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Abstract: Acidic properties of ion-exchanged LTL zeolites have been studied using FTIR spectroscopy,
complemented by X-ray powder diffraction, SEM-EDX, XRF and N2 physisorption. Infrared spectra
of the ion-exchanged zeolites show the presence of two intense bands of the bridging OH-groups: a
narrow band at ~3640 cm−1 that is attributed to Si(OH)Al groups freely vibrating in 12 MR and a
broad, intense band at ~3250 cm−1 that is assigned to bridging OH groups forming hydrogen bond
with neighbouring oxygen atoms, e.g., in six-membered rings. The former can be selectively removed
by caesium or rubidium cations with up to 3 Cs+ or Rb+ per unit cell readily ion-exchanged into the
LTL zeolite, replacing an equivalent number of acidic OH-groups or K+ cations within the structure.
The cation migration of the larger cation, evaluated by the Rietveld refinement method, occurs mostly
via the main 12 MR channels. By contrast, less than 1 Li+ or Na+ cation per unit cell can be introduced
under similar conditions. Accordingly, the concentration of Si(OH)Al groups in back-exchanged
NH4-K-LTL with smaller cations (Li+, Na+) does not differ considerably from the concentration of
Brønsted acid sites in the original NH4-K-LTL. Lower concentrations of acid sites have been detected
in the samples back-exchanged with Cs+, Rb+ and K+. In addition, the acidic properties of NH4-LTL
samples have been compared with a structurally related NH4-MAZ zeolite.

Keywords: zeolite LTL; acid sites; FTIR spectroscopy; XRD

1. Introduction

Zeolites are crystalline microporous aluminosilicate materials that offer a wide variety
of properties essential in many industrial processes and applications. Their structures
consist of three-dimensional networks of SiO4 and AlO4 (TO4) tetrahedra, representing
the primary building units linked together by sharing vertex oxygen atoms [1]. In general,
the T-O-T bond angles can vary between 130 and 180 degrees, and the combination of TO4
units leads to the formation of a number of secondary building units (SBUs) and composite
building units (CBUs). The combinations of SBU lead to a well-defined structure with
channels and cavities generating micropores of different sizes and connectivity. The pore
topology of zeolites is represented by 1D, 2D, and 3D channel structures [1,2]. Also, pore
dimensions differ, generating three major types: small-pore (e.g., 8-membered rings or
8 MR), medium-pore (e.g., 10 MR) and large-pore zeolites (e.g., 12 MR). This leads to the
effects of shape selectivity and size exclusion for molecules that enter zeolite channels [3–6],
making these materials indispensable as selective catalysts and as molecular sieves in
separation processes [7–9] as well as in ion exchange [10].

Linde-type L zeolite (LTL) is a crystalline aluminosilicate first synthesised in the
1950s [11,12]. The typical framework Si/Al ratio is about 3.0 in this zeolite [13], the unit cell
of LTL is hexagonal (space group P6/mmm) with the lattice parameters a = 18.40 Å and
c = 7.52 Å [2,14,15]. The LTL framework comprises polyhedral cancrinite (t-can) cages
linked by double 6-rings (d6r), giving rise to the formation of t-ste and t-ltl cages and
columns in the c-direction, thus leading to the formation of 12 MR channels with a diameter
of 7.1 Å allowing access to the internal pore volume (Figure 1) [16,17].

Crystals 2024, 14, 745. https://doi.org/10.3390/cryst14080745 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst14080745
https://doi.org/10.3390/cryst14080745
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0009-0009-8688-3214
https://orcid.org/0000-0002-6024-0503
https://doi.org/10.3390/cryst14080745
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14080745?type=check_update&version=1


Crystals 2024, 14, 745 2 of 12

Crystals 2024, 14, x FOR PEER REVIEW 2 of 13 
 

 

columns in the c-direction, thus leading to the formation of 12 MR channels with a 
diameter of 7.1 Å allowing access to the internal pore volume (Figure 1) [16,17]. 

As a large-pore zeolite, LTL is characterised by considerable sorption capacity. For 
instance, it has been utilised for the encapsulation of luminescent dyes [18] and in the field 
of optical sensing using lanthanide complexes [19]. More importantly, Pt-containing LTL 
has been employed in heterogeneous catalysis [14,20,21], e.g., in the aromatisation and 
dehydrogenation of n-hexane [22–25]. The distinctive catalytic properties of Pt/K-LTL 
have been attributed to its particular structural features and the lack of acid sites [26]. In 
addition, the presence of potassium cations, which neutralise acid sites, increases the 
electron density of the Pt particles [23]. It has also been reported that Pt/K-LTL catalytic 
activity is enhanced by Sn, used as a promoter, resulting in an improved catalytic 
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Figure 1. LTL structure: 12 MR channel viewed normal to [001].

As a large-pore zeolite, LTL is characterised by considerable sorption capacity. For
instance, it has been utilised for the encapsulation of luminescent dyes [18] and in the field
of optical sensing using lanthanide complexes [19]. More importantly, Pt-containing LTL
has been employed in heterogeneous catalysis [14,20,21], e.g., in the aromatisation and
dehydrogenation of n-hexane [22–25]. The distinctive catalytic properties of Pt/K-LTL have
been attributed to its particular structural features and the lack of acid sites [26]. In addition,
the presence of potassium cations, which neutralise acid sites, increases the electron density
of the Pt particles [23]. It has also been reported that Pt/K-LTL catalytic activity is enhanced
by Sn, used as a promoter, resulting in an improved catalytic performance of PtSn/K-LTL
in n-hexane aromatisation [27]. In contrast, there are very few reports on the application of
H-forms of zeolite LTL and its acidic properties [28,29], which are focused on their potential
for future bio-refinery processes. For instance, the dehydration of ethanol opens a route to
the production of ethylene from an alternative renewable feedstock, such as bioethanol [28],
while aldol condensation reaction between furfural and ketones may be a conceivable route
to value-added chemicals with a longer carbon chain from biomass-derived molecules
utilising basic or acidic catalysts [29].

Zeolites LTL and MAZ have similar structures and look analogous when viewed along
the [001] axis [30] (Figure S1). An equivalent relationship is observed with ZSM−10 and
LZ−135 zeolites. MAZ was probably first synthesised in 1966 by Flanigen and Kellberg
and much later reported as zeolite omega [31]. Its structure was determined by Galli [32,33]
and Rinaldi et al. [34]. The unit cell of MAZ is hexagonal (space group P63/mmc) with
the lattice parameters a = 18.392 Å and c = 7.646 Å [2]. The framework of mazzite is made
of gmelinite cages linked via oxygen bridges, forming 12 MR channels with a diameter
of 7.4 Å. There is also a system of 8 MR channels with a diameter of 0.31 Å that runs
parallel to the 12 MR channel. The structural and acidic properties make MAZ suitable for
applications in catalysis, such as the conversion of hydrocarbons [35,36].

Hence, this work is focused on the investigation of the acidic properties of ion-
exchanged LTL samples as compared with MAZ, with a major emphasis on the under-
standing of the nature of their acid sites. This research has been carried out by employing
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Fourier transform infrared spectroscopy (FTIR) complemented by X-ray powder diffraction
(XRD), scanning electron microscopy (SEM), X-ray fluorescence (XRF) and N2 physisorp-
tion. Furthermore, the ion-exchanged LTL zeolites have been evaluated using Rietveld
refinement to monitor their modifications and to define the cation location.

2. Experimental
2.1. Materials

Ammonium nitrate (99+%) and caesium chloride (99+%) were purchased from Acros
Organic. Sodium nitrate (98+%) and potassium nitrate (99%) were obtained from Alfa
Aesar. Rubidium chloride (99%) was supplied by Sigma-Aldrich and lithium nitrate (99%)
by Timstar Laboratory Suppliers. NaOH and HNO3 (>65%) were provided by Fisher,
NaAlO2 (53% Al2O3), TMA-OH (25% solution) and LUDOX (40% SiO2) by Sigma Aldrich.
The parent zeolite K-LTL (Si/Al = 3.1) was supplied by Tosoh.

A sample of mazzite was made according to the procedure described in [37] (see
Supplementary Information, SI).

Several series of ion-exchanged samples were prepared from the parent K-LTL zeolite.
The ion-exchange experiments were carried out in a stepwise manner in order to understand
the cation migration as well as the nature and location of the acidic bridging OH-groups rather
than to achieve complete ion exchange (see Table S1 for specific details for each sample).

Five series of M-NH4-K-LTL samples (where M refers to Li, Na, K, Rb and Cs) were
prepared. In each preparation, 1 g of NH4-K-LTL was ion-exchanged with an alkali metal
salt solution, and the solid/solution ratio was 1:20. The procedure was performed up to four
times at increasing concentrations (0.01–0.04 M) of the ion-exchange solution. Masses of
alkali salts used to prepare solutions at the concentrations described above were calculated
to replace 33%, 66% and 100% of the NH4

+ content in NH4-K-LTL. An additional two-fold
100% ion exchange was performed as the fourth step. The mixtures were stirred for 90 min at
40 ◦C. The recovered solids were washed with deionised water and dried overnight at 90 ◦C.

2.2. Characterisation

The materials prepared by ion exchange were characterised using X-ray diffraction, Ri-
etveld refinement using Vesta V3.5.7 [38,39], MAUD V2.991 software [40,41] and structural
data from databases [42,43] (all images presented in this work were generated using the
data from the Database of Zeolite Structures available at [42]), scanning electron microscopy
with energy-dispersive X-ray analysis (SEM-EDX, Hitachi TM 4000 II, 15 kV accelerating
voltage), X-ray fluorescence (XRF), nitrogen adsorption–desorption and in situ FTIR spec-
troscopy [44]. Further details are available in the SI file and references [29,45], including the
preparation of the samples for the analysis required to dissolve the powder of the material
in HNO3 (>65%). Then, 200 mg of each sample was dissolved in 20 mL of HNO3. Each
sample was prepared in a separate vessel. Samples were heated for 240 min at 180 ◦C. After
the microwave digestion, solutions were diluted by adding 50 mL of deionised water, and
~10 mL of the solution was transferred from each vessel to a separated analysis tube and
scanned at the ICP-OES.

3. Results and Discussion
3.1. SEM-EDX

The elemental analysis of the ion-exchanged zeolites was investigated using SEM-EDX
analysis. Table 1 (and Figure S9a–f in SI) summarises chemical composition and textural
data for the 4-fold ion-exchanged LTL zeolites. The Si/Al ratio of the parent K-LTL zeolite
is 3.2, and the starting K/Al ratio is 1:1. The elemental analysis results suggest that K+ and
Cs+ cations are more easily introduced into the LTL structure (up to ~10 at%) compared to
Li+ and Na+ (up to ~1–3 at%). This can be rationalised based on the size of hydrated ions
and coulombic interactions between the hydrated cations and the framework oxygens. It
should be noted that part of the initial percentage of potassium in NH4-K-LTL represents
potassium “locked” in the t-can cages that cannot be exchanged with other species. At the
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same time, all cations can access the LTL structure; most likely, they are introduced through
the t-ltl cages in the main channels. However, hydrated Li+ and Na+, because of steric
constraints, do not have access to some parts of the structure, such as the t-ste cages, which
are only accessible via 8-membered rings with the size of 7.5 Å × 4.7 Å [2]. Since Rb+, Cs+

and K+ in their hydrated form can fit the 8 MR of the t-ste cage, they can reach the inner
cages. A slight increase in the Si/Al ratio suggests a loss of Al for the samples exchanged
with Rb+ and Cs+, which could be associated with a partial dealumination of the zeolite
or by the removal of extra-framework Al species during ion exchange. Indeed, this is in
agreement with the XRD data, indicating a marginal decrease in crystallinity observed for
these samples as compared to the Li and Na forms. In addition, AlOH groups and Lewis
acid sites have been detected in the FTIR spectra (see below).

Table 1. Characterisation data for the ion-exchanged LTL samples and for NH4-MAZ.

Sample Composition a Crystallinity b, % S, m2 g−1 Vmicro
c, cm3 g−1

K-LTL K8.8Al8.6Si27.4O72 92 346 0.12
NH4-K-LTL (NH4)3.6K5.0Al8.6Si27.4O72 89 376 0.12

Li-NH4-K-LTL Li0.6(NH4)2.8K5.2Al8.6Si27.4O72 90 385 0.13
Na-NH4-K-LTL Na1.0(NH4)2.4K5.2Al8.6Si27.4O72 88 357 0.12
K-NH4-K-LTL (NH4)0.8K7.8Al8.6Si27.4O72 87 332 0.12
Rb-NH4-K-LTL Rb2.2(NH4)0.8K5.6Al8.5Si27.4O72 85 295 0.10
Cs-NH4-K-LTL Cs3.1(NH4)0.6K4.8Al8.5Si27.4O72 84 266 0.09
NH4-Na-MAZ (NH4)4.2Na4.2Al8.4Si27.6O72 81 105 0.02

Notes: (a) expected experimental error is ±0.2 atoms per u.c.; (b) assessed by the Diffrac.Eva software v4.0,
expected error is ±2%; (c) expected error is ±0.01 cm3 g−1.

3.2. N2 Physisorption

Nitrogen adsorption–desorption isotherms for K-LTL and Cs-NH4-K-LTL samples are
shown in Figure 2. The obtained values of the apparent BET area and the pore volume are
presented in Table 1 and Figure S2. Our data indicate a ~30% decrease in the surface area
and pore volume measurements between Li- and Cs-exchanged zeolites, with Na-, K- and
Rb-forms following the trend. This can be explained by the increasing size of the group
1 cations from Li to Cs and the changing density of the zeolites. Indeed, considering that
the diameter of Cs cations is ~0.34 nm and their concentration of 10 at%, caesium cations
should occupy ~0.02 cm3 per 1 g of the zeolite, which agrees well with the experimental
value of 0.03 cm3 g−1. The data for the MAZ sample demonstrate considerably lower
values of the surface area and the micropore volume, which is most likely related to the
larger particle size of the mazzite and the pore blockage.

3.3. XRD Analysis

XRD has been employed to investigate the structural modification of parent zeolite
and ion-exchanged materials. The experimental XRD patterns of the materials obtained
through ion exchange show a profile typical of LTL (Figure 3). However, successive ion
exchanges have resulted in a gradual decrease in crystallinity from 92% for the parent
K-LTL to 84% for the Cs-NH4-K-LTL-4 sample (Table 1). The experimental data show
the same peak positions for all LTL patterns. However, the principal difference is in
the peak intensities following the ion exchange of these materials. These differences are
consistently observed in both experimental and calculated patterns. For instance, the peak
at ~9.6 degrees for the parent K-LTL shows a very low intensity, but it is very prominent
in the patterns of the Cs-exchanged material, whereas a reversed trend is observed for
the peaks at ~15 degrees (Figure S3). A more detailed analysis of the XRD data has been
carried out using Rietveld refinement. Firstly, it reveals that the ion exchange affected the
unit cell size of the exchanged LTL zeolites. In particular, for Cs-containing samples, the
lattice parameters increase slightly during all steps (see Table S3 for more details), which
is in agreement with the literature data [46]. Subsequent XRD data processing has been
focused on computational modelling in order to understand the cation migration and their
locations after each ion exchange step. The results of our analysis are presented in Figure 4
and Figure S4 and in Table S3 using Cs+ introduction into the LTL structure during ion
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exchange as an example. Based on the site occupancy results, 1.8 Cs cations per unit cell
are located in the t-ltl cages, and 1.3 Cs cations are in the t-ste cages of the LTL structure.
The data indicate that the preferential route is through the main channel 12 MR of LTL and
particularly through the t-ltl cage. As the cation exchange continues, the exchanged species
go through the 8 MR t-ste cage. All these steps involve ion exchange between K+, which
is already in the parent LTL and Cs+. Since the t-can cage is not accessible to cations, the
removal of K+ from that location is not possible. According to the results of this work, Cs+

and Rb+ can enter the location in the centre of the t-ste cage, while cations such as Li+ and
Na+, located in the main channel in the t-ltl cage, do not go any further (see Table S3). It
should be noted that most Cs cations, 1.8 per unit cell, are located in the main channels of
LTL following the 4-fold ion exchange. Similar trends were observed by Price et al. [47–49].
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3.4. FTIR

FTIR spectra of K-LTL, NH4-K-LTL and Cs-NH4-K-LTL zeolites are presented in
Figure 5. FTIR spectra of Na-NH4-K-LTL and K-NH4-K-LTL zeolites are shown in
Figure S10a,b in SI. In addition to the SiOH groups vibrating at 3745 cm−1, Na- and
K-containing samples show low-intensity bands at ~3720 and 3670 cm−1, which can be
attributed to defect sites, namely internal silanols and AlOH groups, respectively. These
are weakly acidic hydroxyls originating from a minor degradation of the zeolite structure
during ion exchange. An important feature in the FTIR spectra of ion-exchanged zeolites
is the presence of two intense bands of the bridging OH-groups: at 3640 cm−1, this is
attributed to Si(OH)Al groups freely vibrating in 12 MR, and at ~3250 cm−1, which is
very broad and hence is assigned to bridging OH groups forming hydrogen bond with
neighbouring oxygen atoms, e.g., in the 4- or 6-membered rings. The OH group position
was recently confirmed by neutron powder diffraction [50]. Similar phenomena have
been reported for MFI, FAU, MOR and LTL zeolites [28,29,49,50], and some representative
examples are shown in Figure S5a. It should be noted that all these samples were acti-
vated at 450 ◦C prior to the IR measurements, and no residual H2O, NH3 or NH4

+ species
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were detected (Figure S5b). Recent modelling of hydrogen bonding in the ZSM-5 zeolite
involving Si(OH)Al groups, which are the zeolite Brønsted acid sites, has shown that as
the H --- O distance (the length of the hydrogen bond) approaches 1.85 Å (note, the O-H
bond length in the bridging OH-group is 0.985 Å), the vibration of the Si(OH)Al group is
shifting to ~3250 cm−1, its full width at half-maximum reaches ~175 cm−1 and its intensity
increases by almost an order of magnitude [51] (Figure S6). Applying these findings to
our experimental spectra, it can be concluded that a considerable number of Si(OH)Al
groups in the LTL zeolites form a hydrogen bond with the framework oxygens with the
length of the H-bond of ~1.85 Å (LTL zeolite presents a rather extreme manifestation of this
spectroscopic effect). The bridging H-groups must be localised in the 6 MR and possibly
4 MR within the LTL structure. For the samples reported in Table S4, the peak intensity
ratio of the bands at 3640 and 3250 cm−1 is ~2 for Na-NH4-K-LTL and K-NH4-K-LTL,
~3 for Rb-NH4-K-LTL and ~18 for Cs-NH4-K-LTL samples. The results suggest that
Si(OH)Al groups in 12-MR of the main channels can be selectively “poisoned” using
ion exchange with Cs+ cations.
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The acidic properties of ion-exchanged LTL samples have been examined using pyri-
dine adsorption (Figures 6 and 7). The difference spectra following Py adsorption for both
NH4-K-LTL and Cs-NH4-K-LTL show two major negative peaks at 3640 and ~3250 cm−1,
corresponding to the free and H-bound bridging OH-groups, confirming their acidic nature.
In contrast, only one negative peak attributed to the free (isolated) bridging OH-groups
interacting with Py has been detected for NH4-MAZ (Figure S7). These data indicate
that there is a preferential distribution of Al and that of the bridging OH-groups in the
LTL-based materials, which would explain the high proportion of H-bound bridging OH-
groups in the LTL zeolites. Bearing in mind the structural similarity (Figure S1) and the
SBUs present in the LTL and MAZ structures, as well as the elemental composition, LTL
and MAZ should have a similar number of Brønsted acid sites (BASs). However, FTIR
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characterisation indicates that there are 80% fewer BASs in MAZ that are accessible to Py.
This can be attributed to the transport limitations within the MAZ structure; indeed, no
more than 10% of the bridging OH-groups are accessible to Py (Figure S7).
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The data on the number of accessible Py BASs and LASs (Lewis acid sites) in the
modified LTL zeolites are provided in Table 2 and Figure S8. A clear trend among the
ion-exchanged zeolites can be seen as the number of Lewis acid sites decreases with
the increased size of the exchanged cation, indicating that alkali metal cations not only
neutralise the zeolite acid sites but also facilitate the removal of some of the Lewis acid
sites, probably associated with extra-framework Al. Cs-NH4-K-LTL is the only exception,
which may be linked to the more basic properties of the ion-exchange solution that could
result in some structural degradation. Indeed, this sample shows the lowest crystallinity
among the studied materials (Table 1). The number of Brønsted acid sites is also declining
following ion exchange, with a particularly significant decrease detected for K-, Rb- and
Cs-exchanged zeolites. The relatively low concentration of BAS and LAS in mazzite can
be explained [52] by their limited accessibility to Py molecules, which is evident from
the FTIR spectra presented in Figure S7. In addition, the effective strength of acid sites,
measured using ammonia TPD, in NH4-MAZ is greater than that in NH4-K-LTL [46], which
is also associated with the transport limitations owing to the micropore blockage in the
MAZ zeolite.

Table 2. The concentrations of BAS and LAS determined from the FTIR data for the ion-exchanged
LTL samples and for NH4-MAZ.

Sample BAS, µmol g−1 LAS, µmol g−1

NH4-MAZ 113 89
K-LTL 0 8

NH4-K-LTL 486 204
Li-NH4-K-LTL-4 474 174
Na-NH4-K-LTL-4 469 118
K-NH4-K-LTL-4 312 45
Rb-NH4-K-LTL-4 289 34
Cs-NH4-K-LTL-4 229 71

4. Conclusions

A series of ion-exchanged LTL zeolites was prepared, and their structural and acidic
properties were studied. For the first time, an alkali cation migration mechanism was
described using a combination of FTIR, XRD, SEM-EDX, XRF and N2 physisorption. In
addition, the acidic properties of structurally similar LTL and MAZ zeolites were compared.
According to the elemental analysis, the larger alkali metal cations, in particular Cs+, can
replace almost 40% of the exchangeable species (K+ and NH4

+), whereas Li+ and Na+ can
be introduced only in small quantities. The X-ray diffraction analysis and the Rietveld
method show that all cations can migrate through the LTL structure via the 12 MR t-ltl cage.
At higher concentrations of alkali metals, only cations such as Cs+, Rb+ and K+ can access
the smaller 8 MR t-ste cage, while the t-can cages are inaccessible at the condition employed,
and no cations have been introduced in them except for the original K+ present in the parent
zeolite K-LTL. The infrared spectra of the ion-exchanged zeolites show the presence of two
bands of the bridging OH-groups: a narrow band at ~3640 cm−1, which is attributed to
the isolated SiOHAl groups in the main channels (12 MR) and a broad band at ~3250 cm−1

assigned to bridging OH groups forming hydrogen bond with neighbouring oxygen atoms
in the 4- or 6-membered rings. The concentration of Brønsted acid sites has been monitored
using pyridine adsorption. Only a slight decrease in the BAS concentration is observed
for the Li and Na ion-exchanged samples as compared to the original NH4-K-LTL. The
introduction of Cs+, Rb+, and K+ cations decreased the concentration of BAS and LAS up
to 50%. Furthermore, ion exchange with the larger cations, in particular Cs+, can be used
to selectively remove isolated acidic Si(OH)Al groups in the 12 MR of the main channels.
However, in NH4-MAZ zeolite, which shares structural similarity and SBUs with the LTL
framework, the number of acid sites accessible to Py is significantly lower. The NH4-MAZ
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zeolite of similar elemental composition (Si/Al~3.3) as NH4-K-LTL has close to 80% lower
amount of accessible Brønsted acid sites.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cryst14080745/s1, Figure S1. (a) Structure of zeolite K-LTL
and (b) structure of MAZ viewed along the c-axis; Figure S2. (a) Surface area, (b) total pore volume
and (c) micropore volume of the ion-exchanged samples; Figure S3a. Experimental XRD patterns
of K-LTL (1) and Cs-K-LTL (2). Figure S3b. Simulated (b) XRD patterns of K-LTL (1) and Cs-K-LTL
(2). Figure S3c. Experimental XRD pattern of the ion-exchanged NH4-MAZ sample; Figure S4. (a)
The results of Rietveld analysis carried out for K-LTL (left) and Cs-K-LTL (right) samples using
MAUD software. Figure S4. (b) Rietveld analysis carried out for Cs-K-LTL sample using MAUD
software. Figure S4. (c) Rietveld analysis carried out for parent K-LTL sample using MAUD software;
Figure S5a. Experimental FTIR spectra of NH4-forms of MFI, MOR, FAU and LTL zeolites activated at
450 ◦C. The narrow OH peaks at ~3600 cm−1 are indicative of isolated Al(OH)Si groups; broad bands
at low frequencies represent H-bonded OH-groups. Figure S5b. Experimental FTIR spectra of NH4-
K-LTL zeolite following stepwise ammonia desorption at 150-450 ◦C; Figure S6. (Left) Possible types
of bridging OH-groups in the HZSM-5 zeolite with protons pointing into 10-, 6-, and 5-membered
rings. (Right) Possible types of bridging OH groups in LTL zeolite (silicon—yellow, aluminium—grey,
oxygen—red and hydrogen—white); Figure S7. FTIR spectra of NH4-MAZ: (1)—the material before
Py adsorption, (2)—the material after Py adsorption and (3)—the difference spectrum; Figure S8.
Concentration of Brønsted and Lewis acid sites in the ion-exchanged LTL samples; Figure S9. (a–f).
Raw data of SEM-EDX Analysis; Figure S10. FTIR spectra of (a) Na-NH4-K-LTL and (b) K-NH4-
K-LTL: (1)—the difference spectrum, (2)—the material before Py adsorption and (3)—the material
after Py adsorption at 200 ◦C; Table S1. Preparation of ion-exchanged samples from the parent
K-LTL zeolite; Table S2: Occupied volume by ion-exchanged cations in NH4-K-LTL, assuming the
following composition: M9Al9Si27O72, where M = Li, Na, K, Rb or Cs; Table S3. XRD analysis: lattice
parameters and occupancies. The “Total occupancy per u.c.” is the total number of atoms (cations)
per unit cell for a specific crystallographic position. “Site occupancy” is the occupancy of all atoms in
a specific crystallographic position. Occupancies are defined in the original cif file. “Total occupancy
per u.c.” is obtained by multiplying the “Site occupancy” by the number of specific sites (N.S.) present
in a unit cell; Table S4. FTIR data: the I3250/I3640 peak intensity ratios of all ion exchanged samples.
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