis loops with the relevant
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mesoporous information extracted as Sexternat = ~144 m? g~! and Vimeso = ~0.15 cm?® g1, being much more
significant than the relevant features of HCI-Y and Parent Y. When polycarboxylic acids of citric and
diethylenetriaminepentaacetic acid were used in the post-synthetic treatment, the resulting CA-Y and
DA-Y present the type IV N adsorption-desorption isotherms (Figure 5.2 (a)) with the H4 type
hysteresis loop, suggesting the significant presence of mesopores in the two modified zeolites.
Accordingly, Sexerma Values of CA-Y and DA-Y were measured at 270 and 214 m? g1, respectively.
However, it is worth noting that the post-synthetic treatment methods are ‘top-down’ approaches to
create mesopores in the parent zeolites, and hence compromising the pristine microporous crystalline
framework. Therefore, although diethylenetriaminepentaacetic acid (0.16 M, as the example of
multidentate chelating agents) was highly effective regarding the creation of mesopores, the loss of
crystallinity and micropores were comparatively significant, which may not be very ideal for

applications requires the shape/size selectivity and/or stability under harsh conditions.
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Figure 5.2 (a) N2 adsorption-desorption isotherms at —196.15 °C and (b) micro (H)-/meso (B)-pore size
distributions of the modified Y zeolites after the sequential post-synthetic treatments.

Table 5.2 Porous properties of the Parent and modified Y zeolites (from the sequential post-synthetic treatments).

Specific surface area Specific pore volume
Samples [m?g™] [cm® g
SBETEl Sexternalb Smicrob Vtotalc Vmicrob Vmesod

Parent Y 867 9 858 0.36 0.35 0.01
HCI-Y 600 77 523 0.34 0.24 0.10
OA-Y 774 148 626 0.42 0.26 0.16
TA-Y 742 140 602 0.40 0.25 0.15
CA-Y 531 270 261 0.44 0.12 0.32
DA-Y 414 214 200 0.30 0.08 0.22

adetermined by the BET method; P determined by the t-plot method; ¢ the specific single point adsorption total pore volume of
materials at adsorbed at p/p® = 0.99; ¢ Vineso = Viotal — Vmicro.
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PSDs of the materials were analysed using the H-K and BJH (on adsorption isotherms) method for
micropores and mesopores, respectively, as shown in Figure 5.2 (b). All zeolites show the narrow PSD
centring at about 0.7 nm corresponding to the pristine micropore width of zeolite Y, and the amount of
micropores was reduced after the sequential treatments. HCI-Y does not show obvious mesopore PSD,
while the mesopore PSD of the modified zeolites using carboxylic acids in the post-synthetic treatments
correlates well with the number of coordination centres in the acids, for example the average mesopore
sizes of CA-Y, TA-Y, CA-Y and DA-Y are about 2, 3 and 5 nm, respectively. The results of textural
properties by N2 physisorption agree well with the previous discussion regarding the solid yield and
relative crystallinity. Accordingly, in the sequential post-synthetic treatments of zeolite Y: (i) the
mineral acid (exemplified by HCI) was not effective regarding the Al extraction and mesopores
formation; (ii) the carboxylic acids were capable of dealuminating the zeolite, possibly due to the
synergistic effect of MW irradiation and chelation; and (iii) when carboxylic acids were used, the degree
of dealumination and formation of mesopores are a function of the number of coordination centres in
the acids (or chelating agent). TEM analysis of the materials is shown in Figure 5.3, and the relevant
micrographs illustrate the distinct features of the Parent Y and modified Y zeolite crystals, i.e., (i) the
dense and uniform crystalline region in the crystal of the Parent Y (Figure 5.3 (a)) and (ii) the dense
and light features of the modified zeolites, suggesting the presence of intracrystalline mesoporosity
(Figure 5.3 (a—f)). Specifically for CA-Y and DA-Y (Figure 5.3 (¢) and (f)), the formation of relatively

large mesopores is evident after the sequential post-synthetic treatments.
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Figure 5.3 TEM micrographs of (a) Parent Y, (b) HCI-Y, (c) OA-Y, (d) TA-Y, (e) CA-Y and (f) DA-Y.

The acidic property of the zeolites was analysed by NHs3-TPD, as shown in Figure 5.4, and the
corresponding amount of ammonia desorbed are reported in Table 5.3. Figure 5.4 shows the typical
NHs-TPD profiles of Y zeolites, which can be arbitrarily deconvoluted into two desorption peaks at
around 200 and 300 °C, respectively, corresponding to the weak and strong acidic sites on the Parent
and modified Y zeolites. Again, the post-synthetic treatment using HCI did not alter the mass specific
acidity of the zeolite significantly, being comparable to that of the Parent Y. Conversely, compared with
the Parent Y, the total mass specific acidity of the carboxylic acids modified Y zeolites dropped
considerably (by ca. 45%), due to the effective dealumination of Parent Y under the post-synthetic
treatment conditions used, especially DA-Y, which only has a total acidity of 0.79 mmol g*. OA-Y,
TA-Y and CA-Y show the similar total mass specific acidity at about 1 mmol g, and the results from
NHs-TPD analysis are in line with that by ICP-OES for SAR values of the zeolites (Table 5.1).
Interestingly, in comparison with Parent Y, the BET specific weak acidity of the zeolites after the post-

synthetic treatments (using organic acids) dropped by 45.0+17.6%. Conversely, the variation of their
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BET specific strong acidity depended on the type of organic acid used. This aspect deserves further
investigation, i.e., the concentration distribution of acidity as functions of mass and relevant specific

surface areas.
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Figure 5.4 NH3-TPD profiles of the Parent Y and modified zeolites.
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Table 5.3 Acidic properties of the Parent and modified Y zeolites.

T of desorption peaks

First Second Weak acidity? Strong acidity® Total acidity
Catalyst peak peak
[°C] [mmol [mmol [mmol [mmol [mmol [mmol
g'] mq g7 mq g7 m7
5arent 209 1 3204 105 1.21x10 0.82 9.46x10 187 2.16x10
HCI-Y 235.2 331.1 1.11 1.85x1073 0.85 1.42x1073 1.96 3.27x1073
OA-Y 195.8 283.1 0.29 3.75x10™ 0.71 9.17x10™ 1.00 1.29x1073
TA-Y 211.2 325.6 0.54 7.28x10™* 0.45 6.06x10™ 0.99 1.33x1073
CA-Y 210.6 301.6 0.47 8.85x10™ 0.55 1.04x1073 1.02 1.92x1073
DA-Y 199.1 296.7 0.28 6.76x10™* 0.51 1.23x1073 0.79 1.91x1073

amass and BET specific acidity of the first peak, "weight and BET specific acidity of the second peak. The acidity was
determined from the amount of ammonia adsorbed using a density of 0.769 kg m~ and molecular mass of 17.03 g mol™.

5.3.2 Probing hierarchical mesopores in the modified Y zeolites

Z
/\/WO + Catalyst ‘
= o /O

Scheme 5.1 Synthesis of a-n-amylcinnamaldehyde (jasminaldehyde) via the condensation of 1-heptanal with
benzaldehyde.
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Hierarchical mesoporous zeolites are highly beneficial to catalysis, mitigating the accessibility and
diffusion issues experienced by the pristine microporous zeolites. To probe the hierarchy of the
modified Y zeolites in this work, the condensation reaction of 1-heptanal with benzaldehyde in the
liquid phase was employed (Scheme 5.1). This aldol condensation is carried out primarily over base
catalysts (such as NaOH) for the synthesis of a-n-amylcinnamaldehyde (i.e., jasminaldehyde, an
important perfumery chemical) [197]. However, the catalytic reactions can also proceed over solid acid
catalysts (such as zeolites and MCM-41) with relatively slow rates in comparison with the catalysis
over base catalysts [196], but being effective as a model system to probe the mesoporous features of
the porous solid acid catalysts. The target molecule of jasminaldehyde has a kinetic diameter of about
0.74 nm. Accordingly, the selective formation of jasminaldehyde, as well as and transportation of
jasminaldehyde from the porous solid acid catalyst to the bulk liquid, can be significantly enhanced by
the presence of hierarchical mesopores in zeolites, being the indicator of the hierarchy in mesoporous
zeolites . Therefore, in this work, the aldol condensation was used as the model reaction to assess the
porous features of the modified Y zeolites only. Reaction mechanisms and kinetics of the model reaction
over aluminosilicates have been previously reported by Corma et al. [196, 197], which are not the aim
of this work. Therefore, during the catalysis, only the conversion of 1-heptanal and formation of

jasminaldehyde were monitored by GC analysis.

Figure 5.5 (a) shows the results of aldol condensation over different zeolites. The margin of errors of
the presented data is smaller than 3%, and the errors were due to sampling and instrumental errors.
Among all catalysts investigated, CA-Y with highest mesopore volume (~0.32 cm?® g~1) promoted the
best performance regarding the absolute 1-heptanal conversion (Ch = ~63%) and selectivity to
jasminaldehyde (Sjas = ~37%), whereas the microporous Parent Y only achieved the Sjss at ~14%.
Previous research [196, 197, 281] has confirmed that the selectivity to jasminaldehyde was strongly
dependent on the topology of the porous acid catalysts. It was found that (as shown in Figure 5.5 (a)),
generally, the values of Sjss correlate well with the mesopore volume of the zeolites (Table 5.2),
suggesting that the mesopores in the modified zeolites (by the sequential post-synthetic treatments) are

hierarchical. For acid catalysed aldol condensation, the reaction is initiated by the acid site, as a proton
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donor, to activate the carbonyl oxygen into a protonated form. Therefore, if one assumes that only the
strong acidity (likely the Bransted sites) of the zeolites is responsible for the catalysis, then the
normalised selectivity (i.e., Sjasnorm., (EQ. 5.3), with respect to the relevant strong acidity, Table 5.3) can
be correlated with the Vieso Values of the zeolites, as shown in Figure 5.5 (a). Figure 5.5 (b) shows that
Sjas.norm. 1S proportionally related to the specific mesopores volume of the zeolites in a near positive linear

fashion, suggesting the effect of hierarchical mesopores in the zeolites on their catalytic performance.
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Figure 5.5 (a) 1-heptanal conversion (Cp) and selectivity to jasminaldehyde (S;jas) of the aldol condensation over
the zeolites under study; (b) normalised selectivity (Sjasnorm.) as a function of Vieso for the Parent and modified Y
zeolites.

5.4 Conclusion

This chapter demonstrates that the developed sequential post-synthetic treatment, involving the MW-
assisted dealumination and HT alkaline treatment, for making mesoporous zeolite Y catalysts is generic,
being effective with various carboxylic acids (as the chelating agents). The degree of effectiveness of
dealumination and mesopores formation of the method depends primarily on the coordination centres
in the acidic chelating agent. For example, by comparing oxalic acid (with two COO~ groups) and
diethylenetriaminepentaacetic acid (with three nitrogen centres and five carboxyl groups), the latter
showed the relatively significant ability to dealuminated the pristine zeolite Y, and hence creating
mesopores. SAR values of the resulting OA-Y and DA-Y zeolites were about 3.8 and 6.3, respectively,

and the relevant specific surface areas are 148 and 214 m? g%, respectively. Conversely, the used of
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mineral acid such as HCI in the developed sequential post-synthetic treatment method was not effective,
resulting in the material with the reduced crystallinity and insignificant mesoporous features. The
findings suggest that the use of acidic chelating agents is the key factor to ensure the effectiveness of
the developed sequential post-synthetic treatment regarding the formation of mesopores in zeolites,

especially for Al-rich zeolite Y.

The mesopores in the resulting zeolites are hierarchical, facilitating the formation of the bulky product
and the efficient diffusion of the product into the bulk stream, which was evidenced by the catalytic
results from the model aldol condensation over the zeolite catalysts. The findings makes the developed
method promising for expanding its application to other zeolites, as well as being worthy for developing
a fundamental understanding of the dealumination mechanism in the system combining the microwave

irradiation and chelating agents.
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Chapter 6 Mechanism of mesopore formation in zeolites in post-
synthetic microwave-assisted chelation treatment

6.1 Introduction

Zeolites, as crystalline aluminosilicates with homogeneous microporous frameworks, high specific
surface areas and good thermal stability, are widely used in heterogeneous catalysis such as
petrochemical refining processes [282]. Specifically, zeolite Y (with the FAU topology), Beta (with the
BEA topology) and ZSM-5 (with the MFI topology) have significant industrial values [283-285].
During catalysis, the intrinsic microporosity (pore size <1 nm) of zeolites leads to accessibility and
diffusion issues which deactivate the zeolite catalysts [286]. Accordingly, efforts have been made
develop relevant strategies of designing and/or modifying zeolites to improve the accessibility of the
active sites in the framework, which exemplified by nano-sized, 2-dimensional and mesoporous zeolites
[16, 287, 288]. Among these strategies, post-synthetic treatments, such as calcination, steaming and
acid/base leaching, are a class of methods for making zeolites with mesoporosity [80, 289, 290], being
relatively robust and practical, as well as suitable for possible scaling up toward applications in practical

settings [232, 291].

Appropriate selection of the post-synthetic treatments depends on the property of the parent zeolites.
For the most important parent zeolite for catalysis, i.e., zeolite Y with low SAR (~2.6), post-synthetic
dealumination by steaming or acid/chemical leaching is the prerequisite for creating secondary
mesopores and improving hydrothermal stability of the resulting zeolites [80, 289, 290]. Therefore,
mechanistic understanding of dealumination and mesopore formation processes is necessary to enable
the optimisation of the process, as well as the rational design of mesoporous zeolites. Both theoretical
(such as density functional theory, DFT) and experimental (such as solid-state nuclear magnetic
resonance, NMR, spectroscopy [98, 239, 292]) studies of the dealumination mechanism were performed
for steaming and acid leaching treatments, and relevant results showed the important role of water and
hydrolysis of framework Al-O bond for producing EFAI species (which could be removed from the

framework to render mesopores) [293-297].
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Recently, a microwave (MW)-assisted chelation, i.e., MWAC, method was developed which showed
the high efficiency in reducing the treatment time and energy consumption, as well as being highly
effective to create hierarchical mesopores [298]. The MWAC method was developed based on the post-
synthetic chemical treatment using chelating agents such as ethylenediaminetetraacetic acid (HsEDTA)
[73]. In comparison with the recent relevant methods under conventional hydrothermal conditions [91,
121], the MWAC method significantly reduced the treatment time from at least 6 hours to minutes (for
dealumination), and hence reduced the energy consumption of the process. Although preliminary results
have suggested the direct chelation of framework Al during the MWAC treatment, mechanistic

understanding of chemical dealumination under MW irradiation is not yet fully understood.

Herein, we present a comparative investigation of the mechanism of dealumination and mesopore
formation in zeolite Y via the sequential post-synthetic treatments using chelating agent (i.e., H{EDTA)
and mineral acid (i.e., hydrochloric acid) under MW conditions, and alkaline treatment. The
physiochemical properties of the relevant zeolitic materials at different stages of the treatment were
comprehensively characterised by N, physisorption, XRD, ICP-OES, SEM and TEM and solid-state
magic-angle spinning (MAS) and liquid NMR analysis, contributing to the interpretation of the
dealumination mechanism of the MWAC method. Specifically, in situ IR studies of the MWAC treated
zeolites (using deuterium water, D,O, and water as media without a chelating agent) was performed to

gain the additional information on the role of water molecule in the MWAC process.

6.2 Experimental

6.2.1 Materials and methods

The parent Y zeolite was purchased from Zeolyst International (CBV 300 with molar SAR = 2.6).
Hydrochloric acid (HCI, reagent, 37%, Aldrich), ethylenediaminetriacetic acid (H4EDTA, bioultra, =
99%, Aldrich), ethylenediaminetriacetic acid tetrasodium salt dihydrate (NasEDTA-2H-0, bioreagent,
99.0-102.0%, Aldrich) and sodium hydroxide (NaOH, reagent grade, 97%, Aldrich) were all used as

received.
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The liquid media for the MWAC treatment include 0.1 M H.EDTA, 0.4 M HCI, 0.1 M Na,.EDTA and
0.1 M Na4.EDTA/0.4 M HCI. In a typical MWAC treatment, 2 g parent zeolite was dispersed into a 20
mL solution in a 35 ml Pyrex pressure vessel and stirred for 5 min at room temperature. The mixture
was subsequently transferred in a CEM Discover SP microwave synthesiser and heated up to 100 °C in
2 min followed by isothermal treatment for 1 min. After the treatment, the resulting slurry was quenched
to 30 °C in ice bath, and then the solid was separated by centrifugation. The remaining liquid phase
from the separation was kept for further ICP-OES analysis. The solid was washed with deionised water
(D) till the pH value reached ~7 and dried in an oven at 100 °C overnight. The resulting modified Y
zeolites were denoted as MWa, where a referred to the chemicals in the solution, i.e., EA for H4EDTA,

HCI for hydrochloric acid, EN for Na,EDTA and ENH for the mixture of EN and HCI).

After the MW treatment, sequential alkaline treatment was performed on the modified Y zeolites at
65 °C using 0.2 M NaOH aqueous solution for 30 min (1 g zeolite per 30 mL NaOH solution), followed
by washing with DI water. Then, the sample was separated by centrifugation and dried at 100 °C. The

resulting materials were named as MWa+HT.

6.2.2 Characterisation of materials

PXRD patterns of materials were obtained on Philips X’Pert X-ray diffractometer with
monochromatised CuKay radiation (40 kV, 30 mA, A = 1.5406 A). XRD data were recorded in a 20
range of 5°—40° with an angular step size of 0.0199°. The RC was determined by using the parent Y
zeolite as the reference, and the total intensity of the eight strongest reflections in the region of 20 from
15° to 36° [299]. Nitrogen (N.) physisorption measurements were performed at —196.15 °C using
Micromeritics 3Flex Surface Characterisation Analyser. Before measurement, the sample (~100 mg)
was degassed at 350 °C under vacuum for 12 h. Pore size distributions (PSD) were determined using
the H-K method for micropores and the BJH method for mesopores. Elemental Si and Al concentrations
in liquid phase were measured by ICP-OES (Quant PQ 900). Bulk SAR of zeolites was determined by
an EDXRF spectroscopy (PANalytical MiniPal 4 EDXRF, operated at 30kV). Morphology of materials

was investigated using TESCAN Mira 3 field emission SEM (FE-SEM) at an accelerating voltage of
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10 kV. The high-resolution transmission electron TEM (HR-TEM) was performed on an FEI Tecnali
G20 transmission electron microscope operating at 200 kV. Before TEM analysis, the samples were

dispersed in acetone by sonication for 1 h and dropped on carbon-coated copper grids.

Solid-state 2°Si and Al MAS NMR analysis was performed on a Bruker Bruker Avance Il 400
instrument (MHz) using 4 mm ZrO; rotors at 21 °C. 2°Si MAS NMR spectra were acquired at 80 MHz
with 4,096 number of scans, pulse width (PW) = 2.5 ps, recycle delay (D1) = 10 s, acquisition time
(AQ) = 0.05 s, free induction decay (FID) = 3964 points, scanning = 4,096 times, dwell time (DW) =
12.6 s, and receiver gain = 1150. Al MAS NMR spectra were obtained at 104 MHz with 1,024
number of scans, PW = 2.5 us, D1 =5 s, and DW = 6 ps. The data AQ and FID were set to 0.024 s and
3964 points, respectively. All MAS NMR spectra were recorded at a spinning rate of 11 kHz. Chemical
shifts were referenced to 1 M AI(NOs); for Al and tetramethylsilane (TMS) for Si with a secondary
reference sample of Al-ZSM-5. All liquid NMR spectra were recorded on a Bruker AVIII HD 400 with
PW = 11.75 ps, pulse angle = 15°, D1 =15, AQ = 0.1966 s at 104.261 MHz. The number of scans was
32 with a DW = 12 us and FID = 1,6384 points. 5 cm long capillary with deuterium water (D,0) was
applied to avoid the contamination for the field-frequency locking [300]. 1 M Al(NOs); and TMS were

used as the external chemical-shift reference for °Si and 2’Al, respectively.

6.2.3 IR study with isotopic labelling

To understand the role of water in the MWAC treatment, isotopic labelling using DO (to substitute DI
as solvent) in the MWAC modification of Y zeolite using EA was performed, and the sample was
denoted as MWEA-D. The resulting samples were investigated in situ by IR microspectroscopy based
in the B22 beamline (i.e. Multimode InfraRed Imaging and Microspectroscopy, MIRIAM, beamline)
at the Diamond Light Source, Harwell Science Campus (UK). The IR system is comprised of a Bruker
Hyperion 3000 microscope with a 15x objective and liquid nitrogen cooled Mercury-Cadmium-
Telluride (MCT) detector, coupled to a Bruker Vertex 80V Fourier Transform IR interferometer using
radiation generated from a bending magnet source. During the measurement in transmission, spectra

were collected (512 scans) in a range 500-4,000 cm™* with 4 cm™ resolution, and infrared spot size on
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the sample was approximately 20 x 20 um. Samples were diluted with potassium bromide (KBr) placed
onto a zinc selenide (ZnSe) disk then placed in a Linkam FTIR 600 gas-tight sample cell equipped with
ZnSe windows, a heating stage and gas inlet and outlets. During the in situ IR characterisation at
atmospheric pressure, dry N (using a zeolite filtre) were dosed volumetrically to the sample cell via
mass flow controllers (at 100 cm® min™t). The specific sampling position of a sample was visually
selected using the microscope, then infrared spectra were measured under the conditions of drying under

N at room temperature (RT, ~25 °C) for 1 h, and heating from RT to 300 °C.

6.3 Results and discussion

6.3.1 MW-assisted dealumination

In situ IR study of isotopic labelled Y zeolite samples from the MWAC treatment was performed to
understand the participation of water molecules in dealumination of zeolite Y via MWAC. In both
MWEA and MWEA-D samples, IR bands related to hydroxyl groups at 1,635 cm™* and 3,700-3,000
cm? (corresponding to the adsorbed water molecules and surface hydroxyl groups in Y zeolites) were
identified. With an increase of temperature (from RT to 300 °C), the intensity of the IR bands
diminished, as shown in Figure 6.1 (a) and (b). Bands at 785 and 1,006 cm™ corresponds to internal
tetrahedral symmetrical stretching and asymmetrical stretching vibrations, respectively. As compared
to that of the parent Y, both shifted to higher wavenumber due to the reduced Al species in MWEA and
MWEA-D (since Si presents relatively higher vibration frequency than Al) [280]. The band at 903 cm™
corresponding to Si—OH vibration was measured in MWEA and MWEA-D at RT, suggesting the
formation of silanol nests after MWAC dealumination of the parent Y. The other remarkable band at
1,402 cm™ was showed up of the MWAC dealuminated Y samples, which indicated the considerable
formation of silanol nests on the dealuminated zeolite framework. The Si—OH band disappeared
gradually as the temperature increased to 300 °C, indicating the re-insertion of the Si species into the
framework vacancies (cause by dealumination) to stabilise the structure [301]. Interestingly, the IR
spectrum of MWEA-D did not the characteristic bands of DH group, which normally locates at ~ 2500

and 1200 cm™.
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Cruz et al. [296] studied the post-treatment of clinoptilolite (HEU type, by aqueous HCI solution at RT)
using hybrid density functional theory (DFT), and proposed the dealumination mechanism via the
following four steps: (i) breakage of Al-O bonds by proton attack, (ii) adsorptive coordination of two
water molecules with Al, (iii) formation of 5-coordinated Al with a double Si—OH-AI bridges and with
three water molecules, and (iv) formation of octahedral Al atoms (EFAI) due to the rearrangement
between Al and the neighbouring O atoms. The findings of the DFT study suggested the important role
of water molecules in dealuminating framework Al under the conventional hydrothermal via acid
leaching, which contributes to the formation of EFAI. However, the findings of the comparative IR
study of the MWEA and MWEA-D samples showed the insignificant contribution of water molecules
to the dealumination of Y zeolite under the MWAC condition, that is, IR bands related to DH group
was not measured for the MWEA-D sample from the MWAC treatment with isotopic labelling (using

deuterium water as the solvent).
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Figure 6.1 (a) FT-IR spectra of MWEA and MWEA-D Y zeolites at RT and 300 °C, H-form parent Y zeolite
at RT and liquid D20; and (b) IR spectra in the region from 1800 to 600 cm™ of (a).

Under the MW condition, (EDTA)* was hypothesised to be important for Al extraction, i.e., via
coordination with EFAI and stabilisation of the zeolite framework. As shown in Figure 6.2(a), liquid
state Al NMR of the MWEA filtrate showed only one broad peak at ~39 ppm, that is, [A(EDTA)],
representing the complex of AI¥* with (EDTA)“-, according to the previous research [302]. Conversely,
chemical shifts associated with diprotonated complexes of Ho[AI(EDTA)] and [Al(H20)s]** were not
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detected. In the filtrate of MWHCI, 2?Al NMR spectra presented monosignal at ~0.0 ppm, which
corresponds to the monomeric non-hydrolysed aquo-cation Al(H20)s*", suggesting that, for the system
with HCl under MW irradiation, formation of Al complexes is not possible [303]. The findings obtained
so far show that the dealumination mechanism of the MWAC method is fundamentally different from
that of the acid leaching (using mineral acid media) and calcination methods [296]. Specifically, in
combination with the findings of IR studies, one can propose that (EDTA)-, rather than water molecules
and/or the OH group of water, complexed framework Al directly for effective Al extraction under the

MWAC condition.
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Figure 6.2 (a) liquid state 2’ Al NMR of filtrates separated after the MW-assisted dealumination treatment of Y
zeolite using different agents; 2’Al MAS SS-NMR spectra of (b) after MW-assisted dealumination modified Y
zeolites before calcination and (c) after calcination.

Table 6.1 Yields of the zeolite samples from the MW-assisted dealumination treatment, Si and Al information on
the resulting samples and the relevant filtrates from the treatment.

Samples Yield (%) SAR® () SARE () Conc:\elntration of filtrate (g iLl)C
P - 2.68 2.50 - -
MWEA 88 4.25 4.40 4.14 0.52
MWEN 99 3.18 2.75 0.06 0.06
MWHCI 90 3.56 5.48 1.80 0.23
MWENH 86 343 3.63 3.82 0.47

3y XRF; "based on 2°Si MAS NMR; by ICP-OES

After the MW-assisted dealumination treatment, SAR of the resulting samples increased as shown in
Table 6.1, in comparison with SAR of the parent Y of 2.68. By analysing the filtrate from the process,
it was found that the MW-assisted dealumination treatment with HyEDTA and (Na4sEDTA + HCI) was

very effective for extracting Al from the zeolite framework, that is, the Al concentration of the filtrate
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from the process of obtaining MWEA and MWENH (i.e., 4.14 g Lt and 3.82 g L}, respectively) was
much higher than that from the process of obtaining MWEN and MWHCI. Comparatively, the Al
concentration in the filtrate of MWEN was the lowest at 0.06 g L™. Also, by comparing the Si to
framework Al ratios (SARF, based on Loewenstein rule [304]) of the parent Y (P) and MWEN, i.e.,
2.50 vs. 2.75, (EDTA)* alone (i.e., without excessive hydrogen ions) was not capable of complexing
FAI under MW irradiation for dealumination (Nas.EDTA aqueous solution was measured with a pH
value of about 11). As shown in Table 6.1, SAR and SARr values of MWHCI are 3.56 and 5.48,
respectively, showing that, under the MW condition, HCI could destroy FAI, however, it was not
effective for Al extraction. The latter was confirmed by measuring the Al concentration of the filtrate
from the MW method of producing MWHCI, which is relatively low at 1.80 g L. Accordingly, the
findings above suggest that, in the MW-assisted dealumination treatment, both the chelating agent and
acidic environment are crucial for the effective extraction of framework Al species, i.e., dealumination

by the MWAC method.

After dealumination, as shown in Figure 6.2(b) and (c), ’Al MAS NMR spectra of the MW-assisted
dealumination samples show the tetrahedral Al (Al'Y) signal centred at around 60 ppm. Additionally,
the octahedral Al (AIV') signal (at ~0 ppm) was measured as well for MWHCI, confirming the creation
of EFAI in in the defective framework of MWHCI from the MW treatment with HCI solution, being in

line with the findings above (i.e., the Al concentration of the filtrates, Figure 6.1(a) and Table 6.1).

By carefully examining the 2?Al MAS NMR signals at ~60 ppm of MWEA, MWHCI and MWENH,
they are rather asymmetric as compared with that of the parent Y, as well as being broadened, suggesting
the presence of distorted Al'Y species in their frameworks. Previous work on the modified FAU Y
zeolites (which was produced by steaming [305, 306] and calcination [294, 307]) and USY zeolites
[308-313] (which have EFAI species in their structures) attributed the resonance broadening to the
presence of tetrahedral EFAI species (i.e. aluminium-oxide) in the zeolitic frameworks. In this work, as
shown in Table 6.1, values of SARr and SAR of the three samples are rather comparable, indicating the
possible absence of EFAI species in their frameworks. Accordingly, the asymmetrical resonance of Al'Y

in MWEA, MWHCI and MWENH was attributed to the distorted Al species, being in line with the
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previous findings [257, 314, 315]. As compared Figure 6.2b with Figure 6.2c, the ¥ Al MAS NMR
signals at ~60 ppm are presented in all calcined Y samples. Ravi et al. [316] concluded that these 6-
coordinated aluminium species belong to framework-associated aluminium, which refers to species that
are not entirely dislodged from the zeolite framework, and on being charge balanced Al chemical shift
by cations such as sodium, potassium and ammonium, this aluminium species assumes converting into
a tetrahedral coordination (around 60 ppm) in the hydrated form of the zeolite. However, 2-dimensional
double/multi-quantum MAS NMR study is necessary to investigate this aspect further since one-

dimensional single pulse 2’ Al MAS NMR is unable to provide unambiguous Al coordination states.

Results of 2°Si MAS NMR analysis of the samples are presented in Figure 6.3 and Table 6.2. In the
parent Y (P), all Si(nAl) structure units were identified without amorphous phases. After the MW-
assisted dealumination treatment with H4EDTA, the Si(4Al) and Si(3Al) units were reduced at 0 and
1.1%, respectively, in the resulting MWEA. The decrease of the Si(4Al) and Si(3Al) structure units, as
well as the increase of amorphous phases in Y zeolite confirm the removal of framework aluminium
due to the treatment. Comparatively, after the treatment with Na4,EDTA, the coordination environment
in the resulting MWEN did not change significantly in comparison with that of the parent Y (P),
confirming the relevant finding above based on the solid-/liquid-state NMR analysis, i.e., the important
role played by the excessive hydrogen ions to attack the Al-O-Si bond in zeolite framework during the
MW-assisted dealumination treatment. Interestingly, during the post-treatment under MW irradiation,
when HCI was used together with Na,EDTA (to provide the hydrogen ions), the obtained MWENH
showed compositions of Si(nAl) structure units similar to that of MWEA except higher percentage of
Si(3Al) unit (~7.3%), which again confirmed the finding above. Conversely, if the mineral acid (i.e.,
HCI) was used in the MW-assisted dealumination treatment, it could damage the coordination
environment more severely than HEDTA. According to the comparative Si MAS NMR analysis of P
and MWHCI, as shown in Table 6.2, (i) Si(3Al) units were eliminated entirely, and Si(2Al) units
decreased by ~50% and (ii) Si(OAI) units and amorphous Si phases increased noticeably. The findings
suggest that, under the MW condition, HCI, as a mineral acid, has a strong ability to hydrolyse Al-O-Si

bonds in zeolite framework. Additionally, based on the comparative study of the Si(nAl) structure units
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of different samples from the M\W-assisted treatment and the parent Y (P), the Al-rich environment of

P was beneficial to Al removal.
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Figure 6.3 2°Si MAS NMR spectra of the parent and modified Y zeolites under investigation.

Table 6.2 Information on Si(nAl) structure units of the zeolite samples determined by 2°Si MAS NMR.

Sample Si(4Al) at Si(3Al) at Si(2Al) at Si(1Al) at Si(OAl)at  Amorphous
-85 ppm —90 ppm —95 ppm -101 ppm  —106 ppm phases at
—-111 ppm
Samples Integrated Area Percentage [%]
P 1.6 13.2 37.7 385 8.9 -
MWEA - 11 215 48.0 215 7.9
MWEN - 10.3 34.7 449 10.1 -
MWHCI - - 19.8 334 29.8 17.0
MWENH - 7.3 24.1 47.7 141 7.1

After the MW-assisted post treatment with HLEDTA and HCI as the agent, significant loss of
crystallinity in the resulting MWEA and MWHCI was measured by XRD, as shown in Figure 6.4 and
Table 6.3. Comparative XRD patterns (Figure 6.4) show that the intensity of the characteristic peaks of
FAU'Y zeolite in MWEA and MWHCI was significantly lower than that of the parent Y. For example,
the RC value of MWHCI was calculated only at about 4%. Additionally, amorphisation of MWEA and

MWHCI was also obvious by XRD after the treatment, confirming the damage of the crystalline
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framework of Y by H4.EDTA and HCI under MW irradiation. Comparatively, NasEDTA was not very
effective for dealumination of Y under the MW condition, and the crystallinity of MWEN was preserved
rather well. By combining hydrogen ions with Na;EDTA in the system (i.e., N&sEDTA + HCI),
dealumination process was improved, but being less effective than the system with H4AEDTA. XRD
analysis show that MWENH has a higher RC value of ca. 69%. In general, findings by XRD analysis
suggest various capacity of Al extraction of the MW system with different agents, being in line with
the relevant results (of SAR, SARg and Al concentration of the filtrate) by the Al NMR analysis (Table

6.1).
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Figure 6.4 (a) XRD patterns; (b) N2 adsorption and desorption isotherms; (c) H-K micropore PSDs; and (d)
BJH mesopore PSDs of the MW-assisted dealuminated Y and parent Y zeolites.

Regarding mesoporosity formation, previous studies have shown that HsEDTA was more capable than
mineral acids under the hydrothermal conditions due to its ability to remove FAI selectively [121, 317].
Consequently, formation of mesoporosity in the framework can be attributed to the formation among
silanol nests and associated vacancies in the zeolitic framework [74, 296, 318, 319]. N physisorption
isotherms of the materials under investigation are shown in Figure 6.4(b). In comparison with the parent
Y (P), the resulting MWEA and MWENH present the type-1 isotherm but with the relatively low N>
quantity adsorbed at low relative pressure (p/p° < 0.01, i.e., the monolayer adsorption range), decreased
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specific surface areas (i.e., BET surface areas, Sger, and micropore surface areas, Smicro) and reduced
micropore volumes (Vmicro), as listed in Table 6.3. Figure 6.4(c) shows the micropore size distribution
(PSD) of the zeolite samples under investigation, which also confirms that the presence of (EDTA)*
and hydrogen ions was beneficial to interact with the Y framework under the MW condition. Relevant
mesoporous features of MWEA and MWENH of the mesopore volume (Vmeso) and external surface
areas (Sexternat) Were improved, but not significant after the MW treatment, as shown in Table 6.3. Under
the condition used, the sole use of Na4sEDTA without the likely presence of hydrogen ions, the post
treatment was not effective for creating mesopores in Y zeolite, as evidenced by the results of N»
physisorption analysis of MWEN, which are comparable to that of P. Comparatively, the use of HCI
under the MW condition could damage the microporous framework significantly, as confirmed by the
considerable reduction of Sger and Smicro t0 287 and 164 m? g2, respectively. Although previous research
claimed that FAI elimination via mineral acid dealumination can enlarge the defects in zeolite structure
(as reviewed in Chapter 2), relevant findings by N, physisorption in Figure 6.4(b—d) show conflicting
results. Therefore, it can be proposed that in MW-assisted dealumination treatment, HCI contributes
hydrogen ions to hydrolyse FAI and form EFAI remained in the structure. Mesopore PSD of the samples
is shown in Figure 6.4(d). All post-treated samples showed the development of mesopores, but being
not significant. This was also confirmed by TEM analysis of the samples, as shown in Figure 6.5,

showing no obvious presence of mesopores.

Table 6.3 Porous properties and RC values of the parent Y and MW-assisted dealuminated Y zeolites.

Samples SgeT Smicro Sexternal Viotal Vhicro Vmeso RC
[m?g] [m?g] [m’g?]  [em®g?] [em®g?] [em®gr] [%0]
P 867 858 9 0.36 0.35 0.01 100
MWEA 484 383 101 0.25 0.16 0.09 20
MWEN 831 738 69 0.39 0.30 0.09 87
MWHCI 287 164 113 0.19 0.07 0.12 4
MWENH 472 403 93 0.20 0.16 0.04 69
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Figure 6.5 TEM micrographs of (a) MWENH, (b) MWEA, (c) MWHCI, (d) MWEN and (e) P.

Comparative study of the samples from the MW-assisted treatment of zeolite Y using different agents
suggested the importance of co-existence of hydrogen ions and chelating agent (i.e., (EDTA)*) to
enable MWAC dealumination via the fast hydrolysis of AlI-O bonds by hydrogen ions and
complexation of Al species by chelating agent to form soluble Al complex under MW irradiation. The
findings so far suggest that the MWAC dealumination proceeded with distinct features: (i) the remained
hydroxyl groups in MWEA and MWAE-D were not the result of water induced hydrolysis [73] but
from H4EDTA-zeolite interaction, (ii) the solution Al complex of [AI(EDTA)]~ was the only Al product
in the filtrate from the process of obtaining MWEA and MWENH, and (iii) after MWAC, EFAI species

are not detected in the rustling framework, being different from the case with HCI.
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6.3.2 Subsequent alkaline treatment

After the MW-assisted treatment, all resulting samples underwent the same alkaline treatment. In this
work, ICP-OES analysis (Table 6.4) of the resulting filtrates from the sequential alkaline treatment
showed noticeable dissolution of Si species from the system containing MWEA, MWHCI and MWENH.
In detail, Al and Si species leaching from the sequential alkaline treatment of MWEA and MWENH
are comparable (as shown in Table 6.4), and that from the treatment of MWHCI are relatively low at
0.03 g L for Al and 2.38 g L for Si, respectively. Regarding MWEN, Al and Si species in its filtrate
after the sequential alkaline treatment were comparatively insignificant at 0.10 and 0.42 g L™,
respectively. This finding again confirmed that the MW-assisted treatment with (EDTA)* only was not
effective to extract FAI from zeolite Y, and the resulting MWEN has a low SAR at 3.18, being resistant
to alkaline desilication. Al species in the filtrate from the sequential alkaline treatment of MWEA,
MWEN and MWENH zeolites are more concentrated (at about 0.14 g L) than that in the filtrate from
the treatment of MWHCI (~0.03 g L), confirming that the MWAC treatment produce soluble Al

species rather than EFAI, being in line with the results discussed above (Figure 6.2(a) and Table 6.1).

Table 6.4 ICP-OES analysis of Al and Si species in the filtrate from the sequential alkaline treatment of
dealuminated Y zeolites under investigation.

Samples Al (gL™?) Si(gL™Y)
MWEA+HT 0.18 4.25
MWEN+HT 0.10 0.42
MWHCI+HT 0.03 2.38
MWENH+HT 0.14 457

After the alkaline treatment, Al MAS SS NMR analysis of MWa+HT samples was performed,
showing the monosignal at ~60 ppm of tetrahedral Al chemical shift (Figure 6.6). Alkaline treatment of
dealuminated Y was able to heal the defective framework (via EFAI realumination) and recover
crystallinity partially, as reported previously [247, 320-322]. Based on ?’Al MAS SS-NMR analysis of
MWHCI (Figure 6.2(b)) and MWHCI+HT (Figure 6.6(a)), and the quantitative analysis of Al and Si
species in the filtrate from the alkaline treatment of MWHCI, one can propose the occurrence of EFAI

realumination and Si removal during the alkaline treatment of MWHCI.
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Figure 6.6 Al MAS SS-NMR of (a) MWa samples and (b) MWa+HT samples from the alkaline treatment of
MWa samples; 2°Si MAS SS-NMR spectra of (c) MWa samples and (d) MWa+HT samples from the alkaline
treatment of MWa samples.

2Si MAS NMR spectra of MWa+HT samples are shown in Figure 6.6(b). MWEA+HT, MWEN+HT
and MWENH+HT zeolites show analogous Si(nAl) structure unit distributions to that of the parent Y
zeolite. Specifically, after the sequential treatment using Na,:EDTA, coordination change of Si atoms in
MWEN+HT and total intensity variation of its Si(nAl) signals were insignificant as compared to the

parent zeolite, as shown in Table 6.5. In comparison with MWEA and MWENH, the proportion of
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Si(nAl) sites, where n = 2, was increased in MWEA+HT and MWENH+HT after the alkaline treatment,

especially for the samples treated with H4EDTA. Specifically, proportions of Si(4Al), Si(3Al) and
Si(2Al) sites in MWEA are 0%, 1.1% and 21.5%, respectively, whereas in MWEA+HT, they are 2.9%,
12.0% and 35.7%, respectively. The findings suggest that the zeolite framework could be recovered to
a large extent by alkaline treatment of the samples from the MWAC treatment. For MWHCI+HT, as
shown in Figure 6.6(b), Si(4Al) and Si(3Al) signals could not be deconvoluted, suggesting the severe
damage of the AI-O-Si bond by HCI under then MW condition, which could not be recovered by the
sequential alkaline treatment. Additionally, by comparing the data related to the Si(OAl) sites and
amorphous Si phase in all samples under study (as shown in Tables 6.2 and 6.5), the total disappearance
of amorphous Si phase and the reduction in the Si(0OAl) site proportion show the selectively desilication
of Si species without the protection of FAI [323], which may benefit the preferential mesopore

formation at silanol nests.

Table 6.5 Information on Si(nAl) structure units of the sequential desilicated zeolite samples determined by 2°Si
MAS NMR.

Si(4Al) Si(3Al) Si(2Al) Si(1Al) Si(0Al) Amorphous

-85 ppm —90 ppm -95 ppm —-101 ppm —106 ppm -111 ppm
Samples Integrated Area Percentage [%]
P 1.6 13.2 37.7 38.5 8.9 -
MWEA+HT 2.9 12.0 35.7 43.0 7.3 -
MWEN+HT 1.3 10.6 37.8 414 8.9 -
MWHCI+HT - - 32.7 63.3 - -
MWENH+HT 2.9 8.3 37.0 42.5 9.2 -

In addition to the comparative analysis of the chemical structures of MWa and MWa+HT samples,
porous properties of MWa+HT samples were probed by N, physisorption to show the effect of the
sequential treatment on mesopore formation in reference with the parent Y zeolite, as presented in
Figure 6.7(b—d) and Table 6.6. MWEN+HT remained as microporous, which again conforms the
ineffectiveness of using NasEDTA for dealumination under the MW condition and the subsequent
hydrothermal alkaline treatment, being consistent with the discussion above, i.e., NasEDTA cannot
remove FAI from Y zeolite framework without H* ions and desilication is not promoted with low SAR
zeolites. After the sequential alkaline treatment, MWEA+HT and MWENH+HT displayed the

increased slopes at middle-to-high relative pressure (i.e., 0.1 <p/p° < 1.0) and H4 hysteresis loops
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(Figure 6.7(b)), indicating the presence of mesopores and multilayer adsorption. Extracted data of
Sexternal aNd Vmeso for MWENH+HT and MWEA+HT (Table 6.6) confirm the presence of mesoporosity
in the two materials, whereas their lower amount of quantity adsorbed at low relative pressure and
smaller Smicro Values, as compared to that of P, suggest the loss of microporosity after the sequential
treatment. Mesopore PSD of the MWa+HT samples is exhibited in Figure 6.7(d), showing that

MWENH+HT and MWEA+HT have the distribution centred at around 5 nm and 8 nm, respectively.

MWHCI+HT presented the H2 type hysteresis loop with Sger = ~340 m? g~* and total pore volume (Viotar)
=~0.19 m® g%, respectively, suggesting a significantly damaged framework. Additionally, the specific
external surface area and mesopore volume of MWHCI+HT are significantly low at 37 m? g* and 0.03
m? g1, respectively, suggesting that the sequential treatment of MW-assisted dealumination with HCI
and alkaline treatment was not as effective as that with MWAC in creating mesoporosity in Y zeolite.
Invisible mesoporosity of MWHCI+HT sample could be assigned to EFAI realumination inhibits the

removal of silanol groups which is related to mesoporous formation [16].

Compared to the MWa samples (Table 6.3), the microporous crystalline phase in the MWa+HT samples
was recovered from the corresponding MWa samples after the alkaline treatment. Taking MWEA as
the example, after the alkaline treatment, Smicro Of MWEA+HT was recovered to 675 m? g* (for MWEA,
Smicro =383 m? g!) and RC was ~88%, being much higher than that of MWEA (about 20%). XRD
patterns and RC values of the MWa+HT samples are shown in Figure 6.7(a) and Table 6.6, respectively,
showing that crystallinity of all samples was recovered to different degrees. In detail, MWEA+HT and
MWENH+HT have RC values of about 88% and 96%, respectively, whereas MWHCI+HT still has the
lowest RC value of ~42% which was resulted from the severe framework damage during the MW
assisted treatment using HCI. The findings so far suggest that, regardless the non-framework Al species
created during the MW-assisted treatment, realumination of dealuminated Y zeolites occurred during
the sequential alkaline treatment [324, 325], which could partially recover the microporosity and
crystallinity of the dealuminated samples, but the method using the combination of chelating agent and

hydrogen ions is more advantageous than that using mineral acids regarding the two aspects.
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Table 6.6 Porous properies and RC values of the parent and MWa+HT Y zeolites after the sequential treatment.
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The morphology of the MWa+HT zeolites was characterised by HRTEM as displayed in Figure 6.8.
Surface defects and well-developed mesoporous features were observed clearly for MWEA+HT and

MWENH, as shown in Figure 6.8(a—d). As mesopore PSDs exhibited in Figure 6.7(d), MWENH+HT
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had a more centred distribution around 5 nm and MWEA+HT consisted of a relatively larger mesopore
diameter centred on ~8 nm, which were corresponding to their morphologies (Figure 6.8(a—d)). The
micrograph of MWHCI+HT in Figure 6.8 (¢) performed small defects on the surface, which was caused
by sequential treatment corrosion. All the morphology analysis was in line with above porous properties
investigations. As anticipated, MWEN+HT (Figure 6.8(f)) presented the typical crystal morphology,

being similar to that of the microporous parent Y zeolite (Figure 6.5(e)).

Figure 6.8 TEM micrographs of (a) and (c¢) MWEA+HT, (b) and (d) MWENH+HT, (¢) MWHCI+HT and (f)
MWEN+HT.

6.4 Conclusions

This chapter reports the systematic investigation of the microwave (MW)-assisted dealumination and
the subsequent alkaline treatment on zeolite Y to develop an understanding of mechanisms of
dealumination and mesopore formation under the MW condition with different agents. The degree of
dealumination and mesopore formation depends on the participation of both chelating agents (in this

case, EDTA*) and hydrogen ions (H*). The findings showed that the mechanism of dealumination (of
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zeolite Y) with H.EDTA and HCI under the microwave condition is distinct. In detail, the process with
H.EDTA (i.e. the MWAC method) showed a strong ability in direct framework Al removal, which
results in the creation of framework defects (i.e., less than 2nm) along with silanol nests. Conversely,
HCI under MW irradiation can destroy the framework Al-O bond of Y zeolite significantly, leading to
the formation of EFAI in the defective zeolite framework and structure collapse. Moreover, D;O
isotopic labelling proved that, in the MWAC system, H* contributed to hydrolysis of framework Al-O

bonds and silanol group formation rather than water molecules.

Sequential alkaline desilication was essential after the dealumination treatments to recover the zeolitic
framework (to some extent) and render mesopores of the treated zeolites. It was found that the removed
amount of Si of MW-assisted dealuminated samples was in line with Al extraction in the dealumination
step in order to remain a stable crystal structure. In general, this study shows that, under the MW
condition, the use of chelating agent in presence of hydrogen ions was highly effective to achieve the
mild dealumination of zeolite, and the subsequent alkaline treatment helped to recover the crystalline

framework and create mesoporosity, being more advantageous than the system using the mineral acid.
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Chapter 7 Conclusions and future work

7.1 Conclusions

Zeolites with unique porous and acidity properties are important catalysts for both the conventional and
emerging applications in sustainable chemistry. As compared with the hierarchical zeolitic framework,
intrinsic micropores of pristine zeolites induce severe molecular diffusion limitations, and hence leading
to the relevant accessibility and diffusional issues, such as coke formation and undesired benzene
formation during disproportionation of toluene into xylenes in ZSM-5 zeolites. In order to overcome
these limitations, post-synthetic modifications have been proposed and developed extensively over the
last decades to introduce secondary porosity (i.e. mesoporosity) in zeolite framework to improve the
mass transfer. Acid and alkaline treatments under hydrothermal conditions are relatively practical ways
to prepare hierarchical zeolites, tuning acidity and stability among the researched post-synthetic
modification treatments. However, due to the relatively long treatment time and the associated high
energy consumption during the conventional post-synthetic treatment processes, further effort is
required to improve the sustainability of such treatments. In this PhD project, the possibility of
introducing hierarchical porous structures into zeolitic frameworks by post-synthetic treatments with
novel energy sources was proposed and investigated. The work was carried out in order to (i) gain
insight into the formation of secondary mesopores by intensified post-synthetic modifications under
microwave and ultrasound irradiation, and (ii) emphasise the importance of hierarchical zeolite porous

structures to improve the catalytic activity in heterogeneous reactions comprising bulky molecules.

Before fabricating hierarchical zeolites, it is vital to elucidate the importance of secondary mesoporosity
in catalytic reactions with bulky molecular size. Therefore, three commercial H-form Y zeolites with
different SARs, HY-2.6, HY-15 and HY-30, were comprehensively analysed in the assessment of
zeolite catalyst performance for liquid-phase reactions of Fischer esterification and aldol condensation.
Compared to microporous HY-2.6, N2 physisorption and Hg porosimetry indicated that both HY-15
and HY-30 presented large mesopores with pore sizes of 5-30 nm and half of these mesopores are open
to the outside at the crystal surface. The presence of mesoporosity in HY-15 and HY-30 enhanced the
accessibility of the reactants (propionic, hexanoic and lauric acid, and benzaldehyde have the kinetic
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diameter of about 0.52, 0.60 and 0.72 nm, and 0.58, respectively) to active sites, and facilitated the
creation of bulky products (i.e., jasminaldehyde possessing kinetic diameter of about 0.74 nm), although
these two zeolites only had around 26% and 4% out of the HY-2.6 total acidity. The results

demonstrated mesoporosity in Y zeolites played a main role in catalytic reactions with bulky molecules.

Thereafter, sequential post-synthetic modification was carried out for introducing mesopores into the
Al-rich Y zeolite. Both citric acid and HsEDTA were selected as chelating agents in the first
conventional dealumination step. Interestingly, when the dealumination duration was not long enough
(i.e., 0.1 mol-L"* HLEDTA was used for < 3 h) or the concentration of chelating agents were not high
enough (i.e., citric acid < 0.14 mol L), sequential post-treatment was not very effective for fabricating
mesoporosity. The first step of chemical dealumination treatment was crucial to enable the effective
creation of mesopores in the parent Y zeolite (with a silicon-to-aluminium ratio, Si/Al = 2.6) regardless
of the subsequent alkaline desilication treatment (i.e., ultrasonic or hydrothermal). Therefore,
appropriate selection of the condition of the chemical dealumination treatment based on the property of
parent zeolites, such as SAR and crystallinity, is important for making mesoporous zeolites effectively.
More importantly, ultrasound irradiation was found more efficient for desilication of dealuminated Y
zeolites as compared to conventional alkaline treatment (i.e., 5 min ultrasound irradiation vs. 30 min
hydrothermal condition), and not only physical properties of modified Y zeolites were analogous, but

performed similar improvement of catalytic activity and stability in n-octane cracking.

As concluded above, in the sequential post-synthetic treatment, dealumination not only governs the
formation of hierarchical porous structure in Al-rich Y zeolites, but is time wasting and highly energy
consuming, it is necessary to optimise the dealumination procedure with MW assistance to achieve the
sustainability. The MW irradiation with chelating agents successfully reduced the dealumination time
to in total 3 min and simultaneously introduced significant mesopores into Y zeolites (e.g. Vimeso 0f 0.32
and 0.22 cm?® g! for 0.16 M both of citric acid and DTPA modified Y zeolites in the developed
sequential post-synthetic treatments), resulting in better catalytic activity performance. Moreover,
mineral acid such as HCI was not effective in sequential post-modification only resulting in crystallinity

loss. Conversely, organic acids performed superiorly in preparing hierarchical Y zeolites, and the degree
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of dealumination is highly related to the number coordination centres in the acidic chelating agent.
Chelating agent containing higher number of coordination centres performed higher effectiveness of

the introduction of mesopores in zeolites regarding the sequential post-synthetic treatment.

Chapter 6 was carried out in order to understand the mechanism of mesopores developmentin Y zeolites
by MW-assisted chelation/strong mineral acid dealumination (i.e., HiEDTA and HCI) and subsequent
conventional hydrothermal desilication. Under the MW condition with the chelating agents, direct
complexation of Al species was enabled to the soluble Al complex rather than octahedral EFAI, being
very different from the mechanism of the system with HCl. MW-assisted chelating dealumination
showed an intensive ability in Al removal, whereas HCI had strong capability hydrolysis Y zeolite
framework Al-O bond resulting in EFAI formation and zeolite structure collapse. After MW-assisted
dealumination, structural defects with the characteristic dimension of < 2nm were generated along with
silanol nests. However, these silanol species blocked most of microporosity and no obvious mesopore
was formed. Therefore, sequential alkaline desilication was demanded to wash out the Si species for
the development of mesopores. The sequential MW-assisted chelating dealumination leaded to
mesopore formation in Y zeolite. Mesoporosity always occurred in Al-rich environment since Al
distributed in Si(nAl) where n > 3 are sensitive and fragile under MW-assisted dealumination conditions.
After the Al-O bonds were destroyed, the formed silanol species were effectively dissolved by the
sequential alkaline treatment, and hence created relatively huger vacancies with around 4-8 nm

diameters.

7.2 Future works

The work described in this thesis has led to achievements in the synthesis and application of hierarchical
Y zeolites by intensified post-synthetic modifications with the improved process efficiency.
Nevertheless, a number of subjects deserve more dedicated study. For example, calcination is a variable
factor during EFAI analysis after dealumination. It is important for further studies to consider about
whether the EFAI species generate in dealumination procedure, or Al-O bonds hydrolysis with water

molecules at high temperatures. Furthermore, the interconnection between introduced mesopores and

159



intrinsic micropores hasn’t been elucidated. The study of interconnection can provide the potential in
ion exchange, molecular diffusion and so on. In addition, the comprehensive description of acidity and
combining porosity with changes in acid sites can be devised. It is also worth to study further catalytic

applications of the developed hierarchical zeolites as catalysts and/or catalyst supports.

In this work, process intensification was investigated separately, hence, it is worth to integrate
intensified procedures for further research. The emphasis of the thesis is on intensification of the top
down approach to the introduction of hierarchical mesoporosity. The work done shows that it is possible
to prepare similar materials to those prepared conventionally via the more efficient routes of microwave
and ultrasound. The future work should delicately discuss that of how much more efficient the new
routes are expected to be, for example when used in tandem (time, energy and cost). Moreover, this
method has potential to apply on other Al- rich zeolites with different topology types. Since the
developed sequential post-synthetic modification is aiming to meet the sustainable requests, it is
necessary to analyse the energy consumption compared to conventional methods, and large-scale

synthesis of hierarchical zeolites should be considered as well.
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Figure 9.1 t-plot linear fitting for micropore volume calculation of sample CAY-0.16-1h-S as listed in Table
4.4,
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Figure 9.2 NHs-TPD deconvolution of Parent Y zeolite in Figure 5.4.
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Figure 9.3 NHs-TPD deconvolution of TA-0.16-Y zeolite in Figure 5.4.
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