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Abstract

Modified zeolite ZSM-5 samples were prepared by synthesis in the presence of the organics
acting as mesoporogens: cationic surfactant, hexadecyltrimethylammonium bromide (CTAB)
and cationic polymer, polydiallyldimethylammonium chloride (PDADMAC), as well as by
alkali etching of parent zeolite. Properties of modified zeolites were compared to the parent
ZSM-5 zeolite. X-ray diffractograms demonstrate that the obtained modified zeolite ZSM-5
samples in all case have preserved parent crystalline zeolite framework of the MFI-type.
However, scanning electron micrographs of the same samples show morphology variations of
the modified samples as compared to the starting zeolite. Thermogravimetric analyses show
distinct weight loss curves of the samples. Differences have been also noted in the OH
stretching range of the infrared spectra, and in the results of positron annihilation lifetime
spectroscopy (PALS) measurements, which indicated dissimilarities by probing free volume in
parent and modified zeolite ZSM-5 samples. In that way, PALS as scarcely used technique in

zeolite studies, proved its applicability in structural investigation of this kind.

Keywords

Zeolite ZSM-5, hierarchical, structure, CTAB, PDADMAC, PALS


mailto:sbosnar@irb.hr

1. Introduction

Zeolites are crystalline microporous aluminosilicates with pores and cages of uniform
sizes and openings. Their main building element is tetrahedron with central T atom and oxygen
at vertices. Diverse orientation and linking of tetrahedra via sharing oxygens result in numerous
possible zeolite frameworks, majority of them being only theoretically predicted. All-silica
zeolites are electrically neutral whereas the insertion of aluminium atoms in the structure brings
negative framework charge, which is neutralised by the presence of different exchangeable
cations. If the negative charge is compensated by hydrogen, then catalytically active acid site
is formed. Such specific porous structure, as well as the presence of silicon and aluminium
atoms in different ratios in the framework, makes zeolites very important materials in many
different applications like ion-exchange, catalysis, molecular sieving or adsorption (Li and Yu,
2021; Szostak, 1998).

ZSM-5 (Zeolite Socony Mobile-type 5) zeolite belongs to the class of high silica zeolite
materials with MFI (Mobil Five) type of structural array and is readily used as a shape selective
catalyst in many industrial processes, particularly in oil refining and petrochemical industry (Li
and Yu, 2021). MFI structural array is characterized by two sets of perpendicularly intersecting
straight and sinusoidal channels, which have elliptic (0.52 x 0.57 nm) and circular (0.53 x 0.56
nm) 10-member ring cross sections, respectively (Szostak, 1998; Derouane and Gabelica,
1980). The catalytic properties of ZSM-5 zeolite are thus based on its three-dimensional
framework structure and catalytically active acid sites related to the ratio of silicon to
aluminium atoms in the framework. Besides, zeolite ZSM-5 can be synthesized over a wide
Si/Al ratio range (Szostak, 1998; Yu et al. 2019, Auepattana-aumrung et al. 2020) which
influences number and strength of catalytically active acid sites.

The efficiency of the catalyst as well as the rate of the catalysed reaction is directly

correlated to the availability of catalytically active sites to the reactants. Zeolite ZSM-5 is a



highly efficient shape selective catalyst used in processes important in petroleum and
petrochemical industry. However, to be applied in the catalytic reactions involving bulkier
molecules of reactants or products, i.e., larger than the void dimensions of MFI framework,
tailoring of its pore sizes may be required to attain control over the particular catalytic process
in terms of the reaction rate as well as the selectivity towards particular product (Primo and
Garcia, 2014). One of possible solutions in overcoming such issues is the preparation of
hierarchical zeolite material, which, besides standard microporous zeolite structure, possess
additional porosity levels, either mesopores or/and macropores (Kerstens et al. 2020).
Hierarchical zeolite, then, keeps hydrothermal stability needed for high temperature catalytic
reactions as well as catalytic active sites, while on the other side has increased diffusion
efficiency and accessibility of those active sites present (Kerstens et al. 2020; Peng et al. 2020).

Miscellaneous procedures for engineering hierarchical zeolites with a wide range of
pore sizes have been developed (Li and Yu, 2021; Kerstens et al. 2020; Peng et al. 2020).
Generally, hierarchical structure can be formed either during the course of the zeolite synthesis
(bottom-up, constructive approach) or by post-synthesis treatments of crystalline material (top-
down, destructive approach). During zeolite synthesis, for example, application of different
surfactants as soft templates is well known technique used in synthesis of hierarchical zeolites
(Park et al. 2011; Zhu et al. 2011; Han et al. 2017; Sabarish and Unnikrishnan 2020; Wang et
al. 2021). In addition, different hard templates could be introduced during zeolite synthesis, as
for example various carbonaceous materials, biological or polymer materials (Tian et al. 2016;
Zhao et al. 2021; Hoang and Thao, 2022). The top-down procedures, which include acid,
alkaline or fluoride etching, steaming or irradiation (Groen et al. 2004; Erigoni et al. 2016; Qin
et al. 2022) result in removal of aluminium and/or silicon from the zeolite framework, and are
also possible ways to tailor zeolite inner structure and availability of acid sites. At the same

time, these modifications, particularly the ones occurring during the zeolite synthesis, can



influence not only the inner voids distribution within the zeolite particle and their crystal
structure but the morphology of the zeolite crystals as well (Yang et al. 2013; Rimer et al. 2014).

In this work, we modified the porosity degree and the morphology of the parent ZSM-
5 zeolite by the synthesis of the parent zeolite ZSM-5 in the presence of mesoporogen agents
hexadecyltrimethylammonium bromide (CTAB) and polydiallyldimethyilammonium chloride
(PDADMAC) and by the post synthesis treatment by etching parent zeolite ZSM-5 with NaOH
solution. The obtained zeolite samples were characterised by X-ray diffraction (XRD), scanning
electron microscopy (SEM), thermogravimetric analysis (TGA), infrared spectroscopy (IR) and

positron annihilation lifetime spectroscopy (PALS).

2. Experimental

2.1. Synthesis

Chemicals used for the synthesis of parent and modified zeolites were: colloidal silica,
(40 wt.% SiO suspension in water, Ludox 40 HS, Grace), aluminium nitrate nonahydrate
(AI(NO3)s x 9 H.0O, 98%, Sigma), sodium hydroxide (NaOH, 98%, Kemika),
tetrapropylammonium bromide (TPABT, 98%, Sigma), hexadecyltrimethylammonium bromide
(CTAB, 98%, Sigma), polydiallyldimethylammonium chloride (PDADMAC, 20 wt.%, MW
200 000-350 000, Alfa Aesar), distilled water, and were used as obtained.

The parent ZSM-5 zeolite was synthesized after (Ong et al. 2012), from starting
precursor gel with molar composition 100 SiO2 : 0.2 Al203 : 5 Na2O : 10 TPABr : 4000 HO.
Aluminium nitrate nonahydrate was dissolved in appropriate amount of water, subsequently
sodium hydroxide was added. In obtained clear solution tetrapropylammonium bromide was
added, and finally appropriate amount of silica solution. Reaction mixture prepared in this way

was additionally mixed with a magnetic stirrer at RT for an hour to assure homogeneity of the



system. Modified zeolites were synthesized from the same precursor as the parent ZSM-5
zeolite, but in the presence of the CTAB (CTAB/SiO>=0.055) or PDADMAC
(PDADMAC/Si0,=0.025). Before adding a modifier, zeolite precursor was aged at 80 "C for
one hour. Obtained reaction mixtures were additionally mixed at RT for an hour. All
homogenized reaction mixtures were transferred into Teflon lined autoclaves with metal jacket
firmly closed and heated at 180 "C for 72 hours. After the synthesis was completed, the obtained
white precipitates were washed with copious amount of distilled water and dried at 60 'C
overnight. Dried samples were calcined at 550 "C for 5 hours (heating rate 5 'C per minute) in
static air atmosphere. The zeolite sample modified by etching was prepared by dispersing dry
and calcined parent zeolite in the solution of sodium hydroxide and aluminium nitrate after
(Verboekend and Pérez-Ramirez, 2011) for 30 minutes at 65 'C. After etching, the sample was
washed with water and dried at 60 "C overnight. All samples, parent and modified, were ion
exchanged in NH4* form using 0.5 M NH.CI solution two times for 1 hour at 65 "C.

Prepared samples were denoted as follows, parent zeolite: ZSM-5-Parent, etched parent
zeolite: ZSM-5-NaOH, parent zeolite synthesized in the presence of CTAB: ZSM-5-CTAB,

and parent zeolite synthesized in the presence of PDADMAC: ZSM-5-PDADMAC.

2.2. Characterisation

Dried powder samples were used for characterisation by X-ray diffraction (XRD),
thermogravimetric analysis (TG), infrared spectroscopy (IR), scanning electron microscopy
(SEM) and positron annihilation lifetime spectroscopy (PALS).

Powder X-ray diffraction patterns of the prepared samples were measured with Malvern
Panalytical Aeris Research Edition instrument operating at 40 kV and 7.5 mA using Ni filtered

CuKa radiation.



Simultaneous thermal analyser STA 6000 (PerkinElmer, Inc.) was deployed for
performing thermogravimetric analysis of the powder samples. Solids were charged in alumina
crucibles and heated at rate of 5 °C min™ from room temperature to 800 °C purging at a flow
of oxygen gas of 30 mL minL,

Infrared spectra were acquired using PerkinElmer Fourier transform infrared
spectrometer Spectrum Two (PerkinElmer, Inc.) equipped with attenuated total reflexion
accessory (FTIR-ATR).

Scanning electron microscopy images were acquired using Tescan MIRA-LMH
instrument equipped with a field emission gun.

The positron annihilation lifetime spectroscopy, with ?Na as a positron source
sandwiched between the sample tablets, is based on the measurements of the time difference
between 1.274 MeV y-ray, emitted from the daughter 22Ne nucleus almost immediately after
positron emission from the ?Na, and one of the annihilated 0.511 MeV y-rays emitted in
annihilation of the positron in the sample. The measurements have been done with modified
version of a digitized positron annihilation lifetime spectrometer (Bosnar et al. 2007), which
comprises conical BaF. scintillators coupled to XP2020 URQ photomultiplier tubes, analog
CFDDs (Ortec 583B and FastComTec7029) and digital data acquisition chain with CAMAC
TDC (CAEN C414) and ADC (CAEN C205A) units. The source activity was approx. 1 MBq

and achieved time resolution in these measurements was about 205 ps.

3. Results and discussion

3.1. X-ray diffraction
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Figure 1. XRD diffractograms of a) ZSM-5-Parent, b) ZSM-5-NaOH, ¢) ZSM-5-CTAB and
d) ZSM-5-PDADMAC.

Results of the XRD characterisation of all four samples are shown in the Figure 1. The
diffractograms of all samples are typical for the MFI zeolite structure with characteristic
diffraction peaks at 7-9° 2@ and 23-25" 20 (Treacy and Higgins, 2007). Furthermore, peaks
from other structures or the amorphous phase maxima were not detected in diffractogram of
any of the characterized samples. Thus, XRD characterisation of the samples shows that the
etching of the parent sample has not caused destruction of crystalline zeolite structure in larger
extent, and that samples synthesized in the presence of structure modifying agents, ZSM-5-

CTAB and ZSM-5-PDADMAC, also represent crystalline zeolite materials of MFI type



structure, although the intensity ratio of characteristic peaks within a particular diffraction

pattern is not the same.

3.2. Thermogravimetric analysis

The results of thermogravimetric analysis (TGA) of uncalcined samples are shown in
Figure 2 and Table 1. TG curves reveal that weight loss due to removal of water and organic
structure directing agents (OSDA) from investigated zeolite samples occurs in a temperature
range specific for each sample. Generally, in the weight loss curves of all samples two main
regions can be distinguished: a) removal of physically absorbed water (up to 200 °C for ZSM-
5-PDADMAC and ZSM-5-CTAB and up to 350 °C for ZSM-5-Parent sample) and b)
defragmentation, decomposition and degradation of the organic moieties encapsulated within
zeolite particles (CTA*, PDADMA™ and TPA"; starting from 200 or 350 °C). Interestingly, in
contrast to steep weight loss for parent zeolite, weight decrease of ZSM-5-PDADMAC and
especially ZSM-5-CTAB extends over the wider temperature range and the progress seems to
be slower due to gentler slope of the curves as well as extra inflection points, i.e. weight loss
steps. This behaviour indicates the presence of two distinct organic components occluded
within zeolite particles of these samples (Ke et al. 2021).

The weight decrease for samples ZSM-5-CTAB and ZSM-5-PDADMAC (Figures 2b
and 2c, Table 1) starts with loss of physically adsorbed water up to 200 °C, 0.63% and 0.69%,
respectively. Further weight loss, from 200 to approximately 360 ‘C, of 1.98% and 2.53% for
these samples could be connected to the onset of the defragmentation and decomposition CTA*
and PDADMA™, respectively (Wang et al. 2010; Chen et al. 2016). The results obtained herein
are comparable to the TG measurements reported in different studies of mesoporogen modified

zeolite ZSM-5 (Wang, 2010; Moteki, 2014).



On the other hand, a weight loss of 0.58% in the temperature interval from 200 up to
350 °C for the parent zeolite could be due to dehydration (Geus and van Bekkum, 1995) but
also to the decomposition of TPA™ attached to the zeolite crystal surface (Soulard et al., 1987;
Milini et al., 2000). Besides its position within MFI structure where it interacts with siloxy
groups forming ion pairs, or as counterion balancing negative framework charge in the case of
isomorphous substitution of silicon in the framework (Milini et al., 2000), TPA" can be, yet in
smaller amount, located at the surface of the zeolite crystals involved in the similar interactions
as in the interior of the crystal (Soulard et al., 1987). Since TPA™ is more strongly adhered when
within framework, its decomposition starts at higher temperature. Therefore, the weight loss in
all samples at temperature range from about 350 °C to 500 °C can be taken mostly as the
decomposition of TPA™ confined within the zeolite voids (Milini et al., 2000; Milanesio et al.,
2003). However, in sample ZSM-5-CTAB, degradation of TPA™ begins at slightly higher
temperature and the weight loss is slower with less steep slope compared to parent and ZSM-
5-PDADMAC samples, which could be connected to the presence of CTA™ partially occupying
the zeolite channels, slowing down TPA* decomposition and removal from the structure (Milini
etal., 2000; Milanesio et al., 2003; Xu et al., 2014; Meng et al., 2017). Further weight loss from
500 °C to 700 °C in all samples could be attributed to removal of eventual residues of organic
moieties upon decomposition (Wang et al., 2010; Radoor et al., 2021) and/or removal of
structural water, i.e., dehydroxylation of silanols (Milini et al., 2000; Chen et al., 2016).

Table 1 shows detailed temperature ranges with respective weight losses and total
weight losses for each sample. Higher total weight loss in modified samples as compared to
parent sample is in agreement with previous findings and could point, as suggested in literature
(Beta et al., 2004; Zhang and Jin, 2011; Sabarish and Unnikrishnan, 2020), to the presence of

certain amount of larger pores in the modified samples. Besides, this observation is also in



accordance with the results of positron annihilation lifetime spectra, but this matter is going to

be discussed in more details further in the section 3.5.
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Figure 2. Thermogravimetric analysis (TGA) profiles of a) ZSM-5-Parent, b) ZSM-5-CTAB

and c¢) ZSM-5-PDADMAC.

Table 1. TGA data on the studied samples containing organic moieties.

Temperature range and the respective weight loss amount (wt.%0)

ZSM-5-Parent ZSM-5-CTAB ZSM-5-PDADMAC
200-343 °C (0.58%) 128-227°C (0.63%) 146-235°C (0.69%)
343-455°C (10.78%) 227-370°C (1.98%) 235-361°C (2.53%)

455-700°C (1.6%) 370-502°C (8.36%) 361-458°C (9.63%)
502-700°C (2.33%) 458-700 °C (3.09%)
Total weight loss 12.96% Total weight loss 13.3% Total weight loss 15.94%
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3.3. Infrared spectra analysis

Infrared spectra of the of examined zeolite samples, ZSM-5-Parent, ZSM-5-
PDADMAC, ZSM-5-CTAB and ZSM-5-NaOH (Figure 3a) are shown in the spectral region
from 1400 - 400 cm™, where appear basic vibrations of the zeolite framework tetrahedra
indicating the crystal structure (Flanigen et al., 1974). It can be noticed that lattice vibration
modes of all samples are characteristic for MFI zeolite structure, consistent with XRD results
(Figure 1). The peak at 1223 cm™ and the broad shoulder at 1060 cm™ can be assigned to the
asymmetric stretching vibrations of external T-O linkages and internal tetrahedra (Flanigen et
al., 1974), respectively. Furthermore, the peak at 792 cm™ can be attributed to the symmetric
stretching of external linkages, while the band at 417 cm™ to the internal T-O bending (Flanigen
et al., 1974; Shirazi et al., 2008). Small peak at 627 cm™ can be connected to the vibration of
isolated or loosely connected five-membered rings (Lesthaeghe et al., 2008; Airi et al., 2021).
The sharp peak at 543 cm™ is characteristic for the vibrations of condensed double five rings in
the structure, which is considered as a fingerprint of the MFI structure. This band confirms high
crystallinity of the samples in accordance with XRD results (Figure 1) (Serrano et al., 2012).
The collected IR spectra indicate nearly identical framework vibrations in the studied parent
and modified samples which suggests preservation of the basic zeolite crystal structure, i.e., the

long-range ordering, upon modification.
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Figure 3. ATR IR spectra of the studied set of samples in the range a) 1400 - 400 cm™ and b)

4000 — 1400 cm™,

Figure 3b. shows magnified region of the ATR IR spectra from 4000 - 1400 cm™. The
peak at 1630 cm™ is evident in the spectra of all samples, which can be connected to the H-OH
bending vibrations of water physisorbed under room temperature conditions confined within
microcavities (Wakabayashi et al., 1996; Karbowiak et al., 2010). In hydroxyl stretching
vibration region of the spectra, the most prominent is a broad shoulder from about 3200 cm™ to
about 3600 cm* in the ZSM-5-PDADMAC sample spectrum. It is associated with presence of
water molecules adsorbed on surface hydroxyl groups and is arising from OH stretching of
hydrogen bonded water molecules attached to zeolite surface (Beta et al., 2004; Serrano et al.,
2012). Namely, in crystalline zeolite structure the positive charge of the organic cations, here
CTA", PDADMA™ and TPA", is balanced by siloxy anions, a non-protonated defect sites
(Koller et al., 1995); then during calcination and decomposition of organics, siloxy groups get
protonated and transform into silanols (Koller et al., 1995; Sano et al., 1997). The higher

amount of hydroxyls due to additional pores is therefore expected in mesoporogen modified
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zeolites as compared to parent zeolite (Serrano et al., 2012). This observation can be correlated
with the TG data where the weight loss arising due to the condensation of silanols is the highest
for this very sample (ZSM-5-PDADMAC,; range 458-700 °C), once again indicating the highest
amount of silanols. However, the absence of broad band at 3200-3600 cm™ in ZSM-5-CTAB,
sample and the presence of peaks in the region from 3600-3760 cm™, which can be related to
the presence of free hydroxyl groups on the surface and within pores (Bordiga et al., 2001),
could indicate that secondary porosity formed in ZSM-5-PDADMAC differs in terms of
position of OH groups in comparison to ZSM-5-CTAB sample. The observed differences likely
have origin in specific structure and properties of those large moieties and thus specific
interactions each of those have with zeolite precursors during zeolite crystal growth, which
results in the formation of more ordered or disordered pores. This finding is in accordance with
the other results acquired in this work, i.e., distinct course of thermal degradation for those two
samples (Figures 2b and 2c, Table 1), differences in their void sizes distribution and abundance
as assessed by PALS (Table 2) as well as in crystal size and morphology documented by SEM

micrographs (Figures 4c and 4d).
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3.4. Scanning electron microscopy

Figure 4. SEM micrographs of a) ZSM-5-Parent, b) ZSM-5-NaOH, c) ZSM-5-CTAB and d)

ZSM-5-PDADMAC. Scale bars in a), ¢) and d) correspond to 20 um, and in b) to 10 um.

Morphologies of the investigated samples are assessed on the grounds of the SEM

micrographs in Figure 4. Micrograph of the parent zeolite (Figure 4a) shows rounded boat
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(coffin shape) twinned crystals with several intergrowths and small ramps and terraces of
different sizes formed on the (010) surface of the MFI-type crystal. Intergrown parts are of
different size and with sharp edges. Whole crystals have rather uniform size of about 20 to 25
pm.

Representative crystal of the etched sample (ZSM-5-NaOH) is shown in Figure 4b.
Some holes on the crystal surface, related to the dissolution/detachment of intergrown crystals
are observed. The size of etched crystal is of about 25 pm, implying that applied alkaline
treatment has not significantly influenced the sizes of the etched crystals, which remain
commensurate to the sizes of the parent zeolite crystals.

The organic molecules used as a mesoporogen in the synthesis of the modified zeolites
have different structure. CTAB is amphiphilic surfactant with hydrophilic quaternary
ammonium head group and long hydrophobic alkyl chain of 16 C atoms. PDADMAC is on the
other hand cationic polymer, large hydrophilic molecule formed by polymerisation of DADMA
(diallyldimethylammonium) monomer, which contains charged quaternary ammonium group.
Because of hydrophobic tail, CTAB can self-organise into micelles or form hydrophobic
interactions with silicate species (Kubota et al., 1996). Opposed to CTAB, PDADMAC
molecules do not self-assemble into micelle or other regular structure due to the absence of
hydrophobic parts and mesopore that are formed during synthesis are disordered. However,
both mesoporogens applied have charged quaternary ammonium groups as a part of molecule,
which can act as SDA for the formation of zeolite structure through electrostatic interaction
with negative silicate and aluminosilicate species influencing zeolite framework assembly
surrounding organic guest molecule (Oliviera et al., 2009). These organic-inorganic interactions
strongly affect crystal growth and consequently morphology of the zeolite crystals (Moteki et
al., 2014). This impact can be noted also on SEM micrographs of all zeolite samples studied

(Figure 4).
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Thus, zeolite obtained by synthesis in the presence of CTAB (ZSM-5-CTAB), shown in
the Figure 4c, has rather different morphology as compared to the parent zeolite. These crystals
have the shape of rounded discs, with sizes of about 15 um, less twinned/intergrown than the
parent sample. Edges of the discs are sharp, but the (010) surface is not smooth; terraces of
different heights could be seen. This is in accordance with the finding that since long
hydrocarbon chain of the CTA™ fits into straight channel along b-axis (Xu et al., 2014), the
crystal growth in that direction is accelerated (Moteki et al., 2014). It is interesting to note that
under here applied specific synthesis conditions no separation of phases occurred, i. e. there is
only crystalline well shaped material without any amorphous phase. Separation of crystalline
and amorphous phase can be rather frequent in the ZSM-5 zeolite synthesis when both CTA"
and TPA™ are present as a result of their competitive interaction towards reactive silicate and
aluminosilicate species (Zhu et al., 2011; Zhou et al., 2016; Bosnar et al., 2022).

The micrograph in Figure 4d shows crystals of the sample ZSM-5-PDADMAC. The
shapes of the crystals are similar to the shape of the parent zeolite crystals (Figure 4a), although
intergrowths are larger and more abundant. The main platelets seem to be formed by
condensation/stacking of layers of thinner platelets. As it was established earlier, the presence
of PDADMAC in the reaction mixture influences viscosity of the system and together with its
capping effect interferes growth of platelets and their merging into the crystal (Wang et al.,
2013). In the studies of zeolite beta and zeolite ZSM-5 synthesis in the presence of PDADMAC
was found that mesopores formed had irregular morphology and connectivity (Wang et al.,
2010; Zhu et al., 2014; Tian et al., 2016). The surfaces of crystals in all samples are not smooth,
but terraces of different height can be noticed, which could be explained by erroneous
incorporation of pentasyl chains and incorporation of the defects in the structure (Agger et al.,
2003; Roeffaers et al., 2008). Furthermore, micrographs in Figure 4c and Figure 4d also suggest

that the presence of different mesoporogens influences mechanism of zeolite crystal formation
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in a different way, depending on the mesoporogen ability to assemble (alumino)silicate species,
shape/occupied volume, effective charge, hydrophobicity, etc., which gets reflected in different

morphologies of the obtained zeolite crystals (Li et al., 2019).

3.5. Positron annihilation lifetime spectroscopy (PALS)

PALS is a well-known method for structural characterisation of different materials
(Puska and Nieminen, 1994; Shantarovich and Goldanski, 1998; Krause-Rehberg and Leipner,
1999; Das et al., 2015; Shi et al., 2018) that provides information on void sizes and their relative
concentrations. It is also very suitable for structural characterisation of different porous
materials (Shantarovich and Goldanski, 1998; Kobayashi et al., 2007; Novak et al., 2017; van
Amelrooij et al., 2020; Bartos et al., 2021) as well as zeolites (Ito et al., 1999; Consolati et al.,
2009; Ferragut et al., 2013; Millina et al., 2015; Bosnar et al., 2017; Chiari et al., 2021). This
method is based on the measurement of positron lifetime, from its birth by radioactive decay of
radioactive source (i.e., ?2Na) to the annihilation by electron inside the structure of the
investigated material. Positron lifetime inside porous materials is much longer than in non-
porous materials due to the lower electron density inside the voids. When positron enters the
sample, it thermalizes in very short time (picoseconds), and depending on the structure of the
material, besides direct annihilation with an electron, positron can form a bound state with an
electron, called positronium (Ps). Both positron and positronium preferentially reside in empty
spaces which have lower electron density (Das et al., 2015; Shi et al., 2018; Li et al., 2019; van
Amelrooij et al., 2020). Such empty spaces can be crystal flaws, atomic vacancies, vacancy
clusters or micro- and mesoporous voids. The positron and electron of the positronium, can
have parallel (called ortho-positronium, 0-Ps) or antiparallel (called para-positronium, p-Ps)

spin orientations, with significantly different lifetimes in vacuum: the p-Ps lifetime is approx.
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0.125 ns while the 0-Ps lifetime is approx. 142 ns. However, inside pores of a material 0-Ps
lifetime can vary depending on the structure of material since the positron from 0-Ps can
annihilate with an electron from surrounding material in pick-off process with much shorter
lifetime. This provides a solid base for voids size analysis by employing various mathematical
models that enable the correlation of o-Ps lifetime to the size of pores in which 0-Ps has
annihilated (Tao, 1972; Eldrup et al., 1981; Goworek et al., 1998; Dull et al., 2001; Tanzi
Marlotti et al., 2016). Accordingly, it is expected that the o-Ps lifetime as well as the amount of
the formed o-Ps differ in modified zeolite with respect to the non-treated material.

In this study, the lifetime spectra obtained by PALS measurements for investigated
samples were fitted by LT v.9, fitting program (Kansy, 1996, 2001). The best fit of annihilation
data gives four positron lifetime components for all samples. Associated intensities give
information on the relative probability of each component. All lifetime components and the
associated intensities with the fitting errors for all samples as well as calculated void sizes are

shown in the Table 2.
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Table 2. The lifetime values (z) and the associated intensities (I) with the fitting errors, the
effective radii of the voids, Rz and Rg, calculated by eq. (2) from z3 and z4, for the samples ZSM-

5-Parent, ZSM-5-NaOH, ZSM-5-CTAB and ZSM-5-PDADMAC

/ns I ns 73/ ns 74/ ns
Sample o 5 Is /% 2/ %
1L/ % L/ %
Rz / nm Rs/ nm
2.7840.03 24.450.2
+ +
ZSM-5-Parent 2.821602.001 2.262%02.002 3.92+0.04 4.56+0.03
(0. -0x0. 0.268+0.001  0.772+0.002
3.22+0.02 9.83+0.06
+ +
ZSM-5-NaOH 2'0121602'001 25521602'003 11.12+0.08 9.20+0.09
00, A0 0.203+0.001  0.519+0.001
3.36+0.04 8.35+0.09
+ +
ZSM-5-CTAB 25133502001 gésgiaoz.oos 17.8+0.1 7.440.2
920 0. 0.300+0.001  0.481+0.002
3.65+0.04 16.2+0.2
ZSM-5-PDADMAC 26223309;002 2'263303'005 13.3+0.1 4.5040.07
o0 D, 0.314+0.001  0.649+0.002

The first two lifetime components are usually related to the annihilation of p-Ps and free
positrons in the bulk of the material, while remaining lifetime components are related to the
presence of long-lived o-Ps accommodated in larger voids (Kajcsos et al., 2003; Shantarovich
et al., 2003; Consolati et al., 2009; Tanzi Marlotti et al., 2016).

Using mathematical models, the lifetime of 0-Ps can be correlated to the size of voids
in which it has had annihilated. Simple Tao-Eldrup model (Tao, 1972; Eldrup et al., 1981)
approximates those voids as spheres and it is applicable to the pores with radii smaller than 1

nm:

1 R 1, R
T Ap [1— R+ AR + 2 sin(2r R+ AR)] (1)

where 7 is the 0-Ps lifetime in ns, R is the void radius in nm, AR =0.166 nm and A, = 2 Various
extensions of this model aim to explain longer lifetimes and more complex configuration of the

voids. Elongated voids characteristic for MFI zeolite structure can be approximated as
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cylinders, or cuboids, and the model based on infinite long cylinders can be applied for the

correlation of o-Ps lifetimes and sizes of those elongated voids:

1

-=-256 fa“;m%]g (Mrdr (2)
where, Jois the cylindrical Bessel function, a: is the lowest node of this function and AR =0.166
nm (Jasinska et al., 1996, 1999; Félix et al., 2006).

In all here studied samples the lifetime values of the first components, 71, (Table 2) are
above vacuum value for p-Ps, which is 0.125 ns. Therefore, 71 values could be considered as
averaged value of the annihilation of p-Ps and free positrons in a zeolite bulk (Shantarovich and
Goldanski, 1994; Tanzi Marlotti et al., 2016). Likewise, since the lifetimes longer than 0.5 ns
suggest presence of 0-Ps (Mogensen, 1995; Ito et al., 1999; Consolati et al., 2009), the 7, values,
which for all samples are longer than 0.5 ns (Table 2), can be explained as an average lifetime
value of free positron and o-Ps lifetime in voids in the bulk structure, like crystal imperfections,
vacancies, vacancy clusters, intergrowth or grain boundaries which can act as traps for positron
and o-Ps (Krause-Rehberg and Leipner, 1999; Tuyen et al., 2017; Shi et al., 2018). Zeolites like
other crystalline materials can be abundant in those types of structural defects (Qin et al., 2020).
In MFI zeolite structure crystals obtained from highly basic synthesis conditions in the presence
of TPABEI, as are the synthesis conditions applied also in this study, a complete condensation
of zeolite framework is hindered due to specific role of charge balancing of TPA™ cations
(Hunger et al., 1987, Palcic et al., 2022). Besides, prepared MFI zeolite materials could contain
some amounts of internal defects generated by the absence of T atoms from the structure. Those
defects/voids are covered by silanol groups and can have different size depending on whether
they are formed from isolated or clustered T atom vacancies (Bordiga et al., 2000, 2001). On
the other hand, as it was proposed in the study of defects in crystalline and amorphous SiO> by

positron annihilation spectroscopy, regions containing Si-OH species act as traps for positron

20



and positronium (Fujinami et al., 1993). Therefore, positron and positronium seem to be
suitable probe also for these kind of voids/defects in zeolites. The third and the fourth lifetime
component obtained by the fit, are related to the presence of 0-Ps accommodated in at least two
types of larger voids, such as regular channels and cages of zeolite structure as well as larger
irregular voids in zeolite crystals (Kansy, 1996; Kajcsos et al., 2003; Tanzi Marlotti et al.,
2016). Intensity values of o-Ps lifetime components are directly correlated to the voids
concentration in the matter (Shantarovich and Goldanski, 1998; Ito et al., 1999; Qin et al., 2020;

Pal&ic et al., 2022).

ZSM 5- Parent ZSM-5-NaOH

Scheme 1. Simplified representation of the structure of parent and modified samples:

a) ZSM-5-Parent, b) ZSM-5-NaOH, ¢) ZSM-5-CTAB and d) ZSM-5-PDADMAC

Decrease of 7> and 12 values of modified samples compared to the values for ZSM-5-
Parent sample (Table 2) suggests that applied modifications influenced also bulk zeolite
structure by reducing the size and number of voids in the bulk which can trap free positrons and

0-Ps. This decrease is the most pronounced for ZSM-5-CTAB sample. As it was mentioned in
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previous reports (Moteki et al, 2014; Xu et al., 2014; Meng et al., 2017) the CTA" can be
accommodated in the MFI framework with long carbohydrate tail in straight channels, and N*
at intersections of the channels with three methyl groups pointing into straight and sinusoidal
channels of the MFI structure. This position is similar to the position of the usual structure
directing agent for MFI structure synthesis, TPA* cation. However, lower charge density of
CTA" compared to TPA™, leads to fewer structural imperfections of the surrounding framework
(Moteki et al., 2014). Thus, this modification resulted in less faulted zeolite structure as
suggested as well by the decrease of I>. In the case of the sample ZSM-5-NaOH, it seems that
etching removed some smaller voids in the bulk of parent zeolite (slight decrease of 7> and I»
values, Table 2). This decrease could be partially explained by reintegration of eluded as well
as externally added aluminium (in etching solution, see subsection 2.1. Synthesis) (Verboekend
and Pérez-Ramirez, 2011; da Silva et al., 2019; Peron et al., 2019). Etching also resulted in
enlargement of some of the existing zeolite channels, shown by increase in 0-Ps lifetime and
intensities (z3, I3, and zs, 14, sample ZSM-5-NaOH, Table 2). Since the preferential starting
points for alkaline etching of zeolite framework are different defect sites (point defects or
intergrowth and twinning internal or surface boundaries) (Qin et al., 2020), it is possible that
the removal of smaller voids as well as enlargement of zeolite channels occurred by etching of
the walls of those small voids/defects placed in the close proximity of the channels or channel
intersections (Qin et al.,, 2021). Decrease in 7> value is not as pronounced in ZSM-5-
PDADMAC sample. Because of specific structure of PDADMA* with high density of N*
moieties, it is reasonable to expect that ZSM-5-PDADMAC sample has high concentration of
silanol defects (Koller et al., 1995; Bordiga et al. 2001) creating linear or ring chains (Bordiga

et al., 2000) randomly distributed in zeolite structure, which act as traps for positron and o-Ps.
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Scheme 2. Approximate dimensions of voids (channels and channel intersections) in MFI-type

zeolite framework.

The radius, R, of the void calculated from the third component, z3, by equation (2) for
ZSM-5-Parent sample is 0.268 nm (Table 2), which is in accordance with radius of pores of
MFI structure (Scheme 2). The radius of the void calculated from the fourth lifetime component,
74, IS approximately 0.772 nm (Table 2), which seems rather large value for voids in unmodified
MFI structure (Scheme 2). However, since channels of the MFI structure are interconnected
there is a possibility for o-Ps to diffuse within the channels for longer time. Also, as evidenced
by SEM micrographs, parent zeolite crystals have intergrowths and layers at surface. Thus, very
large lifetime value of the fourth component, z4, could represent the average lifetime of 0-Ps
annihilation in the channels of the crystal and at grain boundaries of intergrowing parts at the
surface of the crystal (Svelle et al., 2011; van Amelrooij et al., 2020).

The assignment of radii calculated form the third and fourth lifetime components for
modified samples is not so straightforward. In detail, for ZSM-5-NaOH sample radii values R3
=0.293 nm and R4 = 0.519 nm (Table 2) are somewhat larger from the sizes of the channels
and channel intersections in MFI structure (Scheme 2) and could represent an averaged value
of 0-Ps annihilation in regular voids (channels and channel intersections) of the MFI zeolite

structure and enlarged voids formed by applied modification procedure. Furthermore, for ZSM-

23



5-CTAB sample calculated Rz value is 0.3 nm, slightly larger than crystallographic channel
sizes, however, R4 value is 0.481 nm and is close to the size of channel intersections (Scheme
2) (Table 2). As it was discussed previously, due to the lower charge density of CTA™ this
modification resulted in less faulted zeolite structure. In addition, CTA" is located within MFI
framework with long carbohydrate tail in straight channels and on account of its hydrophobic
interactions with surrounding it is possible that there is reduced amount of silanols in the
channel walls in this sample. This further could reduce electron density in the channels of ZSM-
5-CTAB sample, so less strong interaction of 0-Ps with the channel walls are the probable
reason for its longer lifetime (=3, Table 2), related by eq. (2) to higher calculated radii. In the
ZSM-5-PDADMAC sample, Rz and R4 values, 0.314 nm and 0.649 nm, respectively (Table 2),
are the highest of all modified samples and is probably due to mesoporogen function of
hydrophilic chain structure of PDADMA™ which results in the formation of random large voids
(Table 2). The presumption of the presence of large voids is also in accordance with the highest
weight loss as determined by TG analysis (Figure 2 and Table 1).

However, it is important to stress that the sum intensity, Is + 14, of long-lived positron
component, 0-Ps, in ZSM-5-Parent sample, is about 8%, while I3 + 14 sum increases to about
20% for modified samples (Table 2). Considering that 0-Ps intensity values can be correlated
to the number of voids in the studied material (Felix et al., 2002; Cangialosi et al., 2003), the
increase of Iz + I4 sum values in modified samples could be taken as an argument that the
modifications of the parent zeolite resulted in enlargement of void space in zeolite structure.

However, the sizes of voids are different and depend on the modification processes.
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4. Conclusion

Results of this study show that modification of parent zeolite ZSM-5, either by post
synthesis treatment or by synthesis in the presence of CTAB and PDADMAC, brings significant
changes in the size, morphology and the void distribution of the obtained zeolite crystals.
Although significant mesoporosity at applied synthesis/modification conditions has not been
achieved, valuable insights in influence of each of modification procedures on the zeolite
structure, were established. PALS measurements have demonstrated that besides original
microporous network a significant number of larger voids also forms upon these modifications.
The amount and size of voids in modified zeolite samples increases, seen by higher lifetime and
intensity values of long-lived positron components in comparison to those values in the parent
zeolite. This is in agreement with thermogravimetry results where higher weight loss in
mesoporogen modified samples are connected to the larger pore volume and more complex
porosity. However, in contrast to PDADMAC, the presence of CTAB in the reaction mixture
for zeolite ZSM-5 synthesis hinders the formation of flaws. SEM micrographs reveal
morphological differences in parent and in modified zeolites. At the same time, XRD
diffractograms display, and are corroborated by FT-IR results, that crystal ordering and zeolite
structural type has been preserved no matter the treatment as well as that parent and modified

zeolites are highly crystalline zeolites of MFI structural type.
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