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The development of efficient and multi-component catalysts with distinct active sites is essential to

promote chemically and economically circular processes and to achieve sustainable development. In

this work, various multi-component materials were synthesized combining the properties of MWW

zeolitic layers and MgAl mixed oxides. Synthesis conditions were successfully developed and optimized

to achieve the in situ formation of nanometric sub-domains of layered double hydroxides (LDHs) on

the surfaces and within the microporous cavities and channels of MWW layers (methods | and II).

Additionally, multi-component materials were prepared by mixing MWW lamellar precursors and

preformed layered double hydroxides, using swelling and exfoliation techniques and combined with

sonification and ball-milling techniques (method Ill). Calcination yielded materials effectively integrating
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zeolitic MWW layers with MgAl oxides, displaying distinct structural features depending on the synthesis
method. The catalytic performance of these materials was evaluated in the oxidation of glucose to
formic acid (FA) using H,O, as the oxidant. Among the catalysts investigated, MWW@MgAl-in situ-40,

which combined suitable textural properties and basicity, showed superior activity, achieving a 47.7% FA

rsc.li/materials-advances

1. Introduction

The exploration of multi-functional composite materials by
combining different components in a well-designed structure
is a prominent topic, as the combination can balance their
drawbacks and improve their properties, leading to multi-
functional materials with unique properties and applications.
In fact, multi-component materials have received significant
attention due to their ability to integrate complementary func-
tionalities within a single framework, enabling synergistic
interactions between components. This integration often leads
to enhanced catalytic performance, adsorption properties, and
energy storage applications. For instance, layered double hydro-
xides (LDHs) combined with porous supports such as zeolites
or mesoporous silicas have demonstrated remarkable efficiency
in catalytic oxidation, hydrogenation, and CO, capture processes.'™
Similarly, metal oxide composites incorporating active sites for
redox and acid-base reactions have shown potential in biomass
conversion and environmental remediation. The ability to
precisely control the distribution and interaction of sub-
domains within these materials is key to optimizing their
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yield at 66.2% glucose conversion after 7.5 h at 363 K in dioxane.

multi-functional properties and tailoring them for specific
applications. These advances highlight the importance of
further research into the synthesis and characterization of
multi-component systems.”>””

These advanced materials for the sustainable and greener
synthesis of chemicals and fuels by converting renewable raw
materials play a crucial role in achieving sustainable develop-
ment. Reducing the environmental footprint and addressing
the limitations of fossil sources and the ever-increasing
global demand for energy require the urgent implementation
of carbon-neutral energy production and transport systems.
In this context, the substitution of fossil fuels with biofuels, due
to its uncertainty in CO, balance and its competition with food
production, is being reconsidered. Both legislation and indus-
try are directing investments towards the production of renew-
able electricity, leveraging the existing electrical grid with its
attractive features and moderate initial infrastructure invest-
ments. However, challenges arise in electrifying the transport
sector due to the substantial requirements for on-board elec-
trical energy storage, necessitating large batteries.® In this
respect, H, emerges as a promising alternative for intermediate
energy storage. H, has a high volumetric capacity (33.3 kWh kg™ %)
and can be converted to energy in an internal combustion engine
or fuel cells. Conventional H, storage such as high-pressure
compressed gas cylinders or cryogenic liquid suffer from excessive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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energy losses (compression, liquefaction and evaporation of H,)
and low volumetric energy capacity. While physical adsorption of
H, on large surface area materials experience limitations in terms
of temperature and pressure ranges providing lower gravimetric
and volumetric energy densities. Formic acid (FA) emerges as an
appealing alternative as a liquid hydrogen carrier. FA contains
only 4.4 wt% H,, however due to its high density of 1.22 g cm>
and volumetric capacity it reaches 53 gH, L™ ", which is equivalent
to an energy density of 1.77 kWh L™".° Thus, FA represents the
potential for a carbon-neutral H, storage system, pending the
development of efficient CO, hydrogenation and selective FA
dehydrogenation processes. Formic acid is produced mainly from
carbon monoxide, either by heating it with sodium hydroxide to
produce sodium formate, further acidified, or by the base-
catalyzed reaction of CO and methanol to produce methyl for-
mate, further hydrolyzed to acid. Formic acid is also one of the
main by-products of acetic acid manufacture. Consequently, the
biomass-based FA production from cellulosic biomass and sugars
is an attractive route. Thus, two main chemocatalytic oxidation
strategies have been explored to produce FA from carbohydrates
using O, or H,0, as oxidant."

Formic acid production from carbohydrate biomass occurs
by oxidative cleavage of the C-C bond connecting an aldehyde
group and a hydroxyl group. The terminal carbon is then
oxidized to formic acid and the subsequent C5 intermediate
will repeat this degradation until all C-C bonds have been
cleaved (Scheme 1), and six formic acid molecules can be
obtained. However, the selective cleavage of the C-C bonds is
challenging, as several side reactions occur with CO, being the
main by-product of the decarboxylation of the acid intermediate.

The oxidation of carbohydrate to FA using molecular oxygen
(0,) as oxidant have been performed in the presence of
vanadium-based catalysts,"""*> such as NavO; and polyoxome-
talates (POM), with high activity for glucose oxidation due to
their strong Brensted acidity and high oxidation ability,">"* but
with important drawbacks such as long reaction times and high
O, pressures. Another approach employs hydrogen peroxide
(H,0,) as oxidant for the oxidative decomposition of glucose to
FA and catalyzed by homogeneous bases (Scheme 2).'>'® The
degradation of an aldohexose begins with the addition of a
hydroperoxide anion to the aldehyde carbon atom of the
aldohexose acyclic form. This reaction produces an unstable
adduct, which then decomposes to yield the next lower aldose
(a pentose) and formic acid. The degradation process proceeds
stepwise, ultimately breaking down the hexose into six moles of
formic acid, unless interrupted by a glycosidic linkage lacking a
hydroxyl group on the carbon adjacent to the peroxide, which
prevents further decomposition.'”'® Ketose degradation can

OH OH
[0]  HO

o~ OH —— \ﬂ

OH OH
Glucose

Formic acid

Scheme 1 Oxidation of glucose to formic acid.
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also take place in the same way, taking into account the lower
electrophile character of ketone respect to aldehyde.

In the last decade, different studies using heterogeneous
based catalysts have been reported using metallic oxide'® and
mixed oxides derived from layered double hydroxides (LDH),
because of the environmentally friendly nature of their recycl-
able nature attributed to simple separation and recovery, as
well as its applicability to continuous reactor operations.'®*’
The oxidation of monosaccharides was carried out using cal-
cined Mg-Al hydrotalcite and H,0,, in ethanol, at 343 K, within
for 5 h, reaching high 78% FA yield. The hydrotalcite-based
catalyst was reusable twice. More recently, the efficient MgO-
H,0, catalytic performance was reported, achieving very good
78.6% FA yield with 90.5% glucose conversion at 323 K,
in water. Moreover, the catalyst could be recycled five times
without activity decline.'®

Unlike conventional LDH-zeolite composites, which often
rely on mechanical mixing or deposition methods with limited
structural control, this work explores the potential of combin-
ing lamellar inorganic building blocks, MWW-type zeolitic
layers and MgAl layered double hydroxides (LDHs), to construct
well-integrated multi-component catalytic materials. The layered
nature of both components facilitates the formation of inter-
connected architectures, where the degree of interaction and
spatial distribution of active domains can be modulated by the
selected synthesis strategy. By comparing in situ and ex situ
approaches, we aim to establish how the synthetic route governs
the structural integration and accessibility of catalytic sites,
ultimately enabling a rational design of LDH-zeolite hybrid
materials with tailored properties for base-catalyzed reactions
involving biomass-derived substrates. In this line, advancing in
the use of heterogeneous catalysts based on mixed oxides of
LDH phases, we have recently reported the synthesis of differ-
ent families of multi-component materials by combining
MWW@type zeolitic layers with nanoscale MgAICe oxide sub-
domains using different synthetic approaches.? After calcina-
tion, multi-component materials with integrated zeolitic MWW
layers and MgAlCe oxides were obtained, revealing significant
structural differences across the developed methods. Thus, in a
first section of this study, we report the preparation of different
multi-component materials combining the properties of indi-
vidual MWW@layers and MgAl mixed oxides, following the
same strategies. Developing optimized and variable synthesis
conditions, it is possible to prepare in situ nanometric sub-
domains of layered double hydroxides (LDHs) on the surface
and inside the microporous half cavities and channels of MWW
individual layers (methods I and II). Alternative approach
(method III) uses swelling and intercalation of MWW layers
with preformed LDH phases as intercalation units in the
interlamellar space. Both ball milling and ultrasonication have
been applied to enhance the intercalation and mixing of both
precursors in order to enhance the interaction between MWW
and LDH films and the effective combination of both phases at
the nanometer scale. Ball milling is a high-energy solid-state
grinding process that reduces particle size, modifies material
properties and improves mixing. Ultrasonication is another
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effective homogenization technique that improves mixing and
dispersion of materials by ultrasonic cavitation, breaking
up particles and agglomerates. After calcination, materials
integrating zeolitic layers and MgAl oxides were obtained,
revealing significant structural differences between the differ-
ent methods.

The obtained materials were characterized showing that
contain accessible Lewis acidic and basic sites, showing their
potential as multi-functional catalysts. In particular, method I
would be based on an in situ deposition of Mg species in the
presence of the MWW precursor, without the addition of
external aluminium sources, so that any aluminium contribut-
ing to the formation of MgAl domains would be originated
solely from partial extraction of framework Al. This would result
in the generation of more Mg-rich domains, potentially with
stronger basicity. Method II also would follow an in situ route,
but with the co-precipitation of both Mg and Al salts within the
MWW network, allowing for better control of the Mg/Al ratio
and promoting the formation of homogeneously dispersed
LDH-type phases. Finally, method III would involve the ex situ
incorporation of preformed MgAI-LDHs through either
ultrasound-assisted mixing or ball milling, enabling an assess-
ment of how physical mixing strategies affect domain disper-
sion, porosity retention, and interfacial connectivity. These
three approaches would be expected to impact the catalytic
performance by modulating not only the basicity and strength
of active sites, but also their accessibility and interaction with
the zeolitic framework. Specifically, the homogeneous distribu-
tion of active sites within the porous zeolitic framework would
facilitate synergetic interactions between active centres of the
zeolite structure and metallic oxides located in the external
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Oxidation mechanism of aldose and ketose by hydroperoxide anion into formic acid.

layers or confined in the microporous channels present in each
individual MWW layers. Moreover, the small particle size and
high dispersion of MgAl oxides should improve both the
accessibility to these active sites and their concentration.

Finally, in the second section of this paper the differences
in the -catalytic performance of the multi-component
materials prepared following the three developed methods
was explored for the oxidation of glucose to formic acid (FA)
using H,0,. Therefore, the impact of the different structural
features of the different multi-component materials over the
FA yield and glucose conversion was discussed. A study of
reaction conditions allowed producing FA with a moderate
47.7% yield at 66.2% glucose conversion, after 7.5 h, at 363 K,
in dioxane.

2. Experimental section

2.1. Synthesis of MWW@Mg multi-component materials

All samples were prepared by a two-step procedure. The zeolite
precursor was synthesized according to the method previously
reported in the literature.?® In the second step, solution A was
prepared by dispersing the zeolitic MWW precursor (Si/Al = 15)
(0.5 g) in distilled water (300 mL) and then the desired amount
of Mg(NO3), (1.1 g) was added. Next, aqueous solution B
formed by NaOH (7.2 g), NaNO; (1.9 g) and distilled water
(200 mL) was added to solution A drop by drop to adjust and
maintain the pH = 12, with constant stirring at room tempera-
ture. Finally, the obtained slurry was aged at 373 K for 24 h.
Then, the precipitate was filtered, washed with distillate water
and dried at 373 K overnight. These precursors were calcined at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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853 K for 5 h in presence of air to obtain the final materials.
Obtained solids were labelled as MWW@Mg.

2.2. Synthesis MWW@MgAl-in situ multi-component
materials

For obtaining MWW@MgAl-in situ materials, the synthesis of
MWW precursors was carried out as previously described.”®
An aqueous solution A (300 mL) consisting of Mg(NO3), (0.39-
0.64 g), Al(NO3); (0.11-0.29 g) was prepared. Then, the pH was
adjusted with solution B (7.2 g NaOH and 1.9 g NaNO; in
200 mL distilled water), to pH = 12, with constant stirring at
room temperature. After 10 min, the MWW zeolitic precursor
(Si/Al = 15) (0.5 g) was added to the solution and maintain the
stirring for 30 min. Finally, the obtained slurry was aged at
373 K for 24 h. Then, the precipitate was filtered, washed with
distilled water and dried at 373 K overnight. The sample
containing cerium is prepared in the same way by adding
0.06 g of Ce (NOs3); to solution A. These precursors were
calcined at 853 K for 5 h in presence of air to obtain the final
materials. Obtained solids were labelled as MWW@MgAI-
in situ-30, MWW@MgAl-in situ-40, MWW@MgAICe-in situ-40
and MWW@MgAl-in situ-50, according to the LDH content in
the samples. Characterization details of the sample containing
cerium were included in (Fig. S1-S4).

2.3. Synthesis MWW@LDH multi-component materials

In the synthesis of MWW®@LDH type materials, the zeolitic
MWW precursor (Si/Al = 15) and LDH (MgAl) are previously
synthesized, according to the literature.’® For the swelling
process, 1 g of MCM-22(P) was dispersed in 6 g of H,O milliQ
and 20 g of the CTMAOH (25 wt%, 30% exchanged OH-/Br-)
and 6 g of TPAOH (40 wt%, 30% exchanged OH-/Br-) were
added. The obtaining slurry was heated at 353 K with constant
stirring and reflux for 16 h. The solution was cooled at room
temperature. The LDH (0.5 g) was added and continued stirring
for 24 h, after the slurry being sonicated for 1 h. The solid was
collected by centrifugation and dried at 373 K overnight. This
precursor was calcined at 853 K for 5 h in the presence of air to
obtain the final material, labelled as MWW@MgAI-US.

In addition, 1 g of MWW precursor (Si/Al = 15) was milled in
a ball mil with 0.5 g of LDH (MgAl) previously synthesized,
according to the literature. The weight of the zirconium beads
was 5 x grams of solid. Then, the samples were screened at
room temperature and 20 rpm. The samples were calcined at
853 K in presence of air to obtain the final materials. Obtained
solids were labelled as MWW@MgAI-BM.

2.4. General procedure for glucose oxidation

In a typical reaction procedure, glucose (0.96 mmol), the
catalyst, the solvent (4.75 mL) and 30 wt% H,O, (5-10 equiva-
lent) were weighed into a 5 mL microwave vial reactor. Then,
the reaction was carried out in a Biotage™ Initiator + microwave
apparatus at different temperatures ranging from 363 to 403 K.
The reaction was monitored taking samples at different time of
reaction. The catalyst was filtered off using a Milex syringe filter
(0.20 um). The samples were analyzed by high performance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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liquid chromatography (HPLC, Shimadzu Prominence-i LC-
2030C 3D Plus) equipped with a RID-20A detector from Shimadzu
Corporation, using an Aminex HPX-87H column (Bio-Rad Lab.
Inc.). Aqueous H,SO, (5 mM) at a flow rate of 0.6 mL min~* was
run through the column maintained at 333 K. Calibration curve
were established for all reaction components using pure com-
pounds (glucose, fructose, erythrose, arabinose, formic acid and
glycolaldehyde dimer).

Conversion, yield and selectivity were calculated following
the equations shown as below:

Glucose conversion%

__ initial amount glucose (mol) —amount glucose at time ¢ (mol)
N initial amount glucose (mol)

x 100

Yield%

Number of carbon in substrate x Amount substrate(mol)

~ Number of carbon in glucose(6) x Amount initial glucose(mol)

x 100

Yield

Selectivity% = ————x
¥ Conversion

For the recyclability test, the catalyst was filtered, washed
with ethanol (20 mL) and acetone (20 mL) and calcined at 813 K
for 4 h and reused for the next run.

2.5. Characterization techniques

Powder X-ray diffraction (XRD) patterns of the different
samples were measured on a Philips X’PERT diffractometer
equipped with a proportional detector and a secondary graphite
monochromator. Data were collected stepwise over the angle
range 2° < 20 < 90° using Cu Ku (4 = 1.54178 A) radiation.

The chemical composition of the sample was measured on a
Spectra AA 10 Plus, Varian, after the dissolution of the solids
in HNO3;/HCI/HF aqueous solution, heating in a microwave
for 2 h.

Thermal gravimetric analysis and differential thermal ana-
lyses (TGA-DTA) were conducted in air streams with a Mettler
Toledo TGA/SDTA 851E analyzer.

Nitrogen adsorption isotherms were measured in a Micro-
meritics ASAP 2010 instrument using approximately 200 mg of
the adsorbent placed in a sample holder that was immersed in
a liquid circulation thermo-static bath for precise temperature
control. Before each measurement, the sample was treated
overnight at 673 K under a vacuum. The Brunauer-Emmett-
Teller (BET) method was followed for surface area and pore
volume determinations. Surface area was calculated with the
data in the range from 0.04 to 0.2. The total pore volume was
obtained from the amount of N, adsorbed at a relative pressure
of 0.99. Finally, the external surface area and microporous
volume were estimated using the ¢-plot method in the ¢ range
from 3.2 to 5.

Mater. Adv., 2025, 6, 7032-7055 | 7035
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Transmission electron microscopy (TEM) was performed in
a JEOL model JEM1400Flash with a STEM detector. For the
analysis, a small amount of the sample was dispersed in
dichloromethane. Then, a drop was placed on a copper grid
and dried under a lamp for 2 h. Field-emission scanning
electron microscopy (FESEM) micrographs were recorded on a
ZEISS Ultra 55 microscope and scanning electron microscopy
(SEM) images were carried out on a Carl Zeiss Gemini 500 field
emission scanning electron microscope.

The UV-Vis measurements were performed in a Cary 5
spectrometer equipped with a diffuse reflectance accessory.

Solid-state MAS-NMR spectra were recorded at room tem-
perature under magic angle spinning (MAS) in AC-400 and AV-
111 HD-400 spectrometers. The single pulse 2°Si and *’Al spectra
were obtained at 79.5 MHz and 103.8 MHz, respectively,
and with a 7 mm Bruker BL-7 probe. >°Si were referred to as
tetramethylsilane, and *’Al were referred to as aluminum
nitrate.

The nature of acid sites was studied using TPD of pre-
adsorbed and desorbed NH; on an Autochem II (Micromeri-
tics). Approximately, 100 mg samples were pretreated at 473 K
for 30 min under an O, flow (10 mL min~"), then outgassed for
15 min under an He flow (100 mL min~ ") and cooled to 373 K.
Then, NH; adsorption was performed at 373 K, using pulses of
a known volume, until saturation of the solid. Finally,
the sample was heated up to 1073 K (10 K min~') in He flow
(100 ml min~"). NH; desorption was analyzed with a thermal
conductivity detector and a mass spectroscopy (OnmiStar,
Pfeiffer).

FTIR spectra were recorded with a Thermo Nicolet 8700
FTIR spectrophotometer and a conventional quartz infrared
cell connected to a vacuum dosing system. The catalyst powder
was pressed into self-supporting wafers (10 mg) and activated at
523 K in vacuum for 1 h, before the adsorption experiments.
Adsorption of deuterated chloroform (4-90 mbar) was per-
formed at room temperature with a calibrated volume
(1.55 cm?), followed by time-controlled evacuation at the same
temperature. In all cases, FTIR spectra of the unloaded catalyst
sample were recorded as reference spectra. IR bands at 2004
and 1880 cm * on the reference sample were used for normal-
ization of the spectra. Deconvolution of the IR spectra was done
with the ORIGIN software program and Gaussian-type curves
were considered.

3. Results and discussion

Three distinct synthesis strategies were employed to synthesize
the multi-component materials, integrating MWW zeolitic
layers with MgAl oxide sub-domains. These strategies were
designed to optimize the structural and functional properties
of the resulting composites while enabling flexibility in the
incorporation and distribution of active sub-domains. Method
(I) involved the in situ formation of MgAl layered double
hydroxides (LDHs) directly on the external surfaces and within
the microporous cavities of MWW layers. This approach
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utilized the intrinsic aluminum from the MWW framework as
a source for the LDH formation, avoiding the introduction of
external aluminum precursors. Method (II) extended this strat-
egy by introducing an external source of aluminum, along with
magnesium precursors, to facilitate the in situ formation of
LDHs. This approach allowed the generation of well-dispersed
nanometric LDH sub-domains that strongly interacted with the
MWW layers, enhancing the structural integration between the
two building components. Method (III) employed a combi-
nation of swelling and intercalation steps together with the
use of advanced physical techniques such as ball-milling and
ultrasonication to improve the interaction and dispersion of
MWW layers with preformed LDH phases. The swelling process
separated the individual MWW layers, creating space for LDH
insertion. Subsequently, ultrasonication was applied to achieve
intimate mixing and reduce particle sizes, promoting close
contact between the lamellar components. Ball-milling further
enhanced this process by breaking agglomerates and achieving
a uniform dispersion of the precursors. This methodology
enabled the preparation of composites with a highly intercon-
nected structure and evenly distributed active sub-domains.
These synthesis strategies collectively highlight the versatility of
the methodologies in tailoring the structural features of the
multi-component materials (Scheme 3).

3.1. Physico-chemical and textural properties of multi-
component MWW@LDH-type materials

From XRD analysis of multi-component MWW@LDH-type
materials synthesized via method (I) (Fig. 1), it was observed
that the as-synthesized materials maintained the characteristic
reflections of the laminar MWW precursor (MCM-22(P)), indi-
cating that the synthesis conditions preserved the zeolitic
framework. However, no clear diffraction peaks corresponding
to MgAl layered double hydroxide (LDH) phases were observed,
suggesting that under these synthesis conditions, the in situ
formation of well-structured hydrotalcite domains was not
favored. Instead, the presence of diffraction peaks attributed
to Mg(OH), suggested the formation of magnesium hydroxide
species rather than well-defined LDH phases. This result indi-
cated that, apparently, aluminum from the zeolite framework
did not contribute effectively to the direct formation of MgAl
hydrotalcite-like structures in the as-synthesized state. After
calcination, notable structural changes were observed. The
disappearance of Mg(OH), reflections confirmed the thermal
decomposition of hydroxide species, leading to the formation
of mixed MgAl oxides. The emergence of new diffraction peaks
associated with MgAlO, suggested that the aluminum initially
present in the tetrahedral framework of the MWW layers
contributed to the formation of MgAl mixed oxides (MgAl
MO) upon heating. This transformation would favor to the
generation of catalytically oxide phases, which were expected to
exhibit improved acid-base and redox properties. Despite these
changes, the MWW-related reflections remain visible, confirm-
ing that the zeolitic framework was largely retained after
calcination. However, slight modifications in peak intensity
and broadening suggested subtle alterations in the interlayer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis methodologies applied to prepare lamellar multi-component materials based on MWW -type zeolitic layers and MgAl oxide sub-

domains combined at the nanometric scale.

structure, possibly due to the dispersion of oxide species within
or on the surface of the MWW layers.

The chemical analysis of the MWW@Mg materials synthe-
sized via method I provided valuable insights into the incor-
poration of Mg and Al like additional oxide phases integrating
the multi-component structure (Table 1). The results indicated
a significant incorporation of magnesium, suggesting that the
synthesis conditions, particularly the alkaline environment,
facilitate the formation of Mg-based oxide sub-domains, while
the majority of aluminum remained within the zeolitic frame-
work. The observed reduction in the Si/Al molar ratio compared
to the theoretical value for the parent MWW zeolite indicated
that partial desilication may have occurred during synthesis.
This structural modification likely contributed to the enhanced
integration of Mg species into the zeolitic layers, affecting both
the textural and acidic properties of the material. This is
consistent with the hypothesis that Mg is predominantly pre-
sent in oxide sub-domains, while aluminum remains largely
within the zeolite framework. These findings confirmed that
method I promoted the incorporation of high amount of Mg
into the MWW structure, with limited extraction of zeolitic

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

tetrahedral aluminum contributing to the segregation of oxide
phases.

The structural integrity of the MWW zeolitic framework after
the incorporation of MgAl oxide sub-domains was evaluated
through solid-state >°Si and >’Al NMR spectroscopy (Fig. 2).
The >°Si spectra confirmed that the characteristic signals of
MWW zeolites persisted, showing resonances associated
with the Q* and Q* silicon environments. This indicates that
the fundamental zeolitic structure remained intact through-
out the synthesis process. However, a notable increase in the
intensity and alteration of the Q* and Q® signals is observed
in the multi-component MWW@Mg material, suggesting a
greater presence of surface silanol groups and partially dis-
rupted silicate environments. This shift would indicate that
the formation of rich Mg oxide sub-domains could induce
local modifications in the zeolitic framework, likely due to
interactions between the oxide species and external silanol
groups. The >’Al NMR spectra revealed the presence of both
tetrahedral and octahedral aluminum species. The tetra-
hedral coordination corresponds to aluminum atoms inte-
grated within the zeolite framework, while the octahedral

Mater. Adv,, 2025, 6, 7032-7055 | 7037
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Fig. 1 XRD patterns of multi-component MWW@Mg materials obtained following synthesis method (1): (top) as-synthesized samples; (bottom) calcined

samples.

Table 1 Chemical analysis (%wt and molar ratios) of multi-component MWW@Mg, MWW@MgAl-in situ and MWW@LDH materials obtained following

synthesis methods (1), (Il) and (Ill), respectively

Si/Al Al/(Mg + Al + Ce)
Sample %Si %Al %Mg %Ce Theor. Exp. Theor.” Exp.”
MWW@Mg materials
MWW@Mg 19.9 2.2 18.2 — 15 8.7 0.11 0.02
MWW@MgAl-in situ materials
MWW@MgAl-in situ-30 16.0 4.2 10.1 — 10 3.7 0.20 0.20
MWW@®@MgAl-in situ-40 15.2 5.4 11.0 — 7 2.7 0.20 0.25
MWW@MgAl-in situ-50 14.7 5.7 12.9 — 7 2.5 0.20 0.20
MWW@®@MgAICe-in situ-40 17.3 5.5 11.6 3.3 8 3.0 0.20 0.23
MWW@LDH materials
MWW@MgAI-US 13.8 5.1 10.2 — 15 2.6 0.23 0.27
MWW@MgAI-BM 26.1 3.6 6.8 — 15 7.0 0.23 0.20

¢ For these molar ratio values, aluminum from MWW zeolitic material is not considered (Si/Al molar ratio of the MWW precursor is 11, based on

the chemical analysis results obtained of this material).

contribution is attributed to extra-framework aluminum
species, likely associated with MgAl oxyhydroxide domains
formed during synthesis. Given that with this methodology
the only aluminum source was the MWW structure itself,
these results indicated that part of aluminum was mobilized
from the zeolitic framework and contributed to the for-
mation of new oxide domains.

7038 | Mater. Adv,, 2025, 6, 7032-7055

The N, adsorption isotherm of the MWW@Mg sample
revealed significant differences in textural properties com-
pared to the pristine MCM-22 zeolite, aligning more closely
with the behavior observed for the LDH (MgAl) reference
material (Fig. 3). This suggested that the formation of MgAl-
based oxide sub-domains significantly altered the porosity
and surface characteristics of the MWW framework. A notable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 2°Si BD MAS NMR (left) and Al MAS NMR (right) spectra. (a) As-synthesized multi-component MWW@Mg materials obtained through method (1).
(b) As-synthesized multi-component MWW@MgALl-in situ materials obtained following synthesis method () with different LDH content.
(c) As-synthesized multicomponent MWW@LDH materials obtained following synthesis method () using ultrasonic and ball milling techniques.

reduction in microporous contribution was expected due to
the deposition of Mg-based oxide phases within the zeolitic
layers and interlayer spaces, which lead to partial blockage of
micropores (Table 2). This effect is consistent with the trend
observed in similar multi-component materials, where the
incorporation of metal oxide sub-domains restricts access to
the internal pore system of the zeolite.”® Given that this
material was synthesized at a pH of approximately 12.5, the

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

structural evolution observed in its textural properties was in
agreement with previous findings, where a higher pH pro-
moted the formation of more extensive oxide sub-domains,
leading to a denser and more compact structure with reduced
microporosity. These findings highlighted the structural
transformation of the MWW@Mg samples, where the for-
mation of MgAl oxide sub-domains modified the original
zeolitic texture.
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method (I11).
Table 2 Textural properties of multi-component MWW@Mg, MWW@MgAl-in situ and MWW@LDH materials obtained using methods (1), (1) and (I1),
respectively, from N, adsorption isotherms

BET surface t-Plot micropore t-Plot micropore Viotal
Sample area (m* g™ ") area (m* g ) volume (cm® g™ ") (em® g™
MCM-22 487 408 0.162 0.490
LDH (MgAl) 226 140 0.075 0.550
MWW@Mg materials
MWW@Mg 269 181 0.088 0.413
MWW@®@MgAl-in situ materials
MWW@MgAl-in situ-30 391 254 0.105 0.480
MWW@MgAl-in situ-40 378 192 0.076 0.519
MWW@MgAl-in situ-50 388 226 0.095 0.643
MWW@MgAICe-in situ-40 347 156 0.066 0.501
MWW@LDH materials
MWW@MgAI-US 293 264 0.108 0.318
MWW@MgAI-BM 429 372 0.156 0.424

In the case of multi-component materials prepared from
method (II), XRD patterns of the as-synthesized MWW@®@
MgAl-in situ materials revealed the characteristic reflections
of the laminar MWW precursor (MCM-22(P)), confirming that
the layered zeolitic framework remained intact following the
synthesis procedure (Fig. 4). Unlike the materials obtained via
method (I), these samples exhibited additional diffraction
peaks corresponding to well-defined MgAl layered double
hydroxides (LDHs). The presence of these signals, particularly
in the low-angle region, indicated that under the synthesis

7040 | Mater. Adv, 2025, 6, 7032-7055

conditions of method (II), the formation of LDH structures
was probably achieved. This result contrasted with method (1),
where no LDH phases were detected in the as-synthesized
samples, and only Mg(OH), was observed. The difference
suggests that the introduction of an external aluminum source
in method (II) plays a crucial role in driving LDH formation,
rather than relying solely on aluminum from the MWW frame-
work. Moreover, the distinct diffraction signals suggested that
these LDH domains were more homogeneously distributed
within the composite, potentially intercalating into the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD patterns of multi-component MWW@MgAL-in situ materials obtained following synthesis method (I1): (top) as-synthesized samples; (bottom)

calcined samples.

interlayer space of the MWW structure rather than simply
depositing on its external surface. Following calcination, the
disappearance of LDH-related diffraction peaks confirmed the
thermal decomposition of these phases into mixed oxides,
primarily MgAlO,. As with the evolution observed in method
(), the formation of these oxide phases was accompanied by
changes in peak intensities and slight broadening, indicating
subtle modifications within the interlamellar regions of the
MWW layers. In contrast, a key difference was that in method
(I1), the initial presence of LDH structures could lead to a more
defined transformation pathway, likely resulting in a more
uniform dispersion of the mixed oxides. On the other hand,

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

although the MWW structure remains largely preserved, the
peak broadening suggests that the thermal treatment may
induce partial structural rearrangements, possibly due to
strong interactions between the newly formed oxide domains
and the zeolitic layers.

The chemical analysis of the MWW@MgAl-in situ materials
confirmed the successful incorporation of Mg and Al into the
multi-component structures through the in situ formation of
LDH sub-domains within the MWW framework (Table 1). The
higher use of inorganic precursors during synthesis was
reflected in the increasing levels of Mg and Al in the final
materials, indicating the progressive development of MgAl LDH

Mater. Adv,, 2025, 6, 7032-7055 | 7041
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phases as the synthesis parameters were adjusted. These sub-
domains would likely be distributed within the interlayer
spaces and internal voids of the MWW structure, contributing
to both the structural and chemical modification of the materi-
als. Compared to the materials synthesized via method I, where
the incorporation of Mg was prominent but the extraction of Al
from the zeolitic framework was limited, the materials obtained
via method II exhibited a more balanced integration of both Mg
and Al. This suggests that the use of external aluminum sources
in method II enhanced the formation of LDH phases, while
in method I, the low aluminum availability restricted LDH
development, favoring instead the formation of separate Mg
oxide sub-domains. Moreover, the Si/Al molar ratios in the
MWW@MgAl-in situ materials showed a more pronounced
decrease compared to the parent MWW structure, indicating
greater chemical modification due to the in situ formation of
LDH sub-domains, associated with the presence of external
aluminum sources during the synthesis process.

The >°Si NMR spectra confirmed that the structural integrity
of the MWW framework was maintained after synthesis, as
evidenced by the presence of characteristic Q-type resonances
(Fig. 2). Similarly, to the materials obtained via method I, where
appreciable alterations in the Q* and Q® signals were observed,
the in situ formation of MgAl LDH sub-domains in method II
lead to a slight increase in intensity and broadening of these
signals, associated to the interaction between the zeolitic layers
and the newly formed LDH phases, potentially through inter-
actions with surface silanol groups. The *’Al NMR spectra
provided further insight into these structural differences.
In both methods, tetrahedral aluminum species associated
with the zeolite framework remained present, confirming that
the layered structure was largely preserved. However, while the
materials obtained via method I primarily exhibit tetrahedral
aluminum with only a limited presence of octahedral species,
method II leads to a more significant contribution of octa-
hedral aluminum (~15% for method I front ~50% for method
II). This indicated that the introduction of an external alumi-
num source in method II facilitated the formation of LDH sub-
domains, effectively integrating MgAl phases within the MWW
structure. These results highlighted that while method I relied
solely on the aluminum present in the MWW framework,
limiting the extent of LDH formation, method II successfully
generated well-dispersed MgAl LDH sub-domains, leading to a
more homogeneous distribution of octahedral aluminum. This
structural distinction may play a key role in influencing the
catalytic properties of the materials, which will be explored in
the following section. The N, adsorption isotherms of the
MWW@MgAl-in situ materials showed significant modifica-
tions in their textural properties compared to the pristine
MCM-22 zeolite, reflecting the influence of the in situ formation
of MgAl LDH phases and their transformation into mixed
oxides upon calcination (Fig. 3). A notable decrease in specific
surface area and micropore volume was observed in these
materials, indicating that the formation of MgAl phases within
the zeolitic structure resulted in a more compact network with
reduced microporosity. This effect was particularly evident
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when comparing the micropore area and volume values, which
were lower than those of MCM-22, suggesting that the newly
formed oxide domains contributed to the partial blockage of
microporous cavities and channels in the zeolitic framework
(Table 2). Similar to what was observed for method I, the
reduction in microporosity would likely be related with the
deposition of MgAl phases within the zeolitic layers, limiting
access to the internal pore network, and with the homogeneous
distribution of oxide sub-domains, which formed a denser
structure that restricted nitrogen adsorption in microporous
regions. However, despite the loss of microporosity, an increase
in total pore volume was observed, particularly in samples with
a higher content of in situ formed LDH phases. This phenom-
enon could be attributed to the formation of smaller oxide
crystallites upon calcination, leading to the generation of
interparticle porosity, together with the presence of additional
mesoporous, resulting from the arrangement of MgAl phases
within the MWW layers.

For the multi-component materials prepared from method
(IID), XRD patterns of the as-synthesized materials confirmed
the retention of the characteristic reflections of the laminar
MWW precursor (MCM-22(P)), indicating that the swelling and
intercalation processes did not compromise the integrity of the
zeolitic structure (Fig. 5). Unlike method I, where LDH phases
were not detected prior to calcination, and method II, where
they were generated in situ, method III successfully incorpo-
rates preformed MgAl LDH phases into the interlamellar spaces
between MWW layers. This was evidenced by the presence of
diffraction peaks corresponding to LDH structures, confirming
their integration within the composite. When comparing the
two processing techniques employed in method III (ultrasoni-
cation and ball milling), no significant structural differences
are observed in the as-synthesized state. In both cases, the LDH
reflections remain well-defined, suggesting that the intercala-
tion process was similarly effective in both treatments. After
calcination, the disappearance of LDH-related peaks confirmed
the thermal decomposition of these phases, leading to the
formation of mixed MgAl oxides. As seen in methods I and II,
diffraction peaks corresponding to MgAlO, emerged, indicating
the transformation of LDH sub-domains into catalytically active
oxide species. A significant difference between the two proces-
sing techniques becomes evident after calcination because the
sample prepared via ultrasonication (MWW@MgAI-US) exhib-
ited broader and less intense diffraction bands compared to the
ball-milled sample (MWW@MgAI-BM). This could suggest a
greater degree of dispersion and/or a lower degree of crystal-
linity in the multi-component materials obtained by ultrasoni-
cation, which may influence the textural properties and
catalytic performance of the final material.

The chemical analysis of the MWW@LDH materials synthe-
sized via method III revealed significant modifications in the
Si/Al molar ratios compared to the theoretical value of the
MWW zeolite precursor (Table 1). While the starting MWW
material had a Si/Al ratio of 15, the intercalated materials
exhibit substantially lower Si/Al ratios, indicating a pronounced
alteration of the zeolitic framework due to the intercalation of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD patterns of multi-component MWW@LDH materials obtained following synthesis method (lll): (top) as-synthesized samples; (bottom)

calcined samples.

preformed LDH phases. The ultrasonicated samples (MWW@®@
MgAI-US) showed a marked reduction in the Si/Al ratio, sug-
gesting that the cavitation effects during ultrasonication pro-
moted significant desilication together with the incorporation
of MgAl species into the zeolitic framework. This pointed to a
deeper interaction between the LDH phases and the MWW
layers, leading to substantial chemical modification. In con-
trast, the ball-milled samples (MWW@MgAI-BM) exhibited a
higher Si/Al ratio compared to the ultrasonicated material,
although still significantly lower than the theoretical value.
This could indicate that ball milling preserved the zeolitic
framework more effectively, limiting the extent of desilication.

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

The mechanical forces in ball milling likely enhanced the
dispersion of LDH phases without deeply penetrating or che-
mically altering the MWW layers. In comparison to method I,
where aluminum incorporation was limited and Mg oxide
phases predominated, the materials synthesized via method
III exhibited a more pronounced alteration of the zeolitic
framework due to the intercalation of preformed LDH phases.
Similarly, method III showed parallels with method II, where
in situ LDH formation facilitated a controlled and homoge-
neous integration of Mg and Al into the final multi-component
structures. Method III also induces significant framework
modifications, particularly in the samples processed via
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ultrasonication, where the intercalation process led to a more
aggressive chemical alteration of the solids.

The *°Si NMR spectra confirmed that the MWW zeolitic
structure remained intact after the swelling and intercalation
process, as evidenced by the characteristic Q* and Q” silicon
resonances (Fig. 2). This observation aligns with the results
obtained for the materials synthesized via methods I and II,
where the integrity of the zeolitic framework was also pre-
served. However, in contrast, above all, to method I, where Q>
and Q® signals were altered due to interactions with in situ
formed LDH phases, the materials synthesized via method III
did not exhibit a significant modification in these resonances.
This suggested that while the LDH domains were effectively
intercalated by physical mixing procedures, the interactions of
the LDH domains with the surface zeolitic silanols were less
strong compared to the LDH domains generated in situ. The
*”Al NMR spectra revealed the coexistence of tetrahedral and
octahedral aluminum environments, a trend observed across
all synthesis methods. The tetrahedral aluminum species cor-
responded to framework aluminum in the MWW layers, con-
firming that the zeolitic structure is preserved. The octahedral
aluminum contribution, in this case, was attributed to the
preformed MgAl LDH phase incorporated into the MWW
matrix. Compared to method I, where only a limited amount
of octahedral aluminum was detected due to the absence of an
external aluminum source, method III exhibited a more pro-
nounced octahedral signal, similar to what was observed in
method II. This confirms that introduction of preformed LDH
phases ensured a stable integration of MgAl sub-domains
within the composite. When comparing both techniques used
in method III, ultrasonication versus ball milling, no significant
differences in the NMR spectra are observed, indicating that
both approaches lead to a similar aluminum coordination
environment. Unlike method I and II, where in situ formation
of LDH phases resulted in a more chemically interactive
environment, the intercalated LDH phases in method III
appeared to be structurally well-incorporated but with poten-
tially weaker interactions with the zeolitic framework.

The N, adsorption-desorption isotherms of the MWW@®@
LDH materials synthesized via method III, through ultrasonica-
tion technique (MWW@®@MgAI-US), revealed a marked decrease
in specific surface area and microporosity compared to pristine
MCM-22, highlighting the impact of the intercalation of MgAl
LDH phases within the interlayer space of the zeolitic frame-
work (Fig. 3 and Table 2). This reduction in textural parameters
was primarily attributed to the partial blockage of internal
porosity, as the inserted LDH domains, in the interlamellar
region, prevent access to the microporous channels of the
MWW layers. These textural modifications confirmed that the
swelling and intercalation steps introduced significant struc-
tural rearrangements, leading to a more compact network
where the zeolitic and oxide subdomains coexist. A comparison
between the both techniques in method III (ultrasonication vs
ball milling process) revealed significant differences in textural
properties. In fact, the ball-milled sample (MWW@MgAI-BM)
exhibited a higher BET surface area (429 m> g~ ') and micropore
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volume (0.156 cm® g~ ') compared to the ultrasonicated sample
(MWW@MgAI-US), which presented a lower surface area
(293 m* g ') and micropore volume (0.108 cm® g '). This
would suggest that ball milling was more effective in preserving
microporosity, potentially by enhancing the dispersion of LDH
phases and preventing excessive aggregation phenomena. The
ultrasonicated sample, in contrast, showed a greater reduction
in microporosity, indicating that the LDH domains might be
more compactly arranged, further restricting access to zeolitic
channels.

While all three synthesis approaches lead to modifications
in the textural properties of the materials, the extent of these
changes varies depending on the synthesis conditions and the
nature of the oxide sub-domains formed. In method I ( MWW@Mg
samples), the MgAl oxide sub-domains were deposited on the
external surface of the MWW layers, which could result in a
marked reduction of microporosity while still retaining accessible
textural properties. In method II (MWW@MgAl-in situ samples),
the formation of MgAl LDH phases within the zeolitic framework
introduces also significant structural modifications. However, as
different LDH loadings were used, the resulting materials exhib-
ited a range of textural properties, with some samples retaining
features closer to the MCM-22 precursor, while others showed a
more pronounced shift toward the behavior of LDH-derived
oxides. In method III (MWW@LDH intercalated with MgAl-LDH
phases), the insertion of preformed LDH phases within the inter-
layer space tended to produce materials with lower microporosity,
as the oxide sub-domains physically occupied part of the available
zeolitic channels. However, the extent of this effect varied depend-
ing on the intercalation technique used, ultrasonication or ball
milling, which influenced the degree of porosity retention. Overall,
these results suggest that the degree of porosity modification is not
solely dependent on the synthesis method but also on the specific
conditions used within each approach, such as LDH loading, oxide
dispersion, and intercalation efficiency.

In addition, the thermal stability of the multi-component
materials was evaluated by thermogravimetric analysis (TGA)
and their corresponding derivative (DTG) curves (Fig. S5),
evidencing that all samples exhibited good thermal stability
with major decomposition steps occurring below 823 K, i.e. within
the temperature range relevant to most catalytic applications.

3.2. Field emission scanning electron microscopy (FE-SEM)
and high-resolution FE-SEM (HR-FE-SEM) analysis

Field emission scanning electron microscopy (FE-SEM) and
high-resolution FE-SEM (HR-FE-SEM) were employed to capture
microstructural features of the different materials following the
three synthesis methods (Fig. 6). The obtained images illustrate
the structural differences among the calcined multi-component
materials, highlighting the effects of the synthesis approach on
morphology and achieved organization. The MgAl MO material
consists of round-shaped platelets, a characteristic feature of
hydrothermally treated LDH phases. In contrast, MWW exhibits
rose-like morphology, composed of irregularly packed individual
layers. Images of MWW@Mg and MWW@MgAl-in situ-40
reveal clusters of disordered MWW sheets, also rose-shaped,
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with rounded platelets of mixed MgAl oxides probably depos- platelets in these materials appear highly dispersed and smal-
ited on their outer surface and in the inner pores. The MgAl ler in size compared to those in MgAl MO. On the other hand,

Fig. 6 HR-FE-SEM and FE-SEM micrographs for the multi-component materials obtained using methods (1), (Il) and (lll): (a) MWW zeolitic precursor,
(b) MgAL MO, (c) MWW@Mg, (d) MWW@MgAl-in situ-40, (e) MWW@MgAL-US and (f) MWW@MgALI-BM.
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the MWW@MgAI-BM and MWW@MgAI-US samples show a homo-
genous mixture of irregularly packed MWW sheets and small
clusters of MgAl MO platelets. In addition, the multi-component
particle sizes of MWW@MgAI-BM and MWW@MgAIL-US are
smaller than those of the pristine MWW materials, confirming
the decrease in particle size induced by ball-milling and ultra-
sonication techniques. HR-FE-SEM allowed also distinguishing
the scalped and irregular edges of the MWW zeolitic sheets for
MWW@MgAI-BM samples, providing evidence of the mechanical
stress from the ball milling process (Fig. 6(f)). Accordingly, FE-
SEM analysis suggests that method II may lead to the formation of
multi-component materials where the MgAl-based sub-domains
are more intimately associated with the zeolitic framework, as
evidenced by the apparent deposition of oxide platelets around
the MWW crystals, forming partially continuous coatings
(Fig. 6(d)). This could be indicative of stronger interfacial interac-
tions between both components. In contrast, the composites
obtained through method III, based more on physical intercala-
tion strategies, appear to show a more heterogeneous distribution
of the MgAl domains, with the oxide and zeolitic phases being
more discernible and exhibiting a less uniform structural integra-
tion. The images from the ultrasonicated and ball-milled samples
suggest a physical mixture where the components are well dis-
persed but retain more individual morphological features.
Although these interpretations are based on qualitative observa-
tions, they are supported by and consistent with the trends
observed in the XRD and chemical analysis results.

3.3. Acidity and basicity

The acidity of the multi-component MWW@ materials synthe-
sized via the three methods was evaluated by NH; temperature-
programmed desorption (NH;-TPD) to assess both the acidity
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and Fig. S6-510). Based on desorption temperatures, acid sites
can be classified as weak (423-523 K), medium (523-623 K) and
strong (623-723 K).>"

The desorption profile of the pristine MWW sample exhib-
ited a desorption band around 492 K, likely associated with
physisorbed NH; interacting with silanol groups on the exter-
nal surface of the MWW layers. A more intense and broad
desorption peak centered at ~ 653 K corresponding to medium
to strong acid sites strength, likely linked to the tetrahedral
aluminum within the zeolite framework, was deconvoluted into
two bands centered at ~666 K and ~ 835 K corresponding to
Bronsted and Lewis acidity, respectively (Fig. S6). For the MgAl
MO sample, a broad desorption band centered at ~633 K was
observed, characteristic to medium-to-strong Lewis acid sites,
arising from aluminum species in the MgAl mixed oxides.

The MWW@Mg material revealed three primary desorption
regions ~552 K, ~657 K and ~710 K. The low-temperature
band attributed to physisorbed NH; was suppressed, while the
higher temperature desorption peaks were ascribed to the
combination of Lewis acidity from the zeolite and the MgAl
oxide phases. Notably, the total NH; desorbed (114.2 cm® g™*)
was significantly higher than that of the pristine MCM-22
precursor (29.3 cm® g~ '), indicating the formation of additional
acid sites due to incorporation of oxide phase (Table S1). The
NH;-TPD profiles of the MWW@MgAl-in situ, MWW@MgAI-US
and MWW@MgAI-BM materials all revealed four primary
desorption regions. A low-temperature band at 446-451 K was
attributed to physisorbed NH; while the higher temperature
desorption bands were consistent with acid sites derived from
both the zeolite and the MgAl oxide phases. As it is supported
below by IR study in the OH stretching region (4000-3400 cm ),
where practically all bands associated with Brensted acidity

and strength of the acid sites present in the materials (Fig. 7 disappeared in all the Mg-containing MWW@samples.
b
a) ) c)
MgAl MO
MWW @MgAl-insitu50
3 3
< 3 3
g E s
K 3 [}
8 3 £
e S a MgAl MO
S MWW@MgAI-BM
MWW@MgAI-US
T T T T T T T T . ' " y
400 600 800 1000 400 600 800 1000 400 600 800 1000
T(K) T(K) T(K)

Fig. 7 NHs thermoprogrammed desorption (TPD) curves. (a) Multi-component MWW@Mg materials obtained through method (1). (b) Multi-component
MWW@MgAl-in situ materials obtained through method (Il) with different LDH content. (c) Multi-component MWW@LDH materials obtained through

method (I11).
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Consequently, the NH;-TPD bands are mostly attributed to
Lewis acidity.

In the MWW@MgAl-in situ series (Fig. 7(b)), the intensity of
the desorption band in the range 493-643 K varied with LDH
content. Samples with higher in situ MgAl LDH loading exhib-
ited increased NH; desorption, again confirming the introduc-
tion of additional acid sites through MgAl oxides incorporation
(Table S1). Interestingly, despite the higher MgAl oxides con-
tent in the materials synthesized via method II, the total NH;
desorbed was lower than in method I (~50-60 cm® g~ ). This
unexpected result may be attributed to differences in acid site
accessibility. In method I, MgAl oxides formed primarily on the
outer surface of the MWW layers, likely leading to higher
proportion of easily accessible acid sites. In contrast, method
II resulted in more homogeneously dispersed MgAl subdo-
mains within the interlamellar regions, leading to partial sites
confinement and reduced accessibility. These findings suggest
that method I, although producing fewer oxide domains, gen-
erates a greater proportion of accessible and stronger Lewis
acid sites, as evidenced by the more intense NHj-desorption
band at ~710 K.

For materials synthesized via method III using ultrasonica-
tion and ball-milling-assisted physical mixing, NH;-TPD pro-
files were also similar, showing four distinct NH; desorption
regions (Fig. 7(c)). The MWW@MgAI-US material showed a
total NH; desorption of 67.7 cm® g~ ', higher than that the
pristine MWW precursor, confirming additional Lewis acidity
introduced through MgAl oxide incorporation. However, the
total number of accessible acid sites was lower than that
observed for materials prepared via method I. MWW@MgAl-
BM material exhibited a desorption profile resembling a super-
position of the individual MWW and MgAl MO components,
suggesting limited interaction and primarily physical mixing.
The high NH; desorption (111.9 cm® g~') further supports this
interpretation, indicating cumulative acidity from both phases
(Table S1).

The basicity of the different multi-component MWW @sam-
ples was explored using IR spectroscopy with deuterated
chloroform (CDCl;) absorption at room temperature (Fig. 8).
Depending on the strength of the basic sites that interacts with
CDCl;, different bands corresponding to C-D stretching vibra-
tions appear in the range 2100-2300 cm ™. Studies on CDCI;
adsorption upon metallic oxides have identified two charac-
teristic bands in the 2210-2220 cm ' and 2245-2250 cm ™"
ranges.”>?* The first band is associated with the interaction of
CDCl; with strongly basic surface oxygen anions (state of
type C, Scheme S1), while the second band corresponds to
the adsorption involving weakly basic OH groups (state of type
B and B’, Scheme S1). In the absence of hydroxyl groups, the
bands are assigned to type C and type D (Scheme S1).
In general, IR spectra showed vCD frequency at ~2193 and
~2217 em™ " which corresponded to strong basic sites and ¥CD
frequency ~2235 cm™ ' corresponding to medium basic sites.
Additionally, a band was registered at ~2250 cm™ " attributed
to the presence of weak basic sites associated to oxygen atoms
of OH groups such as AI-OH.>* A study on the incorporation of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FT-IR spectra of the different MWWa@samples at maximum cover-
age of CDClz at 298 K and 90 mbar.

silica to alumina also revealed a shift of the weak basic sites
band at 2255-2258 cm ™, a range close to the basicity of silica
gel OH groups.””?*

Herein, the obtained results show that MMW sample exhi-
bits an intensive band at ~2256 cm™" that corresponds to the
presence of weak basic sites associated with alumina (extra-
framework aluminum, EFAL) and aluminosilicate species. Stu-
dies on alumina basicity described that strong to medium basic
sites arise from bridging oxygen atoms (Al-O-Al) (Fig. S11).
MgAI-MO CDCl; adsorption spectra showed a broad absorption
band in the range 2260-2160 cm ™', which, upon deconvolution
using a Gaussian fitting method, was decomposed into three
peaks at 2182, 2220 and 2245 cm ™. These peaks correspond to
strong, medium and weak basics sites,*” respectively (Fig. $12).
Notably, MgAl MO sample exhibited the highest intensities for
medium and strong basic sites (Fig. 8), indicating its high
overall basicity. Similarly, MWW@MgAl-BM CDCl; adsorption
spectra displayed a broad absorption band in the range 2260-
2160 cm ™', which was deconvoluted into three peaks at 2166,
2219 and 2258 cm ', corresponding to strong, medium and
weak basics sites, respectively (Fig. S13). MWW@MgAl-in situ
(Fig. S14), MWW@MgAI-US (Fig. S15) and MWW@Mg CDCl,
(Fig. S16) adsorption spectra all showed an intense band at
~2256 cm ™!, which, after deconvolution, was resolved into two
peaks at ~2256 and ~2223 cm™ ', corresponding to weak and
medium basics sites, respectively. In all multi-component
MWW@samples, the weak basic site are most likely oxygen
atoms in surface OH groups, a combination of MWW and MgAl
MO species, while the medium strength basic sites are 0>~ ions
associated to MgAl MO species.

A comparative analysis of the CDCIl; absorbance for weak,
medium and strong basic sites and the combination of strong
and medium basic sites, (S + M), for the different MWW@sam-
ples, is shown in the Fig. S17 and S18. The MgAl MO sample
exhibited the highest basicity in term of (S + M) values. Among
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the prepared samples the (S + M) basicity follows the decreasing
order: MWW@MgAI-US > MWW@Mg > MWW@MgAl-in situ >
MWW@MgAI-BM. Particularty, the MWW@MgAI-BM sample,
synthesized via under ball milling method, differs among the
other MWW@samples in two aspects. First it presents strong
basic sites, and second, its medium and strong basic sites band
exhibited a shift of the vCD frequencies by 1-16 cm™" to lower
values in comparison to MgAl MO sample. This shift suggests an
enhancement in basicity for this sample. When comparing the
overall basicity of the MWW@samples with MgAl MO, it appears
that MgAl MO not only possesses a greater total number of active
sites (M + S), but also has high proportion of strong basic sites
(34%). In contrast, MWW@samples lack strong active sites or, in
the case of MWW@MgAI-BM, which contains the lowest number
of active sites, 15% are strong.

On the other hand, the IR analysis of the OH shechting
region (4000-3400 cm™') confirmed the presence of silanol
groups, which are associated with silicon coordination defects
for the activated MWW@samples (Fig. S19). For MWW sample,
the IR spectrum in this range showed the presence of silanols
as possible defects and acid sites due to aluminum present
in the zeolitic framework. Bands associated with presence
of terminal silanols, geminal silanols, aluminum hydroxide
(Al-OH) and the presence of Bregnsted acid sites (Al-OH-Si)
were registered at 3748, 3728, 3668 and 3620 cm ™, respectively.” A
distinct band at ~3748 cm™ " was recorded for the MWW@MgAl-
in situ and MWW@MgAI-BM samples, indicating the presence of
silanol groups. However, in the case of MWW@MgAI-US and
MWW@Mg this band was practically vanished, suggesting a
significant reduction or elimination of these groups. Moreover,
the bands associated with Brensted acidity and aluminum hydro-
xide disappeared for all the synthesised MMW@samples. Addi-
tionally, a broad IR band was registered in the range 3740 and
3400 cm™ " for the MgAl MO sample, which can be attributed to
isolated OH groups. These groups may exist in mono- and multi-
coordinated forms, depending on the thermal treatment applied.
Similarly, a broad adsorption feature was observed in the
range 3700 and 3500 cm ' in the spectra of MWW@MgAI-
in situ, MWW@MgAI-BM, WW@MgAI-US and MWW@Mg sam-
ples further supporting the presence of hydroxyl groups in these
materials associated with the presence of Mg and Al oxides.

3.4. Study of catalytic performance of the multi-component
materials for the catalyzed glucose oxidation to formic acid (FA)
using H,0, as oxidant

Two general chemocatalytic oxidation strategies have been
followed to produce FA from carbohydrates. One, using mole-
cular oxygen (O,) as oxidant, while another approach employs
hydrogen peroxide (H,O,) for the oxidative decomposition of
glucose to FA and catalyzed by homogeneous bases (Scheme 2).'*®
Different studies using heterogeneous basic catalysts have reported
the use of MgO and MgAl mixed oxides derived from layered
double hydroxides (LDH). LDHs have the general molecular
formula [M;_,>"M,*"(OH),J** (Ay,"") mH,0, and structurally
have brucite-like [Mg(OH),] sheets where isomorphous replace-
ment of Mg>" by a trivalent cation like AI** induces an excess of
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Fig. 9 Catalytic oxidation of glucose to formic acid in the presence LDH
based catalysts. Reaction conditions: glucose (0.96 mmol), catalyst (0.15 g),
EtOH (4.75 mL), 20% H,O, (576 mmol), 363 K, 5 h. m erythrose yield%,
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positive charge in the layered network, balanced by interlayers
anions, while the remaining space in the interlayer is occupied
by water of crystallization. It has been widely accepted that
LDHs pure phases are obtained when 0.20 < x < 0.33.>® The
properties of LDHs are closely related to the location in the
Periodic Table of the layer cations.>® Under controlled thermal
decomposition, LDHs are converted to mixed oxides with high
specific surface areas and strong Lewis basic sites.? In the case
of MgAl mixed oxides, Lewis active basic sites are associated
with O*>"-Mg”" acid-base pairs. The basicity of these mixed
oxides can be modified by varying the characteristics of the
cation, for example by replacing Mg?* with a more electroposi-
tive ion, such as Li" or Ca®", increasing the negative charge
density on the oxygen and thus enhancing the basicity of the
resulting mixed oxide. Li and Ca present similar electronega-
tivity by Pauling’s scale close to 1 while Mg present higher one
around 1.3.*' Other groups of LDHs are obtained with the
introduction of Li* ([LiAl,(OH)°]'A,” *?"nH,0) and Ca®", located
in octahedral positions in the structure.**’? After calcination,
amorphous basic mixed oxides are obtained (Li(Al)O, and
Ca(Al)O,). Therefore, the influence of mixed oxide basicity on
glucose conversion and FA yield was explored by preparing
mixed oxides of MgAl, AlLi and AlCa and investigating their
catalytic performance. The catalytic results registered for glu-
cose oxidation in ethanol for the three samples are displayed in
the Fig. 9, indicating that the less basic MgAl mixed oxide
exhibited the best catalytic performance reaching highest 47%
FA yield and 83% glucose conversion, while Ca-Al and Li-Al
mixed oxide catalysts exhibited lower and similar results
accordingly to their electronegativity. The result can be due to
strong adsorption of glucose and intermediates on the active
sites and their subsequent blocking. Accordingly, the catalytic
performance of Mg-Al containing multi-component materials

© 2025 The Author(s). Published by the Royal Society of Chemistry
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herein prepared, following the different methods, was exam-
ined for the catalytic oxidation of glucose using H,O, as
oxidizing agent. The preparation of multi-functional composite
materials by combining different components in a well-designed
structure is a prominent topic, as the combination can balance
their drawbacks and improve their properties, leading to materials
with unique properties and applications. The characterization
study showed that method II allowed the co-precipitation of MgAl
LDH sub-domains on MWW zeolite sheets and promoted strong
interactions between the LDH phases and the MWW structure,
leading to modify the chemical environment of the zeolitic
structure.

On the other hand, the catalytic system, based on glucose
oxidation, was deliberately chosen not only to probe the intrin-
sic basicity of the multi-component materials but also to
evaluate how effectively the synthetic methods generate acces-
sible active sites for bulky reactants like carbohydrates. In this
type of reaction, both the strength of the basic sites and their
accessibility, directly influenced by the porosity and morphol-
ogy of the catalysts, play a crucial role in determining catalytic
performance. Therefore, the oxidation of glucose to FA serves as
a suitable test reaction to simultaneously assess the chemical
nature of the active sites and the impact of structural para-
meters such as hierarchical porosity and domain dispersion,
which are at the core of the synthetic strategies under
comparison.

Likewise, the catalytic performance for glucose oxidation in
ethanol was investigated using three catalysts, MWW@MgAl-
in situ-40, MgAl MO (a mixed oxide derived from MgAl LDH
over calcination), and MWW@MgAICe-in situ-40, using the
same loading of MgAIl mixed oxide in each reaction. Glucose,
erythrose, glycolaldehyde dimer, arabinose, fructose and FA
were analyzed and quantified. Glucose and fructose retroaldol
can be envisaged in the presence of basic mixed oxide
(Scheme 4). However, neither glyceraldehyde nor dihydroxya-
cetone were detected in the reaction medium. Nevertheless,
glucose retroaldol cannot be completely disregarded since
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erythrose and glycolaldehyde dimer were reaction products.
These results suggest that the main mechanism of glucose
degradation to FA follows the mechanism described in
Scheme 2.

The catalytic results shown in Fig. 10 indicate that MgAl MO
provides the highest 65.5% glucose conversion and 33.5% FA
yield. MWW@MgAlCe-in situ-40 sample exhibited the lower
catalytic performance for the conversion of glucose to FA.
44% glucose conversion was obtained while fructose was the
main reaction product (16.9%). The lowest FA yield is likely due
to the rapid consumption of H,O, ascribed to the oxygen
chemisorption on the ceria surface. This result can be ascribed
to the ceria high oxygen transport and storage abilities, which
arises from the presence of oxygen vacancies that has been
extensively described.’*** In the presence of MWW@MgAI-
in situ-40 catalyst, a product composition similar to that
obtained in the presence of Mg/Al MO catalyst was obtained,
reaching 20.9% FA yield and 51% glucose conversion. The
effect of MgAl LDH content within the multi-component
catalyst on glucose oxidation and FA yield was also explored,
revealing an optimal content close to 40 wt% (Fig. S20). This
suggests a balance between number of active sites and their
accessibility, which may be influenced by the pore blockage
within the catalyst structure.

In order to explore the catalytic behavior of MWW@MgAL-
in situ-40 sample and improve its catalytic performance, a
complete reaction engineering study was performed, varying
reaction parameters such as reaction time, solvent, tempera-
ture, catalyst loading and H,0, addition mode. First, a study of
the effect of water miscible solvent (water, ethanol, diglyme,
dioxane, isopropanol (IPA) and acetonitrile (ACN)) but
with different polarity, boiling point and glucose solubility
on the catalytic performance of MWW®@MgAl-in situ-40 was
carried out. The solvent polarity that is measured owing to
dielectric constant influences the adsorption/desorption
of the products and reactants. Protic solvents, such as water,
solvate anions such as hydroperoxide anion (negatively

OH O
OH OH (o]

HO 2 Retroaldol o L0 * o _J_on M02B3e 2oy
OH OH Glyceraldehyde  Dihydroxyacetone Formic acid
Fructose

Isomerization
¥ j)i/o Retroaldol OH
> etroaldol H,0, Base
HO o — Nyt oF on M0 Base o~
OH OH Formic acid
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Glucose o
HO—<;:T>—OH

(o]
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Scheme 4 Retroaldol of fructose and glucose in the presence of basic catalyst.
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Fig. 11 Catalytic results for the oxidation of glucose to FA in the presence
MWWa@MgAl-in situ-40 catalyst in different solvents. Reaction conditions:
glucose (0.96 mmol), catalyst (0.066 g mixed oxide phase), solvent,
(4.75 mL), 20% H,O, (5.76 mmol), 363 K, 7.5 h. m erythrose yield%,
glycolaldehyde dimer yield%, = arabinose yield%, m fructose yield%, m FA
yield%, e glucose conversion%.

charged solutes) or sugars strongly via hydrogen bonding.
Among checked solvents, H,O, EtOH and IPA are polar protic
solvents while diglyme and dioxane are polar aprotic solvents
with small dipole moments and low dielectric constants, and
ACN is a polar aprotic solvent with large dielectric constant
(Table S2). The composition of reaction medium as well as
glucose conversion are depicted in the Fig. 11, at end reaction
time (7.5 h) and 363 K for all solvents. The catalytic results
revealed that the highest catalytic performance was achieved
in the presence of polar aprotic solvent and the best 34.5% FA
yield was achieved in dioxane at 52.4% glucose conversion.
These results may indicate that aprotic solvents are not
involved in the reaction and/or solvation of reaction

7050 | Mater. Adv., 2025, 6, 7032-7055

intermediate and, moreover, that they do not compete with
the adsorption of glucose.

Further, the glucose conversion in the presence of
MWW@MgAl-in situ-40 in dioxane at 363 K without H,O, was
explored. Over 7.5 hours, the monitorization of the composi-
tion of the reaction medium revealed that 24% glyceraldehyde
yield and 37% of glycolaldehyde dimer were obtained via retro-
aldol reaction at 88.5% glucose conversion, with only 1.2% FA
yield. In contrast, in the absence of catalyst but with H,O,,
10.7% glucose conversion was registered with 4.9% FA yield.
These findings confirm that glucose oxidation follows an
oxidation mechanism involving the formation and addition of
a hydroperoxide anion catalyzed by MWW@MgAl-in situ-40
sample with basic properties.

Then, the effect of temperature on the catalytic performance
of the MWW@MgAl-in situ-40 catalyst in dioxane (Fig. S21a)
and water (Fig. S21b) was studied. For both solvents, the best
catalytic data were registered at lower temperature. This trend
can be ascribed to the hydrogen peroxide decomposition with
temperature increase, leading to lower availability of the oxi-
dant concentration in the reaction medium. The activation
energy for the catalytic oxidation of glucose to formic acid in
both solvents was determined using the Arrhenius equation,
k = Ae™™/RT (Fig. S22a and b). Similar values were calculated,
87 kJ mol * for dioxane and 85 kJ mol ! for water. In contrast,
a lower activation energy of 45.8 k] mol " activation energy was
recently reported for glucose oxidation over MgO.' These
results suggest that MWW@MgAl-in situ-40 exhibits lower
catalytic activity than MgO, likely due to the lower basicity of
their active sites.

From industrial point of view the use of H,O, involves
different consideration in addition to the consumption optimi-
zation such as safety. H,0, is unstable with highly exothermic
hazards and the initial decomposition temperature of H,0,
ranges from 320 to 354 K, with decomposition heat about 192-
1079 J g '.*® A study of H,0,/glucose ratio was conducted,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Catalytic results for the oxidation of glucose in the presence MWW@MgAL-in situ-40 based catalyst at 363 and 383 K and different addition mode
and ratio H,O,/glucose. Reaction conditions: glucose (0.96 mmol), catalyst (0.066 g mixed oxide phase), dioxane (4.75 mL). m Erythrose yield%,

glycolaldehyde dimer yield?%,

considering that complete glucose oxidation to FA requires 5
moles of H,0,. The effect of addition mode (initial, fractio-
nated and continuous) was also evaluated at 363 K and 383 K.
As shown in Fig. 12, the catalytic results indicate that highest
glucose conversion and formic acid yield were achieved when
6-8 equivalents of H,0, were used. The mode of addition did
not result in significant improvements, as fractionated or
continuous addition of H,0, showed no notable advantage
over initial addition. At 363 K, maximum 34.5% FA yield and
65.9% selectivity at 52.4% glucose conversion were reached for
initial addition of 6 equivalents of H,O,. A similar trend was
observed at 383 K, where maximum 38.1% FA yield and 59.5%
selectivity at 63.9% glucose conversion were obtained for initial
addition of 8 equivalents of H,0,. These findings suggests that
under the reaction conditions, the availability and concen-
tration of H,0, are adequate and are not the most important
factor in improving the process efficiency. However, for safety
reasons, slow or fractionated addition may be used.

Herein, we describe different approaches for the preparation
of multi-component materials by combining MWW-type zeoli-
tic layers with MgAl oxide sub-domains at nanometric scale.
Methods I and II involve the co-precipitation of MgAl hydr-
oxide using sources of Mg?" and AI**, in the presence of MWW
zeolite. Method III utilizes swelling and intercalation of MWW
with preformed LDH phases combined with sonification and
ball-milling techniques. The first two methods resulted in
MWW individual layers, incorporating MgAl MO on their sur-
face and inner porous system with a strong interaction between
the two phases, as shown by the characterization study. The
third method resulted in a highly homogeneous and dispersed
physical mixture of both phases, with high contact together
with smaller particle size and lower basicity (Fig. S18).

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

arabinose yield%, m fructose yield%, m FA yield%, e glucose conversion%, e FA selectivity%.

The influence of preparation method of MWW@LDH compo-
sites over their catalytic performance for the conversion of
glucose to FA was explored in dioxane at 363 K. The catalytic
results obtained in the presence of MWW@Mg obtained from
method I, MWW@MgAl-in situ-40 obtained from method II,
MWW@MgAI-US and MWW@MgAI-BM obtained from method
III under ultrasonication and by ball-milling solid-state mixing,
respectively, are depicted in the Fig. 13. The catalytic perfor-
mance of the different catalysts, evaluated in terms of glucose
conversion and FA yield, followed the trend MWW@MgAl-
in situ-40 ~ MWW@MgAlI-US > MWW@Mg > MWW@
MgAl-BM. However, IR analysis of CDCl; adsorption revealed
a different trend in basicity that decreased in the following
order: MWW@MgAI-US > MWW@Mg > MWW@MgAl-in situ-
40 > MWW@MgAI-BM. This ranking was established based
on the CDCI; IR absorbance for medium and strong basic sites
(S + M) (Fig. S18). After calcination, MgAl MO exhibits Lewis
active basic sites from O -Mg”* acid-base pairs. Their basicity
varies with the coordination of the O®  anions, the oxygen
atoms at the corners exhibiting a higher basicity than those at
the edges or faces due to their lower coordination. Because
of the presence of nanoscopic MgAl MO sub-domains with
smaller particle size than standard MgAl MO, derived from
calcination of LDHs, in the calcined MWW@MgAl-in situ sam-
ples, an overall increase in basicity could be expected due to a
higher number of low-coordination Lewis sites. Nevertheless,
IR study of CDCl; showed that MWW@MgAl-in situ sample
exhibited lower number of active sites and lower strength basi-
city than MgAl MO. In contrast, the BET area decreased in the
following order: MWW@MgAI-BM > MWW@MgAl-in situ-40 >
MWW@MgAI-US > MWW@Mg. These results may suggest that
not all active basic sites are accessible for glucose conversion,
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Fig. 13 Catalytic results for the oxidation of glucose in the presence
MWW@LDH materials prepared following different synthesis method, at
363 K, in dioxane with 6 equivalents of H,O,. Reaction conditions: glucose
(0.96 mmol), catalyst (0.066 g mixed oxide phase), 20% H,O, (5.76 mmol),
dioxane (4.75 mL). m Erythrose yield%, = glycoaldehyde dimer yield%,

arabinose yield%, m fructose yield%, m FA yield%, e glucose conversion%.

likely due to geometric constraints and differences in the adsorp-
tion and desorption properties of the catalytic surface.

As depicted in the Fig. S19, the MWW@MgAl-in situ-40
sample and MWW@MgAI-BM exhibited a shoulder at 3748 cm™,
attributed to silanol groups, which enhance the hydrophilicity of
the catalytic surface and could promote the adsorption of the
polar reactant on the catalytic active sites. In contrast, this band
is almost absent in the spectra of MWW@MgAI-US and
MWW@Mg indicating lower surface hydrophilicity. These find-
ings suggest that catalytic performance of the multi-component
materials is influenced by a balance between overall basicity,
active sites accessibility and surface hydrophilicity. Similar argu-
ments can be applied to explain the low catalytic performance
of MWW@Mg catalyst, achieving a low 20% FA yield. The
MWW@MgAI-BM catalyst exhibited the lowest catalytic beha-
vior, likely due to the loss of active centers caused by the intense
ball-milling process, which led to a reduction in the number of
basic sites. This effect was previously evidenced by the reduced
Mg incorporation in this sample (Table 1).

These results highlight that method II produces a multi-
component material with the most favorable catalytic proper-
ties offering a material with highly dispersed LDH/mixed oxide
sub-domains in the porous structure and surface of the MWW
zeolite with lower platelets size, which provides accessible and
proper basic active sites for glucose oxidation to FA. Similarly,
method III combined with US resulted in a multi-component
material with notable catalytic properties, similar to those of
MWW@MgAl-in situ-40 material.

To continue, the influence of the MWW@MgAl-in situ-40
catalyst loading on glucose conversion, FA yield and selectivity
was investigated. As shown in Fig. 14, increasing the catalyst
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amount led to a progressive improvement in catalytic perfor-
mance, reaching a glucose conversion of 66.2%, an FA yield of
47.7%, and an FA selectivity of 72.1%.

Finally, a catalyst recycling study was performed using
MWW@MgAl-in situ-40 catalyst at 383 K and 8 equivalents of
H,0,. During the reaction, the Mg-Al mixed oxide sub-domains
can at least partially recover the LDH layered structure due to
the presence of water, a phenomenon well known as memory
effect. As a result, the catalyst gradually loses its activity as a
mixed oxide. To mitigate this deactivation, the spent catalyst
underwent a regeneration process that included ethanol wash-
ing, drying overnight in an oven at 373 K and calcination
at 813 K before reuse. The catalytic results, shown in the
Fig. 15(a), demonstrated that the catalyst was reusable for two
cycles without loss in FA yield. However, after the third use the
glucose conversion and FA yield decreased drastically. This
decline aligns with literature attributing the change in the
performance of calcined LDHs to the leaching of Mg>" (<5%)
under acidic conditions requiring a regeneration via calcina-
tion in air and rehydration in Na,CO3.>’° A catalyst deactiva-
tion was also observed for the continuous-flow catalysis over
MgO and calcined-rehydrated hydrotalcite. Therefore, it was
determined that Mg”* leaching induced the formation of an
Al(OH); passive layer, serving as a barrier to prevent further
leaching under mild acidic conditions.*® These phenomenon
could explaining the decrease in the catalytic activity from the
second to third cycle. The local metallic species leaching
induced local changes in mixed metallic oxide structure and
so in the basicity of the LDH based catalysts. Additionally,
catalyst agglomeration may play a role in performance loss
upon reuse, as increased crystallite size can reduce both the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Study of MWW@MgAl-in situ-40 recycling for the catalytic oxidation of glucose to formic acid catalyst at 383 K (a) and 363 K (b) and
8 equivalents of H,O,. Reaction conditions: glucose (0.96 mmol), catalyst (0.066 g mixed oxide phase), dioxane (4.75 mL). m Erythrose yield%,

glycoaldehyde dimer yield?%,

accessibility and total number of active sites. However, from
XRD pattern of the used sample, no notable change could be
observed (Fig. S23). To further investigate catalyst stability, the
recycling study was performed at 363 K. After the third use,
a pronounced decrease in the catalytic activity. To attempt
regeneration, the spent catalyst was treated overnight at 363 K
in aqueous solution of NaOH (pH ~ 9), in order to remove-
surface adsorbed species and restore the surface metallic
hydroxides. Unfortunately, during the fourth use the activity
could not be recovered and continued to decline (Fig. 15(b)).

It is important to remark that these catalytic results, together
with the observed product distribution, further support the
mechanistic proposal outlined in Scheme 4. The formation of
fructose, arabinose, erythrose, and glycolaldehyde dimer, as well
as the progressive accumulation of FA, align with a cascade of
base-catalyzed reactions involving isomerization, retro-aldol
fragmentation, and oxidative cleavage steps. The quantification
of these intermediates across all catalysts confirms the relevance
of these pathways. Although a detailed kinetic analysis was
beyond the scope of this work, the combined analysis of product
profiles and material properties strongly suggests that the acces-
sibility and basic strength of surface-active sites govern the
efficiency of the initial C-C bond cleavage steps, which are
generally considered rate-determining in similar oxidation
processes.

A comparison of the catalytic performance of MWW@MgAl-
in situ catalyst for the oxidation of glucose to FA with H,0,,
relative to the published results, is summarized in Table S3.
The data indicate that, in terms of yield and selectivity, the
catalytic performance of the MWW@MgAl-in situ materials
remains lower. This reduced catalytic activity can be attributed
to its lower basicity strength, as evidenced by the IR study of
CDCl; adsorption. Indeed, a comparison of the overall basicity
between the MWW@samples and MgAl MO, clearly demon-
strated that MgAl MO not only possesses a greater total number
of active sites (M + S), but also a higher proportion of strong

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

arabinose yield%, m fructose yield%, m FA yield%, e glucose conversion%.

basic sites (34%), whereas the MWW@samples lacked strong
active sites. To enhance the basicity strength of the MWW@
MgAl-in situ catalyst, further optimization of its chemical
composition is currently underway. Future work will focus
on modifying synthesis parameters and tuning the metallic
composition to improve the catalyst structural and chemical
properties and achieve higher catalytic performance.

As conclusion, considering the catalytic results obtained, it
is possible to affirm that the trends observed in glucose oxida-
tion to formic acid can be attributed to a combination of
physicochemical parameters derived from the synthetic strate-
gies employed. The presence of strong basic sites alone does
not guarantee high activity, as the accessibility and distribution
of these sites, largely influenced by the porosity and dispersion
of the MgAl domains, play a decisive role in the catalytic
outcome. Method II materials, particularly MWW@MgAl-
in situ-40, exhibited the best compromise between site strength
and accessibility, facilitated by the in situ formation of well-
dispersed LDH sub-domains on and within the MWW frame-
work. In contrast, methods I and III showed lower activity,
which correlates with either a deficiency in accessible basic
sites (method I) or a more heterogeneous distribution of active
phases with limited interface contact (method III). These find-
ings highlight that catalytic performance in this system arises
from the synergy between basicity, hierarchical porosity, and
the spatial integration of the functional domains within the
hybrid architecture.

4. Conclusions

In this work, a series of multi-component catalysts combining
MWW-type lamellar zeolites and MgAl-based hydrotalcite
phases were successfully synthesized using three different
approaches. Each method introduced distinct structural, com-
positional, and textural modifications into the final solids,
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influencing their Lewis acid-base characteristics and catalytic
performance for the oxidation of glucose to formic acid.

Method I, based on the in situ generation of MgAl oxide
phases using the zeolite as the sole aluminum source, led to
limited incorporation of Al into the mixed oxide domains.
Although the MWW structure was largely preserved, the for-
mation of Mg-rich oxide domains were detected. These cata-
lysts showed moderate activity, likely due to the lower density
and dispersion of active sites.

Method II enabled a more effective integration of Mg and Al
through the in situ formation of hydrotalcite-like phases using
external precursors. This approach promoted greater chemical
interaction between the LDH domains and the zeolitic frame-
work, as evidenced by a stronger alteration in the spectroscopic
and textural properties of the resulting solids. Among all the
synthesized materials, those obtained via this method demon-
strated the most promising catalytic performance, associated to
a better dispersion of active sites and favourable acid-base
surface properties. Specifically, the sample MWW@MgAl-
in situ-40 showed the highest performance, achieving a formic
acid yield of 47.7% with 66.2% glucose conversion after
7.5 hours at 363 K in dioxane.

Method 1II, which employed swelling and intercalation of
preformed MgAI-LDH phases followed by ultrasonic or ball-
milling treatment, produced catalysts with lower interfacial
integration but retained hierarchical porosity. Notably, the
method of intercalation significantly impacted the dispersion
and accessibility of the basic sites, which translated into
differences in catalytic activity.

Definitively, the study confirms that the synthesis route plays a
critical role in determining the textural, chemical, and acid-base
properties of the final materials based on LDH sub-domains into
zeolitic structures, showing that a careful selection of synthesis
conditions enables the design of efficient and robust multi-
component catalysts. The results provide a solid basis for further
optimization of these materials for base-catalyzed reactions and
other applications where tailored Lewis acid-base properties are
essential. In particular, the selective transformation of glucose
into formic acid, an attractive hydrogen carrier and renewable
biobased molecule, highlights the potential of these materials to
contribute to carbon-neutral energy strategies and sustainable
chemical production from biomass-derived feedstocks.
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