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Abstract

Zeolites are crystalline microporous materials with three-dimensional frameworks
built from corner-sharing TOs4 tetrahedra. Traditionally, zeolites are defined as
aluminosilicates (T = Si and Al). Nowadays, the skeleton atoms have been expanded to other
tri-/tetra-valent elements, including B, Ga, Ge, Ti, etc., due to the chemical flexibility of
zeolites. Resulting materials are termed as elementosilicates for respective element-containing
zeolites. Such materials exhibit fascinating properties due to the different nature of elements
in the framework, e.g. structural flexibility and tunable acidity. Taking advantage of the
unique properties of elementosilicate zeolites, their applications as the starting solids for the
synthesis of new materials and as adsorbents for gas separation have made great progress.
However, the complexity of the factors affecting the zeolite synthesis limits the possibility to
control the key parameters of zeolites formation, e.g. crystallization mechanism, crystal
growth rate, and phase selectivity. From the another side, for particular zeolite systems being
perspective for gas separation, correlation between the chemical composition of designed

structures and their adsorption performance is elusive.

Considering the above statements, this thesis was focused on the design of a series of
elementosilicate zeolites with tunable properties (in particular, morphology, porosity, or
acidity) either through controlling the crystallization mechanism or by manipulation with the

zeolite structure and chemical composition.
The main achievements of this thesis are as follows:

A truly reversed crystal growth mechanism, in which crystallization starts at the
surface of amorphous aggregates and then proceeds towards their centers, is demonstrated in
zeolite synthesis systems for the first time. Using the zeolite AST as a representative structure,
it was established that the concentration of structure-directing agent (SDA) in reaction
mixture determines the facilitation of particular crystallization mechanism as it is responsible
for driving the agglomeration of small particles into large amorphous aggregates at very early
stages of the synthesis before crystallization starts. At low x = SDA/S10; ratio (0.3 <x <0.4)
the crystal growth follows the classical route, while at high values (0.5 < x < 0.7) it switches
to the reversed crystal growth mechanism. Besides, the F ions were revealed to govern the

rate of crystal growth: a higher concentration of F~ results in a greater growth rate.

Two new zeolites (IPC-17 and IPC-18) were prepared using the ADOR (assembly-

disassembly-organization-reassembly) approach by taking advantage of the structural lability



of particular building units in the germanosilicate zeolites. For the realization of successful
structural transformation, different strategies were applied for respective germanosilicates
possessing unique chemical/structural properties. For the preparation of IPC-17, optimization
of ADOR synthetic strategy was carried out through the control of the chemical composition
of starting germanosilicate IWR. For the synthesis of IPC-18, the suppression of mass
transport in the interlayer space of the products of germanosilicate TWW zeolite
transformation was the core idea of the newly developed vapor-phase-transport rearrangement

technique.

Direct synthesis of isomorphously substituted M-CHA (M = B, Al, Ga, and Ti)
zeolites free of metal cations at ion-exchange positions was developed utilizing the assistance
of pure siliceous Si-CHA as the crystal growth seeds. The synthesis time for respective M-
CHA zeolites was significantly reduced compared with the previously known protocols. The
introduction of heteroatoms to the framework of CHA zeolite was confirmed by the solid-
state MAS NMR, UV-vis, and FTIR spectroscopies. It was established that the change in
heteroatoms’ nature alters the geometry of 8-ring in CHA structures and also influences the
zeolite-CO; host-guest interaction and thus the zeolite performance in CO2/CHs separation.
The overall separation ability of M-CHA zeolites was found to follow the order Ti-CHA < Si-
CHA = B-CHA < Ga-CHA < Al-CHA.



Abstrakt

Zeolity jsou krystalické mikroporézni materidly s trojrozmémymi miizkami
vytvofenymi z tetraedrii se sdilenymi vrcholy. Zeolity jsou tradicné definovany jako
hlinitokiemicitany (T = Si a Al). V dne$ni dob¢ byly mfizkové atomy rozsifeny na dalsi tri-
/tetravalentni prvky, vcetné B, Ga, Ge, Ti atd., vzhledem k chemické flexibilité¢ zeoliti.
Vysledné materidly se oznacuji jako elementosilikaty pro pfislusné zeolity obsahujici vyse
uvedené prvky. Tyto materidly vykazuji fascinujici vlastnosti diky odlisné povaze prvkl ve
struktufe, napt. strukturalni flexibilité a nastavitelné kyselosti. Vyuziti jedine¢nych vlastnosti
elementosilikatovych zeolitl, jejich pouziti jako vychozich pevnych latek pro syntézu novych
materidli a jako adsorbentll pro separaci plynt ulinilo velky pokrok. SloZzitost faktori
ovliviwyjicich syntézu zeolitu vSak omezuje moznost kontroly kli¢ovych parametrii tvorby
zeolitu, napft. krystalizacniho mechanismu, rychlosti ristu krystalti a fazové selektivity. Na
druhou stranu, pro konkrétni zeolitové systémy, které jsou perspektivni pro separaci plynt,
korelace mezi chemickym sloZzenim navrzenych struktur a jejich adsorpénimi vlastnostmi je
tézko postizitelna.

S ohledem na vySe uvedena fakta, byla tato prace zaméfena na navrh fady
elementosilikatovych zeolitd s laditelnymi vlastnostmi (zejména morfologie, poréznost nebo
kyselost) bud’ prostfednictvim kontroly krystalizaéniho mechanismu nebo manipulaci se

zeolitovou strukturou a chemickym sloZenim.
Hlavni pfinosy této prace jsou:

Skute¢né obraceny mechanismus rlstu krystald, v némzZ krystalizace zac¢ind na
povrchu amorfnich agregati a poté pokracuje smérem k jejich centrim, je poprvé
demonstrovan v systémech syntézy zeolitu. S vyuzitim zeolitu AST jako reprezentativni
struktury bylo zjiSténo, ze koncentrace strukturu-urcujiciho Cinidla (SDA) v reakéni smési
ur¢uje usnadnéni konkrétniho krystaliza¢niho mechanismu, protoZe je zodpovédny za
nasmérovani aglomerace malych ¢astic do velkych amorfnich agregatt ve velmi ranych fazich
syntézy pied zahdjenim krystalizace. Pii nizkém poméru x = SDA/S10; (0.3 < x < 0.4) st
krystali nasleduje klasickou cestu, zatimco pti vysokych hodnotach (0.5 < x < 0.7) ptechazi
na obraceny mechanismus ristu krystalli. Kromé toho bylo zjisténo, Ze F ionty fidi rychlost

rastu krystali: vyssi koncentrace F~ ma za nasledek vyssi rychlost ristu.

Dva nové zeolity (IPC-17 a IPC-18) byly ptipraveny metodou ADOR (assembly-disassembly-

organisation-reassembly) s vyuzitim strukturni lability konkrétnich ,,stavebnich jednotek* v



germanosilikatovych zeolitech. Pro realizaci Gspé$né strukturalni transformace byly pouzity
ruzné strategie pro prislusné germanosilikaty s specidlnimi chemicko-strukturnimi vlastnostmi.
Pro ptipravu IPC-17 byla provedena optimalizace syntetické strategie ADOR prostifednictvim
kontroly chemického slozeni pocatecniho germanosilikdtu IWR. Pro syntézu IPC-18 bylo
pouziti omezeni pfenosu hmoty v mezivrstvém prostoru produktu transformace
germanosilikatového zeolitu IWW, coz byla zékladni myslenka nové vyvinuté preskupovaci

techniky s vyuzitim pfenosu v plynné fazi.

Pfimé syntéza izomorfné¢ substituovanych M-CHA (M = B, Al, Ga a Ti) zeolit bez
kovovych kationti na iontovych vyménnych pozicich byla vyvinuty s vyuzitim cisté
ktemicitého Si-CHA jako krystaliza¢nich zarodkd. Ve srovnani s diive zndmymi postupy byla
doba syntézy prislusSnych zeolith M-CHA vyznamné zkracena. Zavedeni heteroatomil do
miizky zeolitu CHA bylo potvrzeno pouzitim MAS NMR v pevné fazi, UV-vis a FTIR
spektroskopie. Bylo zjisténo, Ze zména charakteru heteroatom méni geometrii 8-Cetné¢ho
kruhového otvoru v pérech CHA a také ovlivituje interakci typu ,,host-guest™ mezi zeolitem a
COg, a tim 1 zeolitovou vykonnost pfi separaci CO2/CH4. Bylo zjisténo, ze celkova separacni
schopnost zeolith M-CHA odpovida pofadi Ti-CHA < Si-CHA = B-CHA < Ga-CHA < Al-
CHA.
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1. Aim of study

Revealing the key parameters in the zeolite synthesis and understanding the unique
chemical/structural properties of zeolite frameworks provides better insight into the control of
crystal growth, new zeolite synthesis, and the development of particular zeolites for gas
separation. This thesis focuses on the study of the fundamental parameters of the
determination of zeolite crystallization pathway, the synthesis of novel zeolite structures
through structural transformation, and the preparation of elementosilicate zeolites with

tunable properties (i.e. morphology, porosity, and acidity) for gas separation.
This thesis aimed to achieve the following specific goals:

e To reveal a unique zeolite crystallization model of zeolite AST, that is, reversed
crystal growth in which crystallization starts at the surface of amorphous aggregates
and then proceeds towards their centers.

e To determine the fundamental function of SDA and F ions on the determination of the
crystallization mechanism, and thus for the control of crystallization pathway between
the classical and reversed crystal growth.

e To synthesize new zeolites through structural transformation of germanosilicate
zeolites.

e To design synthetic strategies to stabilize labile germanosilicate IWR frameworks for
the realization of successful topotactic transformation.

e To develop a new technique, i.e. vapor-phase-transport rearrangement, for the control
of mass transport within the interlayer of germanosilicate IWW zeolite.

e To prepare elementosilicate CHA zeolites in a direct hydrothermal synthesis by the
seeding method.

e To correlate the influence of heteroatoms of isomorphously substituted CHA zeolites

with their gas separation performance.



2. Introduction

2.1 Zeolites: definition, preparation and application

2.1.1 Brief introduction of zeolites

Traditionally, zeolites are defined as crystalline microporous aluminosilicates with
three-dimensional framework built from corner-sharing TO4 (T = Si and Al) tetrahedra.
Nowadays, diverse zeolite-related microporous materials (zeotypes) have been reported. The
framework elements of microporous zeotypes have expanded to T (B, Ga), T" (Ti, Sn, Zr,

Ge), and TV (P) elements.

Zeolites were firstly discovered as natural minerals in 1756 [1], which were
considered without any practical interest. The discovery of new zeolites was almost
exclusively studied by mineralogists who were more interested in understanding the
environments and the crystallization conditions of these phases than in their practical uses [2].
At present, 67 types of natural zeolites have been discovered according to the International
Zeolite Association (IZA) database. Hereafter, the characteristics of natural zeolites and their
potential applications in the field of ion exchange and adsorption were studied in 1900s. One
of the breakthroughs was the development of artificial zeolites with high Al content, which
were hydrothermally synthesized in 1940s through simulating the geothermal formation
conditions for natural zeolites [3]. Henceforward, a lot of new zeolites with different chemical
compositions and framework types have been prepared as a result of the fast development of
synthetic methods. For example, zeolites A and X were synthesized using low-temperature

hydrothermal techniques and related patents were filed in 1949 [3].
2.1.2 Structure of zeolites and its description

Up to now, 253 types of zeolites or zeotypes have been verified by the IZA Structure
Committee  including  silicates,  germanosilicates,  aluminophosphates  (AIPOs),
silicoaluminophosphates (SAPOs), borosilicates, and so on. Each zeolite framework has a
corresponding three-letter code. Specially, in some cases, a minus () sign is used to indicate
interrupted frameworks (e.g. —-ITV or —-SVR), and an asterisk (*) for disordered frameworks
(e.g. *BEA or *SFV), but a combination is also possible (e.g. *-SSO or *~EWT). The code
only describes and defines the framework types while it does not contain any information

about chemical composition, T-atom distribution, or cell dimension, etc.

2



2.1.2.1 Primary building units

Each T-atom of zeolites is tetrahedrally coordinated to 4 oxygen atoms, thus each
oxygen atom bridges 2 T atoms (Figure 2.1). Different connections of TO4 tetrahedra result in
diverse zeolite frameworks. This basic structural building unit (TOj4 tetrahedra) is defined as

primary building unit.

Figure 2.1 (a) TO4 tetrahedron; (b) TO4 tetrahedra bridged by oxygen vertex [4].

The aluminosilicate zeolite possesses an anionic framework because of the presence of
AlOg4 tetrahedrons, and the negative charges are compensated by the extra-framework cations
(e.g. Li, Cs*, K", NH4", Na' Ca*", etc.). Aluminophosphate is constructed by strict
alternation of AlO4 and POy tetrahedra, thus its framework is electro neutral with no extra

metal cations presented.

Diversity of connectivity of tetrahedra results in unique pore architecture of zeolites,
i.e., pore size, pore volume, and pore topology. According to the number of T atoms limiting
the pore entrance, zeolites are classified as small (8-ring); medium (10-ring); large (12-ring)
and extra-large (> 12-ring) pore, while the number of pore opening rings less than 8 is

regarded as nonporous (Figure 2.2) [5].

Zeolite structures obey the Lowenstein's rule avoiding Al-O-Al linkages because of
the violation of framework charges [7]. Similarly, the P-O—P linkage appears to be unlikely in
AIPOs. For this reason, almost every phosphate structure has an even number of rings in their
frameworks, i.e., 4, 6, 8, 12 rings. Therefore, structures with odd numbered rings, are very

rare for AIPOs or SAPOs families.



SOD (6MR) CHA (8MR)

Figure 2.2 Zeolite frameworks with different pores: SOD with 6-ring pores of 2.8 A; CHA 8-ring (3.8 A);
MFI1 10-ring (~ 5.5 A); FAU 12-ring (7.4 A); UTL 14-ring (~ 9.5 A); and ETR 18-ring (10.1 A) [6].

2.1.2.2 Secondary building units

Zeolite frameworks can be considered as being composed of finite component units or
infinite component unit-like chains and layers. Secondary building units (SBUs) were derived
with the idea that an entire framework could be built using a single SBU [5]. SBUs are non-
chiral units with up to 16 T-atoms. At present, 23 kinds of SBUs have been found, as shown
in Figure 2.3. Each zeolite can possess one or more SBUs. For instance, MFI framework
comprises only one type of SBU (5-1), while LTA contains five types of SBUs, including 6-2,
4-4,4-2, 4, and 8 units.



A O O <

3(5) 4(71) 6 (51)
6-2 (16)
2-6-2 (16) 6*1 (4)
8 (24) 12 (5)
Spiro-5 (2) 4-4 (4) 6-6 (10) 8-8 (3)
4-1(13) 4-[1,1] (5) 1-4-1 (7) 4-2 (23)
2 - 2ot
4=1(3) 4-4- (4) 4-4=1 (3)
5-1(25) 5-[1,11(2) 1-5-1 (4) 5-3 (10)

Figure 2.3 23 kinds of SBUs, adopted from IZA database.
2.1.2.3 Composite building units

Although each type of zeolite framework can be described by SBUs, the complexity
increases with the increase in the number of new complicated structures. As a result,
composite building units (CBUs) are often used to describe the zeolite structures [5]. Except
for double 4-rings (d4r), double 6-rings (d6r), and double 8-rings (d8r), each CBU is assigned
a lower case italic three-letter code, which is related to the type of framework they featured in.

At present, 59 types of CBUs have been identified (Figure 2.4).
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Figure 2.4 59 types of CBUs (lov, d3r, d4r, d6r, and d8r are also classified as SBU), adopted from IZA
database.



2.1.2.4 Characteristic chain- and layer-building units.

Six chain units that frequently appeared in zeolite frameworks are shown in Figure 2.5,
that is, dzc, dsc, dcc, nsc, dnc and pentasil chain [4, 5]. The nsc is more common in AIPO-
based structures, while the pentasil chain composed of edge-sharing cages is a characteristic

of high-Si zeolites (e.g. MEL and MFI).

Figure 2.5 (a) Double zig-zag chain (dzc); (b) double sawtooth chain (dsc); (¢) double crankshaft chain

(dce); (d) narsarsukite chain (nsc); (e) double narsarsukite chain (dnc); (f) pentasil chain.

Zeolite structures that can be described using the same 2D layer are considered as
polytypes. Polytypes consist of identical layers, and differ only in the stacking sequence of
these layers. For example, *BEA zeolite consists of three polymorphs, polymorph A,
polymorph B, and polymorph C (Figure 2.6).

a B c
--A
--A
--A
--B
--A
--A

Figure 2.6 Zeolite *BEA in (a) polymorph A, (b) polymorph B, and (¢) polymorph C, showing different
stacking orders (a) ABAB, (b) ABCABC, and (c) AAA [8].



2.1.3 Synthetic chemistry of zeolites

Zeolites are generally prepared by hydrothermal synthesis in aqueous media where
sources of T-elements (Si, Al, Ge, B, etc.), inorganic and/or organic cations are mixed
together in basic or fluoride media. In the most cases, an organic compound acts as a SDA.
The crystallization proceeds in a closed vessel (e.g. autoclave) at increased temperature
(usually 100 — 240 °C) under autogenous pressure for a period from few hours to several
months (Figure 2.7) [1, 9]. In the following subsections, the role of the reaction mixture
components in the synthesis and the details of hydrothermal synthesis of zeolites are

discussed.
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Figure 2.7 Hydrothermal synthesis of zeolites [9].

2.1.3.1 Components of typical reaction media

Reactants. In general, the synthesis gel utilized for preparation of aluminosilicate
zeolites contains aluminum and silicon sources, inorganic or organic cations, mineralizer, and
water. The Si and Al sources are the main sources for the formation of zeolite framework
skeleton. The Al sources, generally, include Al2(SO4)3, AIOOH, Al,O3, AI(OH)3, Al(O-1-Pr)s,
and as on, while Si sources are TEOS, silica gel, fumed silica, etc. The inorganic or organic
cations are necessary in the synthesis of T"-containing zeolites, such as aluminosilicates,
gallosilicates, borosilicates. They are not only used for the charge balance in zeolite
framework but also they act as SDAs for particular structures. As an example, different
cations located between the pre-FER layers result in two kinds of zeolites, i.e. FER and CDO,

after the condensation of the layers [10].



Mineralizing agent. Hydroxide ion is the most common mineralizing agent, which
can dissolve T-element sources (Si, Al, etc.) and provides the reversible T-O—T bond
formation and hydrolysis during the synthesis of zeolites. Siliceous zeolites prepared in OH™
medium are usually obtained at high pH, leading to the generation of some silanol defects. In
contrast to OH™, F~ [11, 12] allows to significantly eliminate those defects, this can be
explained by the charge balance of the framework with occluded F~, and complete
condensation of the silica in neutral medium [13, 14]. In addition, the presence of F~ can also
facilitate the incorporation of heteroelements (Al, B, Ga, Fe, and Ti) into the zeolite (high-Si
or all-Si) frameworks because F~ can react with most of elements to form the complex ions

[15, 16].

SDA. The application of organic quaternary ammonium cation (known as OSDA) is
regarded as a milestone for the hydrothermal synthesis of zeolites [17, 18], which accelerates
the discovery of zeolites with novel structures. Two key zeolites for the industry, beta (*BEA)
[19] and ZSM-5 (MFI) [20], were hydrothermally synthesized by using respective
tetracthylammonium and tetrapropylammonium as OSDAs in 1967 and 1972, respectively.
The role of these organic cations is generally proposed [21] as (1) template effect, zeolite
framework is closely related to the shape and size of OSDA molecules; (2) structure-directing
effect, an OSDA directs the crystallization towards the formation of a particular type of
zeolite framework; (3) pore-filling effect, OSDAs in the cavity stabilize the open zeolite
framework through the non-bonded host-guest interaction; and (4) zeolite framework charge
compensation which caused by the non-T" framework atoms. It is worth noting that these
effects simultaneously occur more or less in the course of organic-involved zeolite synthesis

[22].

Water. Water not only is an excellent solvent but also participates in the formation of
zeolites. The steam water can provide the self-generated pressure in the autoclave at higher
temperatures. Moreover, the ratio of H>O/Si0, may also significantly affect the phase
selectivity of zeolite crystallization. For example, pure siliceous zeolite CHA can only be
formed at 3 < H>O/S10; < 5.3, otherwise a second phase STT is present when the H>O/Si0; is
lower than 3 or higher than 5.3 [23].

2.1.3.2 Hydrothermal synthesis

Hydrothermal synthesis was successfully applied for the zeolite synthesis in 1940s

through mimicking the conditions of generation of natural zeolites [3]. The hydrothermal
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synthesis can be carried out in either static or tumbling conditions. The agitation can facilitate
the mass transport in the reaction media [24]. Agitation is revealed to influence the
crystallization kinetics, particle size distribution, and chemical composition of the framework
[25]. The stirring of the reaction mixture can also influence the outcome of final crystal
structures. Hanif ef al. found that pure FAU and EMT phases can be obtained with agitation,
while an intergrowth of FAU and EMT phases is the main product under static condition due
to the decrease in local concentration of the reactants at the liquid-solid interface below the

“apparent” concentration as a result of limited mass transport [26].

Hydrothermal synthesis method has been widely applied in zeolites synthesis for
decades. However, the system consists of some environmentally unfriendly issues: large
amount of organic/inorganic templates, waste of water for purification, time-consuming
synthesis, and so on. To reach the purpose of sustainable chemistry, many efforts have been
devoted to develop sustainable synthesis protocols [27-29], using low-cost, recyclable
templates, or template-free system [30-32]. In addition, several techniques, such as
microwave heating [33], hydroxyl free radicals assisted synthesis [34], and rapid synthesis in
capillary [35], were developed to speed up the crystallization kinetics of the hydrothermal
synthesis. Okubo et al. developed an ultrafast synthesis strategy for the synthesis of zeolites in

a “mini autoclave” which can produce AIPOs-5 in one minute [36-38].
2.1.3.3 Seed-assisted synthesis

Synthesis of targeted zeolites using hydrothermal method is still challenging due to the
slow crystallization kinetics of zeolite and the appearance of undesirable phases. The seed-
assisted technique by adding crystal seeds in the synthesis gel has opened a new horizon for
the synthesis of many useful zeolites [39]. The required time to obtained crystalline zeolites is
highly reduced when crystal seeds are added into the synthesis gel [40]. Moreover, the size
and morphology of crystals can be affected by the seeds [41]. Yu et al. systematically studied
the effect of seed size on the synthesis of SAPO-34 (CHA) crystals and found that non-
uniform micron-sized cubic crystals of SAPO-34 were obtained when micron-sized seeds are
used, while uniform nano-sized crystals were formed when using nano-sized seeds (Figure 2.8)
[42]. Many zeolites can be synthesized in the absence of OSDAs using seed-assisted strategy,
such as MFI [43], *BEA [44, 45], and SAPO-34 [46].

10


https://www.sciencedirect.com/topics/materials-science/crystallization

Crystallization

180 °C 3day

) p - seeudismlﬁm
e k| > ——

/""_““—*‘\\ Micron-sized c Non-uniform
\.___‘____./ Seed crystal

nucleus

SAPO-34
Synthesis gel

Figure 2.8 Schematic representation of the influence of the size of seeds on the final crystal size [42].

Many works have been carried out to study the mechanism of seed-assisted
crystallization. Generally, two mechanisms prevail in the seed-assisted crystallization: (1) the
seeds undergo partial dissolution and new crystals grow on the surface of seeds [45, 47, 48];
(2) most of seeds are dissolved and the essential building units can direct the new crystal
growth [36, 49, 50]. Regarding to the partial dissolution mechanism [45, 47], viable crystals
were developed on the surface of the partially dissolved crystals which act as the SDA to
direct the crystal growth (Figure 2.9, top). While in some cases, the seed crystals are
completely dissolved and the released species contain the building units of seed structures,
which can promote the crystallization and crystal growth. Therefore, a different crystal shape
can be obtained when using the seeds prepared in a conventional autoclave, while no

significant difference can be observed by reusing the seeds obtained (Figure 2.9, bottom) [36].
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Figure 2.9 Schematic presentations of the crystallization processes in seed-assisted synthesis of
*BEA without OSDA (top) [47]. Crystal morphologies of AIPOs-5 synthesized using the product as
seeds (bottom) [36]. Seeds prepared by the conventional hydrothermal method (a); products

synthesized in the continuous flow reactor using “a” as the seeds (b), and in an iteration way the

“

obtained “b” was used as seeds for synthesis “c” (c).

2.2 Zeolite crystallization: classical and reversed crystal growth

2.2.1 Classical crystal growth

Zeolites are metastable crystalline materials that are commonly synthesized from
amorphous aluminosilicate precursors in an alkaline/neutral aqueous solution. Understanding
the zeolite crystallization mechanism, especially at the molecular level, is essential for the
development of materials with desired properties and for the improvement of synthesis
protocols [51]. However, such a comprehesive insight into the mechanism is still elusive due
to a large amount of species present in the synthesis mixtures and many factors affecting the
formation of final products [52]. Generally, the accepted crystallization mechanism (Figure

2.10), that is defined as classical crystal growth, includes three main steps [53, 54]:
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(1) induction period, prenucleation including depolymerization of the source of
heteroelements with further formation of oligomeric (element)-silicate ions upon

condensation;

(2) nucleation period, i) primary nucleation consisting of the reorganization of oligomeric
anions and SDA" into clathrate-like primary units; ii) generation of nuclei centres by

aggregation of the silicate clusters;

(3) crystal growth.

(a) Nucleation rate (b) Crystal growth rate

Induction Nucleation Crystal growth

process

,{. T (Si, Al, Ge,....) Precursors 3 Mineralizers (OH-, F*) x }Shncm:e directing agents

Figure 2.10 Schematic representations of the (a) nucleation rate and (b) crystal growth rate of zeolites,
and (c) related rearrangements from amorphous particles into crystalline zeolite during the synthesis
[55].

2.2.2 Reversed crystal growth

The reversed crystal growth mechanism was firstly reported for the zeolite ANA in
2007 [56]. In contrast to the classical model assuming the growth from the nuclei center, in
the reversed crystal growth, the crystallization begins with the integration of nanocrystallites
on the very early stage of crystallization into large aggregates, which is followed by the
recrystallization starting at its surface towards the center. Therefore, the crystal growth
direction in the reversed mechanism is from the surface to the center. So far, the

recrystallization (i.e. formation of crystalline phase from another crystalline phase) of
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aggregates in the reversed crystal growth has been found in many systems, including zeolites

[57, 58], perovskites [59, 60], metal oxides [61, 62], and metal-organic frameworks [63, 64].

The formation of zeolite ANA is a representative example to illustrate the
crystallization mechanism in the reversed crystal growth [56], as shown in Figure 2.11. The
crystalline nanoplates (ANA) with an average diameter of ~ 20 nm were formed at the
beginning of crystallization (Figure 2.11a). Then, these crystallites spontaneously
agglomerated to form discus-shaped aggregates via an oriented aggregation mechanism

(Figure 2.11Db).
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Figure 2.11 TEM (a) and SEM (b—i) images of zeolite ANA formation in different synthesis time

through the reversed crystal growth mechanism [56, 65].

These aggregates further self-assembled into polycrystalline microspheres (Figure
2.11c). Due to the limited space and restricted mass transport inside the microspheres, the
crystalline nanoplatelets inside the microspheres grew into large nanorods via Ostwald
ripening. Simultaneously, a single crystalline thin shell was formed on the surface of the

microsphere via surface recrystallization (Figure 2.11d). As a result, an icositetrahedral
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morphology is gradually developed (Figure 2.11ef). With the prolongation of synthesis time,
the single crystalline shell increases in thickness through the consumption of inner nanorods
(Figure 2.11gh), as a result, a single-crystal icositetrahedra with a small hole is generated
(Figure 2.111). Except for the formation of zeolite ANA from amorphous silicon-aluminum
sources, zeolite ANA with a regular icositetrahedral morphology can also be synthesized via

transformation of zeolite Y though the reserved crystal growth mechanism [66].

In addition to such mechanism, crystallization starting at the surface of amorphous
aggregates (i.e. formation of crystalline phase from amorphous state) towards their centers
instead of recrystallization of preformed crystallites is a conceptually different type of
reversed crystal growth. This kind of mechanism is not so common as the aforementioned
type of recrystallization, which is probably due to the fast formation of crystallites at the very
early stage of crystallization [65, 67]. Confinement of starting materials within the matrix of
polymers can inhibit the free growth of crystals and provide particular nucleation sites at the
host-guest interfaces stimulating the reversed crystal growth. Wang et al. reported cube-like
zeolite A with a core-shell structure was formed via particle aggregation and surface- to-
core crystallization by adding extra chitosan polymer into the initial synthesis gel [68], as
shown in Figure 2.12. Despite a well crystalline shell can be obtained when the gel was aged
overnight at room temperature before the hydrothermal treatment, a second phase (SOD) is

formed inside the cubes under hydrothermal conditions for 4 hours.

a) Silica dispersed in b) Aluminosilicate ¢) Nuclei_in chitosan gel
chitosan solution entrapped in chitosan gel
Heating/
Surface
crystallization

Chitosan removal

Osoy

e) Cubes of zeolite A d) Cubes of zeolite A
in chitosan gel

Figure 2.12 Schematic presentation of the formation of cubic zeolite A with a core-shell structure in the

presence of chitosan polymer [68].

15



Zhou et al. systematically studied this formation process through the step-by-step
observation of crystal growth and confirmed the aggregation and surface- to- core
crystallization mechanism for the formation of zeolite A [69]. Unfortunately, a second phase
(SOD) appeared at the cube center when a crystalline shell was formed and it grew further by
consuming the amorphous species and then the crystalline zeolite A. Finally, only SOD
zeolite was obtained (Figure 2.13). Therefore, the formation of zeolite A and its
transformation to SOD is strictly not a model example for reversed crystal growth based on its
definition because the crystallization of zeolite A does not reach its center despite a crystalline
shell is formed. Besides, the formation of crystalline shells at the beginning of crystallization
was also observed in the synthesis of ZSM-5 when mesoporous silica spheres were used as

the starting silica sources [70].
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Figure 2.13 Schematic presentation of growth of zeolite A (LTA) via reversed crystal growth

mechanism and phase transformation from zeolite A to sodalite (SOD) [69].

Although the reversed crystal growth mechanism has been observed in many systems,

it has not been fully understood yet.

(1) The proof of the reversed crystal growth mechanism in these materials requires

more experimental work [65]. The proposed surface crystallization of zeolite A in the
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reversed crystal growth has not been directly observed and hence the transformation from the

spherical to cubic morphologies has not been proved (step 4 in Figure 2.13) [69].

(2) The mechanism in the aggregation process is still elusive [65]. The reason for the
formation of nanoplatelets with a short axis along the (111) domain axis of zeolite ANA is not
yet fully understood, nor is the reason for the perfectly oriented aggregation of these

nanoplatelets [56].

(3) What is the pathway-determination factor and how does it influence the
crystallization mechanism? Aggregation of small species at the early stage is believed to be
the most important step in reversed crystal growth [67]. For example, multiple nucleation of
CaCOs can take place either on the surface of the aggregates or inside the aggregates
depending on the interaction strength between Ca®" and polymer additives [71]. A change of
the crystallization mechanism from the classical to the reversed crystal growth was found in
several systems when additional organic molecules (e.g ethylamine.) or polymers (chitosan or
gum arabic) was added into the synthesis gel [56, 69, 72]. However, inhibition of the free
growth of crystals cannot explain aggregation at the early stage in other systems acting
without adding any extra agents. Generally, the synthesis system contains a mixture of
inorganic and organic ions (SDAs, mineralizing agents, other modifiers) and the interaction
between them was assumed to affect the initial aggregation [67, 73, 74]. However, no direct

evidence was reported to confirm the relevance of this assumption [65, 67, 73].

In chapter 4.1, we present a truly reversed zeolite crystal growth process, in which the
crystallization starts from the surface of amorphous aggregates and then proceeds towards
their centers. In addition, the crystallization mechanism regarding to the pathway-

determination factors and crystal growth rate will be discussed in detail.

2.3 Structural flexibility of zeolites: ADOR strategy

2.3.1 General aspects of ADOR

3D zeolites are the most common products that crystallize directly from the reaction
gel under hydrothermal conditions (bottom-up route). One of the main weaknesses for the
conventional hydrothermal method is the limited control of the “black” reactor and the lack of
predictable synthesis of products [75]. For such a purpose of control, many researches have

been carried out to provide a basic understanding of the parameters including the nature of
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SDA, mineralization agents (OH", F), and H>O/T ratio, etc. [76]. Besides, alternative

approaches in a top-down route for synthesis new zeolite structures are developed [75, 77].

The introduction of Ge into the zeolite synthesis mixtures has promoted the discovery
of many highly open zeolite structures containing d4r and/or d3r and/or s37 units, which have
not been achieved in their silicate or aluminosilicate forms [78-82]. From a structural point of
view, germanosilicate zeolites are worthy of interest, however, their applications are highly
hindered due to the structural instability caused by the readily hydrolysable Ge—O bonds [83,
84]. One typical structural feature of some germanosilicate zeolites is that their frameworks
are composed of the stable Si-rich layers (or clusters) connected by labile Ge-rich d4r units
[85]. Therefore, Si-rich domains can be potentially reassembled into a 3D zeolite under
specific conditions if partial or complete removal of Ge-rich d4r linkages happen [86]. This is
the basis of so-called ADOR (assembly-disassembly-organization-reassembly) process, which

is developed in our group [87].

In contrast to the hydrothermal (bottom-up approach) synthesis, ADOR is a top-down
approach for the synthesis of 3D zeolites. ADOR protocol consists of 4 steps (Figure 2.14): (1)
assembly 1involving the hydrothermal synthesis of parent zeolite with the desired
characteristics (i.e. zeolites containing both stable and labile parts); (2) disassembly involving
the selective removal of the Ge-rich d4r domains, resulting in the formation of layered
precursor; (3) organization including rearrangement/reintercalation to correct the orientation
of layers for later reconnection; (4) reassembly involving the condensation of layers to form a

new daughter zeolite.

In comparison with the conventional hydrothermal synthesis, new materials prepared
using ADOR strategy can possess strong structural strain because the formation of ADOR
products does not carry out under equilibrium conditions [77]. Generally, the formation of
highly-energetic (i.e. thermodynamically unfeasible or unfavorable) zeolites by the
hydrothermal synthesis is considered to be impossible as the most stable products tend to
form accordingly in the equilibrated reaction mixtures. Synthesis of the so-called “unfeasible”
zeolites was realized via ADOR when using UTL as the parent zeolite along with the required

organization agent (choline cation) [88].
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Figure 2.14 Schematic representation of the ADOR protocol for the synthesis of IPC-2 (OKO) and
IPC-4 (PCR) zeolites from UTL; both daughter zeolites have not been yet synthesized through the
direct hydrothermal method [87].

Key features required to achieve the successful preparation of new zeolites by
applying ADOR strategy are the structure and chemical composition properties of the parent
zeolites. The successful cases so far are mainly germanosilicate zeolites possessing Ge-rich
d4r units [77]. Generally, an “ADORable” zeolite should have a sufficiently high number of
Ge in the d4r units, which is enough to disconnect the zeolite framework and to form the
independent Si-rich layers. It can be expected that each d4r unit should contain at least 4 Ge
atoms for the realization of complete disconnections between the layers of the parent zeolite.
As shown in Figure 2.15, among the six possible configurations of 4 Ge atoms within a d4r
unit, only (a) and (b) allow the full separation of Si-rich layers [87]. Germanosilicate zeolites
possessing the remaining configurations (¢) — (f) are hydrolytically stable under acidic
conditions (germanosilicate structure remains unchanged in the acid treatment) due to the
presence of Si—O—Si linkages between the layers. Therefore, at least 4 Ge atoms presented in
each d4r unit are required for the full separation of layers. Moreover, different arrangements
of Ge in d4r units will seriously affect the final products. UTL with Si/Ge = 6 is an
illustrative example, in which each d4r unit contains 4 Ge atoms (assuming Ge occupies only
d4r units). According to the results of ’F MAS NMR and 'H — ?°Si CP/MAS NMR in UTL,
Ge preferentially forms one Ge s4r attached to the layer (corresponding to the configuration
(a) on Figure 2.15) and hence the layers can be fully disassembled [80, 89]. However, in the
case of IWW or ITH, Ge is randomly distributed in all T-sites of d4r [89], resulting in an
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incomplete separation of Si-rich layers when a considerably low Ge concentration is achieved

[90, 91].

fidyy iy o

Figure 2.15 Different arrangement of 4 Ge atoms (red) and 4 Si atoms (blue) within d4r units [87].

2.3.2 ADOR mechanism: UTL as an example
2.3.2.1 Assembly

The first step in the ADOR protocol for the structural transformation of
germanosilicate zeolites is the assembly, that is, synthesis of parent germanosilicate zeolites.
The hydrothermal synthesis generally involves the preparation of synthesis gel with particular
compositions, crystallization of germanosilicates, and removal of organic cations in the cavity
of germanosilicates. For example, UTL zeolite is synthesized with a synthesis composition of

0.8 Si02: 0.4 GeO2: 0.4 DMAH: 30 H>O at 175 °C for 7 days under agitation.
2.3.2.2 Hydrolysis

The hydrolysis of Ge—O bonds occurs immediately when the parent UTL is in contact
with water or acid solution. Henkelis ef al. systematically studied the hydrolysis of UTL in
water at elevated temperature, and all steps related to disassembly and rearrangement are
shown in Figure 2.16 [92]. An IPC-2P* intermediate containing IPC-2P structure but with Ge
residing within the layers is formed in 1 min. The remaining Ge—O bonds are further
hydrolyzed to form IPC-1P (precursor of PCR zeolite with interlayer O-bridge connectivities)
in 30 min, in which all d4r units have been completely removed. Considering the dominant
occupation of d4r units by Ge, changes of XRD patterns related to the inter-layer planes can
be observed owing to the generation of a layered material (Figure 2.17). As a result, removal

of d4r units leads to a shrinkage of the interlayer spacing (d.200)) from 14.5 to 10.5 A) [93].
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Figure 2.16 Elementary steps of the ADOR process for UTL hydrolysis at 100 °C in water [92].
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Figure 2.17 The variation of d-spacing for the (200) refection of UTL vs reaction time in water at
100 °C [93].

2.3.2.3 Rearrangement

The complete hydrolysis of d4r is not the end of the reaction in water. It is possible to
intercalate extra Si between the layers to form a new zeolite precursor IPC-2P (precursor of
OKO zeolite with -s4r- interlayer linkages). That is so-called rearrangement. The
rearrangement to form IPC-2P (d09 = 11.75A) through the IPC-6P intermediate (d(200) =
11.53A, precursor of the stage-structured *PCS zeolite with 1:1 ratio of PCR- and OKO-type
linkages) begins after an induction period when IPC-1P (d2009) = 10.50A) forms (Figure 2.17).

Two possible sources of Si upon rearrangement are proposed, that is silicate in the solution
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after hydrolysis or silicon in the Si-rich layers (Figure 2.16). By recording the differences
after removing the Si-rich solution via replacing with fresh water when the hydrolysis is
finished, Henkelis ef al. found that the silicon for rearrangement is mainly from the Si-rich
layers of the parent germanosilicates, confirmed by the observation of the defective Si-rich

layers with smaller d-spacing.
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Figure 2.18 The organization step in ADOR by intercalation with a SDA (top) or a

hydrolysis/deintercalation and self-rearrangement in acid (bottom) [92].

Hydrolysis and rearrangement of intermediate precursors in acid solution are slightly
different from that in water (Figure 2.18). The structures of final products obtained depend on
the acidity of solution and reaction temperature. At room temperature, [PC-1P is the final
products in low concentrated acid solutions, while IPC-2P will be formed in highly
concentrated acid solutions [94]. This difference can be explained by the ability for self-
arrangement of the disassembled layers at high acidity condition at room temperature after
full removal of Ge-rich d4rs, while it can only be stimulated at high temperature in low acidic
solution. Besides the self-rearrangement of IPC-1P in solution, intercalation of SDA can also
organize the layers to direct the formation of final zeolites with different connectivity. A well
crystalline IPC-4 (PCR) can be obtained by calcination after the intercalation of octylamine
into the interlayer space of IPC-1P [86]. Moreover, IPC-10P and IPC-9P can be obtained by
treatment of IPC-1P in the choline hydroxide solution either in the presence or absence of

dimethyldiethoxysilane, respectively (Figure 2.19) [88].
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Figure 2.19 The ADOR process in the formation of IPC-9 and IPC-10 [88]. (i) Disassembly step for the
formation of IPC-1P; (ii) followed by the introduction of choline cations (blue balls with positive charges)
between the layers to form IPC-9P, which can be reassembled in two ways: (iii) direct calcination to

form IPC-9, and (iv) calcination after intercalation of diethoxydimethylsilane for the formation of IPC-10.
2.3.2.4 Reassembly

Condensation of the disassembled Si-rich layers can be realized by the calcination of
precursors at 200 — 550 °C. In addition, the layers can also be condensed under high pressure.
Noticeably, pressure-induced condensation of IPC-1P produces a fully crystalline [PC-2 under
a pressure of 1 GPa at 200 °C, while IPC-4 is obtained at 550 °C under ambient pressure [95].

2.3.3 ADORable zeolites

The number of achievable structures from one parent zeolite by the ADOR approach is
restricted because of the limited number of ways for connecting the rigid Si-rich layers. The
set of products given by the ADOR approach can be increased, to some extent, by careful
selection of the treatment conditions applied for the manipulation with the layer reassembly in
the organization step [88]. Six different structures were already obtained by utilizing UTL as
the parent zeolite (Table 2.1), nevertheless, those are not yet the full set of daughter zeolites
predicted theoretically for this structure [96]. In addition, the starting materials used for
synthesis of new zeolites achieved by ADOR protocols have been expanded to other

germanosilicates, such as UOV (IPC-12) and *CTH (IPC-15 and IPC-16). Potentially, more
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daughter zeolites can be produced from these parent materials if proper treatment conditions

are applied.

Table 2.1 Overview of the new zeolites obtained in the ADOR approach.

Parent zeolite Daughter zeolite Interlayer units in resulting zeolite Reference

IPC-2 (OKO) s4r [86, 97]
IPC-4 (PCR) O-bridge [86]
IPC-6 (*PCS) O-bridge/s4r [98]
UTL
IPC-7 s4r/d4r [99]
IPC-9 s4r [88]
IPC-10 s4r [88]
uov IPC-12 O-bridge [100, 101]
IPC-15 O-bridge [102]
*CTH
IPC-16 s4r [102]

Up to now, 41 germanosilicates have been verified by the IZA structure committee.
Except of the above mentioned germanosilicates, there are several germanosilicates which can
be perspective parent zeolites used for new zeolite preparation in ADOR approach. Table 2.2
lists potential germanosilicates where they are divided into three categories based on the
directions of location of d4rs (or other types of labile units such as d3rs, s3rs).
Germanosilicates with 1D d4rs means that all the d4rs of this material are located in one
plane and the silicate /ayers are connected by these d4rs; 2D means that the silicate chains are
connected by the d4rs which are distributed in 2 dimensions; 3D means that the silicate
clusters are connected by the d4rs oriented along all 3 dimensions. However, no successful
transformation of these germanosilicates in ADOR approach was reported so far due to the
particular features of their structures. For example, condensation of disassembled IWW layers
obtained in acid solution results in the de-intercalation and reconstruction of the parent zeolite
with a chemical composition different from that of the initial IWW zeolite but with the same
structure [90]. Besides, poor stability of the respective 2D IWR layers results in degradation
of structure during ADOR treatment [77, 103]. It should be noticed that the lability of the

frameworks increases dramatically when the “dimensionality” of d4r location increases.
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Degradation of zeolite frameworks, such as SOV, ITT, IWS etc., occurs after removal of
SDA when exposure to ambient atmosphere [104, 105]. Therefore, careful selections of
treatment conditions should be taken into consideration to avoid a collapse of structure after

removal of SDA when manipulating the d4r.

Table 2.2 Selected ADORable parent zeolites, adopted from IZA database.

Germanosilicate Types of SBU “Dimensionality” of d4r Reference
IWR d4r 1D [106]
Iww d4r 1D [107]
ITH d4r 1D [108]
ITR d4r 1D [109]
Iwv d4r 1D [110]
sov d4r 2D [111]
POS d4r 2D [112]
uwy d4r 2D [113]
IWS d4r 3D [114]
ITT d4r, s3r 3D [81]
IRR d4r, d3r 3D [82]
BEC d4r 3D [78]

2.4 Chemical flexibility of zeolites: isomorphous substitution by

heteroatoms

Isomorphous substitution is the replacement of silicon atoms from the framework for
other heteroatoms while maintaining the initial structure. Zeolite has been considered as
crystalline microporous aluminosilicates for a long time [5]. Al has an ionic radius, bond
angles (T-O-T) and bond lengths (T-O) close to those of Si, making it an ideal atom to
isomorphously substitute the framework Si. Besides Al, other three or four valent elements,
such as B, Ga, Ge, Sn, Ti, and Zr can also be introduced into the zeolite framework [78, 115-
119]. This possibility is realized by altering the ‘fine structure’’ of the flexible frameworks

(i.e. bond lengths and angles) to compensate the structural strains caused by the isomorphous
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substitution [53]. Diversity of framework elements allows tailoring the nature of the generated
Lewis and Brensted acid centers for a catalytic purpose (Figure 2.20) [120]. Recent advances
in zeolite synthesis enable to prepare zeolites with diverse structural flexibility. Both of direct
hydrothermal synthesis and post-synthesis substitution were exploited for the incorporation of

heteroelements into zeolite frameworks [53].
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Figure 2.20 Schematic representations of Brgnsted and Lewis acid sites in zeolite [120].
2.4.1 Substitution in the direct synthesis

Direct hydrothermal synthesis of zeolites with variable framework compositions is
widely utilized for the chemical adjustment of particular properties in zeolites. Typically, the
starting reaction gel is prepared by mixing the solvent, source of silica and heteroelement,
inorganic and/or organic cations in F~ or OH™ medium. By manipulation with the parameters
of reaction compositions and/or crystallization conditions, products containing heteroatoms in
the zeolite frameworks can be synthesized [121, 122]. Besides, a significant impact of the
synthesis methods on the kinetics of crystallization of heteroelement-containing zeolites was
demonstrated. Awate et al. reported different kinetics for the crystallization of Sn-MFI
synthesized by hydrothermal and dry gel conversion (DGC) methods [123]. Shorter induction
period and faster crystallization was observed when DGC method was employed (7 h to get
100 % crystallinity at 170 °C) compared with the hydrothermal method (45 h under the same
conditions). Moreover, a slightly lower activation barrier for nucleation (50 vs. 56 kJ mol )
and crystallization (53 vs. 60 kJ mol™') of Sn-MFI than that formed in the hydrothermal

synthesis was shown.
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2.4.2 Post-synthesis isomorphous substitution

As an alternative method to the direct synthesis, post-synthesis incorporation of T-
atoms in zeolite framework with heteroelements can be realized by the insertion of
heteroatoms into the position of “silanol nests”. The latter is achieved upon removal of atoms
(Si, Al, B, Ge, etc.) from zeolite framework by the treatment in neutral, acidic or alkaline
solutions. Following incorporation of heteroelements can be done via gas-phase metalation or
liquid-phase reaction condensation (Figure 2.21) [53]. Gas-phase metalation is performed by
the treatment of a demetalated zeolite with a heteroelement precursor at high temperature
[124]. For example, Sn-containing *BEA zeolite was prepared via two-step post-synthesis
approach, involving the dealumination of *BEA zeolite in highly concentrated nitric acid
solution (6 M) followed by the treatment with SnCls4 vapour at 500 °C [125]. The content of
Sn in the resulting samples is up to 6.2 wt%. In turn, liquid-phase method, i.e. impregnation,
included the treatment of zeolites with a liquid source of heteroelements. Ti and Sn were
grafted into IWW zeolites through the impregnation of degermanated IWW zeolites with
TiCl4 and SnCls in organic solvent and N> atmosphere [126].

M = Si, Al, B, Ge

Demetallation Metallation
——

Figure 2.21 Schematic diagram of post-synthesis incorporation of heteroatoms into zeolites [53].

2.5 Gas separation of CO2/CHsin zeolites

Carbon dioxide is an undesirable component in natural gas because it decreases the
combustion efficiency and leads to pipeline corrosion under humid conditions [127, 128].
Selective removal of CO2 from CHjy is a necessary process to produce natural gas of high
quality. Recently, the separation of CO2/CH4 by zeolites has attracted much attention due to
their well-defined microporosity, high stability and chemical flexibility [129]. For the
realization of selective adsorption of CO2 over CH4 on zeolites, kinetics and thermodynamics
contributions are, generally, considered to be responsible [130]. Despite of small difference in

kinetic diameters between COz (3.3 A) and CH4 (3.8 A), small pore zeolites with pore sizes
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close to mentioned molecular dimensions can be applied to limit the diffusion of CHs4 in
zeolites [131]. Regarding the thermodynamics contribution, the adsorbate—adsorbent
interaction resulting from the quadrupole CO; is important for selective adsorption and uptake
capacity [132-134]. In this respect, the nature of the adsorbent including its
hydrophobicity/hydrophilicity [135, 136], chemical compositions [137, 138], and framework
flexibility [139-141] can affect this interaction. In particular, the extra-framework cations in
zeolites are demonstrated to not only appear as an adjustor of the pore size [142] but as a
“molecular trapdoor” to influence the accessibility of supercavities [143, 144]. In addition,
the type and distribution of the cations can have a significant impact on the adsorption
properties [145, 146]. Except for the extra-framework cations, zeolite framework can also
interact with the CO; molecules. For example, the framework of Cu-SSZ-13 was confirmed to
be the preferred CO, adsorption sites rather than the extra-framework Cu®* cations [147]. In
addition, isomorphously substituted aluminophosphate by Mg and Co atoms shows an

enhanced selectivity of CO2 over CHs and N> compared with its original form [ 148].

2.6 Zeolites studied in this work

2.6.1 Zeolite AST

The framework of AST zeolite is considered as a clathrate compound involving large
[496!?] cages (AST units) connected by sharing the hexagonal faces, thereby forming smaller
[4%] cages (d4r units) between AST units (Figure 2.22). This typical arrangement directs the

formation of a zeolite with the same amount of small and large cages.
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Figure 2.22 Structure of zeolite AST (a); ast cage (b); and d4r unit (c).
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Zeolite AST was firstly synthesized as aluminophosphate (AIPO4-16) and siliceous
phase in 1991 [149, 150]. Later, pure germanate AST (AUS-9) was successfully prepared
[151], and germanium can be partially substituted by silicon [152]. Synthesis of zeolite AST
in germanate and purely siliceous forms often suggests the utilization of organic cation and F~
anion in the reaction gel [149, 153-156]. Many OSDAs can direct the formation of AST phase,
including quinuclidine [149], dimethyldiethylammonium [152], tert-butyltrimethylammonium
[157], tetramethylammonium [158], and 4-methyl-2,3,6,7-tetrahydro-1H,5H-pirido[3,2,1-ij]-
quinolin-ium [159]. Organic cations typically locate in the large cavity (ast unit), while
fluoride anions are occluded in the d4r cages, both organic cation and F~ anion can be

removed by calcination at high temperature [155].
2.6.2 Zeolite CHA

CHA is a small-pore zeolite with 8-ring pore windows (3.8 x 3.8 A, Figure 2.23).
Zeolite CHA was widely applied to separate CO; (kinetic diameter: 3.30 A) from CHa (3.80
A) in the natural gas upgrading process because of suitable pore size comparable with that of
mentioned gas molecules [160, 161]. Moreover, CHA zeolite has been proven to be an
efficient catalyst for decomposition of nitrogen oxides after ion-exchanged with metal Cu
[162]. Besides, SAPO-34 (CHA topology) has been reported as one of the active catalysts for
the production of propylene and ethylene in the reaction of methanol-to-olefin (MTO) [163].
Furthermore, zeolite CHA contains only one crystallographic independent T site, making it a

valuable model for the investigation of heteroatoms insertion into the framework [164].

Figure 2.23 Structure of zeolite CHA, viewed in axb plane (a); axc plane (b).

Aluminosilicate CHA zeolite (commonly denoted as SSZ-13) can be synthesized in
the presence of trimethyladamantylammonium hydroxide (TMAdaOH) in a broad range of
Si/Al ratio. Besides, SSZ-13 can be prepared via the interzeolite conversion of LTL [165],
LTA [166], FAU [167], and *BEA [168] in the presence of tetracthylammonium [169],
TMAdaOH, and dimethylethylcyclohexyl ammonium [170]. In addition, it can be crystallized
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using seeding method without OSDA, but the Si/Al ratio is less than 4 [171]. Compared with
the aluminosilicate CHA, pure siliceous CHA can only be crystallized in the presence of both

OSDA and F™ ions in a very narrow range of water content [23].
2.6.3 ADORable germanosilicates: IWW and IWR
2.6.3.1 Zeolite IWW

Zeolite IWW contains a 3D pore system with 8- (4.52 x 3.32 A), and 12- (6.66 x 6.66
A) ring channels along the [001] direction, both of which are intersected by a sinusoidal 10-
ring channel (5.86 x 4.98 A), as shown in Figure 2.24. IWW zeolite contains d4r units in 1D
which connects the Si-rich layer along the ¢ direction. Thus, under particular conditions in the
ADOR process, the (001) d-spacing can be decreased, while the XRD peaks corresponding to
the (hkO) planes is nearly the same to the parent materials. IWW zeolite was firstly
discovered as the germanosilicate ITQ-22 in 2003 [107] obtained using 1,5-bis-
(methylpyrrolidinium)-pentane as OSDA. Later, both hexamethonium and 5-
azoniaspiro[4,5]decane were found to be able to direct the formation of IWW zeolite [172,
173]. However, the final Si/Ge ratio of IWW zeolite prepared by these three OSDA is in the
range 3 — 5 no matter what the initial amount of Ge feed used. Recently, Wu et al. reported
IWW  zeolite with Si/Ge = 1 can be prepared using 1,4-bis-(dimethyl-1-
adamantylammonium)-butane as OSDA [174]. Despite of such a low Si/Ge ratio obtained in
IWW zeolite, there exist 3 Si atoms per d4r evidenced by the '°F MAS NMR spectroscopy,

indicating some Ge atoms are located in the layers [89].
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Figure 2.24 Structure of IWW zeolite: view in axc plane which shows the 1D d4r in ¢ direction (left)

and 3D pore system (viewed in axb plane) in which both of 8- and 10- rings are intersected by the

sinusoidal 10-ring channel (right) [107].
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2.6.3.2 Zeolite IWR

Zeolite IWR possesses a 3D pore system with intersecting 12- and 10-rings pores (as
shown in Figure 2.25). Similar to the IWW zeolite, IWR zeolite contains 1D d4r units along
the ¢ direction, thus judgement about the success of disassembly and assembly is
corresponding to the changes of (001) XRD peak positions. IWR was initially synthesized as
aluminogermanosilicate ITQ-24 using hexamethonium cation as an OSDA [106]. Recently,
direct synthesis of aluminosilicate IWR zeolite was achieved using a new OSDA allowing get
a stronger interaction between zeolite framework and organic molecules [175]. Besides Al-
containing IWR, it is also possible to incorporate B into the IWR framework with a broad

range of Si/Ge and B/(Si+Ge) ratios when F is introduced in the synthesis gel [176].

Figure 2.25 Structure of IWR zeolite: view in axb plane (left) and in axb plane (right). The T-atoms in

d4r are shown in grey color.

The Ge atoms in IWR is also confirmed to be mainly located in the d4r units, similar
to other germanosilicates. In addition, Ge also occupies T-atom positions in the Si-rich layers,
especially at a low Si/Ge ratio [177]. The presence of Ge in both d4r and layers increases the
hydrolytically instability of zeolite framework, which limits the application of ADOR for its
structural transformation. As a result, a degradation of crystalline IWR (Si/Ge = 1.8) was

observed when contact with water or acid solution [178].
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3. Experimental part

3.1 Reagents and Solvents

Chemicals Quality Company
1,2-dimethylimidazole 98 % Sigma-Aldrich
1,4-dibromobutane 99 % Sigma-Aldrich
1,8-diazabicyclo[5.4.0]lundec-7-ene 98 % Sigma-Aldrich
1-adamantanamine 98 % Alfa Aesar
1-methylimidazole 99 % Alfa Aesar
2-(bromomethyl)naphthalene 96 % Sigma-Aldrich
3-methylbenzyl chloride 98 % Alfa Aesar
4-methylbenzyl chloride 98 % Sigma-Aldrich
aluminium hydroxide Acros Organic
cis-2,6-dimethylpiperidine 98 % Sigma-Aldrich
decamethonium bromide 98 % TCI Chemical
diethyl ether 99.9 % Lachner
diethyldimethylammonium hydroxide
solution 20 % in H20 Sigma-Aldrich
ethyl acetate P.A. Penta
fumed silica / Sigma-Aldrich
gallium(lll) nitrate hydrate 99.9 % Sigma-Aldrich
germanium oxide 99.99 % Acros Organic
glass microfiber filter / Whatman™
hexamethonium bromide 99 % Sigma-Aldrich
hydrobromic acid 99.99% Sigma-Aldrich
hydrochloric acid 37 % Sigma-Aldrich
hydrofluoric acid 48 % VWR Chemical
hydroiodic acid 99.99 % Sigma-Aldrich
ortho-boric acid 100 % VWR Chemical
sodium hydroxide 98 % Penta
titanium (1V) ethoxide / Acros Organic

trimethyladamantammonium

hydroxide solution

20.35 % in H20

SACHEM
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3.2 Synthesis of zeolites

3.2.1 Zeolite AST

Zeolite AST was prepared using diethyldimethylammonium hydroxide (DEDMAOH)
as the SDA. Typically, HF was slowly added into the solution of DEDMAOH under stirring
with further introduction of freshly prepared fumed silica solution (10 wt% in H2O). The
resulting mixture was stirred overnight under ambient conditions followed by the evaporation
of the excess of water in the oven (at 60 °C). Once reaching the required composition (1 SiOa:
x DEDMAOH: x HF: 4 H,0, x = 0.3 ~ 0.7), the reaction mixture was treated at 170 °C for 1 ~
14 days under agitation. The final products were recovered by filtration, washed sequentially

with water and ethanol, and dried at 60 °C.

When adding additional NH4F or HX (X = CI, Br, 1), the composition of reaction
mixture was 1 SiO2: x DEDMAOH: x HF: 0.2 NH4F: 4 H>O, or 1 SiO2: (x + 0.2) DEDMAOH:
x HF: 0.2 HX: 4 H>O. For the typical procedure, NH4F or HX was added to the mixture of
DEDMAOH and HF, and then follow the same procedure as described above.

3.2.2 Zeolite CHA
3.2.2.1 Pure Si-CHA

Si-CHA zeolite was prepared with a composition of 1 SiO2: 0.5 TMAdaOH: 0.5 HF: 3
H>O [179]. Tetraethyl orthosilicate (TEOS) was hydrolyzed in the TMAdaOH solution under
stirring at ambient conditions. In order to evaporate the excess of the water, the gel can be
transferred to the oven (60 °C) when it cannot be mixed using magnetic stirrer. Then, the
formed solid-like mixture was grinded to fine powder, followed by addition of HF and
secondary grinding. Finally, the crystallization proceeded at 150 °C for 2 days with rotation.
Final solid products were recovered by centrifugation, washed sequentially with water and

ethanol, and calcined at 600 °C for 6 h under air flow.
3.2.2.2 Synthesis of M-CHA, M = Al, B, Ga

Aluminium hydroxide, ortho-boric acid, gallium(IIl) nitrate hydrate were used as Al,

B and Ga sources, respectively.

Al-substituted H-form CHA (Al-CHA) was prepared by the crystallization of the
reaction mixture (1 SiO2: 0.5 TMAdaOH: 0.05 AlO:s: 44 H20) at 150 °C for 1 day. Al(OH)3
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was firstly dissolved in SDA solution followed by the addition of colloidal silica. Once
reaching the required composition, a specified amount (2 wt% of SiO;) of Si-CHA was
introduced into the mixture. Subsequently, the mixture was hydrothermally heated at 150 °C

for 1 day.

B- and Ga-substituted H-form CHA (B-, and Ga-CHA) were synthesized using the
reaction mixture with a composition of 1 SiO2: 0.4 TMAdaOH: x MOz s: 44 H2O (x = 0.2 for
BOis, 0.05 for GaO15). The synthesis proceeded with the same procedure as AI-CHA but
using fumed silica as the silica source instead of colloidal silica, and crystallized for 1 and 3

days for B-CHA and Ga-CHA, respectively.

The final M-CHA products were collected by centrifugation, washed sequentially with
water and ethanol, dried at 60 °C, and calcined at 600 °C for 6 h with 1 °C min .

3.2.2.3 Synthesis of Ti-CHA

Titanium ethoxide was used as the Ti source for the preparation of Ti-CHA, which
can be crystallized from the mixture with a composition of 1 SiO2: 0.05 TiOz: 1.4 TMAdaOH:
1.4 HF: 6 H>O. Typically, titanium ethoxide was firstly mixed with the solution of SDA.
Subsequently, colloidal silica was introduced with additional stirring overnight under ambient
conditions followed by the addition of HF. Once the required composition was achieved, a
certain mass (2 wt% of SiO»2) of Si-CHA was added under stirring with further heating at
150 °C for 30 h.

3.2.3 Zeolite UTL

3.2.3.1 Synthesis of (6R, 10S)-6,10-dimethyl-5-anizoporo[4.5]decane hydroxide
(DMADH)

SDA for UTL synthesis (Figure 3.1) was prepared under alkaline conditions based on
ref. [180]. Typically, 8.52 g of solid NaOH was dissolved in 210 g of water to prepare ~ 1 M
NaOH solution followed by the addition of 1,4-dibromobutane (45.99 g). After heating up to
~ 75 °C, (2R, 6S)-2,6-dimethylpiperidine (24.11 g) was added drop-by-drop under vigorous
stirring. Then, the reaction mixture was stirred at 100 °C until the homogeneous solution
formed. After that, the flask was placed into the ice batch to cool down the solution followed
by the addition of solid NaOH until forming the oily products. Solid products were recovered

through crystallization, filtration, and extraction with chloroform. The resulting solution
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(SDA dissolved in chloroform) was mixed with anhydrous Na>SOs powder to remove the
remaining traces of water. Finally, the solid SDA was obtained after filtration, evaporation of

chloroform and washing with diethyl ether.

2,
“,

OH

Figure 3.1 SDA used for UTL, (6R,10S)-6,10-dimethyl-5-azoniaspiro-[4.5]decane hydroxide.
3.2.3.2 Synthesis of zeolite UTL

UTL zeolite was synthesized by the crystallization of the reaction mixture (0.8 SiO»:
0.4 GeO»: 0.4 DMDAH: 30 H>O) at 175 °C for 7 days with rotation ref. [181]. Typically, the
bromide form of SDA was ion-exchanged into OH form using Ambersep® 900(OH) anion
exchange resin (8§ mmol SDA/g resin). After filtration, washed with deionized water and dried

overnight at 60 °C, the as-synthesized UTL samples were calcined at 550 °C for 6 h.

3.2.4 Zeolite IWW
3.2.4.1 Synthesis of 1,5-bis-(methylpyrrolidinium)-pentane dihydroxide — MPP(OH):

SDA for IWW synthesis (Figure 3.2) was prepared according to ref. [107]. N-
methylpyrrolidine (30 g) and 1,5-dibromopentane (28.2 g) were added into the acetone (225
ml), the mixture was refluxed at 55 °C overnight. Obtained solid products were separated by

filtration and washed with acetone.

Figure 3.2 SDA used for synthesis of IWW, 1,5-bis-(methylpyrrolidinium)-pentane dihydroxide.
3.2.4.2 Synthesis of IWW

SDA in hydroxide form MPP(OH), was used for the synthesis of IWW zeolites
according to the ref. [107]. Typically, GeO> was dissolved in SDA solution with further
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addition of Si source (TEOS). The mixture was stirred for several hours to evaporate
ethanol/water, then the resulting mixture with required composition (0.66 SiO2: 0.33 GeOa:
0.25 MPP(OH)2: 15 H>O) was heated at 175 °C under static for 11 days. IWW samples were
recovered by filtration, washed sequentially with water and ethanol, dried at 60 °C and

calcined at 580 °C for 6 h.
3.2.5 Zeolite UOV

DMDH (Figure 3.3) was used as SDA for the synthesis of UOV based on ref. [101].
Firstly, OH form of SDA (~ 1.5 M) was obtained after the ion-exchange of bromide form of
SDA and appropriate concentration of resulting solution was achieved by evaporation of the
excess of the water. Then, required amount of GeO> was dissolved in SDA solution with
further addition of fumed silica under stirring. After that, the resulting gels a composition of
(x Si02: (1 — x) GeO2: 0.25 DMDH: y H20, x = 0.33 ~ 0.66, y = 5 or 10) were crystallized at
175 °C under static conditions for 7 ~ 14 days. The final product was separated by
centrifugation, washed distilled water, dried overnight at 60 °C and calcined at 550 °C in air

flow for 6 h.
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Figure 3.3 SDA used for synthesis of UOV, decamethonium dihydroxide.
3.2.6 Zeolite IWR

3.2.6.1 Synthesis of B-containing IWR (OH form and F form)

B-containing IWR was synthesized using hexamethonium dihydroxide (HMIDH) as
SDA1 (Figure 3.4) according to ref. [106]. The composition of the starting gel for the
synthesis of B-containing IWR was set as: (1 — x) SiO2: x GeO2: (0.05 — 0.1) BO15: 0.225
HMH: y HF: 5 H>0, where x = 0.33 or 0.17, y = 0 or 0.1. The bromide form of SDA was
firstly ion exchanged into OH form using Ambersep® 900(OH) anion resin. For the typical
procedure of the synthesis, GeO> was dissolved in HMIDH solution with further addition of
TEOS under stirring at ambient temperature. For the F form IWR, after thorough evaporation
of ethanol and the excess of the water, HF was added into gel further homogenized by stirring.

Subsequently, the crystallization was carried out at 175 °C with rotation for 10 days. The
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resulting products were collected by filtration, washed with deionized water, dried overnight

at 60 °C and further calcined at 550 °C for 6 h.
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\N"/\/\/\/ +\
~ okt

Figure 3.4 SDA1 used for synthesis of IWR, hexamethonium dihydroxide.

3.2.6.2 Synthesis of B-free IWR

The obtained B-containing IWR samples were used as crystal seeds for the synthesis
of B-depleted IWR in the B-free reaction mixture. The starting gel composition was the same
as for the B-containing IWR except the presence of additional B-containing IWR seeds (10
wt% Si0.) and the absence of B.

3.2.6.3 Synthesis of IWR(SDA2)

Germanosilicate IWR was synthesized using 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) as SDA2 (Figure 3.5), the reaction mixture with a composition of 1.0 SiOz: 0.5 GeOx:
1.5 DBU: 7 H>O was heated at 170 °C for 7 days with rotation [182]. In a typical synthesis,
3.8 g DBU was firstly added into 6.3 ml water, followed by the dissolving of 2.6 g GeO> in
the mixture. Then, 3.0 g fumed silica was introduced into the solution with further stirring
until a homogeneous gel was formed. The synthesis mixture was crystallized at 170 °C under
static conditions for 7 days. Once the crystallization was finished, IWR product was collected
by filtration, washed with water and then dried overnight at 60 °C. As-synthesized samples
were calcined at 550 °C for 6 h in air flow, the final sample was denoted as IWR(SDA2).

N

X

Figure 3.5 SDA2 used for synthesis of IWR seeds, 1,8-diazabicyclo[5.4.0lundec-7-ene.
3.2.6.4 Synthesis of IWR(SDA1)

For synthesis of IWR(SDAT1), IWR(SDA2) was used as crystal seeds in the presence
of SDAI. The initial gel composition was set as 0.66 SiO2: 0.33 GeOz: 0.225 HMI: 5 H>O
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with IWR(SDA2) seeds (10 wt% of seeds/SiOz). The rest procedures for preparation
IWR(SDA1) were the same.

3.3 Post treatment of the germanosilicate zeolites

3.3.1 Hydrolysis in acidic solution

The calcined germanosilicate zeolites were added into 0.1 ~ 12 M HCI solution (w/v,
10 %) and stirred at selected temperature. After the reaction, the products were separated by
filtration and washed with anhydrous ethanol. Finally, the hydrolyzed precursors were dried at

60 °C.
3.3.2 Vapour-phase-transport method

Calcined zeolite samples (100 mg) were placed on the borosilicate glass filter
membrane (or PTFE membrane) and then in the reactor (Figure 3.6) over HCI solution (12 M,
10 ml), the reaction was preceded at 25 °C for 5 min ~ 48 h. After that, the solid was taken out
and transferred to the hood to release the traces of HCI. The obtained samples were further

placed in the crucible and heated up to 250 ~ 450 °C for 2 h.

PTFE vial

20 um

PTFE
membrane

Figure 3.6 Scheme of treatment of IWW germanosilicate on PTFE filter.
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3.4 Characterization

Basic characterization

The phase and crystallinity of zeolite was examined with X-ray powder diffraction
(XRD), which was measured with a Bruker AXS-D8 Advance diffractometer via Cu Ka
radiation (A =1.58416 A, 40 kV, 30 mA). Before the detection, zeolite sample was evenly
ground and placed into the holder.

N> and Ar sorption isotherms were measured at liquid nitrogen (—196 °C) and argon
(—186 °C) temperature with 3Flex (Micromeritics) static volumetric apparatus. A turbo
molecular pump was employed to outgas a specified amount of zeolite samples under vacuum

for 8 h at 250 °C prior to the measurements.

Scanning electron microscopy (SEM, FEI Quanta 200F) was employed to perform the

morphological characterization of zeolite crystals.

High-resolution transmission electron microscopy (HRTEM) was carried out on JEOL

NEOARM 200 F microscope at 200 kV equipped with a field emission gun (Schottky-type).

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES,
ThermoScientific iCAP 7000) was used to determine the contents of Si, Ge, Ti, Al, B, Ga in
zeolite samples. Before measurements, a certain amount (~ 50 mg) of sample was dissolved in
a mixture of acids (HF: 1.8 ml, HNOs: 1.8 ml, HCI: 5.4 ml) followed by the complexation of
residual HF with saturated H3BOs solution.

Bruker Advance III HD spectrometer (B, = 9.4 T) was used to collect the ''B NMR
spectra (v = 192.4 MHz). Prior to measurements, zeolite samples were placed in a zirconia
rotor (3.2 mm, 22 pl) and spun at a rate of 15 kHz in a Bruker 3.2 mm HX CP-MAS probe.
The spectra were referenced to 0.1 M H3BO:s.

Diffuse Reflectance ultraviolet-visible (DR UV-vis) spectra (190 ~ 600 nm) were

recorded on a Cary 300 spectrophotometer.
Nano X-ray tomography for AST zeolite (Section 4.1)

A high-resolution full-field X-ray transmission microscope Nano-XCT-100 (Xradia
Inc., Pleasanton, CA, USA) was used for the 2D and 3D imaging in Zernike contrast (phase
contrast) [183]. The FZP was applied for overview imaging in standard mode (10x FZP

magnification x 20x optical magnification = 200x total magnification) with pixel size
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configurations 65 nm (camera binning 1) to 130 nm (camera binning 2) at 65 um x 65um field
of view (FOV). For stable imaging, samples were fixed with superglue (Gorilla Glue, Inc.,
Cincinnati, OH, USA) on a stainless-steel needle. The data acquisition of the four
tomographies over 180° tilt angle was performed with following imaging parameters: b) 601
projections, 100 s per each, camera binning 2 (512px x 512px); ¢) 801 projections, 210 s per
each, camera binning 1 (1024px x 1024px), d) 801 projections, 110 s per each, camera

binning 1; e) 401 projections, 120 s per each, camera binning 2.
FTIR experiments for determination of acidity of M-CHA (Section 4.3.1)

The nature and acidity of Lewis and Brensted acid sites (LAS and BAS) was
determined by Fourier-transform infrared (FTIR) spectroscopy, which was carried out on a
Nicolet iS50 spectrometer equipped with a transmission MTC/B detector. Before the
measurements, a prepared self-supporting wafer (density: ~ 10 mg cm2) of zeolite samples
was outgassed under vacuum for 4 h at 450 °C. All spectra were recorded by 128 scans with

4 cm™! resolution under ambient conditions.
XRD refinement for M-CHA (Section 4.3.2)

Powder X-ray diffraction (PXRD) patterns were collected using a STOE STADI-P
diffractometer in Debye-Scherrer mode (Cukqi radiation, A = 1.5406 A), in the range 5-70° 260.
Samples were packed into glass capillaries (inner diameter 0.7 mm) and a PXRD pattern
collected (hydrated M-CHA). The samples in the capillaries were then dehydrated at 575 K
for 24 hours under a vacuum of 9x10~* mbar. The capillaries were sealed immediately and a

PXRD pattern collected (dehydrated M-CHA).

The obtained PXRD patterns were initially refined using a Le Bail refinement, fitting
in the range 7-70° 20, employing a manual background and a pseudo-Voigt peak shape.
Subsequent Rietveld refinement was performed for M-CHA-d samples (suffix -d indicating
dehydrated sample). The refinement was first conducted using geometric restraints for T-O
(1.60 £ 0.02 A) as well as O—O (2.60 = 0.02 A) distances, which were later removed as the
refinement progressed. The atomic displacement parameters (ADP) for the oxygen atoms
were refined isotropically and its value restricted to be equal for all four oxygen atoms. Both
position and ADPs of silicon and the heteroatom were restricted to be equal. The occupancy
of the heteroatom was kept constant to the value derived from elemental analysis (B-CHA

was set as 0.9 Si and 0.1 B). All refinements were performed using the software JANA2020,
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the successor to JANA2006. [184] Details for all refinements and plots can be found in the
Table 1-4, Appendix I.

Adsorption evaluation for M-CHA (section 4.3.2)

The adsorption measurements of CO> and CH4 on M-CHA materials were carried out
using an ASAP 2020 Plus manometric/volumetric equipment (Micromeritics, USA) at
temperatures in range from 273 to 298 K up to 800 Torr of equilibrium pressure. The
temperature of sample was controlled by a Peltier thermostat with a Pt sensor (temperature
control accuracy £ 0.1 K). Before the experiments, all samples (ca. 75 mg) were treated at 623
K for 8 hours under dynamic vacuum. Methane of 99.997 % and carbon dioxide of 99.9996 %

purity provided by Linde, a.s. were used for the measurements without further purification.

The adsorption selectivity for a binary mixture is defined as:

_ X1/Y1
X2/Y2

a1,

where x; and x; are the molar fractions of the compound 1 and 2 in the adsorbed phase and y;
and y> are the molar fractions of the compound 1 and 2 in the gas phase. The values x; and x>
were predicted by the ideal adsorbed solution theory (IAST) [185] using To6th adsorption

1sotherm to fit the measured data:

_ bp
Mads = Tm T pp)e]e

where nags is the adsorbed amount [mmol g '], nm is the maximum adsorption capacity [mmol
g '], b is the adsorption coefficient [torr '], p is equilibrium pressure and t is an empirical
constant [-]. As it is impossible to find a solution in the closed form when using Téth isotherm
with TAST, our own custom coded algorithm for Scilab was used to numerically obtain the

solutions.
FTIR experiments for M-CHA (section 4.3.2)

Interaction between the adsorbed CO> and M-CHA was evaluated using Fourier-
transform infrared spectroscopy (FTIR) by dosing small amounts of CO: into the IR cell at
room temperature. Spectra were recorded in transmission mode using Nicolet iS50

spectrometer equipped with a MCT/D detector with a spectral resolution of 1cm™' by
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accumulation of 32 scans for equilibrium and 4 scans for desorption measurements. KBr
wafers with density of ~ 40 mg cm™2 were prepared, on whose surface small amount of each
sample was dispersed and fixed (~ 2 mg). Samples were activated in situ by slow heating (5 K
min") to T=573 K and p=5x107> Torr for 4 hours. Adsorption equilibrium was measured
under equilibrium pressures up to 8 Torr via step-by-step increasing pressure with the
equilibration of each dose for at least 20 min. After reaching a pressure of 8 Torr and
measuring the equilibrium data, the sample was subjected to continuous evacuation by a
turbomolecular pump. Desorption kinetics would be monitored by a decrease in the intensity

of vibrational bands of adsorbed CO, by measuring time-resolved IR spectra.
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4. Results and discussion

For the clarity of the further reading, the structure of the discussion devoted to the

different aspects of zeolite chemistry can be schematically illustrated by the following scheme:

. Revealing unusual crystallization
Zeolites ; L
mechanism and finding the
synthesis tools to switch between
<:| the classical and reversed crystal

growth (Section 4.1)
Utilization of pre-synthesized —
zeolites for their controllable Synthesis Isomorphous substitution
transformation to zeolites of heteroelementsin
with new types of structure |:> zeolite frameworks
{Section4.2) (Section 4.3.1}

Composition
alteration

Structural
modification

Evaluation of adsorption
behavior and separation
potential of designed
zeolites (Section4.3.2)

Application in
gas separation

4.1 Controllable crystallization mechanism: the classical and reversed

crystal growth

In this section, we present a model synthesis system evolving via reversed zeolite
crystal growth, in which crystallization starts at the surface of amorphous aggregates. This
initial step allows to “switch” the crystal growth modes between classical and reversed routes
based on the interplay between inorganic and organic components under particular synthesis
conditions. Zeolite AST was used to study the aggregation/growth mechanism due to a wide
range of conditions (composition of reaction mixture and duration of hydrothermal treatment)
suitable for its synthesis. Adjusting SDA/S10; and F/SiO> ratios in the zeolite AST synthesis
mixture revealed the fundamental function of SDA controlling the crystallization pathway,
while the concentration of F~ determines the rate of crystal growth. The type of mechanism
and details of inner structure of intermediate particles were confirmed by comprehensive

electron microscopy studies on aliquots taken at several synthesis times. Furthermore, the
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internal crystallinity development of large aggregates (~ 60 um) in the reversed crystal growth

was visualized by nano X-ray tomography for the first time.
4.1.1 Between the classical and reversed crystal growth

Zeolite AST was synthesized with a gel composition of 1 SiO2: x DEDMAOH: x HF:
4 H>O (x =0.15—1) for 1 — 14 days. When x < 0.3 (e.g. x = 0.15), only an amorphous phase
can be obtained, while at x > 0.7 (e.g. x = 1) a pre-FER phase is present (Figure 4.1). For all
samples synthesized at x = 0.3 — 0.7, only AST zeolite phase was detected on XRD patterns
(Figure 4.1). This range was used for the following studies. With the variation of x, the zeolite
AST crystallization mechanism can be controlled. At low x values (0.3 < x < 0.4) the crystal
growth follows the classical route, while at high values (0.5 < x < 0.7) it switches to the

reversed crystal growth mechanism.

A M x=0.4,14d

x=0.4, 10d

A~ = 0.4, 6d
| x=0.4, 3d
| x=0.4, 1d

A_A M P M x=0.3, 14d

i AN AN~ M— x=0.3, 3d

L 4 x=0.3, 1d

_J LA_./\/\_]\W’AJ'\« . x=1,3d
— x =0.15, 14d

A N A A A A A Simulated AST

3) 10 15 20 25 30 35 40

Figure 4.1 XRD patterns of samples prepared with variable x for specific time. The synthesis gel
composition is 1 SiO2: x DEDMAOH: x HF: 4 H20 (x = 0.15 — 1). When x = 0.15, no crystalline material
can be obtained in 14 days, while a pre-FER phase was obtained in 3 days when x increase to 1.
Zeolite AST is obtained with x = 0.3 - 0.7.
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x=03 0.5 0.7
Amorphous AST, classical AST, reversed  PreFER

Classical crystal
growth (x = 0.4)

Reversed crystal
growth (x = 0.5)

Figure 4.2 Switchable crystallization mechanisms of zeolite AST between the classical and reversed

crystal growth. Amorphous phase is shown with grey color, crystalline with burgundy.

As a representative case of classical mechanism at x = 0.4 (Figure 4.2), the zeolite
AST phase (as incomplete octahedral ~ 50 um particles) was observed already in 1 day,
together with a large amount of amorphous phase. At the same time, AST crystallites were
also observed in the transmission electron microscope (TEM), indicating the crystallization
has already started in the system (Figure 4.3). Further growth of AST crystals proceeds
through the consumption of the amorphous precursor. A pure AST phase, presented as

octahedral crystals defective on their edges and vertexes, can be obtained in 6 days. These
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defects are probably caused by the insufficient rate of crystallization as they can be healed
through Ostwald ripening when prolonging the synthesis time. As a result, well-shaped
octahedral crystals (~ 90 pum) were formed in 14 days. The decrease in x leads to similar
outputs with exception of much slower kinetics at the same stages (appearance of small
crystals, complete crystallization, defects healing), which require longer synthesis time
(Figure 4.4). This result indicates the importance of the concentration of participating species

(SDA and HF) for overall crystallization rate.

100 nm 3 R et S Y

Figure 4.3 TEM images of sample (x = 0.4) obtained in 1 day. (left) A large number of small
amorphous particles are presented (SAED image is inserted). (right) A small number of zeolite AST

crystallites (inserted FFT image).

Reversed crystal growth (0.5 < x < 0.7) involves two steps: aggregation and
crystallization [67]. At the very early stage before crystallization starts, the synthesis
precursors agglomerate together to form amorphous aggregates. When entering to the second
step, contrary to the classical route, the crystallization starts at the surface towards the center
of the amorphous aggregates. Synthesis system at x = 0.5 can be taken as an illustrative
example (Figure 4.2). Firstly, amorphous spherical particles with a diameter of ~ 5 pm were
observed in 1 day together with a large number of small precursor particles (< 1 pm). With
prolongation of the synthesis time, spherical particles grow at the expense of smaller particles
(Ostwald ripening) without crystallization. After 3 days the spherical particles reach their
maximal size (~ 80 um), while the fraction of small species become negligible. Resulting
large spherical particles have a very low crystallinity as confirmed by XRD (Figure 4.1) being
the aggregates of amorphous precursors formed at the very early stages of crystallization.
After 6 days the surface of the spherical particles become rough and the features (facets) of

octahedral crystals with a size range of ~ 4 um appear.
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x=05
x=0.6
x=0.7

Figure 4.4 The effect of variable x (both SDA and F) on the crystallization pathway and crystal growth
rate. At low x values (0.3 < x < 0.4) the crystal growth follows the classical route, while at high values
(0.5 = x < 0.7) it switches to the reversed crystal growth mechanism. In general, the crystal growth

accelerates with an increase of the x value, no matter which crystallization pathway the system goes.

Further prolongation of the synthesis (10 days) results in the increased surface
roughness due to the growth of crystallites. Crystallization of the amorphous phase results in
an increased material density that leads to a partial disintegration of spherical aggregates

when the octahedral crystallites continue to grow (Figure 4.5). Finally, small octahedral
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crystals were obtained in 14 days as a result of total collapse of aggregates accompanied by
complete crystallization. Both the rate of aggregation and crystallization steps is accelerated
when x increases to 0.6 and further to 0.7 (Figure 4.4). Despite of the accelerated
agglomeration, the size of amorphous aggregates decreases from 80 to 25 um. In addition, the
formation of octahedral AST crystals (typical for the final crystallization steps) was detected
at an earlier time with the increase in x. These results suggest that aggregation and
crystallization are two competitive processes in the reverse crystal growth pathway [65]. In
general, the crystal growth accelerates with an increase in the x value, independently of the

crystallization pathway.

Figure 4.5 SEM image of the remaining agglomerated octahedral AST crystals before complete

collapse during the reversed crystal growth.

4.1.2 Structure of the intermediate particles formed in the reversed crystal growth

Based on the estimation done in the previous section using microscopy data, the
system under investigation is assumed to evolve through agglomeration followed by
crystallization from the surface to the core. According to this assumption, partially crystalline
aggregates (the most complex participating species formed at the intermediate stage of the
synthesis) possess both amorphous and crystalline fractions at the same time. Analysis of the
cross-section of defective aggregates (Figure 4.6a) allows to distinguish several zones in their
inner structure: 1) crystalline surface with well-resolved crystal facets (Figure 4.6b); 2) central
part consisting of small spherical particles with a size of ~ 100 nm (Figure 4.6c); and 3)
uniform needles with a radial arrangement in between (Figure 4.6d). Besides, additional voids
formed due to the densification upon crystallization can be observed between the needles. The
presence of voids is most probably the origin of the aforementioned collapse of the aggregates

into tiny AST crystals after complete crystallization.
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Figure 4.6 Electron microscopy studies on the inner structure of intermediate aggregate in the revered
crystal growth. SEM images of defective aggregate in an overall view (a); with a crystalline surface
with well-resolved octahedral crystal facets (b); in the central part consists of small spherical particles
with size of ~ 100 nm (c); with uniform needles with a radial arrangement in between (d). SAED
images of the intermediate aggregate on different spots using TEM, after FIB preparation (scale bar: 2
1/nm): (e) near the surface of aggregate; (f) in intermediate region between the surface and center; (g)
at the center of aggregate. The numbers represent the sampling regions in respective samples. SEM
image of the aggregate (mounted on a tip) obtained in 10 days: (h) an overall view; (i) a side view of

which was milled out a quarter by FIB; (k) its corresponding center.
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Figure 4.7 Electron microscopy studies on inner structure of aggregates in the intermediate stage of
crystallization in the reversed crystal growth. SEM image of the slice of intermediate aggregate after
FIB treatment (top) where these three slabs were the sampling regions representing the surface,

center and the intermediate zone of the aggregate. TEM images of the respective regions (down).

To confirm the difference in crystallinity of distinguished zones, focused ion beam
(FIB) milling was applied to cut spherical aggregate into slices and to polish the obtained
slabs, which were further analyzed by selected area electron diffraction (SAED) in TEM
(Figure 4.7). Clear diffraction spots in the SAED image of the surface zone (Figure 4.6¢)
correspond to the well-crystalline AST phase near the surface of the aggregate. In contrast, a
completely amorphous phase with no signals in the SAED pattern was found at the center of
the aggregate (Figure 4.6g). Interestingly, polycrystallites are found in the intermediate region
of the aggregates (Figure 4.6f), which means the crystallization process at the middle part of
large aggregates is on an earlier stage compared to the outer zone. Besides, the needles
consisting of agglomerated crystallites and empty space between them, detected with TEM,
are in a good agreement with the SEM results obtained for the defective aggregates (Figure
4.7). This confirms the assumption about the high crystallinity at the outer part and low
crystallinity at the inner part for intermediate aggregated particles. When prolonging the
synthesis time, needles continue to grow towards the center. It results in the disappearance of
small particles at the center, evidencing that crystallization reaches the center at this moment

(Figure 4.8). With further increase in the synthesis time, a dense AST phase in the shell is
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spread inwards the overlying parts of the aggregate, accompanied with the disappearance of
needles (Figure 4.8). Simultaneously, the crystals (AST phase) in the shell further grow
(Figure 4.6h), and voids appear at the core as a result of higher density of crystalline phase
than that of amorphous phase (Figure 4.6i-k).

Figure 4.8 SEM images of the defective aggregates obtained in 6 days (left) and 10 days (right) in the

reversed crystal growth.

Thus, the evolution of the morphology and crystallinity in the system can be traced
with electron microscopy and diffraction methods. However, the application of these
techniques requires a destructive samples preparation prior to the measurement, which can
affect the inner structure of the material. In addition, voids inside the aggregates can be hardly
estimated. Therefore, nano X-ray computed tomography (Nano-XCT) was used as a non-
destructive technique to image the evolution of the interior of the aggregates (collaboration
with E. Zschech at IKTS). Figure 4.9 shows the tomography studies on the crystals
crystallized upon the reversed crystal growth. The size of a single aggregate particle fits
perfectly into a field of view (FOV) of 65 um, which allows visualization of the state of
crystallization from the surface to the core of each particle (Figure 4.10) [186]. On a very
early stage of the synthesis, the amorphous spherical aggregates have a smooth surface and
are uniform inside (Figure 4.9b), which is in good agreement with the SEM data. The
aggregate surface becomes rough due to the surface crystallization (Figure 4.9¢), while the
inner amorphous part is still uniform with no significant difference to the previous stage,
confirming the expected direction of crystallization. As crystallization continues inwards,
inner voids appear as a result of densification of matter during transformation of amorphous
silica to crystalline AST phase (Figure 4.9d). Upon further crystallization the volume of inner
voids (dark radially distributed stripes) increases (Figure 4.9¢).
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X-ray tube Collimator Beam stop Pinhole Sample FZP  Detector system

Figure 4.9 Nano X-ray tomography studies on the inner structure of aggregated particles in the
revered crystal growth. (a) Schematical presentation of the optical path of the X-ray microscope (nano-
XCT). Virtual cross sections of aggregated particles obtained in 3 days (b), 6 days (c), 10 days (e),
and an intermediate state between 6 and 10 days (d). The dark gray values represent a material with

low electrical density (air), while bright gray values vice versa (dense crystalline structure).
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Figure 4.10 Nano-XCT 2D radiographs of the aggregate particles (x =0.5) in different states: (a) 3 days;
(b) 6 days; (d) 10 days; and (c) an intermediate state between 6 and 10 days. In inner core the dark
gray values represent a material with high electrical density (dense crystalline structure), bright gray

values vice versa (air/voids).

4.1.3 Key factors defining the crystal growth mechanism

Variation of concentrations of both SDA and F can affect the crystallization pathway
and crystal growth rate (Figure 4.3). To understand the specific role of SDA and F~, chemical
composition of synthesis gel was altered from 1 Si: x DEDMA": x F~ (normal synthesis) to 1
Si: x DEDMA™: (x+0.2) F~ (F-rich conditions) and 1 Si: (x+0.2) DEDMA": x F~ (SDA-rich
conditions). To exclude the effect of pH, additional F ions were introduced in a form of NH4F
to set up F-rich conditions, while the excess of OH™ ions (due to the excess of (x+0.2)
DEDMAOH compared to the x HF under SDA-rich conditions) was compensated by
neutralization with 0.2 eq. HBr. To exclude the effect of nature of supplemented halogen
anion on the crystal growth, HCl and HI were also tested. Similar obtained results (Figure
4.11) indicate that the type of halogen anion (besides F~) has no significant influence on the

crystallization process.
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rich

Figure 4.11 The effect of halogen anions (CI-, Br~, and I7) on the crystallization of zeolite AST under
both F-rich and SDA-rich conditions. SEM images obtained in 2 days under the F-rich conditions with
a synthesis composition of 1 SiO2: 0.5 DEDMAOH: 0.3 HF: 0.2 HX: 4 H20 (top) and 1 SiO2: 0.7
DEDMAOQOH: 0.5 HF: 0.2 HX: 4 H20 (down). From the results we can clearly see that the types of

halogen anions do not influence the selection of crystallization pathway.

Increase in F~ concentration results in the expansion of the range of chemical
composition for reaction mixtures undergoing classical crystallization: x classical = [0.3 —
0.4]normal conditions — X classical = [0.3 — 0.5]F-rich conditions, While the opposite trend is observed
when additional SDA is introduced to the system: X classical = [0.3 — 0.4]normal conditions — X classical
= [0.3]sDA-rich conditions (Figure 4.12). Besides affecting the crystallization pathway, additional
F~ facilitates the crystal growth rate resulting in the increase of crystal sizes from 20 to 40 um

(x=0.3) and from 40 to 60 pum (x = 0.4).

Such dependence of crystallization mechanism on the concentrations of SDA™ and F~
can be rationalized taking into account the features of zeolite AST structure and the way of its
formation. AST framework is composed of d4r units (small [4°] cages) connected by
“dangling” Si atoms in a way providing also [4°6'?] cages significantly larger than [49].
During the synthesis in fluoride media, F~ is typically located in the small cages (e.g. [4%], d4r)
and compensated by surrounding cations [153, 187]. In the case of zeolite AST, SDA™ is

occluded in neighboring [4%6!?] cages, which are large enough to accommodate organic
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d F-rich conditions: 1 SiO,: x DEDMA*: (x+0.2) F~

Figure 4.12 The influence of F anion and SDA cation in the synthesis of zeolite AST on the selection
of crystallization pathways. (a) SEM images obtained in 2 days under the F-rich conditions with a
synthesis composition of 1 SiO2: x DEDMAOH: x HF: 0.2 NH4F: 4 H20 where the NHsF was used as
additional 0.2 eq. F~. (b) SEM images obtained in 2 days under the SDA-rich conditions with a
synthesis composition of 1 SiO2: (x+0.2) DEDMAOH: x HF: 0.2 HBr: 4 H20 where the extra 0.2 eq.
HBr was added to neutralize the pH caused by the additional 0.2 eq. DEDMAOH.

cations but have no entrances (pores) to release SDA* [157, 188]. Addition of NH4F to the
reaction mixture (F-rich conditions) results in 1) formation of occluded ionic pairs (NHs" — F")
that are still relatively mobile (compared to immobilized SDA™ — F~ pairs) and 2) increase in
the overall concentration of fluoride anions provoking fast nucleation and crystal growth via
Ostwald ripening. As a consequence, initially formed amorphous precursor particles tend to
rapidly transform into relatively small crystallites that further increase in size upon
prolongation of the synthesis thus ensuring the classical mechanism of AST formation. In
contrast, addition of extra portion of DEDMA™ (SDA-rich conditions) does not lead to its
occlusion as there are no additional compensating F~ anions available in [4°] cages or their
analogues in amorphous precursor. Instead, organic cations can interact with the surface of
amorphous silica particles inducing the polarization of the surface and thus stimulating their
coagulation, which becoming faster process compared to its nucleation under SDA-rich

conditions. The same phenomenon is also possible under normal synthesis conditions ([SDA"]
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= [F]) if the overall concentration of SDA" — F~ ion pairs exceeds the capacity of AST
framework for occlusion (at x = 0.4 — 0.5 according to the obtained data). The domination of
initial amorphous particles aggregation (presumably via the mechanism similar to flocculation
or coagulation of colloids) over their crystallization ensures the reversed mechanism of AST
formation. Thus, the SDA concentration is the key factor enabling the switching of crystal
growth mechanism, while concentration of F anions mainly controls the AST crystal growth

rate.
4.1.4 Summary

A controllable crystallization mechanism between the classical and reversed crystal
growth in zeolite AST was established based on fine tuning of the interplay among inorganic
and organic components under particular synthesis conditions. A truly reversed crystal growth,
in which crystallization starts at the surface of amorphous aggregates and then proceeds
towards their centers, was demonstrated for the first time. Both kinds of crystallization
mechanisms and details of inner structure of intermediate particles were confirmed by
electron microscopy studies, while the internal development of crystallinity and voids within
the large aggregates upon the reversed crystal growth was visualized by ex-situ X-ray

tomography for the first time.

The fundamental functions of SDA and F~ ions that control the crystallization route
and crystal growth rate were determined for the first time. The SDA drives the agglomeration
of small particles into large amorphous aggregates at very early stages of the synthesis before
crystallization starts when the SDA reaches a critical concentration. At low x = SDA/SiO»
ratio (0.3 <x < 0.4) the crystal growth follows the classical route, while at high values (0.5 <x
< 0.7) it switches to the reversed crystal growth. Besides, the F~ ions were revealed to govern
the rate of crystal growth, a higher concentration of F~ results in a greater growth rate.
Understanding the details of growth mechanisms and pathway-determination factors provides
a better insight for control of crystal growth, which is important for the improvement of

synthesis approaches and design of various forms of crystalline materials.

4.2 Zeolites synthesis by advanced ADOR

In this Section, two examples of the construction of new zeolites through optimization

of either the assembly or the disassembly steps in ADOR are considered. This optimization
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provides the possibility for the preparation of novel zeolite structures, which cannot be
achieved up to now through the hydrothermal synthesis or conventional ADOR protocol.
Section 4.2.1 represents a newly developed vapor-phase-transport (VPT) rearrangement
technique through controlling the mass transport within the interlayer of zeolite IWW for its
structural transformation to IPC-18 zeolite; section 4.2.2 shows the synthetic strategy of the

structural stabilization of the starting zeolite IWR for its transformation to IPC-17.
4.2.1 VPT rearrangement technique for the synthesis of new zeolite IPC-18

Germanosilicate IWW containing Ge-rich d4r units in one dimension and Si-rich
layers in its framework is a perspective starting material for topotactic transformation to new
zeolite using ADOR approach. Previous investigation [90] showed that a lamellar precursor
IPC-5P was produced by the treatment of the Ge-rich IWW samples (Si/Ge = 3.1) in acidic
solutions (0.1 ~ 12 M HCI). However, any subsequent attempts of organization and
reassembly led to either reconstruction of the parent IWW framework (but increase in Si/Ge
ratio), or recrystallization of layers [90]. The reconstruction into initial IWW framework is
probably caused by the fast reintercalation of Si species during the hydrolysis [98, 189].
Therefore, the challenging task is to find proper conditions to transform the framework of
IWW zeolite, which can minimize the process of reintercalation of Si during the hydrolysis,
while simultaneously preserve the layers of IWW framework. It was achieved through
controlling the mass transport between the disconnected layers by treatment under the
conditions when the amount of solvent is not enough for complete solvation of intermediate
species. In our case, IWW zeolite was placed over 12 M HCI solution, thus hydrolysis of Ge—
O bonds in IWW can occur by the HCI vapor but the mass transfer of residing Si species

within the interlayers was suppressed due to a low amount of H>O in the interlayer space.
4.2.1.1 3D-2D-3D zeolite transformation

Three germanosilicates zeolites (UTL, UOV, and IWW with respective Si/Ge ratios
of 4.2, 3.1 and 3.7) were applied to the VPT rearrangement approach. UTL and UOV zeolites,
which have been successfully converted into their respective sub-zeolites by the conventional
ADOR approach, were chosen as the reference samples for the evaluation of the difference
between the conventional ADOR and newly developed VPT strategy. The disassembly (i.e.
hydrolysis of d4rs units) of germanosilicates was achieved by the reaction of zeolite

frameworks with acid vapor (12 M HCI) (i.e. HCI + {~Ge—O-Si-} — {HO-Si—} + {-Ge—Cl}).
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Generated volatile GeCls (boiling point is 86 °C) was released from the zeolite frameworks,
subsequently, adsorbed/dissolved and hydrolyzed in the solution (GeCls+nHO
— Ge(OH),Cls., + nHCI) at the bottom of reactor. The presence of Ge in the solution was
confirmed by measurement of ICP-OES after the reaction. Compared to the conventional
ADOR proceeding in solution, the mass transport of residing Si species between the Si-rich
layers in the VPT is minimized thus preventing the reintercalation. This novel method not
only enables unrestricted migration of the species generated by decomposition of unstable Ge-
rich d4r units but also avoids the further reintercalation of Si and thereby water-mediated

reconstruction of the germanosilicate framework.

The 2D-to-3D transformation to form the respective daughter structures can be
realized by condensation the silanols in the disassembled precursors ({-Si—~OH} + {-Si—OH}
— {Si—-O-Si} + H>0) via calcination. As shown in Scheme 4.1, condensation of precursors
obtained from UTL results in the generation of the reported zeolite IPC-7 in which s4r and
d4r units are presented as the alternating connecting units between layers, whereas the known
zeolite IPC-12 with interlayer O-bridge connectivities instead of d4r units is formed from
UOYV zeolite. The IPC-n (n = 7, 12) zeolites obtained through the VPT rearrangement did not
show any significant difference from their analogues prepared via the conventional ADOR
(Figure 4.13). In turn, a new structure, denoted as IPC-18, which contained only —s4r—
interlayer linkages upon the condensation of IPC-18P precursor, was formed after the VPT
treatment of IWW (Figure 4.13c). Therefore, the connecting units (i.e. d4r, s4r, or —O-) in
the daughter zeolites formed by VPT rearrangement rely on the initial structure of the parent
zeolite: the existence of pores in the Si-rich layers (UOV: 12 MR, IWW: 12 MR and 8§ MR)
facilitates mass transport in the disassembly step and hence forming the s4r units over IWW
or —O— units over UOV, while IPC-7 with alternating d4r/s4r units is produced from UTL
under the same conditions because of its non-porous layers. Besides, the formation enthalpy
for IWW with s4r was predicted to be lower than that with —O— units (by 3.5 kJ mol ')
according to the theoretical simulations [96]. Therefore, IPC-18 obtained from IWW zeolite

contains more stable s4r connecting units.

58



Starting structures

Possible interlayer units in the products

D4R S4R O-bridge

Final structures (conventional ADOR)
F
For IWW:
structure preservation
OR
complete degradation
(depends on conditions)
Scheme 4.1 Schematic presentation of initial zeolites (IWW, UOV and UTL) applied and the final

Final structures (new VPT)

products obtained via the conventional ADOR and VPT rearrangement.
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Figure 4.13 XRD patterns of the UTL-, UOV-, and IWW-derived zeolites, starting zeolites (black);
samples subjected to VPT (red lines); and further calcination (blue lines). Two types of 26 scales are

used for clarity.
4.2.1.2 Structural features of IPC-18

A reasonable IPC-18 model structure is predicted based on the obtained results and it
matches well with its XRD pattern (Figure 4.14a). Based on the Rietveld refinement, the
space group of IPC-18 is determined to be P2i/c with a=9.606(4) A, h=12.7280(21)
A, c=40.717(7) A, a=90.0°,=94.97°,9=90.0°, which is different from the
initial IWW zeolite (Pbam). Besides, IWW zeolite has a 3D pore system with 8x12x10
channels. Upon the treatment of VPT, 12- and 8-ring pores located in the a xb plane remain
intact, whereas 10-ring pores along the ¢ direction reduce to 8-ring pores due to the
transformation of d4r into s4r units (Figure 4.14b-c). This transformation leads to decreases in
micropore volume from 0.172 to 0.104 cm® g ! and average pore size from 0.63 nm to 0.58 nm
(Figure 4.14d, e). Despite the decrease in the size and volume of micropores, both IWW and

IPC-18 zeolites possess the same {mesopore + interparticle} volume of 0.025cm®g!,
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suggesting no significant fraction of additional pores is generated during the VPT

transformation.
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Figure 4.14 Basic characterization of IPC-18. (a) Rietveld refinement of XRD patterns of IPC-18.
Crystallographic representations of IPC-18 in the axb planes projection demonstrating 12 and 8 MR
pores (b), and in axc planes projection showing connectivity between layers through s4r units
(c); (d) N2 adsorption/desorption isotherms and (e) pore size distribution for parent IWW (black) and

daughter IPC-18 zeolites (red); (f) 2°Si MAS NMR spectra of IWW, intermediate IPC-18P and final
IPC-18.

2Si MAS NMR was used to study the evolution of Si atoms in the framework of
IWW, IPC-18P, and IPC-18 zeolites (Figure 4.14f). Only one signal corresponding to fully
condensed Q* form of Si atoms (—115 ppm) is presented in the starting IWW. In the acid
vapor, the Si—O—Ge bonds in IWW are hydrolyzed leading to the generation of silanol groups
in the IPC-18P. As a result, the intensity of the Q® signal (—101 ppm) after VPT treatment
increases. In addition, a low-intensity Q? signal (—93 ppm) appears in IPC-18P intermediate.

Further calcination of IPC-18P reduced Q°® intensity due to the condensation of its silanols
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(2D-to-3D transformation). Nevertheless, the resulting IPC-18 zeolite still maintains a large
fraction (25 — 30 %) of Q°signal, which is probably attributited to the lower calcination
temperature than the optimal for structure condensation. In addition, a small amount of
residual Ge in the framework of IPC-18 provides Si(OGe)(OSi)3 units containing Si atoms

with a characteristic signal that overlap with the Q°.
4.2.1.3 Microscopy study of IPC-18 vs. parent IWW

Figure 4.15 shows the comparison between crystal morphologies of the parent IWW
and resulting IPC-18. There is no significant difference observed, both materials have similar
crystals with 10x4x1 pum in size. This is probably because no strong perturbation force was
imposed to the crystals, while the crystals break into small pieces during the hydrolysis by

using conventional acid solution under agitation [190].

Figure 4.15 Comparison of the crystal morphology of the parent IWW (a, b), and resulting IPC-18 (c,
d).

Cs.corrected STEM was employed to analyze the structural similarities and differences
between the initial IWW and resulting IPC-18 zeolites. Figure 4.16ac records the layers along
the [100] direction from the top view, both IWW and IPC-18 samples show the same pore
system and arrangement, confirming the preservation of the Si-rich layers during the VPT
treatment and subsequent condensation. In the structure model, the distance between the T
elements of d4r is measured to be ~ 3.1 A, thus, a decrease of ~ 3 A of the interlayer distance
should be expected when the d4r is transformed to s4r. Along [100] direction, d4rs state
influenced by the hydrolysis cannot be seen. The difference related to the change from d4r to
s4r can be observed from the side view along [010], as shown in Figure 4.16b-d. The
distances between two layers are 12.23 and 9.11 A for IWW and IPC-18, respectively, which
is in line with simulated results. Moreover, SAED and FFT images also clearly show well

crystalline materials (Figure 4.16).
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Figure 4.16 Cs-corrected STEM-ADF images of IWW (a, b) and IPC-18 (c, d) zeolites.

4.2.1.4 Mechanism of VPT zeolite rearrangement

To get a better understanding of both disassembly and reassembly process during the
transformation, the structure of the intermediate after the VPT treatment (i.e., IWW — IPC-
18P) and topotactic condensation (i.e., [IPC-18P — IPC-18) were characterized by the in situ
techniques (Figure 4.17) (collaboration with Z. Luo at USTC). The diffraction peaks with
varying positions over time were recorded by in situ synchrotron XRD. The evolution of the
interlayer (hkl (I #0) and intralayer (hk0) peaks was identified to elucidate the mechanism of
IWW — IPC-18P — IPC-18 transformations (i.e. 3D-2D-3D transformation). In addition, in
situ XRD and XANES were used to quantitatively analyze the lattice and the local state of the
Ge elements during the VPT rearrangement to determine the relationship between the
properties of leaving atoms and framework characteristics during the process of the structural

transformation.

Immediately after injection of 12 M HCI solution into the reactor, the peak positions
related to the 001 plane shifted to higher angles (Figure 4.17a), evidencing a decrease in the
interlayer d-spacing caused by the decomposition of d4rs. Both intensities and positions
of XRD diffraction peaks related to both inter- and intralayer planes (e.g. /10 and 400) are
also experienced a remarkably change in the first stage of hydrolysis (0 — 2min). To
quantitatively analyze the changes, we correlated the unit cell parameters and reaction time, as
shown in Figure 4.17¢c, which gives further insight into the VPT processes. Actually, besides
the interlayer parameter (c), all @, b, ¢ constants significantly changed, meanwhile, the
indicator (f angle) of the layers shift relative to each other maintains unchanged in the first
step. These results indicate that Si-rich layers relaxed with only a partial distortion but were
still stacked at this stage, which is probably a result of hydrogen bonding and ionic
interactions between interlayer species. The major change in the state of Ge atoms is clearly

revealed in the spectra of in situ XANES where the Ge K-edge (Eo) steeply and linearly
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decreases with time in this stage (0 — 2min) due to the breakage of the most Ge-OT"Y

(T =Si or Ge) bonds (Figure 4.17d).

When reaction reaches to the second stage (2 — 10 — 12 min), the positions related to
the ikl (I#0) planes continue to gradually shift to higher angles. However, the ¢ parameter
experiences a series of minor changes (at ~ 0.5, 2, 3 min) firstly, and then starts to decrease,
while, the a and b decrease monotonically in this stage. Interesting, the £ increases first and
then decreases (peak at ~ 90.7°), suggesting a transient modification of the layers (structural
organization). XANES spectra show the evolution of the state of Ge over time in the second
stage, which is accompanied by a linear change in E¢ but slower than in the first stage. The
overall transformation during this period is accounted for a slow hydrolysis of the remaining
Ge-O bonds after primary deconstruction of the d4rs and leaching of Ge species residing in
Si-rich layers. Complete decomposition of d4r and removal of leached species enable the
partial recovery of layer because £ and b return to their initial values at the end of the second

stage (~ 12 min).

At the final stage (> 12 min) of the VPT treatment, the intensities and positions of
most XRD diffraction peaks maintain, corresponding to the final lattice parameters. Only
peaks related to the Akl (I#0) planes (such as 373 and 00/) show minor changes in the
intensities during this stage. Besides, the Eo of Ge atoms keeps nearly invariable during the

final hydrolysis.

Heating the intermediate IPC-18P obtained by the VPT treatment of zeolite IWW up
to ~ 500 K has no significant impact on the positions or intensities of XRD peaks relating to
the intralayer #k0 planes (Figure 4.17 b). In contrast, the position of 00! reflection associated
with the interlayer d-spacing gradually shifts to high angle upon thermal treatment in the
range of T=RT—350K, and then being almost constant at temperatures of 350 — 450 K.
Further increase in the temperature to 450 — 650 K leads to a shift of positions in all XRD
reflections and a reduction of the intensities at the temperatures higher than 650 K, showing a

gradual loss of the crystallinity of IPC-18.
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Figure 4.17 In situ studies on the mechanism of VPT. (a) In situ XRD patterns of the parent IWW

O

during the VPT treatment under the acid vapor; (b) in situ XRD patterns recorded the thermal
condensation of IPC-18P into IPC-18; (c) variation of unit cell parameters (lengths in A and angle in
degree) as a function of time during the VPT treatment; (d) evolution of Ge K-edge (Eo) extracted from
in situ XANES spectra representing changes in Ge state during the VPT treatment; (e) schematic
presentation of the proposed mechanism (Si and Ge atoms are not distinguished for clarity) for the

whole processes.
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According to the results of in situ XRD and XANES, a plausible mechanism (Figure
4.17 e) for the transformation of IWW — IPC-18P — IPC-18 (3D-2D-3D) was proposed:

(1) 0 — 2 min: fast breakage of Ge-rich d4rs accompanied by partial deformation of the Si-rich

layers at room temperature;

(2) 2 — 12 min: extraction of the rest Ge along with the partial reorganization of the parent Si-

rich layers;

(3) 10 — 12 min: slow rearrangement of the species remaining in the interlayer space until an

equilibrium state reached at room temperature (> 12 min);

(4) thermal condensation of layers (reassembly) upon mildly enhanced temperatures (~ 350 K)

with negligible effect on the layer structures.
4.2.1.5 Summary

This newly developed VPT rearrangement approach was successfully applied for the
ADOR transformation of a series of germanosilicate zeolites with 1D Ge-rich d4r units (i.e.,
IWW, UOV and UTL). This novel protocol overcomes the limitations of the conventional
ADOR method, in which the mass transport within the interlayers cannot be controlled.
Besides the known IPC-7 and IPC-12 with high crystallinity by VPT technique prepared from
respective UTL and UOV zeolites, a new IPC-18 zeolite, which was previously predicted but
not yet synthesized via existing synthesis methods has been successfully prepared. The
plausible mechanism of VPT rearrangement was revealed using in situ synchrotron XRD and
XANES results demonstrated the acid-induced reorganization of the interlayer and intralayer
units of zeolite IWW, leading to a transient disordering of the structure with further
reconstruction to a well-ordered new material. The VPT rearrangement approach was
successfully applied into different germanosilicates, highlighting the potential application of
this technique for the structural transformation of other crystalline materials with an unstable

frameworks deconstructing upon the solvent treatment.
4.2.2 ADORable IPC-17 zeolite derived from germanosilicate IWR

IWR zeolite was firstly discovered as aluminogermanosilicate zeolite [106], then five
types of IWR materials with different chemical compositions — pure siliceous,
aluminosilicate, germanosilicate, borosilicate, and borogermanosilicate — were also prepared
[175, 176, 178]. From the structural point of view, IWR zeolite containing Si-rich layers

connected by d4r units can be potentially transformed into new zeolites by the ADOR
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approach. Ge is preferred to be located in the d4r units, while Al and B elements are randomly
distributed in the IWR framework [80, 175, 176]. Therefore, from the chemical point of view,
only germanosilicate and borogermanosilicate IWR are suitable candidates for the realization
of structural transformation by the ADOR approach because the treatment of the others in
water/acidic solution can lead to either structural collapse or preservation of initial structure
[178]. Many studies on the location of Ge in IWR zeolite revealed that in addition to its
preferential location in the d4r units, Ge also occupies other T-sites in the Si-rich layers,
especially at a low Si/Ge ratio [177, 191]. The presence of Ge in the layers makes the zeolite
highly hydrolytically unstable. As a result, germanosilicate IWR (Si/Ge =1.8) was degraded
into amorphous material in water under room temperature [178]. An acidic treatment of
borogermanosilicate IWR with relatively low Ge content (Si/Ge = 6.9, 14.8 % B) showed that
it has been disassembled even after 5 minutes of the treatment but the formation of lamellar
precursor was accompanied by the layer destruction excluding their manipulation via ADOR
protocol [91]. In this section, we apply several strategies relating to the assembly step to

improve stability of the IWR layers and show successful transformation into new zeolite.
4.2.2.1 Strategies for stabilization of IWR

Five synthetic strategies were applied to improve the stability of IWR layers (see

section 3.2.6 for experimental details):

o Variation of the Si/Ge ratio in the initial IWR zeolite. For a successful disassembly of
the IWR framework into layers, the Si/Ge ratio below 6 in the parent IWR is
necessary [87, 102]. The post-modification stabilization to adjust the Si/Ge ratio leads
to the IWR zeolite with too low Ge (Si/Ge > 100) and also the formation of defects
under harsh conditions [178]. Therefore, this method was not considered. Herein, we
applied the direct hydrothermal synthesis of borogermanosilicate IWR in the reaction
mixtures with Si/Ge =2 — 5 and (Si+Ge)/B = 20 using SDAI.

o Stabilization/healing of structural defects (silanols) in IWR zeolite. Silanol defects in
zeolites leading to the instability when contacting with water [104] are often formed in
high pH media. These defects can be minimized by the introduction of F~ ions into the
reaction mixture. Therefore, F-stabilized borogermanosilicate IWR was synthesized in
F-containing reaction mixture (Si/Ge = 2 and (Si+Ge)/B = 20) using SDA1, which can
potentially lead to improvement of the layer stability during the following disassembly

and reassembly steps.
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e Decrease in the B content using seeded method. The borogermanosilicate TWR
prepared using SDA1 was submitted as the crystal seeds for the synthesis of IWR
zeolite in the absence of B source. Sample obtained at the first iteration of seed-
assisted synthesis was used as the source of seeds for the second iteration under the
same conditions. As the result of repeatedly seeding synthesis, the content of B in the
final sample was decreased to < 0.1 % according to the chemical analysis by ICP-OES.
Direct synthesis with a low B content in reaction mixture without seeding was not
successful as it led to the formation of a second IWW phase.

e Decrease in the B content in direct synthesis with another SDA. Instead of using
SDA1 (hexamethonium dihydroxide), SDA2 (1,8-diazabicyclo[5.4.0]undec-7-ene)
was chosen to synthesize B-free germanosilicate IWR [182]. One specific feature of
samples prepared by this approach is of extremely low thickness (~ 10 nm) along ¢
crystallographic axis. As a result, the (001) diffraction peak in the XRD patterns (at ~
7°) was found to possess negligible intensity for such IWR(SDA2) crystals. In
addition, this ¢ axis is related to the direction of the main structural changes expected
upon ADOR transformation. Thus, the layer stability can be limited due to the harsh
conditions typically applied in ADOR.

e [Increase in the stability of germanosilicate IWR by seeding method. Similar seeding
strategy was applied to synthesize stable germanosilicate IWR in the presence of
SDA1 by using IWR(SDAZ2) as seeds. The obtained IWR crystals (IWR(SDAT1)) have
a different morphology to IWR(SDA2) and the (001) diffraction peak in the XRD
patterns appears back compared to that of IWR(SDA1).

The XRD patterns of the final products are shown in Figure 4.18. The introduction of
B can promote the formation of IWR phase when using SDA1, otherwise the IWW phase is
present as impurity [91]. When the B/Si mol% in the synthesis gel exceeds 5, undesirable
IWW phase is also present in the final products (Figure 4.18a, IWR-2-B-10). In contrast, pure
borogermanosilicate IWR can be crystallized from the gels containing sources with Si/Ge = 2
— 5 and T/B = 20, either with or without NH4F, despite a low intensity of (001) diffraction
peak. Well crystalline IWR zeolite was achieved when using borogermanosilicate IWR as
seeds in B-free media. Pure germanosilicate IWR was obtained using SDA2 without the
introduction of B (Figure 4.18b, IWR(SDA2)). Well crystalline germanosilicate IWR with
increased layer thickness was obtained when the IWR(SDA2) was submitted as seeds in the

presence of SDAT (Figure 4.18b, IWR(SDA1)).
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Figure 4.18 XRD patterns of IWR zeolites prepared in different conditions. (a) Sample label of IWR-x-
B-y means that this sample was prepared with x = Si/Ge and y = B/(Si+Ge) in mol%; IWR-2-B-5-F is
the sample synthesized with Si/Ge = 2 and (Si+Ge)/B = 20 in the F media; IWR-2 seeding is the
sample prepared with Si/Ge =2 using the obtaining B-containing IWR as seeds in an iteration method.
(b) IWR(SDA2) was prepared with Si/Ge =2 in the presence of SDA2; IWR(SDA1) is sample
synthesized with Si/Ge =2 using IWR(SDA2) as seeds in the presence of SDA1.

4.2.2.2 Application of ADOR approach

The disassembly was performed either in acid solution (0.1 M and 12 M HCI) or in its
acid vapor (12 M HCI). The key parameters to access the accomplishment of ADOR
transformation are the positions of “interlayer” peaks in the XRD patterns (indicator for the
change of interlayer distance) and the intensities of “intralayer” peaks (representative for the
layer crystallinity). If the right-shift of (001) “interlayer” reflections in the final daughter
zeolites 1s smaller than predicted (e.g. if 20 position for (001) peak < ~ 8.8°), it is considered

as unsuccessful transformation.

Treatment of these IWR borogermanosilicates (i.e. IWR-2-B-5 and IWR-5-B-5) in 12
M HCI solution leads to a shift of the (001) diffraction peak to a higher angle, indicating a
decrease in the interlayer distance due to the extraction of Ge from d4r units (Figure 4.19a).
At the same time, the intensities of the intralayer diffraction peaks decrease, suggesting a
degradation of the layers in these two IWR borogermanosilicates. The evidence of the
degradation of the intralayer units is more obvious after thermal condensation of the resulting
intermediates at 450 °C as almost all diffraction peaks disappeared (Figure 4.19b). Similar

layer degradation in acidic solution was also observed in the F-stabilized borogermanosilicate
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IWR. Besides, its layers are not completely disconnected in 12 M HCI solution as the peak at

~ 7° remains despite the low intensity.
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Figure 4.19 XRD patterns of IWR samples treated in 12 M HCI solution for 6 hours (a) and the
resulting samples after calcination at 450 °C for 2 hours (b).
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12 M HCI VPT

IWR(SDA2)

Figure 4.20 XRD patterns of samples prepared by treating IWR(SDAZ2) in the 12 M HCI vapor for 16
hours and subsequent calcination at 450 °C for 2 hours.

Successful disassembly was achieved in the B-depleted sample synthesized by using
B-containing IWR as seeds in the B-free reaction mixture in an iteration sequence when
treated in 12 M HCI solution, as a shift of (001) diffraction peak and a preservation of
intralayer diffraction peaks were observed (Figure 4.19, IWR-2 seeding). The following

reassembly by treating the resulting intermediate at elevated temperature leads to the
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formation of new zeolite, which is denoted as IPC-17, however, its crystallinity is relatively
poor. Similar outputs were obtained with IWR(SDA2) when treated in 12 M HCI vapor
followed by calcination at 450 °C for 2 hours (Figure 4.20). In addition, a broad peak at 15 —
30° was observed in both the disassembled intermediate and final IPC-17, indicating a

degradation of the thin layers in IWR(SDA?2).
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Figure 4.21 XRD patterns of samples prepared by treating IWR(SDA1) in the 0.1, 12 M HCI solution,
and 12 M HCI vapor and following calcination at 450 °C for 2 hours (left), and and the enlarged part at
26 6.5 — 10° (right).

An improved crystallinity of the resulting [PC-17 was achieved when the SDA type
was changed (SDA2 — SDAI) between two seeding steps. Due to the increased layer
thickness, the intensity of the (001) diffraction peak in IWR(SDA1) increases compared with
the IWR(SDA2) (Figure 4.21). When the diluted HCI solution (0.1 M) was applied as the
disassembly agent, incomplete hydrolysis is occurred as the (001) diffraction peak remains in

both disassembled intermediate and thermally treated sample.

The behavior of different types of prepared IWR zeolites upon disassembly and
further reassembly was summarized in Scheme 4.2, where green color means the success of

transformation, yellow — partial success, and red — unsuccessful outcome.
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Assembly step Disassembly step Reassembly step

Classical Complete disassembly, Partial or complete
synthesis but layer degradation collapse of framework
Stabilization Disassembly is not
with F complete
B-free

synthesis (1)

B-free

synthesis (2) transformation

Complete disassembly, Successful ADOR
but layers are too thin

B-free 1) SDA2

synthesis 2) SDA1
(1/2)

Complete disassembly, Partial degradation of
layers preservation layers

Complete disassembly, » Successful ADOR

layers preservation transformation

Scheme 4.2 Variation of the IWR zeolite synthesis strategy for assembly step and its consequence for

following disassembly and reassembly steps.

4.2.2.3 Structural feature of IPC-17

Several possible IPC-17 structures were estimated by DFT method according to the
topology of parent IWR zeolite [96]. Figure 4.22 shows the preliminary data of Rietveld
refinement of IPC-17, which represents a good fit of the estimated structure (collaboration

with P. S. Wheatley at U. St Andrews).

Successful formation of new zeolite IPC-17 was also confirmed by the results of high-
resolution transmission electron microscopy (HRTEM) (Figure 4.23). Considering the
negligible difference in topology of layers in parent IWR and daughter IPC-17 zeolites
(Figure 4.23ae, a xb projections for both materials are practically the same), a good match of
“top view” HRTEM images is in accordance with the model (Figure 4.23cg). Unmodified 12-
ring pores and their preservation in final IPC-17 can be recognized. The decrease in d-spacing
along c direction from 1.24 to 0.98 nm upon transformation also correlates with the value
predicted for the model and corresponds to the change in the interlayer distance caused by the

replacement of d4rs by s4rs units (Figure 4.23 bd and fh, “side” view).
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Figure 4.22 Rietveld refinement of IPC-17 (top) and comparison of IWR and IPC-17 structure where
the d4r units in IWR transform into the s4r units in IPC-17 (bottom).

Figure 4.23 Crystallographic models of IWR zeolite in the (a) axb (“top”) and (b) axc (“side”)
projections demonstrating the layer plane and connectivity between layers, respectively. The
corresponding HRTEM images of initial IWR in the (c) axb and (d) axc projections. Crystallographic
models of IPC-17 zeolite in the (e) axb (“top”) and (f) axc (“side”) projections showing the maintenance
of layer structure but change in the interlayer connectivity. HRTEM images of IPC-17 zeolite
corresponding to axb (g) and axc (h) projections. The T atoms in the D4Rs and S4Rs are highlighted

with dark grey color in the models.

Evolution of Si atoms environment in the process of IWR-to-IPC-17 was studied by
2Si MAS NMR analysis. Fully condensed framework of IWR contains mainly Q* Si atoms
(at ~ 107 and ~ 115 ppm) corresponding to Si(OT)s (T = Si or Ge) environment and a small
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fraction (5 — 10 %) of Q* atoms (at ~ 101 ppm) corresponding to silanol defects. During
disassembly step the framework of IWR undergoes controllable decomposition to form the
IPC-17P layered intermediate resulting in the formation of large fraction of silanols (Q°, at ~
101 ppm). Besides, a deeper framework deconstruction was also observed a small signal at ~
92 ppm corresponding to Q? Si atoms (Si(OSi)2(OH)2) was detected in IPC-17P intermediate.
This phenomenon is presumably related to the transformation of Q? sites presented in the
initial zeolite (i.e. Q* — Q?transition for deficient sites instead of Q* — Q3 for initially non-
deficient sites). The following calcination of IPC-17P leads to a decrease in the intensity of Q*
signal, reflecting the condensation of silanols {Si—OH + HO—Si — Si—O—Si}, and formation
of IPC-17 zeolite with dominant fraction of Q* atoms. Difference in the positions of Q* peaks
in the starting and final zeolites can be related to the change in the chemical composition and
thus the environment of Si atoms at framework positions surrounded either by xSi + (4 — x)Ge

(in IWR) or mostly by 4Si (in IPC-17).

295 MAS NMR of IWR samples

IWR treated by 12M HCI
) calcined
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Figure 4.24 (a) N2 adsorption/desorption isotherms for parent IWR (black) and daughter IPC-17
zeolites (red); (b) pore size distribution for initial IWR (black) and final IPC-17 (red); (c) 2°Si MAS NMR
spectra of IWR, intermediate IPC-17P, and IPC-17 samples.

4.2.2.4 Summary

In this section, we present the synthesis of a new zeolite IPC-17 with 12x8%8-ring
pores derived from IWR (12x10x8-ring pores) using the ADOR protocol. To improve the
layer stability for the structural transformation during the ADOR treatment, several strategies
in the assembly step, including either individual approaches or combination of F-stabilization,
seeding method, and alteration of SDA, were applied. Finally, a well crystalline IPC-17

zeolite was obtained and thus the family tree of ADOR-derived zeolites is expanded with the
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new branch related to the IWR as the parent zeolite. Despite only one representative of this
branch was found up to now, this work shows the feasibility of ADOR transformation for
zeolites with porous system propagated in all three directions to the altered and previously
unknown zeolites. These findings can help in the design of novel derivatives of further
potential families of zeolites produced via ADOR approach, such as ITR and ITH zeolites
(10x10%9-ring pores).

4.3 Isomorphous substitution in CHA for separation of CO,/CH4

Chabazite (coded as CHA), a typical small-pore zeolite (~ 3.8x3.8 A), has been
widely studied for separation of CO2/CH4/N2 gas mixtures. Chemically flexibility in CHA
framework allows the introduction of heteroatoms into its framework. However, there exists
no report yet revealing the influence of the interaction between the CHA framework and the
guest molecules on the performance of separation of CO2/CHas. To minimize the contribution
of extra-framework cations, which can strongly affect the adsorption of CO> [192, 193],
zeolite CHA in the protonic form is studied for the evaluation of gas separation efficiency.
Herein, in this section, we present the preparation of heteroatoms substituted CHA by seeded

growth and its utilization for separation of CO2/CHa.
4.3.1 Seeded growth of isomorphously substituted CHA

Structure/framework flexibility of zeolite CHA enables the framework Si atoms to be
isomorphously substituted by several T'! and T!V atoms, such as B, Ga, Al, Ti etc. However,
synthesis of heteroatoms substituted CHA 1in protonic form by the conventional hydrothermal
method is still challenging and time-consuming due to its slow crystallization kinetics. Liu ef
al. calculated the substitution energy in CHA and revealed that the energy required for the
synthesis of B-, Ga-, and Fe-CHA is much higher than that of AI-CHA [194]. Besides, the
energy for the substitution of CHA in protonic form is significant higher than in other cationic
forms (Na” < K < Li* < NH4" < H"). Notably, the absolute substitution energies for B- and
Fe-CHA in protonic forms are positive, resulting in an unfavorable thermodynamic for the
preparation of these zeolites. Therefore, B-CHA in protonic form with good crystallinity can
be obtained in 15 days [195]. Many synthesis protocols were developed to facilitate the
crystallization, i.e., microwave radiation [196], ultrafast continuous-flow synthesis [37],

seeding method [197], and UV irradiation [34]. Among them, a small amount of pre-
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synthesized material as crystal growth seeds has been proven to direct the crystallization
towards the target material and accelerate the crystal growth rate [39, 198, 199]. However, no
results are reported so far for direct synthesis of isomorphously substituted CHA zeolites by

seeded growth.
4.3.1.1 Phase purity

Four different heteroatoms incorporated CHA (M-CHA, M = B, Al, Ga, and Ti) were
synthesized by a direct hydrothermal synthesis with the assistance of Si-CHA seeds, prepared
according to the ref. [179]. When the Si-CHA was introduced into the synthesis gel, the
resulting time for the crystallization of M-CHA is greatly decreased compared to the previous
results (Table 4.1). For instance, the required time for synthesis of B-CHA was reduced to 1

day in the presence of Si-CHA seeds, while it was reported to be 15 days without seeds [195].

Table 4.1 Chemical compositions, synthesis time, and textural properties of M-CHA (M = Si, B, Al, Ga,
and Ti).

Gel Final products Reference
Samples
g SSi/  SSi/ Seer Viieo  Time . Seer .
SilM Time(h)
M M (mz g—1) (cm3 g—1) (h) (mz 9—1)

Si-CHA 0 0 647 0.30 48 0 602 48 [179]
Al-CHA 20 6.6 665 0.31 24 7.5 / 144 [200]
B-CHA 5 n.d. 682 0.28 24 / / 360 [195]
Ga-CHA 20 5.7 687 0.30 72 23 / 120 [201]
Ti-CHA 20 9.1 723 0.31 30 / / 96 [16]

/ means unknown data from the previous reports.

The Si/M ratio was set as 20 in the initial synthesis gel for Al-, Ga-, and Ti-CHA
while 5 for B-CHA. Generally, the incorporation of B into the framework of zeolites is not
easy because of the high mobility of B species, and thus low Si/B ratio is required. ICP-OES
was used to analyze the chemical composition of the final products (Table 4.1). Ga- and Al-
CHA has a Si/M ratio of 25.7 and 16.6, respectively. Besides, a high Si/Ti ratio (~ 50) in Ti-
CHA is obtained compared to that of Al- and Ga-CHA due to the unfavorable kinetics of Ti

incorporation into zeolites [5]. The CHA phase purity was confirmed using XRD patterns
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(Figure 4.25), revealing the maintenance of CHA structure during the isomorphous

substitution.

b ; o _ - Ti-CHA[H]

] L _Ga-CHA[H]
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Intensity(a.u.)

J
J ko o - . Si-CHA
J

~B-CHA[H]

. Simulated

5 10 15 20 25 30 35 40

Figure 4.25 XRD patterns of M-CHA (M = Si, B, Al, Ga, and Ti) and simulated CHA.
4.3.1.2 Morphology and textural properties

The effect of heteroelement nature on the shape and size of M-CHA crystals was
evaluated by SEM (Figure 4.26). Cubic crystal with ~ 6 um is observed in Si-CHA, which is
in a good agreement with the previous report [199]. The introduction of B or Ti into CHA
does not alter the shape of crystals compared to Si-CHA, but their respective sizes of crystals
decrease to 4 um and 2 pum. Noticeably, Ti-CHA crystals have a smooth surface with no
additional attached particles, evidencing an absence of undesirable TiO» particles which is
typically observed in the previous report [202]. Contrary to the cubic feature for B- and Ti-
CHA, both Ga-CHA and Al-CHA tend to assemble into small spherical particles with crystal

sizes of 0.5 and 3.5 um, respectively.

N> adsorption/desorption isotherm was employed to determine the effect of
incorporated heteroelements on the porosity of M-CHA (Figure 4.27). All CHA samples
show a similar type I isotherms, typical for microporous materials exhibiting similar values of
the micropore volume (0.28 — 0.31 cm® g ') and BET area (647 — 726 m? g !, Table 4.1). This
indicates similar textural properties after incorporation of heteroatoms into the CHA

framework.
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Figure 4. 26 SEM images of M-CHA (M = Si, B, Al, Ga, and Ti), insert diagram is the schematic

presentative of crystal shapes.

250

200

15094 = SiCHA —= AI-CHA
—+—B-CHA —e— Ga-CHA —— Ti-CHA

Quantity Adsorbed (cm?®/g STP)

100 T . . T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P,)

Figure 4.27 Nitrogen adsorption (e) and desorption (o) isotherms of M-CHA (M = Si, B, Al, Ga, and Ti).

4.3.1.3 FTIR spectroscopy

FTIR spectroscopy was employed to determine the state of heteroatoms in M-CHA

zeolite according to the region of framework skeleton vibrations in the spectra (Figure 4.28 A).

78



In comparison with Si-CHA, Ga-CHA shows a red shift of asymmetric vibration bands (~
1080 cm™') to lower frequencies, suggesting a successful substitution of Si with Ga atoms
[203]. In the case of B-CHA, two new bands appeared at 913 and 1390 cm ™, corresponding
to the respective stretching vibration band of Si—O-B moiety and asymmetric stretching mode
of B—O bonds of BO3 units in D3, symmetry [204]. In addition, a stretching vibration band of
Ti-O-Si moiety (~ 960cm™!) is also observed in Ti-CHA, indicating a tetrahedrally
coordinated Ti [205].

|o.z

Transmittance, %

Absorbance, a. u.

1 1 e 1 : :
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Wavenumber, cm™

Figure 4.28 FTIR spectra of Si-CHA (1), B-CHA (2), AI-CHA (3), Ga-CHA (4), Ti-CHA (5) zeolites: (A)
spectra region of the framework skeleton vibrations; (B) region of hydroxyl vibrations before (bottom)
and after adsorption (top) of ds-acetonitrile; (C) region of ds-acetonitrile vibrations (the spectrum of Ti-
CHA is shown after adsorption of an access of acetonitrile, while desorption of physically adsorbed

probe molecule followed the adsorption step for Si-, B-, Ga-, AI-CHA).

The nature of OH groups in M-CHA zeolites, which reflects the state of incorporated
heteroatoms, was also studied by recording the respective FTIR spectra through adsorption
and desorption of ds-acetonitrile (AN) (Figure 4.28B). Ti- and Si-CHA exhibit only one band
at 3743 cm™! corresponding to the external silanol groups. In contrast, Ga-, and AI-CHA show
an additional band at ~ 3600-3610 cm™!, which disappears after adsorption of basic probe AN
molecule, confirming the formation of bridging =Si (OH") M= (M = Al, Ga) groups and its
acid character [206]. B-CHA shows 4 absorption bands in 3800-3200cm™' region, in
accordance with previous FTIR studies on borosilicate zeolites [204]. The band at ~
3705cm! corresponds to the stretching vibrations of Si—~(OH)---B, while ~ 3743 cm™! is
assigned to the external silanol groups. Moreover, two other bands at ~ 3688 and ~ 3510 cm™!

are confirmed to be related to the B species upon hydrolysis of Si—O-B bond [207-209].
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Although the borosilicate zeolite exhibits an acid character upon the interaction with pyridine
molecule [207], in our case no corresponding bands are traced after adsorption of AN, which
is probably caused by weakly acidic strength of Si—(OH)---B groups, which are not sufficient

for AN adsorption at room temperature.

In addition, a band at ~ 2304 cm™! relating to the Lewis acid sites is observed for Ti-
CHA upon the dose-by-dose adsorption of AN, while 2 additional peaks at 2265 and
2275cm™! correspond to AN physisorbed and chemisorbed at silanol groups. Ti-CHA showed
a lower Av(C=N) than that for Ga- and Al-CHA, revealing a weaker interaction between AN
and Ti-associated Lewis acid sites [210]. Furthermore, this weak strength is also evident from
substantial decrease in the band intensity at 2304 cm ™' when prolonging the degassing, while

the intensities of respective bands for Ga- and Al-associated acid maintained.

[ Lewis acid [ ]Brensted acid -
0.05 mmol/g
Al-CHA[H] Ti-CHA[H] Ga-CHA[H]

Figure 4.29 Concentration of acid sites in the Al-, Ti-, and Ga-CHA zeolites determined using FTIR

spectroscopy of adsorbed ds-acetonitrile.

Finally, the acidity in M-CHA was evaluated and it follows the sequence: AI-CHA <
Ti-CHA < Ga-CHA (Figure 4.29). Only Lewis acid centers were observed in Ti-CHA
(0.27 mmol g '), while both Al- and Ga-CHA showed Brensted (0.12 and 0.25 mmol g/,
respectively) and Lewis (0.10 and 0.17 mmol g !, respectively) acid centers. Therefore, based
on analysis of the FTIR spectra measured for all samples, successful isomorphous substitution

of Si by heteroatoms (Ti, Al, Ga, and B) in zeolite CHA is achieved.
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4.3.1.4 UV-vis spectroscopy

Direct hydrothermal synthesis of titanosilicate zeolites often leads to the formation of
undesirable TiO> phase presented at extra-framework sites [202, 211]. The presence of TiO>
was also observed in the direct synthesis of Ti-CHA [16], even at a very low Si/Ti ratio in the
synthesis gel (Si/Ti = 50). Noticeably, no undesirable TiO> was observed upon the
substitution of Si with Ti in the framework of CHA via direct hydrothermal synthesis by an
assistance of seeds. As shown in Figure 4.30, the only adsorption band at ~ 220 nm was
observed in Ti-CHA zeolite, which is indicative of charge transfer from oxygen to the empty
d orbitals of Ti*" ions, indicating the existence of isolated tetrahedrally coordinated Ti in the
framework [212]. In addition, no bands at ~ 330 nm relating to the penta- or hexacoordinated
extra-framework Ti species were observed [213, 214]. These results indicate that Ti atoms has
been successfully incorporated into the framework of CHA zeolite in our presented Ti-CHA

synthesized using Si-CHA as crystal seeds.

Adsorption

T N 1 T 1 v T N
200 300 400 500 600
Anm

Figure 4.30 UV-vis spectrum of Ti-CHA, adsorption band at ~ 220 nm can be assigned to tetrahedrally

coordinated framework Ti (insert diagram).
4.3.2 M-CHA for gas separation of CO2/CH4
4.3.2.1 Geometry of 8-ring in M-CHA

The incorporation of heteroelements with different properties into CHA zeolite
frameworks resulted in the alteration of zeolite frameworks and thereby affecting the gas

molecules adsorption. Rietveld refinement (done by D. N. Rainer at U. St Andrews) against
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the powder X-ray diffraction (PXRD) was employed to analyze the changes of structures
(Figure 1-2 in Appendix I). The Rietveld refinement of PXRD patterns of M-CHA adopting
the space group R3m confirmed that single-phase M-CHA zeolites were synthesized. Table
4.2 listed the unit cell and fitting parameters of each M-CHA before and after dehydration
were found in. An increase in q, ¢ lattice parameters and unit cell volume was observed in Si-
and Al-CHA after dehydration, while B- and Ti-CHA show opposite patterns, suggesting the
different influences of framework composition on the structure behavior under high
temperature. In addition, Ga-CHA shows an increase in a parameter and a decrease in ¢
parameter after dehydration. A decrease in a parameter and an increase in ¢ parameter after
dehydration were reported for nanosized aluminosilicate CHA zeolites with different extra-
framework cations (Na®, K*, and Cs") [161]. This difference is probably related to the
different mobility of the extra-framework cation, resulting in different behavior of unit cell

parameters after removal of water in the zeolite cavity.

Table 4.2 Unit cell and Rietveld refinement parameters for M-CHA (M = Si, B, Al, Ga, and Ti) samples
before (suffix -h) and after dehydration (suffix -d) at 573 K under 9x10* mbar for 24 hours. Parameters
of hydrated samples are obtained from Le Bail refinements; those of dehydrated samples from

Rietveld refinements.

Samples a[A] c[A] Volume [A3] Rexp, Rwp X2

Si-CHA-d 13.54718(17)  14.7562(2) 2345.32(6) 0.0466, 0.0890 3.647
Si-CHA-h 13.52205(17) 14.7325(3) 2332.88(6) 0.0484, 0.0664 1.856
B-CHA-d 13.4765(2) 14.6970(3) 2311.60(7) 0.0466, 0.960 4.253
B-CHA-h 13.4784(2) 14.7272(3) 2317.03(7) 0.0679, 0.0888 1.766
Al-CHA-d 13.57632(18) 14.8096(3) 2363.95(6) 0.0334, 0.0563 2.835
AlI-CHA-h 13.56855(15) 14.7635(2) 2353.90(5) 0.0337, 0.0455 1.715
Ga-CHA-d 13.5613(2) 14.7479(3) 2348.90(7) 0.0326, 0.0492 2.270
Ga-CHA-h  13.55347(18)  14.7553(3) 2347.36(6) 0.0305, 0.0400 1.357
Ti-CHA-d 13.54904(18) 14.7454(3) 2344.26(6) 0.0455, 0.0957 4.423
Ti-CHA-h 13.5515(2) 14.7539(3) 2346.47(7) 0.0693, 0.0925 1.594

Figure 4.31 shows the geometry of 8-ring pore windows in M-CHA considering that

their eccentricity is not zero (i.e. considering that the aperture can be described as an ellipse
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not circle and thus require two size parameters measured as O—O distances). Classical Al-
CHA zeolite possesses a pore size of 3.84 x 3.89 A almost without any distortion of the circle
geometry (8-ring pore). Moreover, AI-CHA has the largest unit cell volume (0.8 % higher
than that of Si-CHA) among the prepared zeolites.

Ti-CHA has a similar pore size (3.80 x 3.90 A) to Si-CHA, which can be correlated
with the low content of Ti (Si/Ti = 49 reflecting the average presence of less than one Ti atom
in each unit cell). Among different zeolites, the distance of O—O in B-CHA zeolite along two
aperture axes (3.76 x 3.86 A) are the smallest because B has the smallest ionic radius, which
is in line with the trend for the unit cell volume showing 1.4 % lower value than Si-CHA.
Moreover, Ti-, Si-, and B-CHA show nearly the same differences (~ 0.1 A) of O—O distances
in two directions, indicating a similar elliptical distortion of 8- ring. In contrast, the distortion
increases from 0.1 to 0.17 A upon the introduction of Ga. The pore size in one direction
decreases to 3.76 A while the other increases to 3.93 A compared with that of Si-CHA.
Smaller distortions of the elliptical 8-ring pores and larger unit cell volume benefit the free

diffusion of gas molecules.
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Figure 4.31 Distances between oxygen atoms in two nearly orthogonal directions in 8 MR in
substituted CHA: (left) schematic representation of 8 MR and evaluated sizes; (right) distances
obtained upon structure refinement. Two different kinds of pore sizes are shown by black and red

colors (dotted lines on the left figure, circles — on the right).
4.3.2.2 Single component adsorption isotherms of CO2 and CHs on M-CHA

In order to evaluate the zeolite separation ability for CO, and CHs mixture, single-
component adsorption isotherms of the dehydrated M-CHA (M = Ga, B, Al, Ti, and Si) were
measured (collaboration with Prof. R. Bulanek at University of Pardubice), meanwhile, Toth

model was used to fit the adsorption isotherms (R* = 0.99954 — 0.99999, Table 5 in Appendix
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I). Figure 4.32 shows the adsorption isotherms of CH4 and CO» for different samples at 298,
286 and 273 K in the pressure range of 0 ~ 800 Torr. Uptake of CHy is significantly lower
than that of CO; for different materials under the same conditions (T, p), which is mainly
related to the electron distribution in the molecules and size of the gas molecules. The kinetic
diameter of CO; is smaller than that of the pore mouth (3.3 vs. 3.8 A), allowing it to diffuse
freely into the zeolite pores [215]. In addition, although CO is a non-polar molecule, its
quadrupole moment (4.3x1072° esu-cm?) allows a stronger electronic interaction between
zeolite frameworks and CO> molecules, hence leading to a larger adsorption capacity of CO>
than CH4 [216, 217]. The strength of these interactions decreases at elevated temperatures.
Thus, a drop of adsorption capacity with increasing temperature is observed for both CO; and
CHs molecules (Figure 4.32). As shown in the literature, CO; is chemically bonded to the
cations in the extra-framework of zeolites and the order of the strength is H" << Li* < Na' <
K" [216, 218]. The adsorption capacity in the protonic form CHA samples is lower than the
other cation-formed CHA [193], as expected.
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Figure 4.32 Single-component adsorption isotherms of CO2 and CH4 at 273, 286, and 298 K on M-
CHA (M = Si, B, Al, Ga, Ti).

Si-CHA is a nonpolar adsorbent due to the absence of permanent framework charge.

The incorporation of heteroelements into CHA framework can tune its polarity, and thereby
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affect the adsorption capability. Thus, the maximum capacities for CO» adsorption at 800 Torr
and 273 K increase from 3.7 (Si-CHA) to 4.6 (AI-CHA) and 4.1 mmol g ' (Ga-CHA).
However, similar adsorption isotherms of CH4 and CO> were observed in B-CHA and Si-
CHA zeolites, which can be explained by a relative low loading of incorporated atoms, typical
for B. Noticeably, Ti-CHA shows a lower adsorption capacity than Si-CHA sample,
especially at low pressure. Therefore, the order of the overall uptake of CO> over CHA
zeolites is Ti-CHA < Si-CHA =~ B-CHA < Ga-CHA < AIl-CHA. Moreover, the maximum
uptakes for CH4 and CO; decrease by ~ 40 % after increasing the temperature to 298 K.

4.3.2.3 IAST-predicted CO2/CHj4 selectivity

Ideal adsorbed solution theory (IAST) was used to estimate the selectivity of CO2/CHy
separation according to the single-component adsorption isotherms [185]. Simulations were
performed on the gas mixture with the same amount of CO> and CHy at different temperatures
(Figure 3 in Appendix I). The trend of IAST selectivity dependence on the temperature is
consistent with that of the single-component adsorption, that is, the adsorption capacity and
selectivity enhance with decreasing temperature. The estimated results of selectivity (273 K)
over different zeolites are shown in Figure 4.33. Si-CHA has homogeneous surface within its
channel system. Correspondingly, the selectivity of CO2 over CHj4 steadily increases from 6.8
to 10.4 when the pressure goes from 5 up to 800 Torr at 273 K as a result of an increase in the
adsorbate-adsorbate interaction strength. The incorporation of heteroelements into CHA
framework results in the formation of heterogeneous adsorption sites. CO, molecules
preferentially occupy the high-energy adsorption sites at low coverage. As a result, the
selectivity of Al-CHA declines rapidly first from 23 to 19 at 0 — 100 Torr. Further increase in
pressure to 800 Torr leads to a gradual increase in the selectivity back to 23 due to the
increase in the adsorbate-adsorbate interaction strength. Moreover, the decrease in the
selectivity is more obvious at high temperatures, indicating that the adsorption of CO; at high-
energy sites is more sensitive to temperature due to the exothermic adsorption process (Figure
3 in Appendix I). In turn, such similar trend has not been observed in Ga-, Ti-, and B-CHA
samples, suggesting different dependences of selectivity on the incorporated heteroatoms.
This difference of selectivity in these five samples is probably caused by the interaction
strength between the zeolite framework and gas molecules and the concentration of
incorporated heteroatoms. The order of the overall selectivity is as follows: Ti-CHA < Si-
CHA = B-CHA < Ga-CHA < AI-CHA, which is in line with the trend for the single-
components adsorption.
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Figure 4.33 IAST predicted selectivity of Si-CHA, B-CHA, AI-CHA, Ga-CHA, and Ti-CHA for gas
mixture with CO2/CH4 = 1.

4.3.2.4 Heat of adsorption

The isosteric heats of adsorption (Qy) represent the binding energy for the adsorbed
gas molecule at a specific coverage, which can be used to evaluate the interaction between
zeolites and gas molecules. A higher value of Qs reflects a stronger interaction between
adsorbent and adsorbate. O, of both CH4 and CO» for different CHA materials are shown in
(Figure 4 in Appendix I). CHs Oy shows almost constant values with ~ 16 kJ mol ! for all
samples except for Ti-CHA, which is very similar to reported values for NaY (~ 15 kJ mol ™)
[219] and siliceous CHA (16.8 kJ mol ") [220, 221] zeolites. Figure 4.34 shows the Oy of
CO; for those five samples. Both B- and Si-CHA zeolites exhibit nearly constant values for
the Oy of CO2 up to 800 Torr, suggesting a similar binding energy or single site for CO>
adsorption [147]. The value of CO2 Qy for Si-CHA zeolite is about 25 kJ mol !, this can be
related to the dispersive interaction between the elements in zeolite frameworks and CO>
molecule [218, 222, 223]. In contrast, AI-CHA shows a significant heterogeneity of
adsorption sites indicated by a dramatic decrease in the Oy (31 — 25 kJ mol™!) at low
pressure range as the most active sites are gradually occupied by CO.. This decline at low
pressure is also observed in Ga-CHA (28.3 — 26.6 k] mol™!), while the decrease is not as
prominent as in AI-CHA which is probably caused by a weaker acid strength and a lower
concentration of Ga in the framework compared with the Al-CHA. Initial Oy (at low CO

loading) agrees very well with the interaction energies of CO> molecule with Brensted acid
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sites in various zeolites [224-227]. Noticeably, the values of CO> Qs achieved over Ti-CHA
zeolite progressively increase by 7 kJ mol ™! (17 — 24) after dropping to the lowest value at
low coverage, suggesting a higher lateral interaction between CO; molecules than the
interaction between adsorbate and adsorbent [216]. Besides, the CO, Qs for Ti-CHA shows
the lowest value among them being in line with the lowest adsorption amount of CO> and
selectivity for Ti-CHA mentioned during discussion of single component adsorption. The
trend for CO2 Oy at low coverage is following: Al-CHA > Ga-CHA > B-CHA = Si-CHA >
Ti-CHA, which is related to the interaction strength between the zeolite framework and

adsorption molecules, recalling the order of M-CHA adsorption capacity.
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Figure 4.34 Heats of adsorption (Qs) of CO20on proton-form Si-CHA, B-CHA, AI-CHA, Ga-CHA, and
Ti-CHA.

4.3.2.5 Host-guest interaction study by FTIR

To better understand the interaction between the adsorbed CO2 molecules and zeolite
frameworks, IR spectroscopy was applied. It should be noted prior to discussion of the IR
results that in some cases, a surface carbonate ion (in spectral range 1400 — 1700 cm™!) may
be formed after the adsorption of COa», i.e. chemisorption occurs [132, 228-230]. In our case,
only vibrational bands belonging to molecularly adsorbed CO, were observed in the spectra
(especially vibrational band v3 at about 2349 cm™! (asymmetric stretching vibration frequency
of gaseous COz). By interaction with the adsorbent, the v3 frequency of the CO2 molecule
shifts slightly depending on the type and strength of the interaction. It occurs in the range of
about 2365 to 2340 cm ™! [138, 231, 232].
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Figure 4.35 shows the IR spectra of M-CHA as a function of CO; pressure in the
spectroscopic region of CO> asymmetric stretching vibration (v3). The v3 vibrational band is
found at 2346 cm™! in the case of AI-CHA and Ga-CHA. This is in very good agreement with
the observations of molecularly interacting CO, with Brensted acid sites in FER [224],
MCM-22 [225], *BEA [233], and ZSM-5 [234] zeolites. Si-CHA and Ti-CHA not containing
1

extra-framework cations exhibit band at 2341 cm™

the CO, vibrational band observed in silicalite [232]. This band can be ascribed to the CO>

, which coincide well with the position of

interacting with the zeolite framework mainly via weak forces. The IR spectra of CO;
adsorbed in B-CHA show the spectral features of the both previously described types of
materials. The IR spectra clearly show the presence of both the band at 2346 and the band at
2341 cm™'. This can be explained by the significantly smaller number of boron atoms
incorporated in the zeolite framework generating Bronsted acid sites in combination with the
weaker interaction of CO2 molecules with these cationic sites (adsorption heats for B-CHA
are almost the same as for Si-CHA). As a result, CO2 molecules interacting dispersedly are
then populated together with electrostatically interacting adsorption complexes (COz:-- H-O=)

at Bronsted acid sites.
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Figure 4.35 Representative spectra of CO2 adsorbed on M-CHA (M = B, Al, Ga, Si, and Ti) as a
function of CO2 pressure (from 0.2 to 8 Torr from bottom to top presented by the colorful lines).
Comparison of the adsorbed CO2 asymmetric stretching vibration (vs) at 8 Torr at room temperature
on all M-CHA (bottom right).
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The intensities of v3 band increase with increasing CO> dosage (Figure 4.36a). The v3
band intensity displayed against CO> equilibrium pressure (so-called “optical” isotherm)
resembles the low-pressure part of volumetric isotherms. In accordance with volumetric
measurements, the order of the samples according to their adsorbed amount of CO» at 10 Torr
from the highest to the lowest is as follows: AI-CHA > Ga-CHA > B-CHA > Si-CHA = Ti-
CHA. The samples equilibrated with CO» (8 Torr) were then subjected to desorption at the
same temperature (RT) by dynamic evacuation using turbomolecular pump. From the time-
resolved IR spectra of individual samples it is evident that desorption of CO» proceeds very
quickly and within 4 — 5 minutes CO> is completely removed from the samples (Figure 5 in
the Appendix I). The band intensities decrease exponentially with time (Figure 4.36b),
indicating a first-order kinetic. The rate constants determined from the dependence of the
logarithm of the intensity vs. time (Figure 4.36c) have values ranging from 8x1073 s7! to
11x1073 s!. The order of the samples according to the increasing size of the rate constant is
as follows: AI-CHA (8.58x107® s7!) = Ga-CHA (7.96x107° s 1)< B-CHA (10.66x107° s") =
Si-CHA (10.99x107° s') = Ti-CHA (11.01x107% s!), which is in accordance with the

adsorption heats determined from volumetric measurements.
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Figure 4.36 Adsorption isotherms of CO2 on M-CHA (M = B, Al, Ga, Si, and Ti) at 298 K derived from
IR spectra displayed in Figure 4.35 (a). Time dependence of the adsorbed CO2 asymmetric stretching
vibration (vs) during evacuation at 298 K (b) derived from IR spectra displayed in Figure 5 in the

Appendix I. First order kinetics plot derived from data in middle panel (c).

4.3.3 Summary and Perspectives

Direct hydrothermal synthesis of isomorphously substituted M-CHA (M =B, Al, Ga,
and Ti) has been successfully performed in the presence of Si-CHA seeds. The crystallization
kinetics for incorporation of heteroatoms into CHA is accelerated with the help of seeds

additive and the required time for the preparation of M-CHA with high crystallinity was
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greatly decreased without any textural changes. The successful incorporation of

heteroelements in CHA framework was confirmed by FTIR and UV-vis spectroscopies.

The nature of the CHA framework is shown to affect its ability for gas separation,
thus isomorphous substitution of Si with heteroatoms (Al, B, Ga, and Ti) allows tuning the
framework-adsorbate interaction. The crystallographic structure of the corresponding M-CHA
zeolites, in particular the geometry of the 8-ring, is altered when heteroatoms are incorporated
into CHA. Al-CHA has pore size of 3.84x3.89 A with nearly no distortion of 8-ring circle
geometry, while Ga-CHA possesses largest distortion (3.76x3.93 A). B- and Ti-CHA show
almost the same 8-ring geometry as Si-CHA (3.80x3.90 A). The resulting M-CHA zeolites
exhibit notable CO; uptake capacity and selectivity. Largest adsorption amount of CO; and
selectivity of CO; over CH4 was observed in AI-CHA among these five samples. Contributed
by both the geometry of 8-ring in CHA and interaction between zeolite hosts and guest
molecules, the order of separation ability is Ti-CHA < Si-CHA = B-CHA < Ga-CHA < Al-
CHA. The separation ability of zeolites is expected to be further improved by optimization of
both the framework composition and the type of extra-framework cations. Optimizing the
chemical compositions of both the framework and extra-framework cations of CHA zeolite

may open the way for further improvement in the separation ability of zeolites.
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5. Conclusions

This thesis was devoted to the understanding of mechanistic features of zeolites
formation and to the development or modification of synthetic protocols aimed in the
controllable structural transformations of zeolites possessing anisotropic lability. These
findings described in the thesis include the understanding of zeolite crystallization mechanism
(studied in the AST-type zeolite systems), expansion of ADOR approach for synthesis of new
zeolites (preliminary designated as IPC-17 and IPC-18 until being potentially approved by
structural commission of International Zeolite Association), and tuning the framework

compositions of zeolites of CHA topology for gas separation.

An unusual zeolite crystallization mechanism comprising the formation of bulk
amorphous intermediate species and their crystallization (so-called reversed crystal growth as
opposed to the classical crystal growth mechanism) was described for the first time; the
fundamental factors that control the crystallization pathway and crystal growth rate were
comprehensively investigated. If the concentration of structure-directing agent reaches a
particular critical value, interaction of corresponding organic cations with silica precursors
drives the agglomeration of small particles into large amorphous aggregates at the very early
stage before crystallization starts. The concentration of F ions, another key factor, determines
the rate of crystal growth. Thus, a zeolite crystallization mechanism was shown to be
controllable under particular conditions providing the possibility to switch the direction of
crystallization between the classical and reversed crystal growth mechanisms. In particular,
for the synthesis of AST zeolite utilized as a model system, at low x = SDA/S10; ratio (0.3 <
x < 0.4) the crystal growth follows the classical route, while it switches to the reversed crystal

growth mechanism at high x values (0.5 <x <0.7).

Two new =zeolites were prepared through the ADOR (assembly-disassembly-
organization-reassembly) approach proven to be an efficient strategy for controllable
structural transformation of zeolites. Modifications of the conventional ADOR protocols were

carried out for the realization of the ideas that

1) particular types of zeolite frameworks, e.g. IWR, undergoes successfully (by means of
the uniqueness of the final zeolite topology and high crystallinity of the material)
structural transformation via ADOR mechanism only if certain features of the initial
germanosilicate zeolites are implemented. In particular, the traditionally prepared IWR

zeolite suffers from the layer instability under harsh conditions during the ADOR
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transformation leading to a structural collapse. To improve the layer stability, five
synthetic strategies, including variation of chemical composition, stabilization with
fluoride groups, seeding method, alteration of the SDA structure, and their combinations
were developed. As a result of optimized sequence of disassembly-reassembly

transformations, a new IPC-17 zeolite with a 12x8%8-ring pore system was obtained.

ii) for zeolites suffering from undesired re-intercalation/reconstruction resulting in
preservation of initial zeolite topology after application of conventional ADOR (e.g. in
the case of IWW zeolite), control of the mass transport in the zeolite pores during the
disassembly in the acid solution is decisive. As a consequence, the vapor-phase transport
(VPT) technique was developed for accurate deconstruction of initial framework and
selective removal of Ge atoms that was achieved through a vapor mode of operations
typically performed in solutions, such as an interaction with acid and water molecules,
removal of the atoms from the framework and their relocation from the interlayer space.
Finally, a new zeolite IPC-18 was prepared starting from the IWW zeolite, while it was
inaccessible by the conventional ADOR protocol up to now. Besides, the VPT method
can also be applied for other germanosilicates, such as UTL, UOV, in order to obtain the

products of structural transformations different to those of conventional ADOR approach.

To evaluate the influence of the zeolite framework nature on the performance in gas
separation, a series of CHA materials with different framework compositions were prepared
through the isomorphous substitution by heteroelements. M-CHA (M = Si, B, Al, Ga, and Ti)
zeolites not containing metal ions in ion-exchange positions were prepared by the seeding
method. The introduced heteroatoms are located in the CHA framework, which was
confirmed by the diffraction and spectroscopy techniques (XRD, FTIR, UV-vis, and solid-
state MAS NMR). The obtained materials showed distinct separation ability when applied for
CO,/CH4 gas mixture (selectivity decreases in order AI-CHA > Ga-CHA > B-CHA = Si-
CHA > Ti-CHA) contributed by both the geometry of 8-ring pores in CHA and interaction

between zeolite hosts and guest gas molecules.

All in all, in this thesis the fundamental features determining i) the zeolites
crystallization pathway and crystal growth rate, ii) the success of ADOR transformation
towards new zeolite structures, and iii) the application potential (i.e. selectivity in gas
separation) of designed zeolites were revealed. I hope, the findings of this thesis will further
help to move forward the fast-developing area of zeolite design and application. In particular,

through the controlling the chemical composition in the reaction mixture (e.g. T atoms ratio,
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SDA concentration, mineralizing agent, and water content), the crystal morphology, chemical
composition and spatial distribution of atoms, textual properties of zeolites can be designed.
Besides, the development of new techniques for the treatment of water-sensitive zeolites,
particular for germanosilicate zeolites containing d4r/d3rs distributed in several directions

such as ITT, IRR etc., in the ADOR approach is a challenge for the future.
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7. Appendix I

Table 1 Crystallographic details and Le Bail profile parameters of hydrated M-CHA-h samples (M= Si,

B, Al, Ga, and Ti).

Si-CHA-h B-CHA-h Al-CHA-h Ga-CHA-h Ti-CHA-h
Unit cell formula_ | SizO72 Si32.4B3.6072 Si33.96Al2.05072 Siza65Ga135072 | Siss28Tio.72072
Space group (#) R-3m (166) R-3m (166) R-3m (166) R-3m (166) R-3m (166)
X-ray source Cu Cu Cu Cu Cu
Diffractometer STOE STADI-P STOE STADI-P | STOE STADI-P | STOE STADI-P | STOE STADI-P
Wavelength (A) 1.54059 1.54059 1.54059 1.54059 1.54059
Temperature (K) 298 298 298 298 298
a(A) 13.52205(17) 13.4784(2) |  13.56855(15) |  13.55347(18) 13.5515(2)
c (A 14.7325(3) 14.7272(3) 14.7635(2) 14.7553(3) 14.7539(3)
Vv (A) 2332.88(6) 2317.03(7) 2353.90(5) 2347.36(6) 2346.47(7)
Rp 0.0484 0.0679 0.0337 0.0305 0.0693
Rwp 0.0664 0.0888 0.0455 0.0400 0.0925
Rexp 0.0488 0.0668 0.0348 0.0344 0.0733
Y 1.856 1.766 1.715 1.357 1.594
Si-CHA-h-lebail
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Figure 1 Le Bail refinement plots of M-CHA-h (M = Si, B, Al, Ga, and Ti).
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Table 2 Crystallographic details and Rietveld profile parameters of M-CHA-d samples (M= Si, B, Al,

Ga, Ti), dehydrated at 573 K under 9x10-4 mbar for 24 h.

Si-CHA-d B-CHA- Al-CHA- Ga-CHA-d Ti-CHA-
Unit cell formula SizsO72 Si32.4B3.6072 Si33.96A12.05072 | Si34.65Ga1.35072 | Siss.28Tio.72072
Space group (#) R-3m (166) R-3m (166) R-3m (166) R-3m (166) R-3m (166)
X-ray source Cu Cu Cu Cu Cu
STOE STADI- | STOE STADI- | STOE STADI- | STOE STADI- | STOE STADI-
Diffractometer P P P P P
Wavelength (A) 1.54059 1.54059 1.54059 1.54059 1.54059
Temperature (K) 298 298 298 298 298
a(A) 13.54718(17) 13.4765(2) 13.57632(18) 13.5613(2) 13.54904(18)
c(A) 14.7562(2) 14.6970(3) 14.8096(3) 14.7479(3) 14.7454(3)
V (A) 2345.32(6) 2311.60(7) 2363.95(6) 2348.90(7) 2344.26(6)
Rp 0.0708 0.0714 0.0411 0.0372 0.0745
Rwp 0.0890 0.0960 0.0563 0.0492 0.0957
Rexp 0.0466 0.0466 0.0334 0.0326 0.0455
X2 3.647 4.253 2.835 2.270 4.423
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Figure 2 Rietveld plots of M-CHA-d sample (M = Si, B, Al, Ga, and Ti), dehydrated at 573 K under

9x104 mbar for 24 hours.
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Table 3 Fractional atomic coordinates, occupancies, and isotropic displacement parameters of
Rietveld refinements of M-CHA-d (M = Si, B, Al, Ga, and Ti) samples, dehydrated at 573 K under

9%x104 mbar for 24 h.

Si-CHA-d X y z occ mult Uiso
Si1 0.10504(16) 0.43789(14) 0.06252(10) 1 36 0.0165(6)
O1 0 0.3537(3) 0 1 18 0.0107(9)
02 0.0702(3) 0.4036(3) 0.166667 1 18 0.0107(9)
03 0.1357(3) 0.56787(17) 0.0449(3) 1 18 0.0107(9)
04 0.21297(17) 0.4259(3) 0.0345(3) 1 18 0.0107(9)

B-CHA-d X y z occ mult Uiso
Si1 0.1048(2) 0.4370(2) 0.06229(15) 0.9 36 0.0275(8)
B1 0.1048(2) 0.4370(2) 0.06229(15) 0.1 36 0.0275(8)
01 0 0.3533(4) 0 1 18 0.0330(13)
02 0.0701(4) 0.4034(4) 0.166667 1 18 0.0330(13)
03 0.1365(4) 0.5682(2) 0.0445(4) 1 18 0.0330(13)
04 0.2121(2) 0.4242(4) 0.0345(4) 1 18 0.0330(13)

Al-CHA-d X y z occ mult Uiso
Si1 0.10543(12) 0.43819(11) 0.06268(8) | 0.9432 36 0.0165(4)
Al1 0.10543(12) 0.43819(11) 0.06268(8) | 0.0568 36 0.0165(4)
01 0 0.3543(2) 0 1 18 0.0134(7)
02 0.0693(2) 0.4027(2) 0.166667 1 18 0.0134(7)
03 0.1378(2) 0.56892(12) 0.0460(2) 1 18 0.0134(7)
04 0.21267(12) 0.4253(2) 0.0353(2) 1 18 0.0134(7)

Ga-CHA-d X y z occ mult Uiso
Si1 0.10507(13) 0.43806(12) 0.06253(8) | 0.9625 36 0.0319(5)
Ga1 0.10507(13) 0.43806(12) 0.06253(8) | 0.0375 36 0.0319(5)
01 0 0.3541(3) 0 1 18 0.0296(9)
02 0.0709(3) 0.4042(3) 0.166667 1 18 0.0296(9)
03 0.1375(3) 0.56875(14) 0.0449(3) 1 18 0.0296(9)
04 0.21270(14) 0.4254(3) 0.0333(2) 1 18 0.0296(9)

Ti-CHA-d X y z occ mult Uiso
Si1 0.10515(17) 0.43807(15) | 0.06269(11) | 0.9801 36 0.0173(6)
Ti1 0.10515(17) 0.43807(15) | 0.06269(11) | 0.0199 36 0.0173(6)
01 0 0.3533(3) 0 1 18 0.0096(10)
02 0.0705(3) 0.4038(3) 0.166667 1 18 0.0096(10)
03 0.1358(4) 0.56789(18) 0.0449(3) 1 18 0.0096(10)
04 0.21329(18) 0.4266(4) 0.0343(3) 1 18 0.0096(10)

116




Table 4 Bond lengths and angles from Rietveld refinements of M-CHA-d (M = Si, B, Al, Ga, and Ti)

samples, dehydrated at 573 K under 9x10-4 mbar for 24 h.

Bond length [A] | Si-CHA-d | B-CHA-d | AI-CHA-d | Ga-CHA-d | Ti-CHA-d
T-O1 1.5983(19) | 1.585(3) | 1.6053(14) | 1.5983(16) | 1.602(2)
T-02 1.6068(18) | 1.602(2) | 1.6149(13) | 1.6036(14) | 1.6028(18)
T-03 1.615(3) 1.619(4) 1.620(2) 1.620(3) 1.614(4)
T-O4 1.604(4) 1.593(6) 1.602(3) 1.611(4) 1.604(5)
01-02 2.6013(11) | 2.5904(15) | 2.6059(8) | 2.6027(9) | 2.6011(12)
01-03 2.628(4) 2.621(5) 2.646(3) 2.638(3) 2.632(4)
01-04 2.592(3) 2.571(3) | 2.5993(19) | 2.590(2) 2.593(3)
02-03 2.645(4) 2.640(6) 2.656(3) 2.647(4) 2.643(5)
02-04 2.655(5) 2.642(6) 2.658(3) 2.664(4) 2.655(5)
03-04 2.613(6) 2.609(8) 2.615(5) 2.614(5) 2.608(7)
Bond angle [°]
T-01-T 148.8(3) 149.2(4) 149.5(2) 149.1(3) 148.4(3)
T-02-T 146.1(2) 146.6(3) | 144.95(16) | 146.56(18) 146.1(2)
T-0O3-T 148.1(3) 147.6(4) 147.4(2) 146.9(2) 148.2(3)
T-04-T 148.4(3) 148.3(4) 148.7(2) 147.1(3) 148.0(3)
01-T-02 108.51(14) 108.7(2) | 108.04(10) | 108.76(12) | 108.51(15)
01-T-03 109.7(2) 109.8(3) | 110.23(18) 110.1(2) 109.8(3)
01-T-04 108.1(2) 108.0(3) | 108.25(15) | 107.60(17) 108.0(2)
02-T-03 110.4(3) 110.1(3) | 110.41(18) 110.4(2) 110.5(3)
02-T-04 111.6(3) 111.6(4) 111.4(2) 111.9(2) 111.8(3)
03-T-04 108.5(2) 108.6(3) | 108.47(17) | 107.99(19) 108.3(2)
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Table 5 Fitting parameters from Téth modelling for single-component adsorption of CO2 and CHa.

CO: CH4
T[K] -1 2 -1 2
nm[mmol g'] B[1/torr] t[-1 R?[-] nm[mmol g'] B[1/torr] t[-]1 R?[-]

273 5.41 0.00179 1.260 0.99999 2.92 0.00049 1.019 0.99999
Si-CHA 286 5.23 0.00113 1.244 0.99999 3.33 0.00032 0.930 0.99999
298 5.63 0.00072 1.097 0.99999 3.32 0.00024 0.903 0.99999
273 5.82 0.00232 0.968 0.99999 3.01 0.00056 0.982 0.99999
B-CHA 286 5.55 0.00146 0.984 0.99999 2.93 0.00042 0.962 0.99999
298 5.51 0.00094 0.967 0.99999 2.55 0.00035 1.023 0.99999
273 14.07 0.00458 0.417 0.99954 3.98 0.00059 0.756 0.99999
AI-CHA 286 22.70 0.00254 0.332 0.99981 3.66 0.00045 0.824 0.99999
298 32.64 0.00119 0.302 0.99995 2.92 0.00042 0.877 0.99999
273 7.68 0.00216 0.795 0.99995 2.85 0.00053 1.114 0.99999
Ga-CHA 286 6.17 0.00151 0.988 0.99999 2.64 0.00045 1.083 0.99999
298 5.76 0.00102 0.989 0.99999 2.92 0.00032 1.028 0.99999
273 4.36 0.00142 2.820 0.99956 1.86 0.00067 1.723 0.99995
Ti-CHA 286 3.98 0.00126 2.605 0.99973 2.04 0.00054 1.503 0.99999
298 3.47 0.00101 2.496 0.99983 2.36 0.00037 1.277 0.99999
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Figure 3 IAST predicted selectivities at 273, 286, and 298 K for M-CHA (M = Si, B, Al, Ga, and Ti).
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Figure 4 Heats of adsorption of CO2and CH4on proton-form Si-CHA, B-CHA, AI-CHA, Ga-CHA, and Ti-

CHA.
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Figure 5 Time-resolved IR spectra of CO2 adsorbed on M-CHA measured during evacuation of the

samples at 298 K. Spectra were collected in fast scans in the time period 0 - 6 min.
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8. Enclosures
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