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ABSTRACT: Layered silicates can be versatile precursors for the _— A
preparation of porous materials. Their transformation into zeolites ‘

: . I 7~k <7 .
typically employs organic structure-directing agents and seed- e | C o
. . . R . . . -~ Ostwald Quartz —
assisted crystallization, as in interzeolite conversions. Several zeolite / rule >
Magadiite Mordenite

topologies have been synthesized using magadiite; however, the
role of magadiite in these processes remains unclear. The recent Kenyaite
resolution of the magadiite structure provides an opportunity to N tocente
integrate and reinterpret existing knowledge on this topic. Here, we

report an unusual conversion of the layered hydrous silicate . — —_— —
magadiite into mordenite triggered solely by the external addition

of aluminum to a precrystallized magadiite gel. Aluminum disperses

in the solid, occupying distinct framework sites, while a reorganization of ring-building units occurs, resulting in a marked decrease in
the amount of surface silanol/silanolate groups. This restructuring proceeds without evidence of amorphization, accompanied by a
progressive increase in surface area and growth of morphologically prismatic mordenite particles in contact with the magadiite plate-
like particles. This transformation of a dense pyknosil-like structure into an open zeolite framework exhibits features of solid-phase
reorganization triggered by aluminum supplied from the solution. These findings introduce a seed- and OSDA-free route for
converting layered silicates into zeolites, expanding the conceptual and synthetic space for tailored microporous materials.

1. INTRODUCTION focused on the effectiveness of zeolitization, leaving the role of
the silicate framework in these transformations unclear.
However, the determination of the crystal structure of
magadiite”® provides an opportunity to integrate and
reinterpret existing knowledge on this topic, enabling an
investigation of whether such processes involve true solid—
solid conversion, partial dissolution, or complete recrystalliza-
tion.

Several aspects of the zeolitization of amorphous and
crystalline phases have been discussed, focusing on mecha-
nisms that involve either solution-mediated species transport
or diffusionless solid-state transformations.”*>' Typical
metastable phase formation routes, such as conventional
hydrothermal synthesis, are classified as solution-mediated
processes that involve dynamic mass transport between the
solution and solid phases.”’ The presence of a crystalline phase
in the synthesis gel can promote the nucleation of new crystals
that retain structural motifs from the parent phase.’*”*?

With their distinct layered structures and reactive surfaces,
two-dimensional solids provide versatile platforms for
applications in electronics, catalysis, and adsorption. Their
tunable architectures also enable the development of
alternative synthesis routes and the design of novel functional
materials." Layered hydrous silicates are composed exclusively
of silicon tetrahedral layers terminated by silanol and silanolate
groups, whose nucleophilic oxygens facilitate structural
modification.”

Magadiite is a hydrous layered silicate synthesized via
established hydrothermal methods.” It has been applied in
drug delivery,”® CO, capture,” dye removal,” and catalysis.” Its
surface silanol groups allow for functionalization and structural
modification, including exfoliation, pillaring, and metal
incorporation.”””"* Several studies have shown that aluminum
can be incorporated into the magadiite framework through
hydrothermal treatment without the formation of other

phases.*™ ">
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structure and function. Among these materials, zeolites are
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particularly prominent due to their well-established properties.
Several zeolite topologiesm_24 have been synthesized using
magadiite as a component of the synthesis gel. These studies

© 2026 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.cgd.5c01166

v ACS PUblicationS 1100 Cryst. Growth Des. 2026, 26, 1100—1112


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rafael+C.+Lima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felipe+F.+Barbosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carla+Peron"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gustavo+Chaco%CC%81n-Rosales"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joaqui%CC%81n+Marti%CC%81nez-Ortigosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tiago+P.+Braga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tiago+P.+Braga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+W.+Lopes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sibele+B.+C.+Pergher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.5c01166&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.5c01166?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.5c01166?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.5c01166?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.5c01166?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.5c01166?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cgdefu/26/3?ref=pdf
https://pubs.acs.org/toc/cgdefu/26/3?ref=pdf
https://pubs.acs.org/toc/cgdefu/26/3?ref=pdf
https://pubs.acs.org/toc/cgdefu/26/3?ref=pdf
pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.cgd.5c01166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org/crystal?ref=pdf
https://creativecommons.org/licenses/by/4.0/

Crystal Growth & Design

pubs.acs.org/crystal

Structure-directing agents are often employed to support the
process. Most reported hydrothermal zeolite interconversions
are interpreted using this model. Nevertheless, some studies
have suggested an alternative, in which the solid phase
undergoes reconstruction through a pathway degendent on the
structural similarity between the two phases.”””*

In this context, we investigate the transformation of
magadiite into zeolite mordenite without the use of seeds or
structure-directing agents. Unlike typical zeolite-to-zeolite
interconversions, which tend to follow Ostwald’s rule, this
process involves a transition from the dense pyknosil-like layers
of magadiite to a more open zeolite framework. Moreover,
most reported conversions of nonzeolitic silicates to
zeolites”> ™’ also involve aluminum already present in the
precursor structure. In contrast, magadiite is a pure silica
layered solid. Thus, the conversion requires the external
addition of aluminum to promote the transition to mordenite,
representing an uncommon pathway with respect to conven-
tional zeolitization methods.

The unusual combination of features applied to this study
resulted in an unconventional transformation route with
potential implications for silicate chemistry. The process was
monitored at multiple stages by analyzing structural changes,
aluminum coordination and dispersion, acidity, surface proper-
ties, and morphology. Particular attention was given to the
evolution of structural order to assess whether the process
occurs via a continuous framework reconstruction or through a
dissolution—reprecipitation pathway. This study adds new
insights into the processes governing silicate-to-zeolite trans-
formations and highlights an alternative approach for zeolite
synthesis.

2. EXPERIMENTAL SECTION

2.1. Synthesis Procedure

The materials were obtained by hydrothermal treatment. The gel with
molar composition 3 SiO,: NaOH: Na,COj;: 46 H,O was prepared by
mixing the required amount of fumed silica Aerosil 200 (Degussa)
with an aqueous alkaline solution containing sodium hydroxide
(Sigma-Aldrich, >98%) and anhydrous sodium carbonate (Dindmica
Quimica, 99.5%). The mixture was agitated for 15 min. The gel was
placed in a Teflon-lined stainless-steel autoclave, sealed, and subjected
to hydrothermal treatment at 150 °C. After 48 h of hydrothermal
treatment, the autoclave was slightly cooled and opened to add
aluminum triisopropylate (ATiP) (Merck, 98%) in an amount to
achieve a Si/Al ratio of 10. In additional experiments, ATiP was
replaced by sodium aluminate (Riedel de-Haen, 56% ALO;, 45%
Na,0) to evaluate the effect of the aluminum source (detailed
description in SI). The Al-containing gel was mixed for a few minutes,
sealed, and then subjected to hydrothermal treatment for periods
from 1.5 to 24 h. The products after this period were labeled “2d +
Xh,” where “X” represents the time (h) after the addition of the Al
source. A diagram (Scheme S1) summarizes all the synthesis
procedures. The collected samples were filtered, washed with water
until the filtrate reached pH 7, and dried at 60 °C.

The NH,"-form of the samples was obtained by cationic exchange
with a 0.1 mol'L™' NH,CI solution (1 g/100 mL ratio). The
suspension was kept under agitation at room temperature for 24 h and
then filtered. This process was repeated twice. The samples were
filtered and washed with distilled water until no chloride was detected.
The samples were then dried at 60 °C for 16 h. The H-form of
samples was obtained by calcination of NH,*-form samples in air at
450 °C for 3 h (heating rate of 3 °C-min™").

2.2. Characterization

Crystalline structure data were evaluated by powder X-ray diffraction
on a Bruker D2 Phaser X-ray diffractometer using CuKa radiation

with a Ni filter, which operated at a 10 mA current and 30 kV voltage
with a sample holder rotation of 15 rpm. The analysis was performed
with a divergent slit of 0.6 mm and anti-scatter screen of 1.0 mm. The
scanning was performed stepwise, with 0.01° increments and an
accumulation time of 0.1 s. The lower and upper discrimination values
were 0.11 and 0.25 V, respectively. The signal collection was
performed with a LYNXEYETM detector (192 channels).

2’Al MAS NMR spectra measurements, 7o(*’Al) = 78.2 MHz, were
carried out on a Bruker Avance III 300 spectrometer in a 4 mm probe
spinning the sample at 10 kHz, with a 7/2 excitation pulse width of
0.5 ps and Ss as a recycle delay. *Si MAS NMR spectra, v4(*Si) =
79.5 MHz, were recorded on a Bruker Avance III HD 400 MHz
spectrometer with a 7 mm probe spinning the sample at S kHz, using
a »Si pulse length of 4.0 us and 180 s as a recycle delay. The *’Al and
2Si NMR spectra were referenced to AI(NO;); and TMS,
respectively. To calculate the Si/Al ratio, eq 1 was applied.*®

Si Zizo Lsi(nar)
4 nlgi(aal
ALy (1)
Fourier-transform medium-infrared spectroscopy (FTIR) analysis
was conducted on a Shimadzu IRAffinity-1 spectrometer over the
spectral region of 400—4000 cm™" with a resolution of 4 cm™ using
the KBr pellet technique. Near-infrared spectra were collected using
an Agilent Cary 5000 spectrometer. Raman spectra were collected
using a Horiba LabRam Evolution spectrometer with a 532 nm
excitation wavelength.

Textural properties were studied by N, physisorption at 77 K using
Micromeritics ASAP 2020. The textural properties were calculated
according to the IUPAC recommendations.”” The specific surface
area (Sppy) was obtained from the BET method,** micropore volume
(V,p), and external area (S,) were calculated from the ag-plot
method*' with macroporous silica LiChrospher Si-1000 as the
reference material,*” and the total pore volume (Vip) was calculated
using the Gurvich rule at 0.985 of relative pressure.”™

Acidity was evaluated by ammonia temperature-programmed
desorption (NH;-TPD). The data were obtained using a multi-
purpose testing unit with an online quadrupole mass detector,
QUADSTAR 422 (QMS 200, BALZERS). Approximately 100 mg of
the sample was treated under a flow of He (60 mL-min~") for 1 h at
450 °C. Then, the sample was cooled to 100 °C and saturated with
NH,/He (4 vol %) for 1 h; the physisorbed NH; was removed by He
flow (60 mL-min™") for 1 h at the same temperature. Finally, the
sample was heated until 800 °C (20 °C-min™") under He flow (60
mL-min™"), and the NH; desorption was monitored using a thermal
conductivity detector (TCD). The nature of the acidity was indirectly
observed by testing the samples in the glycerol dehydration reaction.
The tests were conducted at atmospheric pressure and 250 °C using
N, as the carrier gas for 5 h. Typically, 0.2 g of H-form sample was
placed in a borosilicate reactor and pretreated at 350 °C under an N,
atmosphere (30 mL-min~") for 30 min. A 10 wt % glycerol solution
was introduced into the reactor using a syringe pump at a flow rate of
3.6 mL-h™' combined with N, (30 mLmin™') as the carrier gas.
Aliquots were collected every hour using a trap containing a mixture
of water/ice and salt for GC analysis. The catalytic reaction data were
analyzed using a PerkinElmer Clarus 680 gas chromatograph using a
polar cast silica column (5% diphenyl/95% dimethylsiloxane).
Glycerol conversion was calculated through eq 2, and product
selectivity was determined according to eq 3.

amount of consumed glycerol
mol

C = X 100%
gyeerol ™ amountintroducedin the reactor, | ()
amountofproductobtained
Sproduct = T X 100%
amountofconsumedglycerol (3)

Morphology was examined using a Zeiss Auriga 40 field emission
scanning electron microscope. Energy dispersive spectroscopy (SEM-
EDS) maps were obtained in a Tescan Vega 4 scanning electron
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microscope. HAADF-STEM-EDS maps were collected in a JEOL
2100F at 200 kV. Inductively coupled plasma emission spectroscopy
(ICP-OES) was used to analyze the Si, Al, and Na content. The
sample was digested by adding HF(aq) (40%), HCl(aq) (30%), and
HNO;(aq) (65%) diluted in ultrapure water. The device used was a
Varian 715-ES-ICP-Optical Emission Spectrometer, and CHN
elemental analysis was performed on Eurovector EuroEA3000 using
sulfanilamide as a reference.

3. RESULTS AND DISCUSSION

XRD patterns (Figure 1) depict the crystallization of magadiite
and its phase transition to mordenite. After 48 h of
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Figure 1. X-ray diffraction patterns showing the phase transition from
magadiite to mordenite: (a) before adding aluminum and (b) after
adding aluminum. After 48 h, all the characteristic peaks of the
magadiite phase are present. After adding aluminum, a peak close to
the one assigned to the (130) reflection in the MOR phase appears in
the 2d + 3h sample. No amorphous silica halo is evident after
magadiite crystallization. After 24 h, all the peaks are due to the MOR
phase.

hydrothermal treatment (Figure 1a), all reflections correspond-
ing to the magadiite phase, particularly at 5.7° 26, associated
with the basal d-spacing, are observed, indicating a well-
crystallized phase. Operational yields are listed in Table S1.
The sample collected immediately before the ATiP addition
(2d) (Figure 1b) shows only the magadiite pattern. A new low-

1102

intensity reflection appears at ~14° 26 in 2d + 3h (see Figure
S1), absent from the magadiite reference pattern. It lies near
the MOR (130) reflection at 13.8°, which intersects the chains
of four- and five-membered rings. In conventional MOR
syntheses, reflections in other regions often emerge before
(130).*** In the 2d + 6h sample, this peak shifts toward the
MOR pattern position at 13.8°.

At the stage of the 2d + 9h sample, most characteristic
diffraction peaks of the MOR phase are detectable, although
with low relative intensity, and all magadiite reflections are
present. In the 2d + 12h sample, reflections of magadiite are no
longer evident, apart from that one around ~6° 20, indicating
that the two-dimensional structure persists at this stage
alongside the complete set of mordenite peaks. The conversion
is completed in the 2d + 24h sample, which presents only
MOR phase peaks.

No amorphous halo or crystalline phases other than
magadiite and mordenite are evident within the resolution of
the techniques used in this work, differing from other time-
resolved zeolite conversions in which additional transient
phases or amorphous intermediates have been detected.”*™*’
Similar behavior was reported in an in situ diffraction study for
LTA-to-ABW interzeolite conversion, promoted by a lithium
chloride solution.”® The authors described the process as
epitaxial crystallization on the surface of the solid phase, driven
by building units shared between the topologies. It was also
concluded that no significant amorphous phase was detected as
the crystallization progressed within the resolution of time-
resolved XRD.

In the absence of aluminum, magadiite is kinetically
persistent in its synthesis medium. Prolonged hydrothermal
treatment of a conventional magadiite gel for several days after
its formation leads to its conversion into the denser layered
silicate kenyaite or cristobalite/quartz.’ > The addition of
aluminum alters the pathway of metastable phases, leading to
an atypical conversion. The rapid appearance of the MOR
phase can be attributed to the sharing of similar building units
with the magadiite phase. Interzeolite conversions have been
explained based on the sharing of building units and cross-
nucleation.”” ™ The 5-membered rings in both phases (Figure
$2), as ring-building units (RBU) nanoparts, may act as drivers
of the process.”® As observed from crystallographic information
files (CIF), in magadiite, these rings are exposed on surfaces
oriented toward the interlayer region and intersected by
multiples of the (001) plane.”” In orthorhombic mordenite,
they are intersected by the (130) plane on lateral prism faces,
which is in the same region as the first nonmagadiite peak in
XRD patterns (Figure S3). This correspondence agrees with
the domain matching between the phases.

The dynamics between aluminum and the interlayer space of
magadiite also influence the process. The intercalation rate of
organic cations into magadiite is faster than the crystallization
processes,”> making it reasonable to assume that the same
applies to aluminum aquacomplexes. Since the interlayer space
is the only accessible region in magadiite,” aluminum is
transported there. Theoretical predictions indicate that
aluminum can occupy octahedral positions in the surface
groups and tetrahedral positions within the twisted rings of the
framework.® Under alkaline conditions, the olation and
oxolation reactions occur, either incorporating Al into the
silicate layers or making it into a center of framework
reorganization.

https://doi.org/10.1021/acs.cgd.5c01166
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The presence of aluminum is known to influence the relative
stability of silicate bonds. Theoretical calculations indicate that
the formation of Si—O—Al bonds requires less energy than Si—
O-Si bonds,*® which supports the view that aluminum
incorporation into the silicate framework may be more
favorable than pathways leading to denser pure-silica phases
when aluminum is added. Moreover, under the same
conditions used in this work, mordenite zeolite does not
form from a conventional gel containing amorphous silica
under the investigated conditions, suggesting that the role of
magadiite in the conversion extends beyond the behavior
expected for a typical silica source.*

Additional syntheses were conducted to assess whether
magadiite plays a role beyond serving as a silica source. In one
experiment, the gel composition was identical to the original
synthesis. In another, fumed silica was entirely replaced by
previously synthesized magadiite. In both cases, ATiP was
added immediately after gel preparation, and the gels were
treated for 24 h under the same post-ATiP conditions as in the
original synthesis. The resulting XRD patterns (Figure S4)
confirmed that, in the absence of magadiite, mordenite does
not form under the same conditions.

Another set of complementary syntheses was conducted to
evaluate the possible role of isopropyl as an organic structure-
directing agent (Figure SS). One synthesis followed the
original procedure, except that sodium aluminate was added
after 48 h instead of ATiP. The other used a gel identical to the
original, but sodium aluminate was added immediately after
preparation instead of ATiP. The results confirm that when
starting from fumed silica, mordenite is not formed after 24 h.
The excess sodium and the Al species produced by sodium
aluminate, which differ from those generated by ATiIP,"*°" can
promote direct zeolite crystallization but require adjustments
in synthesis parameters to yield a well-crystallized product.
These results demonstrate that the conversion does not
depend on isopropyl as an OSDA. CHN elemental analysis of
the 2d + 24h sample (Table S2) shows no organic residues
within micropores, corroborating that the isopropyl species do
not contribute to the phase transition, being released into the
solution.

The solid-state ’Al MAS NMR spectra (Figure 2a) show
the evolution of the aluminum coordination environments in
the preformed structures. The *’Al MAS NMR spectra of the
sample collected immediately after aluminum addition (2d +
0Oh) and the 2d + 1.5h sample exhibit two broad signals. The
signal at § Al ~ 60 ppm indicates aluminum in tetrahedral
coordination, whereas the signal at § *Al ~ 10 ppm
corresponds to octahedral coordination.®” This chemical shift
differs from that associated with extra-framework species in
crystalline aluminosilicates.”® It may be due to the non-
dissolved aluminum source and aluminum species confined
within the interlayer space, resembling the environments in
ALO,.%

The Al(IV) signal increases, while the AI(VI) signal
concomitantly decreases from the 2d + 3h to 2d + 9h samples.
The Al(IV) signal becomes asymmetric, with its maximum
shifting downfield at § Al ~ 64 ppm, consistent with the
spectrum reported for Al-containing magadiite."” In partially
disrupted zeolite frameworks, line-shape asymmetry is often
attributed to perturbed framework Al sites, typically revealed
by a shoulder near 40 ppm.®*®® Here, the asymmetry of the
signal is centered at a higher chemical shift, indicating Al(IV)
in a more distorted environment than in the zeolite
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Figure 2. Solid-state MAS NMR spectra: (a) 2’Al and (b) *Si. The
aluminum coordination environment evolves throughout the
conversion due to changes in the silicate framework.

frameworks.”® The signal shape also suggests the coexistence
of multiple AI(IV) environments, as shown in the deconvo-
lution (Figure S6).

Moreover, in the sample 2d + 9h, the high-field part of the
Al(IV), around & Al ~ 56 ppm, the typical region where the
Al(IV) appears in mordenite,”’ becomes more prominent,
correlating with the appearance of additional XRD peaks of
MOR.

The *’Al MAS NMR spectrum of the 2d + 12h sample
mainly consists of a combination of signals related to Al(IV)
containing three components (Figure S6): Al(IV) in the
magadiite phase (63.9 ppm), in the MOR phase (55.8 ppm),
and the most intense signal, resulting from Al being converted
from the MAG to the MOR environment at 59.4 ppm. This
third chemical environment at 55.8 ppm lies near the expected
range for mordenite and may reflect less distorted Al(IV) sites
in the developing mordenite phase. A small Al(VI) signal due
to species external or in the interlayer space is also present.

The spectrum of the 2d + 24h sample consists of a unique
signal of tetrahedral Al at 56 ppm (deconvoluted into two
components, see Figure S6) in the mordenite phase.®”

In summary, the *’Al MAS NMR results suggest an alumina-
like contribution at early times (samples 2d and 2d + 1.5h). As
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the synthesis proceeds (samples 2d + 3h and 2d + 6h), the
AI(IV) signal appears with a broad, asymmetric line shape and
a chemical shift near ~64.2 ppm, consistent with distorted
tetrahedral environments. At longer times (2d + 9h, 2d + 12h,
and 2d + 24h), the AI(IV) signal displays a more symmetric
line shape, around ~56 ppm, consistent with the coordination
observed in mordenite (MOR). This progression in line shape
and chemical shift supports that aluminum occupies
tetrahedral sites in magadiite and evolves into the chemical
environment of the mordenite framework.

Previous studies suggest that Al incorporation can stabilize
silicate frameworks against dissolution® and the split-synthesis
approach”’ suggests that, once aluminum is incorporated into a
silicate framework, its stability increases.

In the *Si MAS NMR spectra (Figure 2b), up to the 2d +
6h sample, the spectra primarily exhibit the typical narrow
signals of magadiite. The signals at —109 to —114 ppm are
characteristic of hydrous layered silicates and result from a
splitting of the Q' signal, corresponding to [Si(OSi),]
units.””"”> The most intense signal, at —99.2 ppm, is
attributed to the Q’ signal, representing both [Si(OSi)OH]
and [Si(OSi)O~] groups located on the surface of the
layers.”"”* This signal decreases in intensity during the phase
transition, indicating the occurrence of condensation reactions
in the interlayer space, promoting a change in the environment
from silanol/silanolate groups to Q' units. Also, there is a
signal at —87.0 ppm, assigned to Q? sites in magadiite,'* where
Q* and Q® species typically appear as a broad, overlapping
contribution.”*”>

In the 2d + 9h sample, variations appear in the —103 and
—106 ppm region. Signals in this range have been assigned to
Q*(1Al) units.”*”® The gradual increase of this signal is
indicative of the reconstruction of the framework involving
aluminum-incorporated units. By 2d + 12h sample, this region
consolidates a signal at —105.8 ppm, consistent with Q* signals
observed in some zeolites, including mordenite.”” At the same
time, the signals at —87.0 and —99.2 ppm broaden and
decrease in intensity due to the emergence of a resonance at
—98.1 ppm, assigned to Q*(2Al) units of the MOR phase. This
decrease is consistent with the condensation of the hydroxyl
groups from the magadiite.

The spectrum of the 2d + 24h sample displays the three
characteristic signals of mordenite zeolite.”’ Signals at —98.1,
—105.8, and —112.5 ppm correspond to Q*(2Al), Q*(1Al), and
Q*(0Al), respectively. Applying eq 1 to calculate the
framework Si/Al ratio, the 2d + 12h and 2d + 24h samples
resulted in 6.2 and 6.0, respectively. The Si/Al ratio and the
spectrum of the 2d + 24h sample are similar to those of
commercial mordenite CBV10A, which has a comparable Si/Al
ratio. This demonstrates an increase in aluminum in the
framework over time.

On the other hand, ICP analysis (Table 1) shows that the
bulk ratios vary only modestly throughout the conversion.
Compared with NMR results, elemental analysis is consistent
with aluminum interacting with magadiite, followed by its
incorporation into the MOR framework.

SEM-EDS maps (Figure S7) show that, up to the 2d + 9h
sample, Al is initially concentrated in large aggregates. As
zeolite formation proceeds, aluminum distribution becomes
progressively more uniform within the particles. STEM-EDS
maps of representative samples (2d + 3h, 2d + 9h, and 2d +
24h) (Figure S8) indicate that, in the 2d + 3h sample, Al was
not detected under our STEM-EDS conditions over the
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Table 1. Elemental Content by ICP-OES Analysis

sample Si (%) Al (%) Na (%) Si/Al Na/Al
MAG 38.7 - 54 -
2d + 3h 32.5 5.7 5.6 5.7 1.0
2d + 6h 32.9 6.4 6.6 S.1 1.0
2d + 9h 33.5 6.9 7.6 4.9 0.9
2d + 12h 34.0 6.8 5.8 S.0 1.2
2d + 24h 34.4 6.4 S.1 5.3 1.2

lamellar regions. Afterward, in the 2d + 9h sample, Al appears
as heterogeneous hotspots colocalized with the plate-like
particles. Finally, in the 2d + 24h sample, Al is dispersed within
the prismatic particles.

The NH;-TPD results (Table 2 and Figure S9) show a trend
of increasing acidity as the transition phase develops.

Table 2. Acidity Evolution of the Samples Determined by
NH,-TPD

sample LT (%) HT (%) total (umol-g™")
MAG 100 21
2d + 3h - 100 12
2d + 9h - 100 38
2d + 12h 18 82 835
2d + 24h 28 72 2697

According to prior findings,”’ pure magadiite should not
exhibit detectable acid sites by spectroscopic or thermal
methods. However, the analyzed sample displays slight acidity.
Up to the 2d + 9h sample, acidity remains nearly unchanged,
despite the growth of the MOR phase, likely because structural
reorganization renders the acid sites inaccessible. A marked
increase in acidity is observed in the 2d + 12h sample,
consistent with the predominance of the MOR phase.

The acidity varies across the full range of strengths
throughout the conversion. Magadiite and the 2d + 3h sample
show peaks similar to those reported for pure silica and Al-
containing ma.gadiite,13 likely arising from silanol/silanolate
groups and the initial interaction with the aluminum species in
the interlayer space.

In the 2d + 9h sample, a peak broadening is observed toward
the region of medium acidity, possibly reflecting structural
rearrangement. The 2d + 12h and 2d + 24h samples display
the characteristic profile of mordenite.®'

Glycerol dehydration products are directly influenced by the
acidic nature of the catalyst, thereby serving as a probe to
characterize changes in acid sites during the phase transition, as
previously reported for other model reactions.”” Acrolein
formation is associated with Bronsted acid sites, whereas acetol
production is linked to Lewis acid sites.”” In all samples,
acrolein is the major product, indicating the prominence of
Bronsted acidity. The selectivity for acrolein increases (Figure
3) in parallel with the growth of the MOR phase.

The chromatogram (Figure S10) confirms that glycerol
remains unconverted in the absence of a catalyst. When pure
magadiite is used, a reaction occurs in the interlayer space,
resulting in poor selectivity (Figure S11). As in silica gel,
silanol behaves as Bronsted acid sites, whereas silanolate
behaves as Lewis acid sites.**

The slight increase in conversion for the 2d + 3h sample
may stem from the small amount of incorporated aluminum, as
deprotonated Si—O—Al sites have higher proton affinity than
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Figure 3. Glycerol conversion and acrolein selectivity of the samples
tested in the glycerol dehydration. The selectivity for acrolein
increases with the incorporation of aluminum. The conversion
decreases with the zeolite framework growth.

silanolates.”> In the 2d + 9h sample, acrolein selectivity rises
due to micropore formation from the developing MOR phase
and the associated increase in surface area, as observed for a set
of aluminosilicates with similar Si/Al ratios and total acidity.””
In parallel, part of the silanol groups shifts from germinal and
vicinal terminal types to the more acidic internal “nest” type,
contributing to the increase in acidity with the emerging
AI(IV) sites.**™°

Overall conversion decreases because glycerol access is
hindered by the pseudo-one-dimensional pore architecture of
MOR, leading to rapid pore blockage, typical of 1D-channel
zeolites, even for smaller molecules.”*”"”” The byproducts,
mainly acetol and acetaldehyde, show a decreasing trend in
selectivity. This behavior may be related to the reduced
availability of silanolate/silanol surface groups as condensation
and zeolite formation progress.

From 2d + 9h, the selectivity trends mirror the changes
indicated by NH;-TPD. The 2d + 12h sample shows a modest
rise in byproduct formation, likely because residual magadiite
silanolates and nonincorporated aluminum shift to act as Lewis
acid sites once Bronsted sites are deactivated. The 2d + 24h
sample attains the highest acrolein selectivity, in agreement
with the complete development of the MOR phase and
stabilization of Brensted acidity.

The N, adsorption/desorption isotherms (Figure 4) show
that the isotherm of the MAG sample (corresponding to pure
Na-magadiite) is type II, typical of nonporous solids, and
gradually transitions into a type I(b) isotherm, characteristic of
zeolites presenting interparticle porosity.

The 2d + 3h sample isotherm indicates the emergence of
micropore filling at low relative pressures, consistent with an
incipient formation of a porous phase. Between the 2d + 3h
and 2d + 9h samples, the overall uptake at intermediate
pressures decreases, and the hysteresis loop changes from type
H3, typical of slit-like voids between stacked plates, to type H4,
associated with narrow slit-like porosity.”” This suggests a
progressive reduction of the layered domains toward micro-
porous zeolite.

Conversely, the microporous surface area, observed at small
relative pressures, remains essentially unchanged, pointing to a
transient stage of external reorganization. This behavior
contrasts with that observed in dissolution-recrystallization-
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Figure 4. N, sorption isotherms of magadiite and synthesized
samples. The magadiite isotherm presents a layered non-porous solid
profile. Between 3 and 9 h, the constancy in N, adsorption at low
pressures, combined with the decrease at high pressures, suggests that
the external surface diminishes, while the specific surface area remains
almost constant.

based zeolite interconversions in which stepwise syntheses at
different reaction times consistently reveal structural degrada-
tion during the transformation,*>*#»3%4

From 2d + %h to 2d + 12h, a sharp rise in low-pressure
uptake is consistent with the development of framework
microporosity. The hysteresis contracts into a narrower and
nearly linear loop, while the external surface area decreases.
This combination suggests that a limited number of narrow
slit-like voids remain interconnected.

Finally, in the 2d + 24h sample, the slight increase in the
adsorption at low relative pressures suggests that microporosity
is essentially developed in the 2d + 12h sample. The hysteresis
is no longer observed, reflecting the loss of interconnectivity
among interparticle voids at this stage.

The textural properties (Table 3) show that the specific
surface area increases slightly 3 h after aluminum addition and

Table 3. Textural Properties of a Typical Magadiite and
Some Samples of This Study”

\%

sample (nszgT_l) (cmyg_l)“ (mggﬁ_l)b (cm3~1;;_1)C
MAG 20 0 20 0.09
2d + 3h 20 0.03 20 0.16
2d + 9h 920 0.01 70 0.12
2d + 12h 340 0.11 50 0.16
2d + 24h 350 0.11 74 0.18

“Volume of micropores. External and secondary pore surface.
“Volume of total pores.

remains constant between the 2d + 3h and 2d + 9h samples,
while the external surface area decreases. After this interval, the
specific surface area increases. Relating this observation to the
XRD data, the increase in specific surface area and micropore
volume coincides with the appearance of the new peak at 3 h.
The data may suggest a stage in which the zeolite phase
development is preceded by reorganization among the
particles.
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From the 2d + 12h sample, the specific surface area increases
further, consistent with the predominance of mordenite phase,
as observed in XRD data. The further increase in external
surface area in the 2d + 24h sample suggests that particles
expose external interfaces that provide additional accessible
surface.

From FTIR spectra (Figure S), the band at 3662 cm™ is
assigned to the stretching vibrations of isolated surface OH

2d 2d+1.5h 2d+3h
2d+9h ——2d+12h ——2d+24h

Magadiite
2d+6h

----1080

Transmittance (a.u.)

[40 a.u.i

——— 77— T 77—
4000 3600 3200 2800 2400 2000 1600 1200 800

400

Wavenumber (cm™)

Figure 5. Mid-FTIR spectra of a typical magadiite and the synthesized
samples.

groups that are not involved in hydrogen bonding™ and
gradually disappears as the MOR phase increases, indicating
the occurrence of condensation reactions. The doublet at 1600
cm™!, attributed to bending vibrations of the water, results
from the correlation splitting of A; symmetry-related species’®
and merges into one band as the MOR phase grows.

The band around 1400 cm™', observed only in the early
stages of the transition, and absent in both pure phases™ ™"’
can be correlated with transitional bonds. In the last stages,
small shifts to lower frequencies in the asymmetric stretching
mode of TO, units at 1080 cm™' can be attributed to
framework aluminum incorporation, as reported for zeolites
with different Si/Al ratios.”® Four shoulders near the main
band, all assigned to the same vibration, progressively merge
into a single feature at 1230 cm™}, ascribed to the internal
stretching of MOR DSR units,”” which also shifts, indicating
incorporation of aluminum into these rings.

The bands around 815 cm™, 777 ecm™, and 712 cm™! are
associated with the symmetric stretching vibration of T—O
bonds in both phases. The region around 600—500 cm™ is
sensitive to structure'*’ and associated with DSR units in
zeolites, but without assignment for magadiite.57

The hydroxyl region was examined through near-infrared
spectroscopy (Figure S12a). The range at 7500—6800 cm™
corresponds to the first overtone (tO—20H) of the hydroxyl
vibrations on the surface and water involved in hydrogen
bonds.'”" The shoulder at 6840 cm™ is related to strong
hydrogen bonds'*” and lacks definition as the conversion
occurs (Figure S12b). The band at 5250 cm™ is due to
vibrations of H,O and shifts to a lower wavenumber. The
region around 4500 cm™' presents bands attributed to
interactions of terminal groups and structural bonds.'” It
can be observed that the band profile tends to disappear with
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the MOR phase. These changes can be associated with the
condensation of silanolate groups, which interact strongly with
other hydroxyl groups and cations.

According to the Raman spectra (Figure 6), the band at
1060 cm™ is attributed to the interaction of silanolate groups

—MAG
——2d+1.5h ——2d+3h 2d+6h
——2d+9h ——2d+12h ——2d+24h

-+ 166
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Figure 6. Raman spectra of the obtained samples. The changes in the
bands between S00 and 220 cm™' highlight the transformation of
ring-building units throughout the layered silicate-to-zeolite con-
version.

with the interlayer space in magadiite”'** and to the

asymmetrical stretching of T—O—T bonds in mordenite.”’
The band at 830 cm™ is associated with the symmetrical
stretching of T—O—T bonds and shifts as the conversion
progresses, as occurs in FTIR. The range between 700 and 400
cm™' is associated with symmetrical stretching vibrations.
Some of these bands are sensitive to changes in bond angles,95
such as the one at 625 cm™" that decreases with the increase of
the MOR phase.

The band at 465 cm™ is attributed to the symmetric
stretching of four-membered rings in zeolites containing five-
membered rings.ms’m6 A similar assignment can be extended
to the magadiite structure since it comprises complex rings.
The bands at 499 cm™" and 440 cm™ are associated with the
torsional mode of silanolate groups. The intensity of these
bands decreases with the growth of the MOR phase, which
aligns with the reduction in ring strain and siloxane groups as
the framework reorganizes.m6

The bands below 400 cm™ have not been fully identified.”
However, they are related to charge compensation cations and
hydration.'™ The band at 400 cm™ is attributed to the
bending of five-membered rings of MOR, increasing in the last
stages of the conversion.'” The bands at 350—225 cm™,
assigned to six and seven-membered rings in zeolites, disappear
as the MOR phase increases.'”” The band at 250 cm™" can be
related to the pseudoeight-membered ring in magadiite, such
as a band in the same region attributed to eight-membered
rings in mordenite, which is not observable in Vis-Raman.'%®
The bands below 225 cm™" are related to the host species and
decrease with the siloxanes.'**'%

Morphological changes observed in SEM images (Figures 7
and S13) indicate that the addition of aluminum causes the
magadiite particles to lose their cauliflower-shaped arrange-
ment (Figure S14), without significantly altering the structural
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Figure 7. SEM images of the samples obtained: (a) 2d + Oh, (b) 2d + 1.5h, (c) 2d + 3h, (d) 2d + 6h, (e) 2d + 9h, (f) 2d + 12h, and (g) 2d + 24h.
The partially disordered plate-like particles decrease in size, while the three-dimensional particles grow between them. The red squares highlight the

prismatic particles among the plate-like particles.

stacking of the layers. The other morphology that appears
immediately after ATiP is added to the gel (2d + Oh sample) is
likely associated with the ATiP-derived species.

The 2d + 6h sample shows a few small prismatic particles
among plate-like particles. These prisms become larger with
time, while the plate-like particles gradually decrease in size, as
seen in the SEM images of the 2d + 9h and 2d + 12h samples.
In mordenite, the ¢ direction coincides with the 12-membered
channel axis and defines the hexagonal end faces,”” and the
lateral prism faces are parallel to the (130) plane. Accordingly,
prism-plate contact is observed predominantly along the lateral
faces.

Subsequently, most of the particles exhibit the typical
mordenite habit. By the 2d + 24h sample, all plate-like particles
are consumed. The worm-like morphology of amorphous
aluminosilicate precursors'®*~"'’ was not observed in any
sample.
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The magadiite framework is composed of small, highly
twisted rings in a pyknosil-like structure denser than any
known pure-silica zeolite structure.””*”'"" Mordenite is a
large-pore zeolite of open structure. A pyknosil-to-zeolite
structure conversion is unusual compared to other conversions
to zeolites, in which the initial phase appears to participate
with large structural motifs such as building units. This
transformation also diverges from Ostwald’s Rule, which is
frequently invoked to rationalize transformations from less
packed to denser phases based on the relative stability of
silicate bonds.”**> Nevertheless, precedents exist in which
more compact frameworks transform into more open

29112 the structural contrast here is more pronounced
than in zeolite—zeolite interconversions.

Partial dissolution of the parent phase is observed in
magadiite conversions to zeolites in the presence of SDAs or
seeds”"''¥!* and zeolite interconversions.***’ However, the
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analyses did not show evidence of magadiite dissolution.
Aluminum is absent from the parent phase and thus acts as the
sole element linking two kinetically persistent silicate phases
under conditions that would otherwise drive magadiite toward
denser products. Moreover, the synthesis proceeds without
seeds, conventional structure-directing agents, or identical
structural motifs that would enable a transition involving
condensation of silanols.

Accordingly, this magadiite-to-MOR hydrothermal conver-
sion route represents a particular case of zeolite synthesis. The
data are consistent with a process involving framework
reconstruction””*” promoted by aluminum supplied from the
solution, akin to that proposed for ilerite-to-zeolite con-
versions, but without lattice continuity that could be associated
with topotactic processes.?’4

4. CONCLUSIONS

This study reveals an unusual pathway for the direct
conversion of magadiite into mordenite, driven by the
incorporation of aluminum. Spectroscopic data indicate that
aluminum follows a path from the precursor, passing through
the solution to the interlayer space of magadiite. Once there, it
gradually disperses in the solid by migrating through different
crystallographic sites during framework incorporation. During
this process, a transformation of ring-building units occurs,
accompanied by a decrease in silicate surface groups.

NH,;-TPD measurements corroborate this scenario, reveal-
ing a progressive increase in acidity consistent with
condensation of surface groups and the formation of
framework-confined Brensted sites. Catalytic data, used as a
probe reaction, mirror this progression, showing that acrolein
selectivity increases as byproduct formation decreases in step
with the decline of Lewis acid sites from silanolate and
nonincorporated aluminum.

Textural analysis shows a gradual development of micro-
porosity, distinct from that seen in interzeolite conversions.
The stage of external surface reorganization, without the
retraction of the specific surface area observed in trans-
formations between zeolites, aligns with the restructuring of
the solid phase. Morphological observations corroborate this
surface rearrangement, indicating the growth of prismatic
particles in contact with the faces of the plate-like crystals.

This conversion exhibits features drawn from current
zeolitization models. The shared ring motifs, cross-nucleation,
and bond dissociation/formation energetics enable aluminum
to trigger a progressive reorganization of the layered lattice
toward the MOR topology without evidence of prior
amorphization of the parent phase. While it shares traits with
zeolite interconversion and solid-phase reorganization medi-
ated by aluminum supplied by the solution, it also suggests that
compositional control can override Ostwald’s rule, inhibiting
the direct crystallization of denser frameworks.

Overall, this work contributes to the understanding of zeolite
synthesis by documenting a pyknosil-like-to-zeolite phase
transition promoted solely by the external addition of
aluminum into a preformed layered hydrous silicate. Beyond
its mechanistic significance, this system provides an oppor-
tunity to observe a process similar to interzeolite conversion,
but with a structural element external to the original gel
composition, rather than by seed-driven synthesis. These
findings expand the conceptual landscape of zeolite synthesis
and may aid in the design of tailored microporous materials.
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