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Insights into the role of hierarchical porosity in
zeolite architectures for selective uptake of metal
ions in solutiont

Gioele Ancora, 2 Federico Morari, @29 Julio C. Fernandes P. Brito,”
Leonardo Marchese, {229 Chiara Bisio ©22° and Enrica Gianotti { *°

The ability to match two levels of porosity in hierarchical structures obtained via the top-down approach
greatly enhances the adsorption capacity of zeolites. The effect of top-down desilication treatment on
different topological frameworks (MFI, FAU and natural HEU) was evaluated by varying the pH (from 8 to
13.3) of alkaline solutions to minimize the loss of crystallinity and acidity. The structural, textural and
acidity properties of the hierarchical zeolites were examined using a range of physicochemical
characterization tools. In particular, the amount, location and accessibility of the Brgnsted acid sites, the
locus for cation exchange, processes were studied by FTIR spectroscopy using basic probe molecules
with different kinetic diameters, and the accessibility factor (AF) was calculated. Finally, an improvement
in the uptake capacity of Cu®* and Co®* cations from aqueous solutions, with different affinities and
selectivities depending on the topological structures, was observed.

Introduction

Zeolites are extremely interesting and versatile microporous
crystalline materials, owing to their unique chemical and
structural properties that find extensive utility across various
applications in both research and industrial domains,
including: (i) regular microporosity, promoting molecular sieve
behaviour with exceptional shape selectivity; (ii) notable ion
exchange capacity; (iii) a significant number of acid sites
exhibiting diverse strengths; (iv) exceptional thermal stability
and high specific surface area (SSA).' Notably, they serve as
effective dehydrating agents in liquid and gas treatment
systems, cation exchangers in water-softening plants,>* molec-
ular sieves® and they play pivotal roles as heterogeneous
catalysts.>*

Among the distinctive properties of zeolites, the existence of
acid sites belonging to the crystalline structure plays a prom-
inent role, especially in catalysis applications.*” In zeolites,
acidity is predominantly attributed to the presence of Brgnsted
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acid sites (BAS), which arise from trivalent aluminum within the
framework.>® Specifically, the bridging of an oxygen atom
between a silicon(iv) atom and an aluminum(m) atom induces
a net negative charge on oxygen, which can be balanced by the
presence of H' ions,>® with the formation of Brgnsted (Si-OH-
Al) surface sites, namely BAS sites.®

Although microporosity is a primary characteristic of
zeolites, it introduces notable limitations, particularly con-
cerning catalytic applications. Specifically, the exclusive pres-
ence of micropores at the molecular scale within the crystalline
structure may pose significant challenges to the internal diffu-
sion of chemical species.»**"* This limitation restricts the range
of selectivity of achievable products and increases the suscep-
tibility of the material to coke deposition phenomena. These
factors not only contribute to the gradual decline in pore
accessibility, leading to material deactivation, but also promote
the formation of undesired by-products.*

To overcome the limitations associated with the micropo-
rous nature of conventional zeolites, hierarchical zeolites,
defined as such when they possess at least two interconnected
classes of pores of different sizes,'* have been developed.
Mesopores, which range in size from 2 to 50 nm, are the most
representative form of secondary porosity in hierarchical
zeolites.""* They provide significant advantages in terms of
access to the internal surface area of the material without
causing an excessive decrease in the specific surface area, which
would otherwise result in a drastic alteration of the catalytic
properties.*

There are several synthetic paths to obtain hierarchical
materials. A potential route is represented by top-down

© 2025 The Author(s). Published by the Royal Society of Chemistry
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approaches, according to which mesoporosity is introduced
through post-synthetic dealumination (acidic environment) or
desilication (basic environment) treatments of pre-formed
microporous materials.**® The concept behind these method-
ologies lies in the partial degradation of the initial microporous
material's structure, creating intracrystalline porosity with
larger cavity sizes. However, these treatments act non-
specifically on the entire surface of the material; conse-
quently, the resulting porosity lacks long-range order and
defined dimensions and is characterized by its
heterogeneity.'>*°

In desilication processes, the partial instability of the zeolitic
framework under basic conditions is exploited to extract silicon
atoms from the crystalline structure.'””® The procedure
involves contacting the microporous material with a diluted
sodium hydroxide (NaOH) solution; contact time, temperature
and initial concentration of the NaOH solution are the key
parameters as they significantly influence the final properties of
the hierarchical material. Thus, excessively low or excessively
high values of those parameters lead to a lack of alteration of
the starting structured material or its total disintegration,
respectively.”®* The necessity for direct contact between
hydrolysable bonds and OH™ ions means that the physico-
chemical properties of the zeolite, which can affect this inter-
action, play a crucial role in defining the treatment's
effectiveness and, consequently, the controlled introduction of
mesoporosity into the microporous material.'”'***?® Among
these properties, the aluminum content within the crystalline
lattice and its distribution therein is particularly critical;***°
indeed, the occurrence of negative charges in the framework
generated by the presence of AI’" can partially hinder the
hydrolytic action of OH™ species.?” Thus, aluminum is consid-
ered a moderating agent in this process, and as a consequence,
zeolites react differently to the treatment according to their
respective Si/Al ratios."**3°

During the desilication process, both inorganic and organic
bases can be used; however, inorganic bases like NaOH are
more selective for silicon removal and more cost-effective."*’
The removal of silicon atoms from the zeolite framework per-
turbs the microporous network, leading to mesopore formation
and concurrently increasing the concentration of structural
defects together with significant alterations in the population of
acidic sites on zeolite surfaces.®®" This has notable implica-
tions on the accessibility of surface silanols (Si-OH) and
Bronsted acid sites;*' consequently, the properties of zeolitic
materials can be significantly improved once their hierarchical
form is obtained.'”**3>3%

The position of Brgnsted acid sites in the material frame-
work is an important feature of hierarchical zeolites. Accurately
identifying and quantifying BAS within the interconnected
dual-porosity structure is essential to better comprehend the
acid properties and catalytic behaviour of these systems.””
Fourier Transform Infrared (FTIR) spectroscopy, enhanced by
the use of probe molecules adsorbed onto the material surface,
is a highly effective technique for this purpose. The interaction
between the probe molecules and the zeolitic surface groups
induces perturbations in the IR signals of both entities, thus
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allowing both qualitative and semi-quantitative insights into
the present acid sites.” In this context, a critical parameter is
represented by the accessibility of these sites, which is intrin-
sically related to their distribution within the micro-, meso-, or
macroporous cavities.*** This type of analysis involves
a comparison between the FTIR spectra obtained before and
after the adsorption of a probe molecule with basic properties
and evaluating any potential discrepancies in the position or
shape of the vibrational signals.'*'3>?¢ Specifically, the ion-pair
method relies on the protonation of strong bases, typically
ammonia or pyridine. The interaction between these bases and
the surface species of the material generates new bands in the
FTIR spectrum, which are then monitored.”»*” The main
advantage of this approach is that the appearance of the
protonated base signals in the FTIR spectrum provides
unequivocal evidence of the presence of BAS.>*® On the other
hand, the lack of a characteristic spectral feature directly
proportional to the strength of the probe-substrate interaction
means that this methodology does not allow the direct
measurement of acidic strength. To isolate the signals associ-
ated with the protonated probe molecule and eliminate those
associated with weak interactions between the probe and
surface species for a semi-quantitative determination of the
Bronsted acid sites, variable-temperature desorption experi-
ments are necessary.’***** For the evaluation of acid site
accessibility, as well as the actual presence of larger porous
structures, basic probes of varying kinetic diameters are
employed.***™** To this purpose, substituted pyridines are
particularly useful as they can selectively interact with acid sites
located within meso- and macropores due to their large kinetic
diameter, = which  prevents them from  entering
micropores.>*?%3140

A detailed study of the acid properties of hierarchical zeolites
is fundamental for their application in metal removal because
the Si/Al ratio, which is correlated to their acidity, directly
influences the interaction mechanisms involved.** The uptake
of metal ions by zeolitic systems occurs through multiple
processes, including interactions with surface hydroxyl species,
cation exchange, and adsorption.***® In this context, the
number, spatial distribution, and positioning of BAS, which are
the most readily deprotonatable acidic sites, play key roles in
determining the uptake performance of the studied materials.
This aspect is particularly significant for synthetic zeolites,
which lack the typical exchangeable cations (e.g., Ca**, Mg*",
Na') that are commonly present in natural zeolites.

Transition metals and their complexes play a crucial role in
technological applications because of their distinctive optical
and catalytic properties.*”~* However, their increasing use has
led to a rising accumulation of waste containing these metals.
Industrial discharge and electronic waste contribute to the
release of transition metals into the environment, categorizing
them as emerging contaminants with largely uncharacterized
ecological effects.”® While mineral ore extraction remains the
primary source of these metals, recycling strategies are gaining
attention.” Among them, solid-liquid extraction (SLE) and
liquid-liquid extraction (LLE) represent two viable approaches
for this purpose. SLE, which relies on ion exchange, adsorption,
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and complexation, presents several advantages over LLE,
including a lower number of operational steps, reduced solvent
consumption and the utilization of reusable solid supports,
making it a more sustainable and efficient alternative.>

In this context, zeolites are suitable systems for the adsorp-
tion of metal pollutants from aqueous solutions because they
can effectively remove metal ions due to their adsorption and
exchange properties.*® Moreover, a desilication treatment could
be useful for conferring a greater mesoporous character to these
materials, addressing common limitations such as restricted
diffusion and low accessibility of BAS.>**** This modification can
enhance their overall performance, offering more efficient
pollutant removal thanks to increased accessibility and
improved interaction with metal ions.

Based on the considerations made thus far, this study
investigated the top-down desilication of three different
microporous zeolites in a basic environment to develop their
hierarchical variants. The selected zeolites included two
commercial synthetic zeolites, ZSM5 and USY (Ultra Stable Y),
both with a Si0,/Al,O; ratio of 80 and exhibiting MFI and FAU
crystalline lattices, respectively, as well as a natural clinoptilo-
lite with an HEU-type lattice. The ZSM-5 zeolite featured an MFI-
type framework composed of pentasil structural building units
(SBUs), each consisting of eight five-membered rings. The
spatial arrangement of multiple SBUs produces a crystalline
lattice characterized by a bidirectional 10-membered ring
channel system. One channel runs parallel to the crystallo-
graphic [010] axis and is defined by an elliptical pore aperture of
5.3 x 5.6 A. The second channel system consists of sinusoidal
elliptical channels running parallel to the (100) axis with an
aperture of 5.1 x 5.5 A. The intersectional voids between the two
orthogonal channel systems form approximately spherical
cavities with a diameter of 6.4 A.*5° The USY zeolite exhibits
a FAU crystal framework formed by the interconnection of
sodalite cages (also referred to as B-cages), which are connected
through their 6-membered rings (D6R, hexagonal prisms). This
three-dimensional network presents micropores composed of
12-membered rings (7.4 x 7.4 A) and larger supercages with
a diameter of 11.24 A, which are accessible in all three dimen-
sions through 12-membered ring windows.*® In contrast, Cli-
noptilolite exhibits a HEU type framework, characterized by
a two-dimensional porous system consisting of three different
families of microporous channels. Two of these families run
parallel to the crystallographic axis [001] and are formed by
elliptical channels delimited by 8- and 10-membered rings with
dimensions of 4.1 x 4.7 A and 4.4 x 7.2 A, respectively. The
third family, consisting of 8-membered ring channels with
dimensions of 4.0 x 5.5 A, runs perpendicular to the first two
along the crystallographic axis [100].°7**

The obtained hierarchical zeolites were then subjected to
multi-technique characterization to determine their physico-
chemical properties, with a particular focus on their acidic
properties. The characterization techniques included X-ray
powder diffraction (XRPD), textural and thermogravimetric
analysis (TGA), field emission scanning electron microscopy
(FESEM), energy-dispersive X-ray spectrometry (EDX) and
Fourier-transform infrared (FT-IR) spectroscopy enhanced by
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the use of probe molecules.*® Finally, the developed hierarchical
zeolites together with their microporous counterparts were
evaluated as adsorbent materials for Cu®>" and Co*' ions in an
aqueous solution to compare their efficiency in metal removal
before and after desilication treatment.

Results and discussion

The three microporous zeolites (HUSY-P, HCLI-P, and HZSM5-
P) investigated in this study underwent alkaline desilication
treatment to generate their respective hierarchical variants.
Specifically, three NaOH solutions at different pH values (8, 9,
and 13.3) were employed to assess the resilience of the distinct
zeolitic frameworks to varying concentrations of OH™ hydrolytic
species; the resulting hierarchical zeolites samples are labelled
with the pH values used in the desilication process. The struc-
tural organization of each zeolite is crucial in defining the
extent of modification following exposure to a basic environ-
ment because it influences the material's response to the
treatment."**® Therefore, a comprehensive analysis of the
treatment effectiveness under different pH conditions is
essential for optimizing the desilication process for each
material. The alkaline treatment, while increasing the defect
concentration within the framework and introducing intra-
crystalline mesoporosity, is also able to perturb the distribution
and concentration of Brgnsted acid sites (BAS) in the material.
Consequently, the resulting hierarchical zeolites were thor-
oughly characterized using structural, volumetric, and spec-
troscopic physicochemical techniques.

X-ray powder diffraction (XRPD) analyses were performed to
assess the maintenance of the crystalline structure in hierar-
chical zeolites (Fig. 1 and S1). The diffraction patterns of all
desilicated HZSM5 zeolite samples exhibit the characteristic
peaks associated with the MFI structure (Fig. 1A); a decrease in
peak intensity was observed only for HZSM5-13.3. These results
demonstrate the strong resistance of the MFI framework in an
alkaline environment, as previously documented in the
literature.?***?%2%% On the other hand, the large-pore faujasite
(FAU) structure of zeolite Y demonstrates increased sensitivity
to treatment conditions (Fig. 1B).?”** While the HUSY-8 sample
maintains visible high-intensity peaks, further increases in pH
result in a significant reduction of the latter, leading to total
amorphization in the case of the HUSY-13.3 sample. In the
context of natural clinoptilolite, X-ray diffraction (XRD) analysis
is particularly valuable for identifying impurities within the
parent sample (Fig. S1Ct). The XRD pattern of the parent
material reveals not only the characteristic reflections of the
heulandite structure (main peaks of HEU structure at 26 angles
of 9.8°,11.2°, 13.1°, 17.3°, 22.5°, 30.2°), but also the presence of
additional phases, specifically mordenite and albite.®> Samples
HCLI-8, HCLI-9, and HCLI-13.3 were further analysed using the
X-ray powder diffraction (XPRD) technique, and the results
indicate that this zeolite exhibits resistance to alkaline treat-
ments (Fig. 1C). To further elucidate the impact of the basic
treatments on the different zeolitic materials, the relative crys-
tallinity index (RC%) of each sample was determined (Table 1)
following the procedure described in the experimental section.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of (A) HZSM5, (B) HUSY and (C) HCLI samples desilicated under different pH conditions.

Table 1 Relative crystallinity indexes (RC %) for each sample, calcu-
lated as reported in the experimental section

Sample RC%
HZSM5-P 100
HZSM5-8 92
HZSM5-9 92
HZSM5-13.3 74
HUSY-P 100
HUSY-8 96
HUSY-9 38
HUSY-13.3 —
HCLI-P 72
HCLI-8 81
HCLI-9 100
HCLI-13.3 93

Alkaline treatment typically induces a reduction in the
crystallinity degree of zeolites, which is attributable to the
extraction of Si atoms and a lesser extent, Al from the zeolitic
framework. The magnitude of this reduction is generally
correlated with the basicity of the desilicating solution.?**%%3-%>
In contrast, clinoptilolite samples exhibit two distinct behav-
iors: (i) modification with highly diluted alkaline solutions
results in a progressive enhancement of RC%, reaching
a maximum in the HCLI-9 sample; (ii) conversely, when the pH
of the desilication process is elevated (up to 13.3), a significant
decrease, up to 93%, is observed. This phenomenon can be

attributed to the ability of the diluted alkaline solution to
selectively dissolve amorphous silicon deposits while preserving
the structurally resilient clinoptilolite particles with a low Si/Al
ratio, thus minimally affecting the material's structural
integrity.*®

Consequently, moderate treatment conditions resulted in
a purification effect on the natural zeolite. In contrast, when
a solution with a pH of 13.3 is employed, the increased basicity
promotes a partial amorphization process that prevails over the
‘purification’ effect associated with impurity removal, resulting
in a pronounced decrease in relative crystallinity.®**® Compar-
ative analysis of the X-ray diffraction (XRD) patterns of desili-
cated samples reveals a notable distinction among the three
zeolites studied. Specifically, the HUSY zeolite exhibits the most
significant susceptibility to treatment, indicating a marked
instability of its crystal structure under alkaline conditions.

The effective introduction of secondary mesoporosity into
the zeolitic samples was studied by N, adsorption/desorption
analyses at 77 K. The N, adsorption/desorption isotherms and
the corresponding pore size distributions, obtained by the
NLDFT method, of the analyzed samples are reported in Fig. 2
and S2,T respectively; specific surface area (SSA), pore volume
and pore size data are presented in Table 2. Data for HZSM5,
HUSY and HCLI samples subjected to the harshest tested
desilication conditions they could endure without structural
collapse (HZSM5-13.3. HUSY-9 and HCLI-13.3, respectively), are
reported; these samples are the most representative for under-
standing the effects induced by desilication.
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Fig. 2 N, adsorption/desorption isotherms at 77 K of (A) HZSM5, (B) HUSY and (C) HCLI desilicated under different pH conditions.
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Table 2 Textural properties of the analyzed zeolitic samples. Si/Al ratios of samples are also reported

SSAggr Viot DFT Vimicro Vimeso Relative mesoporous
Sample RC% (m> g™ (em® g™ (em® g™ (em® g™ volume (%) Si/Al ratio®
HZSM5-P 100 397 0.24 0.13 0.11 46 42
HZSM5-13.3 74 435 0.49 0.11 0.38 78 19
HUSY-P 100 684 0.44 0.19 0.25 57 57
HUSY-9 38 705 0.47 0.19 0.28 60 46
HCLI-P 72 120 0.21 — 0.18 86 6
HCLI-13.3 93 91 0.16 — 0.16 100 4
¢ Calculated using FESEM-EDX analyses.
The specific surface area (SSA) increased moderately upon B C
5a.u. A |5 au. 3au.

desilication for both HZSM5 and HUSY, as expected, whereas an
opposite trend was observed for HCLI. Similarly, the total pore
volume and mesoporous volume, estimated via NLDFT calcu-
lations, showed a significant increase for HZSM5 and
a moderate increase for HUSY, while both parameters
decreased in the case of HCLI (Table 2).

The increases in SSA, Vi, and Vi,eso are consistent with the
expected effects of desilication, which aims to enhance the
mesoporous character of the modified materials. The inverse
trend observed for the HCLI sample may be attributed to partial
pore occlusion following desilication, a phenomenon previously
reported for zeolites with small pore openings (10-membered
rings (MR) or fewer) and with low Si/Al ratio."” Finally, it is
important to note that all desilicated samples, including HCLI-
13.3, exhibit an increase in the relative mesoporous volume
percentage, confirming the effectiveness of the alkaline treat-
ment applied to the selected materials. Moreover, energy-
dispersive X-ray spectrometry (EDX) coupled with field emis-
sion scanning electron microscopy (FESEM) was employed to
determine the Si/Al ratios of the studied materials before and
after desilication (Table 2 and Fig. S37).° This parameter and its
variation upon treatment are crucial to both confirm the
success of the process and assess the extent of compositional
modification as a function of the initial material characteristics.
As expected, this parameter decreases because of silicon atoms
removal in the basic environment.

These results were further supported by thermogravimetric
analysis (Fig. S41). Specifically, all the TGA curves of the desi-
licated samples exhibited a greater percentage of weight loss,
which can be attributed to the removal of adsorbed water (in the
25-350 °C range). This finding aligns with the observed
decrease in the Si/Al ratio, which is associated with an increase
in the hydrophilicity of the zeolitic framework.*?

Considering the high heterogeneity of the hydroxyl sites
present in hierarchical zeolites, to assess the influence of the
post-synthetic desilication process on their distribution, FTIR
spectroscopy was used to establish the nature of the acid sites
located on the zeolitic surface (Fig. 3).>***"% In all the ana-
lysed zeolites, a characteristic stretching band related to the
isolated silanol groups located on the outer surface (Si-OHy)
and in the mesoporous cavities can be observed at 3745 cm ™.
For the HZSM5 and clinoptilolite samples (Fig. 3A and C), an
increase in this signal was evident after alkaline treatment at pH

20096 | RSC Adv, 2025, 15, 20092-20110

[

HUSY-13.3]

HCLI-13.3
HCLI-9

:
/

HZSMS5-13.3
HUSY-9

HZSMS5-9

/

Absorbance

@2 HUSY-8
J"\/\\ g HCLI-8
HZSMS5-8 e
v o 2 o
-’[\'\/}m HUSY-P HCLI-P
T T T
3800 3600 3400 3800 3600 3400 3800 3600 3400

Wavenumber / cm’!

Fig.3 FTIR spectrain the OH stretching region of (A) HZSM5, (B) HUSY
(C) and HCLI samples desilicated under different pH conditions.

13.3, consistent with the increased mesoporous surface area
observed for the HZSM5-13.3 and HCLI-13.3 samples. On the
other hand, for the HUSY-9 and HUSY-13.3 samples (Fig. 3B),
the same treatment resulted in a decrease in band intensity,
likely due to the deposition of Al-rich debris on the surface of
HUSY. This debris may interact with the Si-OH external groups,
reducing their band contribution in the OH stretching
region.”® In the HZSM5 samples (Fig. 3A), the FTIR bands
corresponding to silanols located within the microporous
cavities appeared at 3728 cm ™" and 3695 cm™" (Fig. S5). The
former signal, attributable to internal silanols Si-OHjpy,,
remains observable after desilication, appearing as a shoulder
of the peak associated with isolated silanol, while the latter,
attributable to vicinal silanols interacting with each other
through H-bonding, disappears following desilication at pH
13.3.22267%71 The Brgnsted acid sites (BAS) band at 3615 cm ™"
shows minimal alteration after desilication treatment. In
contrast, the hydrolytic action of OH™ ions at higher concen-
trations significantly destabilizes the silanols involved in
hydrogen bonding (Si-OH:--O) within crystal lattice defects,
commonly named “nest silanols”, as indicated by the disap-
pearance of the corresponding absorption band around
3500 cm™'.11267273 These findings align with previous literature
studies reporting that Si-OH species involved in nest silanol

© 2025 The Author(s). Published by the Royal Society of Chemistry
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defects are particularly unstable and can be removed even with
diluted NaOH solutions.?***

The FTIR spectra of the HUSY zeolite samples (Fig. 3B) reveal
the presence of specific characteristic bands associated with the
faujasite structure: (i) at 3738 cm ™", corresponding to Si-OHjy.
The band remains largely unchanged in the spectrum of the
HUSY-9 sample, in contrast to the signal at 3745 cm ™, which is
attributed to Si-OHcy. This observation further supports the
hypothesis of Al-rich debris deposition on the external surface
of HUSY. In contrast, the HUSY-13.3 sample exhibits a signifi-
cant reduction in the Si-OHj,,; signal, which correlates well with
the complete amorphization observed in the XRD measure-
ments; (ii) at 3630 cm ™', attributed to Si-O;H-Al BAS located
within the supercage structure. These sites exhibit particularly
high acidity due to the specific geometric configuration of the
Si-O,;H-Al bridge within the FAU framework and present
a narrow IR band, resulting from their high homogeneity;*”"*
(iii) at 3565 cm™', associated with Si-O;H-Al BAS situated
within the hexagonal prism B-cage structure.” The reduced
resistance of the HUSY zeolite to the hydrolytic action of OH™
ions is evidenced by the complete disappearance of signals
corresponding to BAS after desilication treatment at pH 13.3
(Fig. 3B). In contrast, it is noteworthy that the HUSY-9 sample
retained the signals corresponding to surface BAS, despite
a significant reduction in crystallinity, as confirmed by X-ray
powder diffraction (XRPD) analysis (Table 1). The desilicated
clinoptilolite samples (Fig. 3C) exhibit a prominent absorption
band at 3610 cm ', indicative of BAS.®® The enhanced intensity
of this band observed in the HCLI-8 sample suggests that
alkaline treatment may facilitate the removal of impurities,
such as amorphous silica, from the clinoptilolite surface.®® This
behaviour is consistent with previously reported relative crys-
tallinity values (Table 1), providing additional evidence for the
purification effect of desilication under mild treatment
conditions.

Adsorption of basic probe molecules monitored by FTIR
spectroscopy

Given the pronounced heterogeneity of the surface sites of
hierarchical zeolites, which is attributable to the presence of
various types of acidic centers distributed within primary and
secondary porosity systems, an in-depth characterization was
carried out using FTIR spectroscopy enhanced by the use of
specific basic probe molecules of different kinetic diameters.
This approach provides a deeper understanding of the
concentration, distribution, and accessibility of BAS.

Determination of the total acidity by NH; adsorption

Ammonia (NH3), a strong base (pK, = 9.24), was the first probe
molecule adsorbed. NH; interacts through its lone electron pair
with silanol groups and BAS, and in the latter case, ammonium
ions (NH,") are formed through proton transfer phenomena.*®
These species, whose spectral properties are well-documented,
can be employed to provide critical insights into the density
of BAS during the spectroscopic characterization of alumino-
silicates.” Specifically, NH; was employed to assess the total
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concentration of BAS, as its small kinetic diameter (2.6 A)
enables efficient penetration into both the micropores and
mesopores of hierarchical zeolites.*>”*”” Fig. 4 shows the FTIR
spectra of the most representative samples reported to under-
stand the effects induced by desilication.

The FTIR analysis of NH; adsorption at room temperature on
hierarchical zeolites, specifically HZSM5-13.3 (Fig. 4A), HUSY-9
(Fig. 4B), and HCLI-13.3 (Fig. 4C), was conducted over both
high- and low-frequency regions. This analysis aimed to eval-
uate the impact of the probe molecule’s interaction on the
hydroxyl group bands and to detect the characteristic bands
associated with ammonium ions.
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Fig. 4 FTIR difference spectra of NHz adsorbed (max pressure 40
mbar) on hierarchical (A) HZSM5-13.3, (B) HUSY-9 and (C) HCLI-13.3
samples at room temperature. The intermediate pressures at which
spectra are collected during desorption are reported in the figure. On
the right, a comparison between the spectra of the desilicated samples
and their corresponding parent samples in the OH stretching region
(A’=C') is provided.
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Within the zeolite framework, upon exposure to 40 mbar of
NH; (violet curves), distinct bands corresponding to the pres-
ence of the probe were observed, indicating both its unbound
form and its interaction with the OH sites of the materials. In
the 3750-3600 cm ' spectral range, bands associated with
surface hydroxyl groups are observed (Fig. 4A’-C’). These bands
were completely reduced following the interaction with the
ammonia probe, appearing as negative signals in the difference
spectra. The observed evolution of the bands intensity is
consistent with the observations from prior FTIR analysis per-
formed in the absence of a probe (Fig. 2): for the ZSM5 zeolite,
the band at 3745 cm ™' due to free silanols becomes notably
more negative in the spectrum of the HZSM5-13.3 sample
(Fig. 44A'), indicating a higher concentration of silanols in the
sample that underwent desilication. This result is consistent
with the expected increase in the number of defect sites intro-
duced by the alkaline treatment. In contrast, when comparing
the spectra of the HUSY-9 (Fig. 4B’) samples before and after
desilication, the band at 3744 cm ™" corresponding to Si-OH.y
species, is less pronounced, while the band at 3738 cm*
exhibits a similar intensity. The reduction in the Si-OHey signal
suggests a significant exclusion from interaction with the NH;
probe, further supporting the hypothesis of Al-rich debris
deposition on the material's external surface.®

A distinct behaviour is observed in the HCLI samples
(Fig. 4C'). Specifically, a comparison of the FTIR spectra
between the parent and HCLI-13.3 reveals that the intensities of
the bands at 3745 and 3723 cm ™', corresponding to Si-OH.y
and Si-OHj,;, show minimal variation following desilication.
This observation is consistent with the observed trend of the
RC% parameter (Table 1), where, unlike the HZSM-5 and HUSY
zeolites, the natural clinoptilolite exhibits a nonlinear pattern,
reaching a maximum for the HCLI-9 sample. The observed
minimal changes in the FTIR bands could reasonably arise from
the fact that, in the case of the HCLI zeolite, it appears necessary
to remove impurities before its structure can be significantly
altered through desilication.

Following NH; outgassing at room temperature, the silanol
groups, which exhibit only weak interactions with the probe
molecule, were almost entirely restored, as demonstrated by the
significant reduction in the difference signals (Fig. 4). In
contrast, for all zeolites, the bands corresponding to the acidic
BAS (at 3615 cm ™, 3630/3564 cm ™' and 3610 cm ! for HZSM5-
13.3, HUSY-9 and HCLI-13.3 materials respectively) remained
almost unaffected during outgassing due to the proton transfer
mechanism that leads to the formation of NH," ions. The
presence of ammonium can be identified at lower frequencies,
notably by the appearance of a band at 1466 cm " (6,s N-H).
Furthermore, the formation of these ammonium species is
accompanied by the emergence of several characteristic bands
in the higher-frequency region of the FTIR spectrum, with their
specific positions depending on the material involved in the
interaction. The bands are assigned as follows: (i) two signals at
3398 and 3309 cm ™' in the HZSM5-13.3 sample (Fig. 3A), at 3397
and 3317 cm ™! in the HUSY-9 (Fig. 3B), and at 3376 cm ™" in the
HCLI-13.3 (Fig. 3C), corresponding to the stretching vibrational
modes of N-H groups not involved in hydrogen bonding; (ii)
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a broad composite band, extending over the range of 3250-
2400 cm™ ", attributed to the stretching modes of N-H groups
shifted to lower frequencies due to hydrogen bonding interac-
tions.” This band is also significantly influenced by a strong
Fermi resonance, resulting in the appearance of three Evans
windows, which are distinguishable in the HZSM5-13.3 and
HCLI-13.3 samples.**”>7® (Fig. 4); (iii) a slightly broadened band
at 2250 cm ™ ' in the HZSM5-13.3 and HUSY-9, and at 2175 cm ™
in the HCLI-13.3 sample due to the combination of the vibra-
tional bending modes 6(NH) of NH," and a frustrated rotation
localized at low wave numbers (550-100 cm™*).”

Depending on the type of crystal structure, the negatively
charged walls of zeolites can stabilize different coordination
structures of the ammonium ion, each with specific local
symmetries, leading to variations in the distribution of FTIR
bands.” In the case of the HCLI-13.3 sample, an intense band
appeared at 3295 cm™ ' (Fig. 3C).

The appearance of this band can be explained by considering
the most probable local symmetries adopted by NH," ions,
depending on their interaction with different zeolite frame-
works (Scheme 1).”* The Cpv and (C3V)mono geometries involve
interactions with oxygen atoms of the same AlO,  tetrahedron
(indicated with B in Scheme 1). In contrast, the less symmetrical
geometries (Cq)yi and (Ci)ewa also exhibit NH bonds that
participate in slightly weaker hydrogen bonds with less basic
framework oxygens (B’ and B” in Scheme 1) that do not belong
to the same tetrahedral unit. Specifically, these weaker basic
sites may be associated with both more distant Al0,  and SiO,
tetrahedra.” These distinct coordination modes of ammonium
within the zeolitic environment can be identified by the
appearance of characteristic signals in the FTIR spectra.
Notably, the signal at 3295 cm™ "' observed in the spectrum of
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Scheme 1 Most probable coordination geometries of ammonium
ions in zeolite environments.
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HCLI-13.3 is present exclusively when the ammonium ion is in
a tridentate or tetradentate coordination state with C;
symmetry. The greater intensity of this peak compared to those
observed for the HZSM5 and HUSY zeolites is consequently
associated with an increased presence of ammonium ions
exhibiting (Cy)yi and (Ci)etra coordination (Fig. 4A and B).
Furthermore, considering that the band at 3376 cm ™", associ-
ated with the unperturbed NH groups, appears as a shoulder to
the signal at 3295 cm™ ', it is reasonable to hypothesize that
among the two ammonium species with C; symmetry, the tet-
radentate species is present in greater abundance, as it does not
possess any unperturbed NH groups. This hypothesis is further
supported by literature indicating that this type of ammonium
coordination structure is favored in the presence of micropo-
rous channels with particularly small diameters, where the
NH," ion is unlikely to maintain an unperturbed N-H bond due
to high steric constraints.” Such conditions are consistent with
the clinoptilolite HEU lattice.”

Finally, in the FTIR spectra of all materials, two signals at
3333 and 1624 cm™ " are observed, corresponding respectively to
v(NH) and 6(NH) of the non-protonated probe with weak
interaction with the surface. This assignment is further sup-
ported by the rapid decrease in the ion concentration during the
outgassing procedure.*"*

To determine the concentration of BAS within the parent and
hierarchical materials, the ammonium band at 1466 cm ™" was
used to calculate the total number of Brgnsted acid sites in the
different zeolitic samples (Table 3). The BAS concentration was
estimated using the Lambert-Beer law adapted for solids:

A =¢eNp (1)

where 4 is the integrated area of the 6,; N-H band (mm ™), ¢ is
the molar extinction coefficient (mm pmol '), N is the
concentration of the vibrating species (umol mg ™) and p is the
density of the sample pellet (mass/area ratio, mg mm ™ 2). For the
calculations, a value of 130.0 mm pmol * was used for &.5
Among the three investigated materials, only the zeolite
ZSM5 exhibited a progressive increase in the BAS concentration

Table 3 Integrated area (A) of the ammonium d,; NH (1466 cm™)
band and concentration of total Breonsted sites (Niot), expressed as
pmol g*1

Sample A% (ecm™! Neot (umol g%)
HZSMS5-P 283 218
HZSM5-9 440 338
HZSM5-13.3 603 464
HUSY-P 162 124
HUSY-8 174 134
HUSY-9 170 131
HCLI-P 679 522
HCLI-9 886 681
HCLI-13.3 718 552

? The integrated area 4 of the 1466 cm ™" band was obtained from the
spectra of the materials outgassed for 30 minutes in a vacuum at
room temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with increasing treatment basicity. A significant increase in BAS
concentration upon desilication at a pH of 13.3 was observed,
reaching 464 pmol g, over twice with respect to the parent
sample (218 pmol g ). This phenomenon is likely attributed to
the presence of aluminum atoms, which are extracted during
the desilication process and remain in extra framework posi-
tions as amorphous Al-species, thus contributing to the
formation of new protonic sites.***”*> Reinsertion of Al, some-
times called ‘realumination’, was first proposed by Sulikowski
et al. for ZSM5 zeolite® and subsequently studied in relation to
desilication processes for other zeolitic
materials.?*?5263%37.6481-8¢ Fyrthermore, as illustrated in Fig. 3,
the FTIR band at 3615 cm ' does not exhibit a significant
increase following basic treatment. This observation suggests
that the reintroduced Al atoms are only partially integrated into
the zeolitic framework and do not exhibit the characteristic
tetrahedral coordination typically associated with Si-OH-Al
groups.®**

In contrast, Zeolite Y exhibited no significant increase in BAS
concentration after exposure to an alkaline environment. Based
on the FTIR and XRD analyses, it can be hypothesized that the
faujasite structure simply dissolves upon contact with the
alkaline solution without altering the distribution of tetrahedral
aluminum sites.

The HCLI-P sample exhibited a significantly higher concen-
tration of acidic sites than the synthetic zeolites, which was
correlated with its lower Si/Al ratio (refer to the Experimental
section). The increase in the number of BAS in the HCLI-9
sample was accompanied by an enhancement of the IR band
at 3610 cm ™" (Fig. 3C), indicating a greater abundance of Si-
OH-AIl groups per unit weight. This result confirms the efficacy
of mild desilication conditions for sample purification, as
previously reported. In contrast, after treatment at higher pH,
the HCLI-13.3 sample exhibited a notable decrease in the
number of BAS, accompanied by a reduction in the intensity of
the corresponding FTIR signal. In this alkaline environment,
the disruption of the microporous structure may become more
relevant, leading to the subsequent removal of a higher amount
of Al from Si-OH-Al bridging groups.”***

Secondary porosities acidity: substituted pyridines adsorption

To accurately assess the degree of hierarchization in zeolitic
structures, it is essential to distinguish between acid sites
within micropores and those on mesopore surfaces. Larger
basic probe molecules are critical for this purpose. Substituted
pyridines have been widely exploited to assess and quantify the
enhanced accessibility of acid sites in hierarchical zeolites
because their restricted diffusion through small micropores
allows for selective analysis.?>?*3%142878% Among them, 2,4,6-
trimethylpyridine (2,4,6-TMPy, also known as collidine), which
has a kinetic diameter of approximately 0.74 nm, is sterically
hindered from penetrating the micropores of HZSM5 and HCLI.
Consequently, it interacts exclusively with acid sites located on
mesopore surfaces or at the mouths of micropores in hierar-
chical zeolites.”*'** Conversely, for the HUSY zeolite, which
features larger micropores (~0.73 nm), an even larger probe
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molecule, such as 2,4,6-tritertbutylpyridine (2,4,6-TTBPy, with
a diameter of 1.1 nm), is required to ensure selective
probing.***>** The interaction of these probe molecules with
zeolitic BAS is readily identifiable by FTIR spectroscopy. This
identification is achieved both through the characteristic
vibrational modes of the probe's aromatic ring and, due to their
basic nature, via their conjugate acids (2,4,6-TMPyH", and 2,4,6-
TTBPyH'), which form through proton transfer mechanisms
upon interaction with a BAS.*>*°

2,4,6-Trimethylpyridine (2,4,6-TMPy) adsorption

All analyzed zeolites exhibited an erosion of silanol and BAS
signals following 2,4,6-TMPy (collidine) adsorption, which
appeared as negative peaks in the difference spectrum
(Fig. S6t). Additionally, two distinct bands emerged at
3300 em™' and 3230 cm™', corresponding to the »(NH)
stretching vibration of the 2,4,6-TMPH" ion (Fig. S61).%° Notably,
these two bands are more pronounced for the samples desili-
cated at pH 13.3, especially in the case of the HZSM5 zeolite,
indicating that the basic treatment enhanced the accessibility of
Bronsted acid sites to 2,4,6-TMPy through the formation of
mesopores. Furthermore, in this spectral region, a broader
band around 2925 cm ™" is observed, which is attributed to the
various stretching modes of the aromatic ring of the 2,4,6-TMPy
molecule.

Fig. 5 shows the difference in the FTIR spectra collected after
outgassing at 423 K in the stretching region of C-C ring vibra-
tion of adsorbed 2,4,6-TMPy on the HZSM5 (Fig. 5A) and HCLI
(Fig. 5B) samples. In each case, based on previous analyses, the
samples treated at pH 8 were excluded from consideration
because they exhibited negligible differences compared with
the parent samples. The bands at 1617 ecm * and 1573 cm™*
correspond to the vg, and vy, vibrational modes, respectively,
which are characteristic of collidine molecules interacting via
hydrogen bonds with isolated Si-OH groups. In contrast, the
band at 1638 cm™ ' accompanied by a shoulder at 1649 cm ™,
originates from the vg, vibration of the 2,4,6-TMPyH" ion,
formed through proton transfer with BAS.*?**"** As reported in
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Fig. 5 FTIR difference spectra of 2,4,6-TMPy adsorbed on (A) HZSM5
and (B) HCLI samples at room temperature. Spectra were collected
after desorption at 423 K for 1 hour to isolate the contribution of
irreversibly adsorbed TMPyH* ions.
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Table 4 Integrated area (A) of the 2,4,6-TMPH" ion g, (1638 cm™h)
band and concentration of BAS accessible to 2,4,6-TMPy molecule
(N2,4.6-TMpy). €xpressed as pmol gfl. Accessibility factor relative to
2,4,6-TMPy molecule (AF; 4 6-Tmpy) Was also calculated

Sample Afem™ N(2,4,6:rmpy HMOL g AF; 4 6mpy”
HZSM5-P 17 17 0.078
HZSM5-13.3 199 197 0.425
HCLI-P 32 32 0.061
HCLI-9 44 43 0.063
HCLI-13.3 64 64 0.116

a N3 4 6Tmpy

AF; 4 6-Tmpy Calculated as AF; 4 6 rvpy = v
tot

Table 4, the total number of accessible BAS (N 4 ¢.rmpy) Was
estimated by eqn (1) using the intensity of the 1638 cm™" band.
For these calculations, a value of 10.1 cm pmol ! was used for
&% To isolate the contribution of the desired band from the
adjacent ones, a deconvolution of the signals in the C-C ring
stretching region was performed (Fig. S71). In the case of the
HZSMS5 zeolite, the accessible BAS concentration was negligible
for samples HZSM5-P and HZSM5-9 but increased significantly
following the more severe treatment at pH 13.3, confirming
a higher degree of structural hierarchization. A similar trend is
observed for natural clinoptilolite samples in response to
desilication; however, in this case, a measurable concentration
of accessible BAS is already present in the HCLI-P sample (32
pumol g 1Y), likely due to the intrinsic intracrystalline meso-
porosity characteristic of this material.’” The ineffectiveness of
PpH 9 treatment in altering the clinoptilolite crystalline structure
and consequently in contributing to secondary porosity further
supports the conclusion that the increase in the total number of
BAS detected via ammonia adsorption does not stem from
structural alterations of the zeolite framework. Instead, it is
more reasonably attributable to a purification process induced
by the basic treatment.

To better evaluate the hierarchical structure of the hierar-
chical samples, the accessibility factor (AF) for 2,4,6-TMPy was
calculated, which was defined as the number of sites detected
by adsorption of the alkylpyridine (N, 46.tmpy) divided by the
total number of BAS detected by NH; adsorption (Ni.). As
shown in Table 4, the AF values increased with the pH of the
desilication treatment, in agreement with the increased meso-
porous volumes (Table 2).

2,4,6-Tri-tert-butylpyridine (2,4,6-TTBPy) adsorption

To investigate mesopore formation in the HUSY samples, 2,4,6-
tri-tert-butylpyridine (2,4,6-TTBPy, kinetic diameter of 1.1 nm)
was adsorbed onto the zeolite surface at room temperature
following the same procedure outlined for 2,4,6-TMPy.
However, due to the solid state of 2,4,6-TTBPy at room
temperature (T, = 67 °C) and its lower vapor pressure (0.02
mbar), the contact time was extended to 2 hours to ensure
saturation of the accessible surface area of the material*® (see
Experimental section).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR difference spectra of 2,4,6-TTBPy adsorbed on (A) HUSY
samples at room temperature in the N-H stretching region and (B)
aromatic stretching region. Spectra were collected upon outgassing
the samples at 298 K (for 30 min) and 423 K (for 2 h) to isolate the
contribution of irreversibly adsorbed 2,4,6-TTBPyH" ions.

Fig. 6B illustrates the FTIR difference spectra of 2,4,6-TTBPy
adsorbed on the HUSY samples, emphasizing the regions
associated with the aromatic ring and CH; deformation vibra-
tions. The vg, vibration bands of the aromatic ring appear at
1611 and 1599 cm ™ ', which are attributed to the 2,4,6-TTBPyH"
protonated species formed upon interaction with Brensted acid
sites (BAS) and the physisorbed 2,4,6-TTBPy on the material
surface, respectively.

Compared with 2,4,6-TMPy, these bands show a redshift,
which is a direct result of the substitution of the three methyl
groups with bulkier tert-butyl groups.”* Furthermore, two
additional bands, located at 1561 and 1545 cm™*, are observed
exclusively in the spectrum recorded upon outgassing the
samples at 298 K and can thus be assigned to the aromatic ring
vibrations of the unprotonated probe molecule. The ¢ CHj o5
signals, located at 1479, 1461, and 1407 cm™ ', and the ¢ CH; oym
band at 1363 cm™ " can also be attributed to this species. The
contribution of the latter vibration mode is still visible in the
spectrum collected after the outgassing at 423 K; however, in
this case, only the blue-shifted component at 1375 c¢cm ',
associated with 2,4,6-TTBPyH" cations, remains visible.*°

The significant decrease in the intensity of the signals
associated with the physisorbed probe demonstrates the effec-
tiveness of the adopted outgassing method, as further
confirmed by the complete disappearance of the signals corre-
sponding to the vibrational modes » CH;,s (2963 and
2905 cm™ ') and v CH; g (2872 cm™ ') (Fig. S8t). Notably, after
thermal treatment, the 2,4,6-TTBPyH' v CH; ,; band emerges at
2975 cm™ ', The protonation of the probe was further confirmed
by the presence of the band at 3364 cm ™", which is character-
istic of the N-H stretching vibration (Fig. 6A).*

Due to its size, 2,4,6-TTBPy can only undergo protonation on
the external zeolite surface or within meso- and macroporous
cavities. As a result, the band at 3364 cm ™', corresponding to
the 2,4,6-TTBPyH" ion, was used to quantify the BAS located
outside the microporous framework.

Table 5 presents the concentrations of BAS in the HUSY
zeolite samples, calculated using an extinction coefficient (&) of
5.74 cm pmol ™ ",* along with the corresponding accessibility

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Integrated area (A) of the 2,4,6-TTBPyH' w\y_y band
(3364 cm™!) and concentration of BAS accessible to 2,4,6-TTBPy
molecule (N, 46-TT8Py), €XPressed as pmol g’l. Accessibility factor
relative to 2,4,6-TTBPy molecule (AF; 4 6-Trapy) Was also calculated

Sample A(em™) JAPp— T ') AF, 4 rrny”
HUSY-P 19 32 026
HUSY-8 21 36 0.27
HUSY-9 27 47 0.36
a N> 4.6T1BPY
AF, 4 orrepy calculated as AF; 4 grvpy = —,
tot

factor (AF) values. The HUSY-8 sample exhibited only a slight
increase in the number of BAS accessible to 2,4,6-TTBPy
compared with the pristine HUSY-P zeolite. This finding is
consistent with the minimal structural modifications detected
by FTIR and XRD analysis. Consequently, the accessibility factor
(AF) was marginally higher than that of the unmodified zeolite.

For these materials, the number of detected acid sites aligns
with values generally reported for commercial HUSY zeolites
with similar Si/Al ratios (e.g. CBV760, CBV720) and is attribut-
able to the presence of intracrystalline mesoporosity introduced
during dealumination.®?

In contrast, following desilication at pH 9, a significant
increase in the number of BAS accessible to 2,4,6-TTBPy was
observed, with the AF increasing by approximately 33%.

The use of this basic probe therefore allowed for confirma-
tion of the greater structural alteration of the zeolitic framework
following the increase in the treatment pH, as previously sug-
gested by the XRD and volumetric analyses (Fig. 1 and 2).

Adsorption of Cu** and Co”* ions from aqueous solutions

Cu”" and Co*" ions were selected as transition metals to assess
the uptake performance of the developed zeolitic materials in
metal-polluted aqueous solutions. Because these metal ions
exhibit specific absorption bands in the UV-vis region of the
electromagnetic spectrum, UV-vis spectroscopy was selected to
determine the concentration of captured metal ions under
controlled experimental conditions (298 K, pH = 4.5). The
selected metal ions differ in their ionic radii and coordination
numbers (Cu®>" = 0.73 A, C.N. = VI; Co*" = 0.65 A, C.N. = VI).”
The uptake mechanism is based on a multitude of processes:
interaction with surface hydroxyl species, cation exchange, and
adsorption.**® The experiments were conducted at pH 4.5 to
prevent the formation of metal hydroxide precipitates.****
Acidic conditions are commonly employed in industrial appli-
cations for the extraction of heavy metals from contaminated
wastewater and electronic waste.®

The two metal ions exhibited distinct absorption peaks in
different regions of the UV-vis spectrum, with maxima at
809 nm for Cu®>" and 512 nm for Co** ions, respectively (Fig. 7).

From an instrumental perspective, a calibration curve was
first established to determine the molar extinction coefficient
(¢) of each species at their respective wavelengths of maximum
absorbance (Fig. S91), as described in the experimental section.
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Fig. 7 UV-vis spectra of (A) Cu®" and (B) Co®* aquo complexes in
solution. The spectra correspond to the stock solutions of the two
metal ions (~10 mM concentration) and are presented over the 400—
900 nm range for Cu?* and the 350-700 nm range for Co?*,
respectively.

The concentration of each metal ion in the solution was
measured before and after the uptake tests performed using the
hierarchical materials. These were obtained using Lambert-
Beer equation (eqn (2)):

A
C=2 (2)

where A represents the absorbance measured at the wavelength
of maximum absorption, ¢ is the previously determined molar
extinction coefficient at the same wavelength, b corresponds to
the optical path length of the cuvette (1 cm) and C is the
unknown concentration of the metal species in solution. Using
this approach, the residual concentration of each metal species
in the solution was determined. The amount of metal captured
by each analyzed sample was then calculated by subtracting the
residual metal concentration from the initial concentration in
the stock solution (10 mM). For each analyzed sample, two
distinct aliquots of the material were taken and subjected to
uptake tests. Each aliquot was then analyzed in triplicate.

Quantitative uptake data are reported in Fig. 8 and Table 6.
Additionally, UV-vis spectra recorded after the uptake tests from
each metal ion solution are reported for the HZSM5-13.3 sample
as a representative example (Fig. S107).

As shown in Fig. 8A, A’ and Table 6, HZSM5 demonstrates
the highest uptake capacity for Cu** ion, with values of 57 + 8
umol g~' and 84 + 9 umol g~ for samples HZSM5-P and
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HZSM5-13.3, respectively. The percentage of captured metal,
calculated with respect to the initial metal concentration in
solution (10 mM), increased from 9% =+ 1% to 13% =+ 1%. These
findings indicate that desilication significantly enhances the
adsorption performance of this zeolitic system by approxi-
mately 47%. In contrast, the other zeolitic systems exhibit only
a marginal increase in metal uptake. This result is consistent
with the varying sensitivities of the studied zeolites to the basic
treatments applied in this work. Among the three investigated
zeolites, HZSM5 exhibited remarkable resistance to desilication
treatment and was the only material to undergo realumination,
as evidenced by the FTIR analysis. This phenomenon is closely
associated with a substantial increase in the concentration of
BAS within the material (rising from 218 pmol g~ to 464 umol
g ', Table 3), which accounts for its significantly enhanced
ability to capture Cu** ions (Table 6).

In contrast, the HUSY zeolite demonstrated pronounced
sensitivity to the basic treatment, likely undergoing partial
dissolution of its faujasite framework without any notable
alteration in the distribution or concentration of BAS (which
remained nearly unchanged, from 124 pmol g~ to 131 pmol
¢~', Table 3). Therefore, the HUSY-9 sample did not exhibit
a substantial improvement in Cu®" uptake performance (53 =+ 3
pumol g~ and 56.5 + 0.7 umol g~ ' for HUSY and HUSY-9,
respectively, Table 6). On the other hand, the natural zeolite
HCLI displayed good resistance to desilication, accompanied by
a modest increase in the BAS concentration in the HCLI-13.3
sample (from 522 pumol g~ ' to 552 umol g~ ', Table 3). This
trend correlates well with the observed enhancement in Cu**
uptake (rising from 22 + 1 pmol g~ to 26.0 & 0.8 umol g™,
Table 6).

Despite exhibiting the highest concentration of BAS sites
among the tested materials before and after desilication,
natural clinoptilolite exhibited the lowest Cu>* uptake effi-
ciency. This behavior can be rationalized by considering several
key factors: (i) HCLI-P and HCLI-13.3 samples possess the
lowest specific surface area (Table 2), thereby offering
a considerably reduced accessible surface per unit mass; (ii) the
HEU framework is characterized by a two-dimensional (2D)
topological structure, in contrast to the three-dimensional (3D)
frameworks exhibited by the other studied zeolites.”® This
structural distinction, coupled with the fact that HCLI has the
smallest pore diameter among the investigated materials,
suggests a more pronounced diffusional constraint in this
system. This aspect gains further relevance when considering
that the selected metal ions exist in solution as solvated species,
forming aquo complexes whose dimensions closely approxi-
mate the pore diameter of natural clinoptilolite.***” As a result,
the higher number and denser BAS of the HCLI samples may be
less accessible and consequently less active during the ion
capture process, with respect to those in the other zeolitic
systems. Upon transitioning to the desilicated sample HCLI-
13.3, this constraint is partially mitigated, leading to a slight
improvement in the uptake performance.

The desilication process implemented across the studied
zeolites led to an observable enhancement in Cu®" uptake
capacity; the magnitude of the improvement was directly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 Amounts of Cu®* and Co®* captured by the studied zeolites from their respective aqueous solutions after 24 hours, expressed as (A and B)
pumol g~ and (A’ and B') percentage of the captured metal ion. The amount of BAS in 60 mg of material is also provided (the bars represent the
mean values; the error bars indicate the standard deviations, calculated considering, for each sample, the triplicate sets of analyses performed on

the two aliquots).

Table 6 Amounts of Cu?* and Co®* contents captured by the studied zeolites from their respective aqueous solutions after 24 hours. The
amount of BAS per gram of material is also provided (standard deviations were calculated considering, for each sample, the triplicate sets of
analyses performed on the two aliquots)

Metal ion Sample pmol M™ ¢~ ' material Adsorbed® M"™" (%) mg M™" g~ ! material [BAS] (umol g™ 1)

cu?* HZSM5-P 57 £ 8 9+1 3.6 £ 0.5 218
HZSM5-13.3 84 +9 13+1 5.3 £ 0.6 464
HUSY-P 53 £ 3 8.0 £ 0.5 3.3+0.2 124
HUSY-9 56.5 + 0.7 8.6 £ 0.1 3.59 £ 0.05 131
HCLI-P 22+1 3.3+0.2 1.38 + 0.06 522
HCLI-13.3 26.0 £ 0.8 39+0.1 1.65 + 0.05 552

Co* HZSMS5-P 36.3 £ 0.8 5.9+ 0.2 2.14 + 0.05 218
HZSM5-13.3 63 +2 10.2 £ 0.3 3.7+0.1 464
HUSY-P 70.2 £ 0.2 11.5 + 0.1 4.13 £ 0.01 124
HUSY-9 70.7 £ 0.4 11.5 £ 0.1 4.16 £ 0.02 131
HCLI-P 39.1 £ 0.6 6.3 £ 0.1 2.30 = 0.03 522
HCLI-13.3 48+ 3 7.7 £ 0.5 2.8 £0.2 552

¢ Calculated with respect to the initial metal concentration in the solution (10 mM).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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correlated with the increase in BAS concentration induced by
the alkaline treatment. Moreover, the development of a more
mesoporous architecture within the modified materials is ex-
pected to facilitate the diffusion of metal ions in solutions into
the porous network, thereby further optimizing the capture
efficiency.

When evaluating the Co** ion uptake performance of the
investigated materials, the previously established consider-
ations remain valid (Fig. 8B, B’ and Table 6). Among the tested
zeolites, hierarchical HZSM5 exhibited the most pronounced
enhancement in the capture efficiency. Specifically, the
concentration of adsorbed Co** increased from 36.3 + 0.8 pmol
g7 to 63 & 2 umol g~ (Table 6), representing an improvement
of approximately 74%. This result further confirms the effec-
tiveness of alkaline treatment in enhancing the adsorption
capacity of this zeolitic system. The HUSY-P and HUSY-9
samples exhibited the highest Co®>" ion uptake efficiency
among the investigated materials. However, the adsorption
capacity remained largely unchanged before and after desili-
cation, with the value shifting only marginally from 70.2 4 0.2
umol g~ to 70.7 + 0.4 pmol g~ (Table 6). This observation is
consistent with previous findings concerning the uptake of Cu**
ions. The HCLI zeolite samples exhibited a trend consistent
with that previously observed in the capture of Cu>" ions; the
concentration of adsorbed Co®" increased from 39.1 + 0.6 pmol
g " to 48 4+ 3 umol g ' (Table 6). Notably, this increase seems to
be proportional to the rise in BAS concentration, as previously
observed.

A comparative analysis of the uptake capacities for Cu®>" and
Co>" ions provides further insight. In the case of the HUSY and
HCLI zeolites, the adsorption capacity for Co>" was significantly
higher than that for Cu®" (third column, Table 6), indicating
a stronger affinity of these systems for Co** ions. This prefer-
ential adsorption behavior translates into superior uptake
performance in single-metal-ion adsorption experiments in
solution. However, this trend did not extend to the HZSM5
zeolite, which exhibited the opposite behavior: the amount of
adsorbed Co”* was lower than that of Cu®" (third column, Table
6). This suggests that HZSM5 possesses a greater intrinsic
affinity for Cu®" than other developed materials.

To further investigate the different adsorption behaviors of
HZSM5 compared with those of other zeolitic systems, selec-
tivity tests for metal ion uptake were performed.

Selectivity tests of Cu®>* and Co** ions uptake from aqueous
solutions

Considering that the differences in the materials' affinity for the
tested metal ions were already evident in the parent samples of
the zeolites, selectivity tests were conducted using the HZSM5-
P, HUSY-P, and HCLI-P samples. This approach allows the
evaluation of the intrinsic affinities of zeolitic systems to metal
ions, independent of any changes to the framework or porosity
induced by the desilication process. Selectivity tests were con-
ducted using the same experimental conditions previously
described for the uptake experiments of single metal ions in
solution; in this case, however, the materials were exposed to
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a solution containing both metal ions at a concentration of
10 mM each (see Experimental section). This approach enabled
the evaluation of the selectivity of zeolitic systems toward the
metal ions considered in this study. By contacting the materials
to solutions containing both metal ions, the samples were
subjected to a competitive environment for the capture process
within the material's porous structure.

Quantitative uptake data are reported in Fig. 9 and Table 7.
Additionally, the UV-vis spectrum recorded after the uptake test
from the solution containing both metal ions is reported for the
HZSM5-13.3 sample as a representative example (Fig. S117}). As
shown in Fig. 9A and Table 7, HZSM5-P demonstrates the
highest total uptake capacity (122 & 3 umol g~ '), followed by
HUSY-P (102 + 3 umol g~*) and HCLI-P (76 + 6 umol g ). To
contextualize these results, the previously discussed consider-
ations regarding the distinct structural characteristics of the
zeolitic frameworks remain applicable; therefore, clinoptilolite
emerges again as the zeolite with the lowest overall uptake
performance.

Notably, the total amount of metal captured in the parent
samples (fourth row, Table 7) increased under competitive

150
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Fig. 9 Amount of Cu?" and Co?* concentrations captured by the
studied zeolites from the multi-ion aqueous solution after 24 hours,
expressed as (A) umol g~ and (A’) xm-+. The amount of BAS in 60 mg of
material is also provided.
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Table7 Amounts of Cu?* and Co?* content captured by the studied zeolites from multi-element aqueous solutions after 24 hours. The amount
of BAS per gram of material is also provided (standard deviations were calculated considering, for each sample, the triplicate sets of analyses

performed on the two aliquots)

HZSM5-P HUSY-P HCLI-P
[BAS] (umol g 1) 218 124 522
Total adsorbed M™" %* 9.2 +0.2 7.7 £ 0.3 5.7 + 0.4
Total pmol M™" g~ material” 122 + 3 102 £+ 3 76 £ 6
Total mg M™" g~* material® 7.5+ 0.2 6.1+ 0.1 4.5+ 0.2

Cu2+ C02+ Cu2+ C02+ Cu2+ C02+
pmol M"™ ¢~ " material 58.1 £ 0.4 64 £ 2 27 £2 75+1 12+3 64 £ 3
mg M™* g~ material 3.69 £ 0.03 3.8+ 0.2 1.7+ 0.1 4.41 £ 0.08 0.7 £ 0.2 3.8+ 0.1
X 0.48 0.52 0.27 0.73 0.15 0.85

“ Calculated: (i) with respect to the initial metal concentration in solution (10 mM each); (ii) by summing the concentrations of the two captured
metal ions. ® Calculated by summing the concentrations of the two captured metal ions. ¢ Mole fraction of the captured metal ion relative to the

total captured amount.

conditions compared with the uptake observed in single-metal-
ion experiments (third column, Table 6). This outcome is
reasonable, as the initial solution in the selectivity tests con-
tained 10 mM of each metal ion, effectively subjecting the
material to twice the molar concentration of total metal ions
relative to the single-metal experiments.

Moreover, data from these competition experiments indicate
that, in the presence of both metal ions, the HUSY-P and HCLI-P
samples exhibit pronounced selectivity for Co>" (last row, Table
7). Conversely, in the case of HZSM5, no preferential uptake was
observed between the two metals, as the molar fractions (x) for
Cu*" and Co®" were 0.48 and 0.52, respectively. This suggests
that the MFI framework of HZSM5 exhibits no intrinsic pref-
erence for either metal ion when exposed to both simulta-
neously. Nevertheless, HZSM5 exhibited a greater affinity for
Cu”* than the other two zeolitic systems for the same metal ion.
This behavior correlates well with the trends observed in the
single-metal uptake experiments, further corroborating the
previously developed hypotheses regarding the different affini-
ties of the investigated zeolitic frameworks for the tested metal
ions.

The selectivity exhibited by distinct zeolitic frameworks can
also be modulated by several factors. These include: (i) hydra-
tion enthalpy; (ii) ionic and hydrated ionic radii; (iii) framework
topology and (iv) spatial arrangement of anionic sites within the
structure.”® Among these, hydration enthalpy and hydrated
ionic radius appear to exert the most pronounced influence.
Considering that metal cations are solvated in an aqueous
solution to form hexaaqua complexes whose dimensions are
comparable to those of zeolitic channels, partial desolvation is
a prerequisite for successful ion exchange.*® The AH}yq values
for Co®" and Cu®" are —2000 and —2100 kJ mol ', respectively.”
A lower negative hydration enthalpy implies a lower energetic
cost for water ligand dissociation, thereby facilitating ion access
to and interaction with the zeolitic lattice.”® Additionally, the
smaller effective size of hydrated Co>" (r¢, < rcy)*®® promotes its
diffusion into the microporous environment, ultimately
enhancing its accessibility to active sites within the zeolitic
matrix.

Another critical set of parameters includes the relative
mesoporous volume of the zeolites and the distribution of AI**

© 2025 The Author(s). Published by the Royal Society of Chemistry

atoms within their respective frameworks. The AI*" sites that
generate Bronsted acid sites (BAS) serve as the principal locus
for cation exchange. HUSY and HCLI exhibit relatively high
mesoporous volumes, representing 57% and 86% of the total
pore volume, respectively (Table 2). The AI** atoms in their
framework are located in accessible positions: (i) within the
channels of the sodalite cage in the case of zeolite HUSY'*’ and
(ii) within the 10-membered elliptical channels in the case of
HCLI (Scheme 2B and C).**

In contrast, HZSM5 possesses a more compact architecture,
with a lower relative mesoporous volume (46%, Table 2) and
a three-dimensional network of narrow, intersecting channels.
Furthermore, the AI*" framework atoms in HZSM5 occupy
sterically constrained regions such as channel intersections or
tight microporous cavities (Scheme 2A),'* thus restricting ion
accessibility and hampering cation exchange processes.

These structural and energetic considerations help ratio-
nalize the observed experimental results. HUSY and HCLI,
which have higher mesoporous volumes and favorable
exchange sites, provide enhanced diffusion pathways and more
accessible active sites. The observed preferential selectivity
toward Co®" likely arises from its less negative hydration
enthalpy and smaller hydrated radius, which together confer
a competitive advantage to Co®>" over Cu®" in accessing and
interacting with the zeolitic framework.

Conversely, HZSM5 exhibited no clear selectivity toward
metal ions. In our hypothesis, this is due to the specific struc-
tural features of the HZSM5 framework coupled with the unique
coordination chemistry of Cu®>". The narrow, three-dimensional
pore system and its poorly accessible BAS hinder both Cu** and
Co*" ions similarly. However, Cu>* exhibits distinctive coordi-
nation dynamics due to the Jahn-Teller effect.’®® In an aqueous
solution, its aqua complex fluctuates between octahedral,
square planar, and square pyramidal geometries.'*'** In this
scenario, the topological development and specific spatial
distribution of AI** atoms within the HZSM5 framework may
stabilize these geometrically distorted species,'® potentially
counterbalancing the intrinsic energetic disadvantage of Cu®*
with respect to Co®". Thus, although Co** is generally more
favorable for zeolitic interactions, the ability of HZSM5 to
accommodate multiple Cu®* geometries may explain the
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Scheme 2 Spatial distribution of A+ atoms within the crystallographic unit cells of the zeolites (A) HZSM5; (B) HUSY and (C) HCLI 5

absence of marked selectivity. This suggests that both steric
constraints and coordination flexibility play critical roles in
determining HZSM5 ion exchange behavior under the investi-
gated conditions.

Conclusions

Hierarchical porous architectures were obtained from a top-
down approach in alkaline media starting from microporous
zeolites with different topological frameworks (MFI, FAU and
natural HEU). The impact of the desilication treatment on the
different structures was carefully investigated by varying the pH
of the alkaline solutions from 8 to 13.3. In particular, FAU
framework revealed a great susceptibility to alkaline treatment
at the highest pH value (13.3). The enhancement of the specific
surface areas and mesopore formation in the hierarchical
zeolites was documented by volumetric analysis. The effect of
the desilication process on the amount, location and accessi-
bility of Brensted acid sites (BAS) in the hierarchical frame-
works was evaluated by the adsorption of basic probe molecules
with increasing kinetic diameters (NH3, 2,4,6-trimethylpyridine,
2,4,6-tri-tert-butylpyridine) monitored by FTIR spectroscopy.
The accessibility factor (AF), the number of BAS sites detected
by alkylpyridine adsorption divided by the total number of BAS
detected by NH; adsorption, increased in all the hierarchical
structures; however, the increase was more pronounced in the
case of the MFI framework. The increased accessibility of BAS
sites, the locus for cation exchange processes, observed in the
hierarchical structures, is responsible for the improved effi-
ciency of removing cations from metal-polluted aqueous solu-
tions. Uptake tests of Cu®** and Co*" cations from aqueous
solutions revealed that, among the hierarchical zeolites, ZSM5
(MFT) exhibited an improvement in metal uptake with respect to
its microporous counterpart. Nevertheless, natural clinoptilo-
lite (HEU), which showed the highest BAS amount upon desi-
lication, demonstrated the lowest Cu>" uptake efficiency due to
its 2D topological structure and low specific surface area. The
affinity and selectivity of the zeolite architectures toward Cu®>*
and Co>" cations were also evaluated by exposing the materials

20106 | RSC Adv, 2025, 15, 20092-20T110

to solutions containing both metal ions. These results indicate
that the interplay between the porosity evolution and the
enhanced accessibility of Brensted acid sites in the production
of hierarchical zeolites strongly affects the removal efficiency of
metal ions from aqueous solutions.

Experimental

Desilication process of the studied zeolites

Commercial NH,-ZSM5 (CBV 8014) and HUSY (CBV 780)
zeolites were obtained from Zeolyst International, both
featuring a SiO,/Al,0; ratio of 80. The natural clinoptilolite used
in this study was supplied by Energom (Mantova, Italy) with a Si/
Al ratio of 6.

The as-received zeolites were subjected to alkaline desilica-
tion treatments. Specifically, the starting materials were treated
with NaOH solutions of varying pH values (8, 9, and 13.3) at
a solid/liquid ratio of 22 g L™". The solutions were prepared
using ultrapure water following two different protocols: solu-
tions at pH 8 and 9 were adjusted to the target pH using a pH
meter, whereas the pH 13.3 solution corresponded to a 0.2 M
NaOH solution.

The alkaline treatment was conducted in a glass reactor at
65 °C. The zeolite samples were introduced into the preheated
basic solution and maintained under continuous stirring for 3
hours. Following treatment, the suspension was rapidly cooled
in an ice bath and thoroughly washed with deionized water
until a neutral pH (7) was reached. The resulting materials were
dried overnight at 60 °C. To convert the hierarchical materials
into acidic forms, an ion-exchange process was carried out
using an NH,NO; solution at 80 °C with a solid/liquid ratio of
6.7 g L. Subsequently, the materials underwent calcination in
air at 600 °C for 6 hours. To isolate the effect of alkaline treat-
ment, untreated commercial zeolite samples were subjected to
calcination and designated as HZSM-5-P and HUSY-P. For cli-
noptilolite, the parent sample (HCLI-P) was prepared via an ion-
exchange procedure with NH,NO; under the same conditions as
the hierarchical samples, followed by a calcination step.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FTIR characterization

FTIR measurements were performed on self-supporting pellets
prepared by compressing the zeolite powders using a mechan-
ical press at a pressure of 6 tons cm >, The pellets were then
placed in a suitable IR cell equipped with KBr windows,
permanently connected to a vacuum line (residual pressure =1
x 10~* mbar) to facilitate the analyses. All IR spectra were
recorded at room temperature (rt) and, before measurement,
the samples were pre-activated at 350 °C for 2 hours under
vacuum to eliminate any residual physisorbed water. To ensure
accurate comparisons among the samples, absorbance values
in the spectra were normalized to the density of each pellet.

Adsorption of the basic probe molecules monitored by FTIR
spectroscopy

FTIR spectroscopy measurements were conducted using basic
probe molecules on self-supporting pellets prepared following
the same procedure as those used for primary characterization.
The pellets were then placed in a suitable IR cell permanently
connected to a vacuum line (residual pressure =<1 x 10~ mbar)
to facilitate the analyses. All IR spectra were recorded at room
temperature (rt), and before both measurement and probe
molecule introduction, the samples were pre-activated at 350 °C
for 2 hours under vacuum to remove any residual physisorbed
water.

The procedure for probe molecule introduction, outgassing,
and spectral acquisition varied depending on the specific
adsorbed probe. As in previous analyses, absorbance values in
the spectra were normalized based on the density of each pellet
to ensure accurate comparisons among samples.

NH; adsorption

The probe was introduced to the sample at an initial pressure of
40 mbar, followed by the acquisition of FTIR spectra under
progressively increasing outgassing conditions until vacuum
was achieved. The outgassing procedure was carried out at
room temperature. Difference spectra were generated by sub-
tracting the initial vacuum spectrum of the sample from each
spectrum obtained during outgassing.

2,4,6-Trimethylpyridine (2,4,6-TMPy) adsorption

2,4,6-TMPy adsorption was conducted by exposing the samples
to the probe's vapor pressure (~2 mbar) for 30 minutes at room
temperature. Afterwards, desorption was carried out at room
temperature for 30 minutes to remove weakly interacting
species, followed by a second desorption step at 423 K for 1 hour
to isolate the contribution of irreversibly adsorbed TMPyH"
ions. Difference spectra were generated by subtracting the
initial vacuum spectrum of the sample from each spectrum
obtained during outgassing.

2,4,6-Tri-tert-butylpyridine (2,4,6-TTBPy) adsorption

The 2,4,6-TTBPy adsorption was carried out following the same
procedure described for 2,4,6-TMPy. However, due to the low
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vapor pressure of the probe (~0.02 mbar), the contact time was
extended from 30 minutes to 2 hours.

Cu”" solution (10 mM): 85.3 mg of copper(u) chloride dihy-
drate (CuCl,-2H,0, =99.0%; Merck KGaA) was dissolved in
50 mL of an aqueous HCI solution at pH = 4.5.

Co®" solution (10 mM): 64.9 mg of anhydrous cobalt(i)
chloride (CoCl,, =98.0%; Merck KGaA) was dissolved in 50 mL
of an aqueous HCI solution at pH = 4.5.

Uptake tests of Cu>* and Co”" ions from aqueous solutions

The experimental procedure was as follows: 60 mg of each
zeolitic material was introduced into a glass vial, followed by the
addition of 4 mL of a 10 mM aqueous stock solution of Cu>* or
Co”" ions at pH 4.5. Uptake tests were performed under stirring
at room temperature for 24 hours. The suspension was also
transferred to a Falcon tube for centrifugation to separate the
powder from the metal solution. The supernatant was then
removed and filtered through a 0.40 pm cellulose acetate filter
to eliminate any residual particles that could affect UV-vis
analysis. At this stage, the solution was ready for measure-
ment using the UV-vis spectroscopy technique. For each
analyzed sample, two distinct aliquots of the material were
taken and subjected to uptake tests. Each aliquot was then
analyzed in triplicate.

Calibration curves were constructed using two single-
element standard solutions for the target metal ions: the
Cobalt Standard for AAS TraceCERT (Fluka) and the Copper
Standard for AAS TraceCERT (Fluka), both at a known concen-
tration of 1000 ppm. Calibration measurements were per-
formed using five solutions prepared by serial dilution of the
standard solution, at the following concentrations: 1000, 800,
600, 400, and 200 ppm. Each solution was then analyzed in
triplicate.

Selectivity tests of Cu®>* and Co>* ions uptake from aqueous
solutions

Selectivity tests were conducted using the same experimental
conditions previously described for the uptake experiments of
single metal ions in solution (60 mg of sample in contact with
4 mL of solution, 298 K, pH = 4.5). In this case, a stock solution
containing both metal ions at an initial concentration of 10 mM
each was used. The residual concentrations of metal ions in the
solution were determined using the Lambert-Beer equation
(eqn (2)). The absorbance values at the absorption maxima of
the respective species (809 nm for Cu®" and 512 nm for Co™",
Fig. 8) were used. The corresponding molar extinction coeffi-
cients (¢) were obtained from the previously established cali-
bration curves. As illustrated in Fig. 8, the two metal ions exhibit
distinct absorption peaks in different regions of the UV-vis
spectrum, with the absorbance values at these maxima
remaining unaffected by the presence of the other UV-vis active
species. The amount of each metal ion captured by the analyzed
samples was calculated by subtracting the residual concentra-
tion from the initial concentration of the stock solution (10 mM
for each metal ion). For each sample, two separate aliquots were
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collected and subjected to uptake tests, with each aliquot
analyzed in triplicate.

Instrumentation and operating conditions

- X-ray powder diffractograms (XRPD) were collected on powder
samples on a Bruker D8 Advance powder diffractometer
(Karlsruhe, Germany), operating in Bragg-Brentano geometry,
with a Cu anode target equipped with a Ni filter (used as an X-
ray source) and with a Linxeye XE-T high-resolution position-
sensitive detector. Trio and twin/twin optics are equipped on
the DaVinci design modular XRD system. The X-ray tube of the
instrument operates with Cu-K,; monochromatic radiation (A =
1.54062 A), with the current intensity and operative electric
potential difference set to 40 mA and 40 kv, respectively, and
with automatic variable primary divergent slits and primary
Soller slits of 2.5°. The X-ray profiles were recorded at room
temperature in the 2°-80° 26 range with a coupled 26-6 method,
continuous PSD fast scan mode, time per step (rate or scan
speed) of 0.100 s per step, and 26 step size (or increment) of
0.02°, with automatic synchronization of the air scatter (or anti-
scatter) knife and slits and with a fixed illumination sample set
at 17 mm. Following XRD analysis, the relative crystallinity
index of the zeolitic samples was determined from the sum of
the intensities of the principal crystallographic reflection of
each zeolite, using the sample with the highest value as
a reference. The characteristic peaks used for the different
zeolites are: (i) 23°, 23.2°, 23.7°, 23.9° and 24.4° for the HZSM5
zeolite;™® (ii) 15.9°, 19°, 20.7°, 24°, 27.5°, 31.9° e 34.7° for the
HUSY samples;'*” and (iii) 9.88°, 11.2°, 13.1°, 17.3°, 22.5°, 27.9°
e 30.2° for the HCLI zeolites.*

- Nitrogen N, physisorption measurements were conducted
at the N, cryogenic temperature (77 K) under relative pressure
from 1 x 10~ ° to 1.0 P/P, using a Quantachrome Autosorb 1 MP/
TCD instrument (Florida, USA). Before the analysis, the samples
were thermally treated under the following conditions: 353 K for
30 min, 423 K for 3 h, 523 K for 3 h, and then treated in vacuum
for 6 h (residual pressure lower than 10~° Torr). Specific surface
areas (SSAs) were determined using the Brunauer-Emmett-
Teller (BET) equation within the relative pressure range of 0.01-
0.1 P/P,. Pore-size distributions were obtained by applying the
non-localized density functional theory (NLDFT) method (N,
silica kernel based on a cylindrical pore model applied to the
desorption branch).

- SEM images were acquired on a GeminiSEM 360 scanning
electron microscope (Zeiss, Oberkochen, Germany) equipped
with a Schottky-type field effect emitter as the electron source.
Before the analysis, to prevent the insulating particles from
becoming electronically charged under the electron beam,
a conductive coating of platinum (30 nm) was deposited on the
samples by chemical vapor deposition (CVD) using the Desk
Sputter Coater DSCT1-F (Vac Coat, Golders Green, London, UK.)

- Infrared spectra were collected using a Thermo Electron
Corporation FT Nicolet 5700 spectrometer (Waltham, MA, USA)
operating in the 4000-400 cm ™" range with a 4 cm ™" resolution.

- Thermogravimetric analyses were performed using the
Setaram SETSYS evolution thermobalance. The data were
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collected in the range of 30-800 °C with a scan rate of 5 °
C min~" under argon flow (20 mL min™").

- UV-vis-NIR spectra were recorded at room temperature in
the range 340-900 nm with a resolution of 1 nm using a double-
beam PerkinElmer Lambda 900 spectrophotometer.
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