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Abstract: In this study, we assessed the quantity, strength, and acidity of zeolite composites compris-
ing Silicalite-1 grown on ZSM-5 crystals using a combination of infrared (IR) and solid-state nuclear
magnetic resonance (NMR) spectroscopy. The composites were created through the direct growth of
Silicalite-1 crystals on ZSM-5 (P_ZSM-5), either with or without the organic structure-directing agent
(OSDA) introduced into the ZSM-5 channels (samples: H_ZSM-5_Sil1 and TPA_ZSM-5_Sil1). The
results revealed that Silicalite-1 grew differently when the ZSM-5 core was in the H+ form (empty
pores) compared to when the OSDA was still present in the sample. This distinction was evident in
the textural properties, with a decrease in the micropore surface area and an increase in the external
surface area in the H_ZSM-5_Sil1 compared to the parent sample. The TPA_ZSM-5_Sil1 composite
exhibited characteristics similar to the parent zeolite. These findings were further supported by
29Si NMR, which revealed a comparable local order for the parent (P_ZSM-5) and TPA_ZSM-5_Sil1
samples, along with a broadening of the Q4 peak for the H_ZSM-5_Sil1 composite. Additionally,
the acid sites were preserved in the TPA_ZSM-5_Sil1 composite, while in the H+-form core, the
concentration of Brønsted acid sites significantly decreased. This reduction in isolated Brønsted acid
sites was further corroborated by 1H NMR.

Keywords: acidity; Brønsted acid site; infrared spectroscopy; NMR spectroscopy; zeolite

1. Introduction

Hydrophobicity and acidity play a determining role on the properties and lifetime
of zeolites used either as catalysts or adsorbents in the chemical industry [1]. These fea-
tures are controlled by the number and location of heteroatoms (e.g., aluminum) in the
zeolite framework. The location of these sites and their distribution on specific tetrahe-
dral sites are also crucial in determining the selectivity and activity of the materials [2].
Several spectroscopic methods involving nuclear magnetic resonance (NMR) [3,4], Fourier
transform infrared (FTIR) spectroscopy [5] and UV/Vis spectroscopy [6], or theoretical
calculations [7] have been used to study the distribution of Al in zeolites, a continuously
challenging task nowadays. On another scale, the distribution of active sites either on
the surface or in the porosity plays a major role in the application of zeolites. It is then
of outmost importance to investigate the differences and distribution of potential active
sites and defects between the external surface and the pores of zeolites known for their
shape selectivity [8]. This is one of the reasons behind the development of hierarchical
porous materials, aiming to reduce diffusion limitations and control the accessibility of
acid sites [9,10]. These objectives are also reached through the preparation of composite
materials aiming to combine the porosities of two zeolites or to passivate the surface of a
zeolite to enhance their catalytic performances by eliminating surface reactions favoring
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the shape selectivity within micropores. Several post-synthetic approaches have been de-
veloped to prepare composite materials with variable surface and bulk properties [11–13].
However, surface passivation was shown to induce the blockage of pore mouths, which
resulted in reduced catalyst activity. An alternative approach involves the growth of a
‘shell’ on ‘core’ crystallites generating structures wherein the core and shell are of distinct
compositions or crystalline structures [14]. Other approaches for composite materials
combining zeolites and mesoporous materials aiming to connect different porous networks
(i.e., micropores and mesopores) with enhanced stability and diffusion properties were
developed [15,16]. Several works targeting the zeolitization of mesoporous supports by the
partial conversion of their walls into a zeolite deposit using hydrothermal approaches have
also been reported [17]. In the materials obtained, access to the porosity and preservation
of the acidity are still questionable and require further improvement. In this work, we
report on the synthesis of composites following two pathways. In the first, the growth of
Silicalite-1 on ZSM-5 was conducted after calcination (without OSDA) while in the second,
the as synthesized ZSM-5 (containing the OSDA) was subjected to Silicalite-1 growth prior
to calcination. The acidity and defect sites of the composites were evaluated by combining
FTIR and NMR spectroscopy.

2. Results and Discussion
2.1. Textural Properties of Composites

Two Silicalite-1/ZSM-5 composite samples (TPA_ZSM-5_Sil1 and H_ ZSM-5_Sil1)
were prepared from the parent sample ZSM-5 and named P_ZSM-5, according to the
procedure described in the Materials and Methods section. The XRD patterns of these
samples (Figure S1) confirmed the purity of the crystalline MFI phase; only the characteristic
peaks of the MFI type structure were detected for all samples. Moreover, no evident peaks
related to amorphous silica were identified. In addition, from the Bragg peaks in the range
23–25 2 Theta degree, it is evident that the orthorhombic phase of ZSM-5 was obtained. The
Si/Al ratios and the textural properties of the samples determined by N2 physisorption
measurements are summarized in Table 1.

Table 1. Textural properties of the parent and composite samples.

Sample Si/Al 1

(mol/mol)
SBET

2

(m2/g)
Smicro

3

(m2/g)
Sext

4

(m2/g)

P_ZSM-5 28 384 255 130
H_ZSM-5_Sil1 30 393 229 164

TPA_ZSM-
5_Sil1 32 384 264 121

1 Calculated by the atomic adsorption technique. 2 Calculated by the multipoint BET method in the Rouquerol
p/p0 range. 3 Calculated by the t-plot method. 4 Calculated at p/p0 0.95.

The increase in the Si/Al ratio for the TPA_ZSM-5_Sil1 and H_ZSM-5_Sil1 composites
confirmed the successful deposition of Silicalite-1 on the ZSM-5 core samples. Comparing
the composites with the parent ZSM-5 zeolite, rises of 10 and 15% in the Si content were
observed for the H_ZSM-5_Sil1 and TPA_ZSM-5_Sil1 composites, respectively. Further-
more, although the TPA_ZSM-5_Sil1 sample exhibited a higher Si/Al ratio than the starting
zeolite, its total acidity was not substantially lower. SEM micrographs of the samples are
presented in Figure 1. The results suggest that the presence of OSDA in the ZSM-5 core
sample (TPA_SM-5_Sil1) promoted the growth of Silicalite-1; the ultimate crystal mor-
phology of the parent sample was preserved. In addition, EDX measurements (Figure 1d)
performed at different electron beam voltages (namely 5 kV, 10 kV, and 15 kV) showed a
decrease in the Si/Al ratio when the beam penetration increased from 10 kV to 15 kV. In
addition, sample TPA_ZSM-5_Sil1 exhibited a higher Si/Al ratio than that of H_ZSM-5_Sil1.
Therefore, the ZSM-5 zeolite core containing OSDA promoted the homogeneous growth
of Silicallite-1.
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Figure 1. SEM images of samples (a) P_ZSM-5; (b) H_ZSM-5_Sil1; (c) TPA_ZSM-5_Sil1, and (d) Si/Al
ratio of the samples measured by EDX at different electron beam voltages.

No significant difference in the specific surface area for the three samples was mea-
sured, while some changes in the micropore volume and external surface area were found.
The TPA_ZSM-5_Sil1 composite exhibited a slight increase in the micropore area and the
micropore volume, while the H_ZSM-5_Sil1 composite showed the opposite behavior,
where a 10% lower micropore area was measured. The changes of the external surface
area followed a different trend: about a 26% higher external surface area for the H_ZSM-
5_Sil1 composite compared to the parent zeolite was measured, while the TPA_ZSM-5_Sil1
was similar to the parent P_ZSM-5 sample. The decrease in the micropore area for the
H_ZSM-5_Sil1 sample may have been due to the deposition of Silicalite-1 crystals at the
mouth of the empty micropores of the starting acidic zeolite core. The increase in the
external surface area implies a disordered growth of Silicalite-1 over the parent zeolite
surface. However, the presence of the organic template in the core of the TPA_ZSM-5_Sil1
composite stimulated the growth of ordered Silicalite-1 crystals on the surface, leading to a
higher micropore area.

2.2. FTIR Characterization of Composites

The FTIR spectra of samples in the region of the νO−H vibrations are depicted in
Figure 2. The different absorbance values of the νO−H bands vary depending on the
relative abundance of each functional group. The bands corresponding to the hydroxyl
stretching modes in the range of 3750–3735 cm−1 indicate the presence of isolated (free)
SiOH groups [18–22]. These peaks correspond to two different types of isolated (free) SiOH
groups that are not involved in hydrogen bonding: the absorption band at 3745 cm−1 is
usually ascribed to isolated silanols located on external surface of the crystals, while the
band at 3740 cm−1 (Figure 2, Scheme S1a) is assigned to the stretching of the hydroxyl
groups located inside the zeolite channels [7,23]. The adjacent silanols interact with each
other via hydrogen bonding and are associated with broad bands at a low frequency due to
the H-bonding donor character in the range of 3650–3500 cm−1 [20], while the bands located
in the range of 3730–3700 cm−1 are related to the H-bonding acceptors, and these species
are considered as weak Brønsted acid sites (BAS). In all of the spectra, an intense band at
3610 cm−1 was observed, which was assigned to the bridged hydroxyl groups (AlOHSi)
that corresponded to the strong Brønsted sites (Scheme S1b), while the extra framework
Al−OH species were observed at ca. 3680−3660 cm−1 (Scheme S1c). An overlapping of
bands due to both the extra framework Al−OH and weakly interacting vicinal OH groups
was expected [24].
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The broad bands in the region of 3580–3100 cm−1 were attributed to the bridged
Si−O(H)−Al and silanol Si−OH groups perturbed by a strong H-bonding. No big dif-
ference in the Si−O(H)−Al sites was found for the three samples, but the three samples
differed substantially in the silanol region. Both composites H_ZSM-5_Sil1 and TPA_ZSM-
5_Sil1 exhibited higher absorption in the 3850–3100 cm−1 region than the parent sample
P_ZSM-5. In addition, in the absorption region of 3730–3700 cm−1, the TPA_ZSM-5_Sil1
composite showed a greater absorption. Instead, the H_ZSM-5_Sil1 composite showed
a higher absorption in the region of 3680–3660 cm−1. This difference in absorption can
be related either to the contribution of the extra framework aluminum or to a significant
amount of weakly interacting silanols.

2.3. NMR Study of Composites

The 29Si NMR spectra of the three samples are depicted in Figure 3a. The parent
sample P_ZSM-5 and the TPA_ZSM-5_Sil1 composite kept a similar overall local order
while a slight broadening in the Q4(0Al) region (below −110 ppm) was observed for the
H_ZSM-5_Sil1 composite (Figure 3a). The Q4(1Al) sites (−105 ppm) were assigned to Si-O-
Al linkages [25]. The 27Al NMR spectra showed the same trend (Figure 3b): a broadening
in the peak corresponding to tetrahedral Al sites was observed for the H_ZSM-5_Sil1
composite, while both the P_ZSM-5 and TPA_ZSM-5_Sil1 samples presented a similar
trend; a small amount of extra-framework Al was present in all samples [3]. To further
understand the local order, high resolution 1H NMR spectra were acquired and are shown
in Figure 3c. The intensity of the peak at 3.7 ppm, assigned to isolated BAS, decreased by
40% for the H_ZSM-5_Sil1 composite compared to the P_ZSM-5 parent sample, while it only
decreased by 4% for the TPA_ZSM-5_Sil1 composite. In addition, broad bands appeared
at high chemical shifts above 5.8 ppm in the spectrum of sample TPA_ZSM-5_Sil1, which
were assigned to H bonded silanols/BAS [26,27].
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Figure 3. (a) 29Si NMR spectra, blue lines correspond to Q4 sites, red lines correspond to Q3 sites,
(b) 27Al NMR spectra, (c) 1H NMR spectra, blue lines correspond to isolated and weakly H-bonded
silanols, green lines correspond to isolated BAS while orange lines correspond to strongly H-bonded
silanols and BAS, grey lines are due to 1.9 mm rotor caps. All samples were pretreated at 623 K under
high vacuum (10−6 kPa) and the rotors were closed in a glove box under Ar before the acquisition
of the spectra. The intensity of the rotor signal (slightly shifting due to differences in magnetic
susceptibilities of the samples) was kept constant during the fitting procedure for all samples as in
reference [3].
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2.4. Evaluation of Acidity of Composites

The basic probe pyridine (Py) was used to evaluate the acid sites of the composites
in comparison to the parent sample (Figure S2). The interaction of Py with both BAS and
Lewis acid sites (LAS) in protonated (i.e., pyridinium ion (PyH+) and neutral (Py)) forms,
were consecutively evaluated [28–30]. The Py bonded to the aprotic sites (PyL) showed
the characteristic 19b and 8a stretching bands at 1455 cm−1 and 1625 cm−1, respectively,
according to the nomenclature of Kline and Turkevich [31]. In the case of pyridinium ions
(PyH+), typical modes 19b and 8a at about 1545 cm−1 and 1635 cm−1 were observed [32].
The integrated area of the 8a and 19b bands increased with the increase in the Py adsorbed
on the samples (Figure S2a–c), which corresponded to a concomitant decrease in the OH
stretching bands. Starting from the first addition of Py (about 0.2 µmol), all bands decreased,
showing that Py did not selectively interact with specific OH groups. Then, the adsorbed
Py was removed, first under vacuum treatment at room temperature, and subsequently
by heating the samples at 150 ◦C in vacuum conditions (10−6 torr) in order to remove the
weakly interacting molecules such as physiosorbed and H-bonded Py. The amount of Py
was calculated using the integrated area of the bands and subsequently related to the molar
absorption coefficients (Table 2) [33,34].

Table 2. Acidity of samples measured by the adsorption of Py and 2,6-di-tert-butylpyridine (dTBPy)
probe molecules followed by FTIR spectroscopy.

Sample

Acid Sites Silanols External Acidity
(dTBPy)

BAS LAS Isolated Silanols
(3745–3740 cm−1)

Weak BAS
(Normalized

Area) 6

[–]

dTBPyH+ 7

[µmol/g]

Accessibility
Factor

(PyH+/dTBPyH+)
PyH+ 1

[µmol/g]

Isolated 2

Si−O(H)−Al
[µmol/g]

PyL 3

[µmol/g]
Activated 4

[µmol/g]
Py (25 ◦C)
5 [µmol/g]

P_ZSM-5 382 ± 5 330 87 ± 3 251 94 1.63 9 0.02
H_ZSM-5_Sil1 312 ± 3 222 71 ± 5 184 59 1.3 13 0.04

TPA_ZSM-5_Sil1 422 ± 4 353 68 ± 5 182 52 3.06 13 0.03

1 Calculated using the IMEC of 1.09 for BAS calculated on ZSM5 (Si-Al = 27–40) of the peak of the Py adsorbed on
BAS at 1545 cm−1 of the spectra acquired at 150 ◦C [23]; the standard deviation was calculated from the average
of measurements performed in three independent replica. 2 Calculated using the IMEC of 3.06 for BAS calculated
on ZSM5 of the peak of the hydroxyl stretching of the isolated Si−O(H)−Al at 3612 cm−1 of the spectra acquired
after the activation of the sample [34]. 3 Calculated using the IMEC of 2.22 of the peak of the Py adsorbed on
LAS at 1455 cm−1 of the spectra acquired at 150 ◦C [20]; the standard deviation was calculated from the average
of measurements performed in three independent replica [33]. 4 Calculated using the IMEC of 1.5 for isolated
silanols calculated on ZSM5 of the region of the hydroxyl stretching of the isolated Si−OH at 3745–3740 cm−1 of
the spectra acquired after the activation of the sample [20]. 5 Calculated using the IMEC of 1.5 for isolated silanols
calculated on ZSM5 of the region of the hydroxyl stretching of the isolated Si−OH at 3745–3740 cm−1 [26] of the
spectra resulting from the subtraction of the one acquired after the adsorption of Py (saturation and evacuation at
10−6 torr) and the activated one. 6 Area of the Gaussian function normalized by the weight of the wafer of the
peak at 3730 cm−1 of the spectra resulting from the subtraction of the one acquired after the adsorption of Py
(saturation and evacuation at 10−6 torr) and the activated one. 7 Calculated using the IMEC of 5.3 for dTBPyH+ at
1615 cm−1 of the spectra acquired at 150 ◦C and evacuated (10−6 torr) at the same temperature [35].

The linear relationship between absorbance (peak area) and the molar amounts of
Py for the three samples was similar to those reported earlier [36]. This may suggest no
diffusivity problem in the samples, and consequently, no problem of blocking of the pores,
as already demonstrated by the N2 adsorption analyses. A slight increase in the amount
of BAS for the TPA_ZSM-5_Sil1 composite and a 21% decrease with respect to that of
the H_ZSM-5_Sil1 composite were observed, while no significant variation of LAS was
measured. This suggests that the crystallization of Silicalite-1 did not lead to an increase
in the extra framework Al and that the increase in the peak at 3660 cm−1 for the H_ZSM-
5_Sil1 composite was due to the increase in some silanol interactions. Furthermore, to
evaluate any differences in terms of strength of the acid sites, a desorption study of Py
was performed at controlled temperatures and pressures (150–350 ◦C, 10−6 torr). The fast
decrease in the area of the bands at 1597 and 1446 cm−1 due to H-bonded Py was observed
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(Figure 4), while pyridinium tended to be quite stable even at high temperatures. The
zones corresponding to the absorption of the PyH+ cation measured at 300 ◦C varied only
by 22.3, 21.4, and 17.5% for the samples P_ZSM-5, H_ZSM-5_Sil1, and TPA_ZSM-5_Sil1,
respectively, compared to the values measured at 150 ◦C.
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2.5. Study of Silanol Interactions

To verify the co-crystallization of Silicalite-1 on the MFI sample, the evaluation of
silanols in the three samples was performed by combining the FTIR and NMR analyses.
Additional characterization of the composites consisting of Silicalite-1 grown on ZSM-5 was
provided by the semi-quantitative evaluation of the contribution of the free silanols and the
silanols interacting via H-bonds. To identify the contribution of these silanols, a peak-fitting
of the hydroxyl region was performed. The spectra were obtained by subtracting the one
recorded after activation (initial spectra) from the ones recorded at the adsorption of Py at
25 ◦C. In this case, the area of the bands was proportional to the number of hydroxyls sites
occupied by Py at 25 ◦C (Figure 5).

Aside from the presence of Brønsted and Lewis sites in the samples, the silanols
present were sufficiently acidic and may interact with the basic probe at room temperature.
Among these silanol species, the free silanols were similar for the three samples, while the
contribution of the terminal H-bonded species responsible of the band at 3727 cm−1 seemed
to be different (Table 2 and Figure 6). This contribution is related to the weak BAS, and in
the TPA_ZSM-5_Sil1 composite, they were more than two times higher than in the parent
P_ZSM-5 sample, and three times more than in the H_ZSM-5_Sil1 composite. Further
deconvoluting the peak at 3660 cm−1 for the H_ZSM-5_Sil1 composite clearly showed that
there was an overlap of two or more functions (Figure 6b). There was a contribution from
the presence of extra framework aluminum, but also a second band located at 3651 cm−1,
which was tentatively attributed to H-bond donors in the vicinal position. This band was
completely absent in both the P_ZSM-5 and in the TPA_ZSM-5_Sil1 samples.
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Figure 5. Deconvolution of the FTIR spectra on the OH bands (3800–3500 cm−1) of the sample
spectra of samples P_ZSM-5 (a), H_ZSM-5_Sil1 (b), and TPA_ZSM-5_Sil1 (c). Spectra represent
the differences of the area of the spectra acquired after the adsorption of Py (25 ◦C, 10−6 torr) and
the one acquired after the activation procedure (10−6 torr at 450 ◦C for 2 h). Inset: Spectra in the
region of 1500–4000 cm−1. * The asterisk wants to emphasize the absence of the gaussian function of
vicinal silanols (3646 cm−1) present in the H_ZSM-5_Sil1 (b) sample and not present in the P_ZSM-5
(a) sample, nor in the TPA_ZSM-5_Sil1 (c) sample.
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The results suggest that in both cases, Silicalite-1 crystallized on the parent zeolite
core (P_ZSM-5) either in the as-made or acid form. The chemical compatibility of the
parent crystals (P_ZSM-5) and that of Silicalite-1 allowed the crystallization in both sam-
ples; a rapid outer Silicalite-1 growth around the zeolite ZSM-5 core was achieved [37].
Furthermore, the dTBPy adsorption data (Table 2 and Figure S3) did not reveal substantial
changes in terms of accessibility of the acidic sites of sample H_ZSM5_Sil1. However, it
cannot be excluded that the applied hydrothermal treatment during the crystallization of
Silicalite-1 did not cause any dissolution of the core ZSM-5 crystals [38]. More specifically,
sample H_ZSM-5_Sil1 showed a decrease in Brønsted and Lewis sites of 32% and a 21%,
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respectively, and the formation of silanol nests (3646 cm−1). This was probably due to
a partial dealumination of the H_ZSM-5_Sil1 sample along the hydrothermal treatment.
The removal of Al from the framework might favor the formation of silanol nests. Once
these silanol nests (vacancies) are formed, Silicalite-1 tends to “heal” them, following the
mechanism proposed by Yoshioka et al. [39]. In addition, the formation of H-bond-acceptor
silanols due to the interactions attributed to the vicinal silanols did not lead to a drastic
change in the concentration of the isolated silanols. This effect can be explained by the
presence of open pore mouths (the core is in acid form), leading to the growth of Silicalite-1
in a more misaligned manner with respect to the ZSM-5 core, thus affecting the silanol
amount and configuration (sample H_ZSM-5_Sil1, Figure 7). This hypothesis is supported
by the porosimetry data, in other words, the Silicalite-1 crystals grew in a more disordered
manner on the parent zeolite, leading to an increase in the external surface of about 26%
and a decrease in the micropore area compared to the parent sample P_ZSM-5.
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Figure 7. Schematic representation of the growth of Silicalite-1 on the parent P_ZSM-5 resulting in
the formation of the composite with a lower amount of silanol defect sites.

Regarding the case study of the TPA_ZSM-5_Sil1 sample, the second crystallization
step did not lead to substantial changes, leading to a more ordered structure consisting of
Silicalite-1 deposited on the surface of the acid catalyst (ZSM-5) with a higher micropore
area. In agreement with the NMR and FTIR data, the hydrothermal treatment in this
sample did not lead to a change in the total concentration of the acidic sites, but mainly
to the formation of a new species of silanol/BAS identified at 5.8 ppm in the 1H NMR
spectrum and at a band of 3727 cm−1 in the FTIR spectrum, which can be considered as
weak Brønsted sites, as already reported by Tarach et al. [40]. The difference in terms of the
concentration of BAS and LAS according to the NMR and FTIR was further demonstrated
by the formation of weak BAS. According to the 1H NMR results, the concentration of BAS
remained almost unchanged, while in the FTIR spectrum, a lowering of the Lewis sites and
a slight increasing of the Brønsted sites could be seen. This was observed by Trombetta
et al. [41] and by Hensen et al. [42], and is related to the formation of sites consisting
of silanol groups that can interact with strong Lewis acid sites, thus forming a bridging
hydroxyl group in the presence of a base (Scheme S2). The slight numerical discrepancy
in the calculation (469 ± 8 µmol/g for the parent sample versus 490 ± 9 µmol/g for the
TPA_ZSM-5_Sil1 sample) is likely due to the fact that these sites, with a slightly more
distorted geometry, may have a different extinction coefficient compared to classical BAS.
In summary, in the H_ZSM-5_Sil1 composite, a less controlled silanol healing by the grown
Silicalite-1 was observed, while in the TPA_ZSM-5_Sil1 composite, the Silicalite-1 growth
was governed by the organic template present in the core, leading to more pronounce
healing of the silanols.
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3. Materials and Methods
3.1. Materials

Two Silicalite-1/ZSM-5 composite samples (TPA_ZSM-5_Sil1 and H_ ZSM-5_Sil1)
were prepared from the parent sample (ZSM-5, sample named P_ZSM-5), according to the
modified procedure described in the literature [18]. Sample P_ZSM-5 was synthesized using
the following precursor gel composition: 1 SiO2–0.02 Al2O3–0.08 Na2O–0.08 TPABr–20 H2O.
The precursor gel was prepared under stirring of tetrapropylammonium cations (TPA) as
OSDA, sodium hydroxide (NaOH), aluminum hydroxide (Al(OH)3), ultrapure water, and a
silica gel precipitated as a source of silica for 2 h at room temperature. After crystallization
at 170 ◦C for 4 days, the as-synthesized parent zeolite was used for the preparation of
sample TPA_ZSM-5_Sil1 following the procedure described elsewhere [17,18]. In addition,
the parent sample was calcined at 550 ◦C for 6 h in a tubular oven, then ion exchanged
twice with a 1 M solution of NH4Cl at 80 ◦C for 2 h, followed by a second calcination at
500 ◦C (6 h) and used for the preparation of sample H_ ZSM-5_Sil1. Silicalite-1 was
synthesized using a precursor mixture with the following molar composition: 2SiO2–
0.5TPAOH–8EtOH–120H2O. The crystallization of Silicalite-1 on the ZSM-5 samples was
carried out under hydrothermal conditions at 180 ◦C for 24 h. The synthesis procedure
for Silicalite-1 was repeated twice, and the obtained TPA_ZSM-5_Sil1 and H_ZSM-5_Sil1
composites were then calcined in air at 550 ◦C for 8 h with a heating rate of 2 ◦C/min.

3.2. Characterization
3.2.1. Textural Analysis

The crystalline structure of the samples was characterized by X-ray powder diffraction
using a Miniflex600 (Rigaku, Tokyo, Japan) with a scanning rate of 0.05◦/min in the range
5–50◦ 2theta. The adsorption/desorption isotherms of N2 at −196 ◦C were recorded by
ASAP2020 Micromeritics; the BET surface area, micropore area, and pore volume of the
samples were determined. Atomic absorption analysis of the samples was performed by AA
700 (Analytik Jena GmbH, Jena, Germany). Scanning electron microscopy (SEM) combined
with EDX analysis of the samples was performed using a Phenom Pro G6 microscope.

3.2.2. FTIR Analysis

We recorded the FTIR spectra in the mid-IR region (4000–400 cm−1) with a Nicolet
Nexus FTIR spectrometer at a 4 cm−1 optical resolution and 64 scans. The samples were
pressed into self-supported disks with a radius of 1.6 cm and a weight of about 20 mg.
The disks were outgassed under a vacuum of 10−6 torr at 450 ◦C for 2 h (heating rate of
5 ◦C/min). The amount of the adsorbed gases was controlled by two pressure transducers,
measuring the pressure of the entire line and the gas aliquots in the calibrated volume
before admitting it into the cell. The temperature of the sample was monitored during
the treatment using a thermocouple inserted into the heater compartment of the cell. Py
was used as a basic probe molecule; the concentration of BAS and LAS was estimated
by integrating the area of peaks at 1545 cm−1 and 1455 cm−1, respectively. The probe
molecule was adsorbed at room temperature on the activated samples. After the saturation
of samples with Py, the excess was subsequently removed by evacuating the samples
under vacuum at 10−6 torr for 30 min to remove the physiosorbed molecules [30,31]. A
spectrum was acquired between 150 and 350 ◦C at every 50 ◦C to estimate the strength
of the acid sites. Based on the model proposed by Gabrienko et al. [20] on the ZSM-5
zeolite, the deconvolution of the FTIR spectra in the hydroxyl region was performed using
a “Peakfit”. In addition, to evaluate the external acidity of the samples, an excess of dTBPy
probe molecules was adsorbed at 150 ◦C, and then the physisorbed dTBPy molecules were
subsequently removed under vacuum (10−6 torr) at the same temperature.

3.2.3. NMR Analysis

Solid-state NMR spectra were acquired on a 500 MHz (11.7 Tesla) Avance III HD
spectrometer using a 4.0 mm OD probe head for the 29Si and 27Al NMR spectra, and
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a 1.9 mm OD probe head for the 1H NMR spectra. The 4.0 mm rotors were spun at
12 kHz, while the 1.9 mm rotors were spun at 40 kHz. One pulse experiment was used for
every nucleus, the flip angles were π/3, π/6, π/2 with radiofrequency powers of ~38, 33,
114 kHz, recycle delays of 20, 1, 10 s for 29Si, 27Al, and 1H spectra, respectively. The 29Si,
27Al, and 1H spectra were recorded for 256, 1024, 64 scans, respectively.

4. Conclusions

Zeolite composites consisting of Silicalite-1 grown on the ZSM-5 zeolite crystals with
and without an organic template were characterized by FTIR and NMR spectroscopy. The
concentration and strength of the acid sites were evaluated by FTIR using pyridine as
the probe molecule. Differences in terms of both the free silanols and H-bonded silanols
were found for the composites. The quantity of Brønsted sites for the H_ZSM-5_Sil1
composite decreased compared to the parent P_ZSM-5 sample, while for the TPA_ZSM-
5_Sil1 composite, the number of Brønsted sites increased slightly as a function of an increase
in the H-bonded silanol acceptor sites. This was due to the different contribution of the
isolated silanols, which turned out to be decidedly changed with a number of isolated
silanols (3740 cm−1) capable of adsorbing Py at 25 ◦C, which appeared to be about 3 times
higher than in the parent sample (P_ZSM-5). When the organic template was absent from
the channels of the parent zeolite (ZSM-5), the silicalite-1 grew unevenly, leading to a
reduction in Brønsted acid sites of the composite. Conversely, when the organic template
was present within the channels of the ZSM-5, it helped maintain the framework structure,
promoting a more uniform growth of Silicalite-1. Achieving a consistent Silicalite-1 coating
on the surface resulted in samples with a hydrophobic surface that retained the ZSM-5
acidic properties. The absence of acid sites on the surface of the composite is expected
to enhance the catalytic performance of the passivated catalysts by eliminating surface
reactions that could otherwise affect selectivity within the micropores.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules29184450/s1, Figure S1: XRD patterns of the
samples P_ZSM-5, H_ZSM-5_Sil1, and TPA_ZSM-5_Sil1; Scheme S1: Schematic representation of
(a) free silanols and different possible structures of the interaction of silanols, (b) bridged hydroxyl
groups (AlOHSi), and (c) possible structure of extra-framework aluminum; Figure S2: Absorption of
Py on samples P_ZSM-5 (a), H_ZSM-5_Sil1 (c), and TPA_ZSM-5_Sil1 (e) performed at different dosing.
Desorption profile of Py for samples P_ZSM-5 (b), H_ZSM-5_Sil1 (d), and TPA_ZSM-5_Sil1 (f) in the
range of 1700–1350 cm−1. Equilibrium pressure = 2.022 torr.; Figure S3. Comparison between the
normalized FT-IR spectra of the peak at 1615 cm−1 related to dTBPyH+ (a). FT-IR spectra subtraction
between the spectra of the dTBPyH+ at 150 ◦C and the activated spectra for the samples P_ZSM-5 (b),
H_ZSM-5_Sil1 (c) and TPA_ZSM-5_Sil1 (d); Scheme S2. Formation of a bridging hydroxyl group in
the presence of pyridine.
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6. Dědeček, J.; Kaucký, D.; Wichterlová, B.; Gonsiorová, O. Co2+ ions as probes of Al distribution in the framework of zeolites.
ZSM-5 study. PCCP 2002, 21, 5406–5413. [CrossRef]

7. Treps, L.; Demaret, C.; Wisser, D.; Harbuzaru, B.; Methivier, A.; Guillon, E.; Benedis, V.D.; Gomez, A.; de Bruin, T.; Rivallan, M.;
et al. Spectroscopic expression of the external surface sites of H-ZSM-5. J. Phys. Chem. C 2021, 125, 2163–2181. [CrossRef]

8. Le, T.T.; Chawla, A.S.; Rimer, J.D. Impact of acid site speciation and spatial gradients on zeolite catalysis. J. Catal. 2020, 391, 56–68.
[CrossRef]

9. Valtchev, V.; Mintova, S. Hierarchical zeolites. MRS Bull. 2016, 41, 689–693. [CrossRef]
10. Aloise, A.; Marino, A.; Dalena, F.; Giorgianni, G.; Migliori, M.; Frusteri, L.; Cannilla, C.; Bonura, G.; Frusteri, F.; Giordano, G.

Desilicated ZSM-5 zeolite: Catalytic performances assessment in methanol to DME dehydration. Microporous Mesoporous Mater.
2020, 302, 110198. [CrossRef]

11. Huybrechts, W.; Thybaut, J.W.; De Waele, B.R.; Vanbutsele, G.; Houthoofd, K.J.; Bertinchamps, F.; Denayer, J.F.M.; Gaigneaux,
E.M.; Marin, G.B.; Baron, G.V.; et al. Bifunctional catalytic isomerization of decane over MTT-type aluminosilicate zeolite crystals
with siliceous rim. J. Catal. 2006, 239, 451–459. [CrossRef]

12. Peng, C.; Liu, Z.; Yonezawa, Y.; Yanaba, Y.; Katada, N.; Murayama, I.; Segoshi, S.; Okubo, T.; Wakihara, T. Ultrafast post-
synthesis treatment to prepare ZSM-5@ Silicalite-1 as a core-shell structured zeolite catalyst. Microporous Mesoporous Mater.
2019, 277, 197–202. [CrossRef]

13. Giordano, G.; Migliori, M.; Ferrarelli, G.; Giorgianni, G.; Dalena, F.; Peng, P.; Deboste, M.; Boullay, P.; Liu, Z.; Guo, H.; et al.
Passivated surface of high aluminum containing ZSM-5 by silicalite-1: Synthesis and application in dehydration reaction. ACS
Sustain. Chem. Eng. 2022, 10, 4839–4848. [CrossRef]

14. Le, T.T.; Shilpa, K.; Lee, C.; Han, S.; Weiland, C.; Bare, S.R.; Dauenhauer, P.J.; Rimer, J.D.; Rimer, J.D. Core-shell and egg-shell
zeolite catalysts for enhanced hydrocarbon processing. J. Catal. 2022, 405, 664–675. [CrossRef]

15. Hartmann, M. Hierarchical zeolites: A proven strategy to combine shape selectivity with efficient mass transport. Angew. Chem.
Int. Ed. 2004, 43, 5880–5882. [CrossRef]

16. Chiche, B.H.; Dutartre, R.; Di Renzo, F.; Fajula, F.; Katovic, A.; Regina, A.; Giordano, G. Study of the sorption and acidic properties
of MTW-type zeolite. Catal. Lett. 1995, 31, 359–366. [CrossRef]

17. Campos, A.A.; Martins, L.; de Oliveira, L.L.; da Silva, C.R.; Wallau, M.; Urquieta-González, E.A. Secondary crystallization of
SBA-15 pore walls into microporous material with MFI structure. Catal. Today 2005, 107, 759–767. [CrossRef]

18. Ferrarelli, G.; Giordano, G.; Migliori, M. ZSM-5@ Sil-1 core shell: Effect of synthesis method over textural and catalytic properties.
Catal. Today 2022, 390–391, 176–184. [CrossRef]

19. Jin, Z.; Liu, S.; Qin, L.; Liu, Z.; Wang, Y.; Xie, Z.; Wang, X. Methane dehydroaromatization by Mo-supported MFI-type zeolite with
core–shell structure. Appl. Catal. A Gen. 2013, 453, 295–301. [CrossRef]

20. Gabrienko, A.A.; Danilova, I.G.; Arzumanov, S.S.; Pirutko, L.V.; Freude, D.; Stepanov, A.G. Direct measurement of zeolite
Brønsted acidity by FTIR spectroscopy: Solid-state 1H MAS NMR approach for reliable determination of the integrated molar
absorption coefficients. J. Phys. Chem. C 2018, 122, 25386–25395. [CrossRef]

21. Zecchina, A.; Bordiga, S.; Spoto, G.; Marchese, L.; Petrini, G.; Leofanti, G.; Padovan, M. Silicalite characterization. 1. Structure,
adsorptive capacity, and IR spectroscopy of the framework and hydroxyl modes. J. Phys. Chem. 1992, 96, 4985–4990. [CrossRef]

22. Zecchina, A.; Bordiga, S.; Spoto, G.; Scarano, D.; Petrini, G.; Leofanti, G.; Padovan, M.; Areán, C.O. Low-temperature Fourier-
transform infrared investigation of the interaction of CO with nanosized ZSM5 and silicalite. J. Chem. Soc. Faraday Trans. Phys.
Chem. Condens. Phases 1992, 88, 2959–2969. [CrossRef]

https://doi.org/10.1039/D1CS00395J
https://www.ncbi.nlm.nih.gov/pubmed/34605833
https://doi.org/10.1039/D0SC06130A
https://www.ncbi.nlm.nih.gov/pubmed/34163680
https://doi.org/10.1039/D1TA06908J
https://doi.org/10.1021/acs.jpcc.0c06113
https://doi.org/10.1021/jp013189p
https://doi.org/10.1039/B203966B
https://doi.org/10.1021/acs.jpcc.0c10200
https://doi.org/10.1016/j.jcat.2020.08.008
https://doi.org/10.1557/mrs.2016.171
https://doi.org/10.1016/j.micromeso.2020.110198
https://doi.org/10.1016/j.jcat.2006.02.020
https://doi.org/10.1016/j.micromeso.2018.10.036
https://doi.org/10.1021/acssuschemeng.1c07198
https://doi.org/10.1016/j.jcat.2021.11.004
https://doi.org/10.1002/anie.200460644
https://doi.org/10.1007/BF00808600
https://doi.org/10.1016/j.cattod.2005.07.007
https://doi.org/10.1016/j.cattod.2021.11.036
https://doi.org/10.1016/j.apcata.2012.12.043
https://doi.org/10.1021/acs.jpcc.8b07429
https://doi.org/10.1021/j100191a047
https://doi.org/10.1039/FT9928802959


Molecules 2024, 29, 4450 14 of 14

23. Bolis, V.; Busco, C.; Bordiga, S.; Ugliengo, P.; Lamberti, C.; Zecchina, A. Calorimetric and IR spectroscopic study of the
interaction of NH3 with variously prepared defective silicalites: Comparison with ab initio computational data. Appl. Surf. Sci.
2002, 196, 56–70. [CrossRef]

24. Bordiga, S.; Ugliengo, P.; Damin, A.; Lamberti, C.; Spoto, G.; Zecchina, A.; Spanò, G.; Buzzoni, R.; Dalloro, L.; Rivetti, F. Hydroxyls
nests in defective silicalites and strained structures derived upon dehydroxylation: Vibrational properties and theoretical
modelling. Top. Catal. 2001, 15, 43–52. [CrossRef]

25. Bonelli, B.; Forni, L.; Aloise, A.; Nagy, J.B.; Fornasari, G.; Garrone, E.; Gedeon, A.; Giordano, G.; Trifiro, F. Beckmann rearrangement
reaction: About the role of defect groups in high silica zeolite catalysts. Microporous Mesoporous Mater. 2007, 101, 153–160.
[CrossRef]

26. Hoffmann, P.; Lobo, J.A. Identification of diverse silanols on protonated ZSM-5 zeolites by means of FTIR spectroscopy. Microp-
orous Mesoporous Mater. 2007, 106, 122–128. [CrossRef]

27. Cyran, J.D.; Donovan, M.A.; Vollmer, D.; Siro Brigiano, F.; Pezzotti, S.; Galimberti, D.R.; Gaigeot, M.-P.; Bonn, M.; Backus, E.H.
Molecular hydrophobicity at a macroscopically hydrophilic surface. Proc. Natl. Acad. Sci. USA 2019, 16, 1520–1525. [CrossRef]

28. Al-Nahari, S.; Dib, E.; Cammarano, C.; Saint-Germes, E.; Massiot, D.; Sarou-Kanian, V.; Alonso, B. Impact of Mineralizing Agents
on Aluminum Distribution and Acidity of ZSM-5 Zeolites. Angew. Chem. Int. Ed. 2023, 135, e202217992. [CrossRef]

29. Dubray, F.; Dib, E.; Medeiros-Costa, I.; Aquino, C.; Minoux, D.; van Daele, S.; Nesterenko, N.; Gilson, J.-P.; Mintova, S. The
challenge of silanol species characterization in zeolites. Inorg. Chem. Front. 2022, 9, 1125–1133. [CrossRef]

30. Daniell, W.; Topsøe, N.Y.; Knözinger, H. An FTIR study of the surface acidity of USY zeolites: Comparison of CO, CD3CN, and
C5H5N probe molecules. Langmuir 2001, 17, 6233–6239. [CrossRef]

31. Kline, C.H.; Turkevich, J. The vibrational spectrum of pyridine and the thermodynamic properties of pyridine vapors. J. Chem.
Phys. 1944, 12, 300–309. [CrossRef]

32. Jin, F.; Li, Y. A FTIR and TPD examination of the distributive properties of acid sites on ZSM-5 zeolite with pyridine as a probe
molecule. Catal. Today 2009, 145, 101–107. [CrossRef]

33. Emeis, C.A. Determination of integrated molar extinction coefficients for infrared absorption bands of pyridine adsorbed on solid
acid catalysts. J. Catal. 1993, 141, 347–354. [CrossRef]

34. Zholobenko, V.; Freitas, C.; Jendrlin, M.; Bazin, P.; Travert, A.; Thibault-Starzyk, F. Probing the acid sites of zeolites with pyridine:
Quantitative AGIR measurements of the molar absorption coefficients. J. Catal. 2020, 385, 52–60. [CrossRef]

35. Lakiss, L.; Vicente, A.; Gilson, J.P.; Valtchev, V.; Mintova, S.; Vimont, A.; Robert, B.; Suheil, A.; Bricker, J. Probing the Brønsted
Acidity of the External Surface of Faujasite-Type Zeolites. Chemphyschem 2020, 21, 1873–1881. [CrossRef]

36. Bludau, H.; Karge, H.G.; Niessen, W. Sorption, sorption kinetics and diffusion of pyridine in zeolites. Microporous Mesoporous
Mater. 1998, 22, 297–308. [CrossRef]

37. Bouizi, Y.; Rouleau, L.; Valtchev, V.P. Factors controlling the formation of core–shell zeolite–zeolite composites. Chem. Mater. 2006,
18, 4959–4966. [CrossRef]

38. Zheng, J.; Zeng, Q.; Zhang, Y.; Wang, Y.; Ma, J.; Zhang, X.; Sun, W.; Li, R. Hierarchical porous zeolite composite with a core—shell
structure fabricated using β-zeolite crystals as nutrients as well as cores. Chem. Mater. 2010, 22, 6065–6074. [CrossRef]

39. Yoshioka, T.; Iyoki, K.; Hotta, Y.; Kamimura, Y.; Yamada, H.; Han, Q.; Kato, T.; Fisher, C.A.J.; Liu, Z.; Ohnishi, R.; et al.
Dealumination of small-pore zeolites through pore-opening migration process with the aid of pore-filler stabilization. Sci. Adv.
2022, 8, eabo3093. [CrossRef]

40. Tarach, K.A.; Góra-Marek, K.; Martinez-Triguero, J.; Melián-Cabrera, I. Acidity and accessibility studies of desilicated ZSM-5
zeolites in terms of their effectiveness as catalysts in acid-catalyzed cracking processes. Catal. Sci. Technol. 2017, 44, 858–873.
[CrossRef]

41. Trombetta, M.; Busca, G.; Rossini, S.; Piccoli, V.; Cornaro, U.; Guercio, A.; Willey, R.J. FT-IR Studies on Light Olefin Skeletal
Isomerization Catalysis: III. Surface Acidity and Activity of Amorphous and Crystalline Catalysts Belonging to the SiO2–Al2O3
System. J. Catal. 1998, 179, 581–596. [CrossRef]

42. Hensen, E.J.; Poduval, D.G.; Degirmenci, V.; Ligthart, D.J.M.; Chen, W.; Maugé, F.; Rigutto, S.; Veen, J.R.V. Acidity characterization
of amorphous silica–alumina. J. Phys. Chem. C 2012, 116, 21416–21429. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0169-4332(02)00046-6
https://doi.org/10.1023/A:1009019829376
https://doi.org/10.1016/j.micromeso.2006.11.006
https://doi.org/10.1016/j.micromeso.2007.02.035
https://doi.org/10.1073/pnas.1819000116
https://doi.org/10.1002/ange.202217992
https://doi.org/10.1039/D1QI01483H
https://doi.org/10.1021/la010345a
https://doi.org/10.1063/1.1723943
https://doi.org/10.1016/j.cattod.2008.06.007
https://doi.org/10.1006/jcat.1993.1145
https://doi.org/10.1016/j.jcat.2020.03.003
https://doi.org/10.1002/cphc.202000062
https://doi.org/10.1016/S1387-1811(98)00093-6
https://doi.org/10.1021/cm0611744
https://doi.org/10.1021/cm101418z
https://doi.org/10.1126/sciadv.abo3093
https://doi.org/10.1039/C6CY02609E
https://doi.org/10.1006/jcat.1998.2251
https://doi.org/10.1021/jp309182f

	Introduction 
	Results and Discussion 
	Textural Properties of Composites 
	FTIR Characterization of Composites 
	NMR Study of Composites 
	Evaluation of Acidity of Composites 
	Study of Silanol Interactions 

	Materials and Methods 
	Materials 
	Characterization 
	Textural Analysis 
	FTIR Analysis 
	NMR Analysis 


	Conclusions 
	References

