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Partial framework-Al in lamellar H-[Al]-RUB-18:
acidity by probe TMPO adsorption and catalytic
study in the presence and absence of water+
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While framework-Al (Alrg) sites on [All-RUB-18 materials with Brensted acidity were active in ethanol
dehydration, the acidity of partial framework-Al sites (Alop or aluminol sites) remains unknown. *P-MAS-
NMR of adsorbed trimethylphosphine oxide (TMPO) was used together with catalytic reactions, in the
presence and absence of water, to elucidate the acidity features of aluminol sites on lamellar RUB-18.
Herein, spectroscopic analysis indicates that the 3P signals arise from TMPO adsorbed on the lamella
surface of RUB-18 (dsp = 40-49 ppm), silanol/aluminol sites (d=p = 49-56 ppm), and Brensted acid sites
(60-75 ppm). The crystallinity degree of the structure, Si/Al and Alrg/Alor, molar ratios, and TMPO loadings,
under wet and dry conditions, all lead to changes in 3P resonances. Two resonance signals at 64 ppm and
69 ppm were attributed to partial and complete framework-Al sites, respectively. A clear correlation
between the adsorption capacity of the active sites and peak intensities in the BAS region proves the
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influence of water in the adsorption process. This study brings additional evidence that the (SiO4)4Al and
(SiO4)3AI-(OH)(H,0), species played a crucial role in biomass-derivative conversion reactions. The
simultaneous activity of Brensted/Lewis acid sites was revealed, with the possibility of the (SiO4)zAl-(OH)
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(H,0), sites acting as LAS. The present study clarifies the acidity features of aluminol sites on lamellar [Al]-
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Introduction

The lamellar silicate Na-RUB-18 is built by the union of [5%]
cavities that consist of four 5-membered rings of tetrahedral
SiO,. Lamella surfaces display silanolate/silanol groups; the
interlamellar space is filled by hydrated Na® charge-
compensating ions, which, by sharing edges, form
1-dimensional parallel chains in the [100, 010] directions."?
The potential to chemically modify the framework of layered
silicates increases the possibility of applications.>* The
isomorphous substitution (IS) of Si** by T**-atoms, such as
AP*" ions through hydrothermal synthesis, generates acid sites
without changing their structure. The acidic properties of
lamellar solids are created which endow the structure with
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RUB-18 and brings attention to the evaluation of solid catalysts under agueous-phase conditions.

new functionalities, with application in heterogeneous
catalysis.”™®

[Al]-RUB-18 materials were prepared only recently,
therefore, their acidic properties are not yet completely
known, especially concerning the correlation with the
structure and composition of the lamella when compared
with zeolites, their 3D-analogues. Lamellar aluminosilicates
possess active catalytic sites exposed in the interlamellar
space and on the surface of the crystals. Due to the easy
access to the interlayer space, they can be enlarged by
intercalation of bulky molecules."'* Thus, these 2D
materials have distinct advantages over zeolitic materials.

Many gas-phase reactions using acidic solid catalysts have
been investigated and successfully employed by the chemical
industry."”> Most heterogeneous catalytic processes are
conducted under elevated temperature and pressure
conditions, where water is absent. However, active sites
acting in liquid-phase transformations, where H,O is the
final product, the solvent, or still part of the biomass, are not
completely understood.’® The hydrothermal stability of the
active sites in solid acid catalysts has become increasingly
important in the few last years, and aqueous-phase biomass
transformations require catalyst design strategies to avoid
deactivation and improve durability."”
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Special attention is given to the need for water-tolerant
acid sites in aqueous phase transformations over
heterogeneous catalysts. In this regard, alternative chemical
routes are researched for the use of bio-renewable and low-
cost feedstocks. The residual biomass, originating from
industry and as agriculture waste, is an alternative,
renewable, and abundant carbon source.'®'® In this context,
hydrolysis of biopolymers that constitute biomass has
emerged as a promising sustainable energy source to produce
fuels and fine chemicals, reducing the global economy's
reliance on fossil fuels.”®>" In general, alkyl levulinates have
attracted much attention due to their wide applications as
chemical solvents, flavourings, and fuel additives.>*>* Lactic
acid (LA) is an important chemical compound for many
industries, mainly related to its use in food additives and the
production of biodegradable polymers (PLA - poly(lactic
acid)).>® Thus, lignocellulosic biomass is a promising route
for obtaining furfuryl alcohol (FFA) to produce ethyl
levulinate (EL).>**® Additionally, trioses are converted into
lactic acid (LA), also using an aqueous phase system.””™>°
Moreover, aqueous-phase systems represent an effective and
environmentally  sustainable medium for  biomass
conversion.*’

In this way, the incorporation of AI** ions into the
lamellar framework ends up generating different Al species,
such as framework-Al (tetrahedrally coordinated aluminum -
Alrq) and partial framework-Al sites (octahedrally coordinated
aluminum - Alg, as aluminol sites or (SiO4);-Al(OH)
(H,0),)."® Such species could form different active acid sites
on the lamella surface. It was proved that these acidic
lamellar aluminosilicates contain aluminum structural sites
(Alrq sites) with Bronsted acidity, and these sites are active in
the ethanol dehydration reaction.’™'*?' Nevertheless, these
reactions were conducted in the gas phase, and the acidic
properties of [Al]-RUB-18, mainly aluminol sites, in the
presence of water still remain to be fully evaluated.

Several analytical techniques were applied to characterize
acid properties in catalyst solids: Hammett acid-base
titration, microcalorimetry, thermo-programmed desorption
of ammonia (TPD-NH;), Fourier-transform infrared
spectroscopy of acid-site adsorbed pyridine (FTIR-Py), and
solid-state nuclear magnetic resonance spectroscopy.’**®
Some experimental techniques do not allow complete acid
characterization of the solid catalysts (nature, concentration,
strength, and location of acid sites).**

However, solid-state *'P-NMR gives quantitative and
qualitative evaluations of Brensted/Lewis acidity. This
technique is based on the adsorption of trisubstituted
phosphines or phosphine oxides, as probe molecules on
acid sites.*>*® It has been widely employed because *'P is a
naturally abundant nucleus (100%), with high sensitivity in
the interactions between the probe molecules and active
sites.”””** The *'P-NMR spectra give information about the
strength, nature, concentration, and spatial distribution/
accessibility of the active sites (inside of the pores or on the
surface of the crystals) by linear correlation with the
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chemical shifts, the peak positions, the spectrum/peak
integration, and by using different probe molecule sizes,
respectively.”® Trimethylphosphine oxide (TMPO - M.P. =
140 °C) is extensively used in this process due to its kinetic
diameter (0.55 nm) allowing adsorption on many catalysts,
especially on microporous solids.** Also, this phosphine
oxide (proton affinity = 910 k] mol™") is a base with
intermediate force when compared with other probe
molecules applied in the measurements of acid properties,
such as pyridine (proton affinity = 930 kJ mol™) and
ammonia (proton affinity = 854 kJ mol').*> The
advantageous aspect of this technique is its capacity to
facilitate analysis in the presence and absence of water,
adjust temperature treatments, and avoid damaging the
structure of the catalyst.

In this study, the TMPO adsorption on H-[Al]-RUB-18 was
performed in the presence and absence of water.
Subsequently, solid-state *'P-MAS-NMR spectroscopy of the
phosphine oxide adsorbed as a probe molecule was applied
to the structural evaluation of the partial framework-Al
acidity on H-[Al-RUB-18. Furthermore, the “active acidity” of
the lamellar materials was also probed by using model
reactions for the conversion of biomass derivatives. The
activity and strength of the Brgnsted acid sites (BAS) were
evaluated using the alcoholysis reaction of FFA to produce
EL."® Additionally, a continuous flow aqueous-phase reaction
system was used to evaluate only the Lewis acid site (LAS)
activity and the simultaneous activity of BAS and LAS. This
involved the corresponding catalytic reactions: pyruvaldehyde
conversion to LAY and the cascade reaction of
dihydroxyacetone to form LA.*®

Experimental

Syntheses of acidic lamellar silicate and aluminosilicates
RUB-18

The analytical grade reactants employed in synthesis
procedures were amorphous silica (silica-fumed, powder, 0.2—-
0.3 um, Sigma-Aldrich), sodium hydroxide (pellets, 98%
purity, Sigma-Aldrich), aluminum isopropoxide (98% purity,
Alfa Aesar), and distilled water.

The silicate and aluminosilicate materials were
synthesized  according to the literature,”’®  with
modifications. A sodium metasilicate solution (Na,SiOj,
molar composition: 0.05 SiO,:0.10 NaOH:1.31 H,0) was
prepared by dissolving NaOH in distilled water, followed by
the addition of silica under magnetic stirring at 22 °C for 15
min. The well-dispersed suspension was transferred to a
Teflon-lined stainless-steel autoclave and heated for 24 h at
100 °C. Silica (0.16 mol) was slowly added to the total volume
of Na,SiO; solution and kept under mechanical stirring at
22 °C for 60 min. The homogeneous, viscous, and bright
gel (molar composition 0.05 Na,SiO3:0.16 SiO,:1.36 H,0)
was completely transferred to a stainless-steel autoclave
lined with Teflon® and hydrothermally treated in an oven
for 14 days at 100 °C. The products (named Na-R18) were

This journal is © The Royal Society of Chemistry 2025
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washed with distilled water, filtered until neutral pH, and
dried in the oven for 12 h.

The post-synthesis method to incorporate AI** on lamellar
silicates (nominal Si/Al molar ratio = 15, 30, 60) was applied
sequentially."” In the hydrothermal treatment step, it is
essential to maintain a proportion of 77.8% of the volume
used for NaOH solution concerning the capacity of the
autoclave for synthesis reproduction (e.g., 7 g of RUB-18 to 70
mL of 0.1 mol L' NaOH solution in an autoclave with a total
capacity of 90 mL). The final products were named Na-[Alx]-
R18, with x as the Si/Al experimental ratio.

The ion exchange procedures™ were carried out by
dispersing sodium lamellar materials in a 0.06 mol L™ HCI
solution (J.T. Baker, 36.5-38.0% w/w), maintaining the
proportion of 0.0473 L g~', with magnetic stirring at room
temperature (22 °C) for 30 min. The samples were filtered
and washed with distilled water until a negative test for
chloride ions using AgNO; was obtained. The products (H-
[Aly]-R18, with y as the experimental Si/Al molar ratio) were
dried in the oven for 12 h.

Structural and compositional characterization

The samples were analyzed by powder X-ray diffraction (XRD)
on a Shimadzu diffractometer (XRD7000 model, CuKa
radiation, A = 1.54 A, voltage 40 kV, current of 30 mA, detector
SSD160-1D, inlet scattering slits of 1 mm), in a range of 260 =
5° to 50° and at a scan rate of 0.5° 20 min™".

The experiments of solid-state 1D-MAS-NMR were carried
out with a Bruker Avance II' 400 MHz spectrometer using
high power decoupling (HPDEC, B, = 9.4 T, with 10 kHz
rotation at 22 °C, probe 2R, Zr rotor of 4 mm). The *°Si-NMR
spectra were obtained at a resonance frequency of 79.459
MHz, 7/2 pulse (3.5 us), and 60 s delay, using kaolinite as the
reference. The *’AI-NMR spectra were obtained at a
resonance frequency of 104.261 MHz, n/12 pulse (1.25 ps),
and 2 s delay, using aqueous acid Al(NOj3); as the reference.

The elemental analyses were performed by X-ray
fluorescence (XRF) on a Shimadzu (XRF 1800 model, Rh tube,
40 kv and 95 mA). The scan rate was 8° min' in a range of
10° to 140° using a diffraction crystal of LiF and a detector
FPC to lightweight elements (Z < 21). The quantification of
the elements was performed by the fundamental parameter
protocol.

The Na element was quantified by inductively coupled
plasma optical emission spectrometry (ICP-OES). The
dissolution of the samples was carried out according to the
methodology defined by ref. 49. The ICP-OES analyses were
performed on a Perkin Elmer spectrometer (Optima 8300
model), with the following operating conditions: 1.3 kW
power, a plasma gas flow rate of 0.5 L min™", ™" = 589.592 nm
of emission line and axial viewing for the Na element.

Thermogravimetric (TG) and differential analyses (DTG) were
performed using a SETSYS Evolution SETARAM. The samples
(~14 mg) were heated in a flow of N, (16 mL min™), at a heating
rate of 10 °C min™" from room temperature to 1000 °C.

This journal is © The Royal Society of Chemistry 2025
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Evaluation of acidic properties in the presence and absence
of water

TMPO adsorption experiments and solid-state *'P-MAS-
NMR spectroscopy. TMPO adsorption experiments were
carried out in the following steps.*>** A portion of 300 mg of
acid lamellar solids was placed into a Schlenk tube (see Fig.
S1t) and connected to a vacuum line. The samples were
heated up to a certain temperature (according to TG/DTG
data - Fig. S2 and S67) for 15 h to remove physisorbed water
and other impurities. For the analysis in the presence of
water, the re-hydration procedure was applied in the same
Schlenk under vacuum, heating another cell with a calculated
mass of CoCl,-6H,0 (Sigma-Aldrich) at 140 °C for 90 min.
The mass of water in the hydrated metallic complex was
equivalent to the proportion of 2:1 mol of H,O to Aly, sites
based on each Al content in acidic lamellar solids. Further
experiments were conducted in selected samples to
saturation with physisorbed H,O, by the respective TG/DTG
data. A specific volume of 54.3 mmol L™" of (CH;);PO/CH,Cl,
solution (TMPO - Alfa Aesar/CH,Cl, solvent - Synth, 99.5%
anhydrous) was used for each sample, adjusted to achieve
different TMPO loadings (P/Al molar ratio = 1.4, 1.2, 0.50 and
0.25). Afterwards, this portion of the solution and 30 mL of
CH,Cl, were added to the sample in a dry glovebox under an
argon atmosphere. The suspension was maintained for 1 h in
the sealed Schlenk, after which the Schlenk tube was again
connected to the vacuum line to remove the solvent, at 50 °C
for 1 h. Following that, the TMPO®@sample was treated at
165 °C for 1 h to ensure uniform diffusion and distribution
of the probe molecules on the active sites. Finally, the
Schlenk was opened in a dry glovebag under argon and the
TMPO@sample was packed into a MAS-NMR zirconia rotor
(¢ = 4 mm), and sealed with a gas-tight Kel-F cap. The high-
power decoupling (HPDEC) °*'P-MAS-NMR spectra were
obtained at a resonance frequency of 161.9 MHz (Bruker
Avance II' 400 MHz, with 10 kHz at 22 °C), a pulse of n/2
(1.931 ps), a delay of 20 s and 5400 scans, using
concentrated H;PO, as the reference. Lorentz deconvolution
spectral analysis results are shown as red dashed curves,
and the asterisks denote spinning sidebands in the graphs.

Additional characterization of acidic properties: catalytic
model reactions to convert biomass derivatives

Reaction in batch process. The alcoholysis reaction of
furfuryl alcohol (FFA) was performed in a batch multi-
reactor at 150 °C for 3 h, under 15 bar N, pressure.*® For
that, 0.029 g of each H-[Al]-R18 catalyst was added to the
reactors with 5 mL of 0.2 mol L™" FFA (Sigma-Aldrich, 98%
purity) solution in ethanol (EtOH, Sigma-Aldrich, anhydrous,
<0.003% de H,Oj; extra-pure absolute). Previously, inert gas
was used to purge the system. The reactors were then
sealed, and pressure and temperature were adjusted. Time
and magnetic stirring were counted after the system
reached the desired temperature. Products were collected at
the end of the reaction, filtered with PTFE filters (22 um),

Catal. Sci. Technol., 2025,15, 1157-1173 | 1159
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quantified, and analyzed on an Agilent Technologies gas
chromatograph using a flame ionization (GC-FID, model
7890B) or a mass spectrometer (GC-MS) detector. The
method of GC-MS analysis is found in the ESLf In CG-FID,
the products were separated using an HP-Innowax column
(30 m x 530 um x 1 pm), with a 1 mL min ' N, flow and a
heating ramp from 80 °C to 240 °C. The inlet temperature
was 280 °C, with 1 pL injection volume in triplicate, a 10:1
split ratio, and 11 mL min™" total flow.

Reactions in the continuous flow system. The conversions
of 1,3-dihydroxyacetone (DHA, dimer, Sigma-Aldrich, 97%
purity) and pyruvaldehyde (PA solution, 40% wt in H,O,
Sigma-Aldrich) to lactic acid were performed in a fixed-bed
continuous flow reaction system in aqueous medium.*”*® A
0.2 mol L™" substrate solution was pumped at a flow rate of
0.3 mL min™' using an HPLC Gilson 307 pump. A back
pressure Swagelok valve maintained a pressure of 10 bar in
the system. A 316 stainless steel reactor (@ipper = 4.15 mm)
was heated at the desired temperature (130 °C). The H-[Al]-
R18 catalyst (300 mg, Apeq = 7 cm, and 7 = 9 min) was secured
with quartz wool at the inlet and outlet of the reactor.
Products were collected in a time range of the reaction,
filtered with PTFE filters (22 pum), quantified, and analyzed
on a high-performance liquid chromatography system
(HPLC), using an Agilent Technologies 1110 instrument
equipped with a refractive index detector (RID) at 50 °C.
Aliquots of 5 pL were injected in triplicate, and the products
were separated on an HPX-87H column at 65 °C, with a flow
of 0.7 mL min " of 5 mmol L™* H,SO, solution as the mobile
phase.

Equations for catalytic performance. All compounds were
identified based on their respective retention times. Substrate
conversion (X;), product selectivity (S,), and carbon balance
(CB) were determined by eqn (1) to (3), respectively:

_ (Iro]=[rd] 100%
X, = ( i ) 100% (1)

_ n'[pt] o
5= (i n) 190% ®)
CB = (7’1'[”} ;[%E}"'[p l])-loo% 3)

where n is the number of carbon atoms in the molecule, [ry]
is the initial concentration of the reactant, and [r;] and [p/]
are the concentrations of the reactant and products at time
(?), respectively.

Results and discussion
Structural characteristics of lamellar materials

The chemical compositions of acidic samples are
summarized in Table S1.f The partial substitution of Si** to
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Fig. 1 XRD patterns for sodium and acidic lamellar RUB-18, with
different Si/Al molar ratios. Inset: zoomed image of a Bragg angle region.

AI’" ions on the RUB-18 structure is indicated by the final Si/
Al molar ratios for the products and the 90-99% ion
exchange efficiency.

The structural properties of the lamellar silicate and
aluminosilicate materials are displayed in Fig. 1 and 2. XRD
patterns (Fig. 1) for sodium samples show a peak at around
26 = 7.9° corresponding to the basal space of the lamella in
the ¢ direction [004] (dgo4 = 1.1 nm). The peak range from 26
=15° to 35° characterizes the crystalline structure of Na-RUB-
18.2'° Amorphization of the structure, indicated by a halo in
the range between 20 and 30° 20, was not observed. There
were some changes in the relative intensities and shifted
peaks, but a unique crystalline phase was observed in the
samples prepared in this work. The removal of hydrated
interlamellar cations [Na(H,0)s]" from the interlayer spaces
caused the appearance of a typical intrinsic structural order
for H-RUB-18,>° and reduced the interlayer space. The
diffractograms indicate that the basal space in H-RUB-18 is
0.74 nm (peak at 260 = 12°).

According to the 2°Si-MAS-NMR spectra (Fig. 2A), two
resonance signals at -99 ppm and -111 ppm are
visualized. These signals are characteristic of Q° [(SiO4)s-
Si~(OH)/(Si0,4);-Si-O-Na'] and Q* [(Si0,)4-Si] type-Si*" sites
found in the Na-RUB-18 structure, respectively,
Fig. 2B.">'%°' The larger presence of silanol/silanolate
groups, given by the highest signal intensity of the Q°
sites, suggests structural defects and smaller crystal sizes
than standard RUB-18 (Q*/Q” ratio = 1).>'° Moreover, only
slight changes in peak shapes (height and width) were
observed after Al insertion demonstrating that the
presence of Al in the structure did not cause order
disturbances in these samples. Contrarily, peak broadening
and variation in the intensity of the resonance signals
were observed for the H-[Al]-R18 samples. These features
demonstrate changes in the local order of sites, probably
indicating different angles of T-O-T bonds for Si** species

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) 2°Si- and ?’Al-MAS-NMR spectra for sodium and acidic lamellar RUB-18, with different Si/Al molar ratios. [Aly] are the aluminosilicate
catalysts with y equal to the experimental Si/Al molar ratio. (B) Graphical representation of the Si** and A®* species on a structural unit of RUB-18
(cavities [5%] in [101] directions): silanol groups as Q® sites; siloxane groups as Q“ sites; complete framework-Al as Alrq sites; and partial

framework-Al or hydrated aluminol species as Alop, sites.

upon Al introduction and ion exchange. In addition, a
small resonance signal at -101 ppm is attributed to Si(3Si,
1Al) species.”> A decrease in the Q*/Q* ratio in the H-[Al]-
R18 samples in relation to Na-[Al]-R18 was observed,
which depends on the aluminum concentration in the
materials (see Table S11 for details).

The formation of Alyy and Alpy, species and the influence
of Q° sites in the IS process on the RUB-18 structure were
verified by *’AI-MAS-NMR analysis. As illustrated in Fig. 24,
the peaks corresponding to tetrahedral (Alpq) and octahedral
(Alop) aluminum sites for the Na- and H-[Al]-R18 samples
were observed at ca. 60 ppm and 8 ppm, respectively.”' It
was shown before that framework (Alrg) and partial-
framework (Alpn) Al species in the RUB-18 structure
correspond to (SiO,),Al and (SiO,);Al-(OH)(H,0), species
(Fig. 2B), respectively.”>>® The coordination of water in
aluminol sites was already observed in sodium lamellar
aluminosilicate  RUB-18 and  confirmed by DFT
calculations.®** The combination of variations in the Q°
site content and the IS results in fluctuations of Alyq to Algy
species concentrations. A higher content of Alyy species was
found when reducing the total Al content (Na-[Al36]-R18
sample), resulting in better dispersion of these species on
the lamellar structure. In contrast, an increase in Alg;, in
relation to Alrg species was noted due to a higher Al
content on the RUB-18 lamellar surface (Na-[Al15]-R18
sample). The ?’AI-MAS-NMR spectra of acidic solids
exhibited analogous characteristics to those observed in

This journal is © The Royal Society of Chemistry 2025

sodium materials. However, the Alpq sites decreased in
comparison with the peaks for aluminol sites, Alo,. This
finding suggests that the ion exchange method induced
partial hydrolysis of the Al-O bonds, which led to the Al(Td)
— Al(Oh) transformation.>® The final Alpg/Alo, ratios of
acidic non-seeded samples prepared in this work are
reported in Table S1.}

It is essential to understand the type of acid site (AS)
formed on the lamellar surface of RUB-18, particularly that
originating from aluminol sites, and if the AS becomes more
or less acidic or even loses activity under wet conditions.
Furthermore, the presence of a large number of silanol/
aluminol groups in the RUB-18 structure makes it difficult to
determine the acidity properties at elevated temperatures.
Given this information, the subsequent characterization was
conducted to appropriately assess the acidity of H-[Al]-RUB-
18 lamellar solids.

Acidity properties analyzed by *'P-MAS NMR

Evaluation of *'P chemical shifts of TMPO adsorbed on
RUB-18. In light of the aforementioned results and the data
published,'®™* the isomorphous substitution process of Si**
to A" atoms in the RUB-18 structure occurs on the
lamellar surface. As a result, Al species were formed in
tetrahedral (Alyg) and octahedral (Alp,) coordinations.
Typical Bregnsted acid sites (BAS) originate from one acidic
proton introduced in the form of Si-O(H)-Al groups, also

Catal Sci. Technol,, 2025, 15, 157-1173 | 1161
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called bridging -OH, for each substituted framework (Alrq
sites) or partial-framework atom (Alo, or aluminol sites).”
In this way, the adsorption experiments were conducted
with TMPO as a probe molecule because it is more sensitive
to the strength of BAS than LAS in solid acid catalysts.>
The chemical shift range to the reaction products of TMPO
with BAS is dup = 50-100 ppm;** the larger the chemical
shift, the stronger the acidity. The mark of 86 ppm has
been assigned as the threshold for superacidity.*® Between
50 ppm and 60 ppm, the peak could be indicative of LAS in
zeolites®>*' or -SiOH internal/external groups in zeolites
without LAS.*?

The *'P-MAS-NMR spectra of the dehydrated samples with
different Si/Al and P/Al molar ratios are shown in Fig. 3. No
resonance signals were visualized at 31 ppm and 39 ppm
associated with mobile and ecrystalline TMPO.*" This is
indicative that the probe molecules were physisorbed and
chemisorbed with d:p values of around 40-49 ppm and 50
ppm to 80 ppm, respectively.**

As seen in Fig. 3A, the spectrum with high TMPO loading
(P/Al ratio = 1.20) for acidic lamellar silicate exhibits one
resonance signal. The symmetric and thin peak at 44 ppm is
relative to the physisorbed TMPO.*’ The crystallinity pattern
for the H-R18 sample guarantees the homogeneous
adsorption of probe molecules on the lamella surface. The
rise of resonance signals in the BAS region proves the
insertion of Al in framework positions of RUB-18, with
chemical shift values in the region between d.:p = 60 and 80
ppm. Thus, four signals were visualized for the three
spectra of acidic aluminosilicate samples (H-[Al]-R18, with
Si/Al ratios = 32, 29, and 16). The presence of the Al in the
RUB structure causes an upfield shift in the TMPO(ppys,)
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signal to 41 ppm. Also, the appearance of a small resonance
peak at ca. 49 ppm could be attributed to TMPO complexes
interacting with =SiOH/=AIOH on the surface and edges
of the lamella. The increase in the content of aluminol sites
(Alpg/Alo, molar ratio = 3.38 to 0.45) leads to a downfield
shift (d=p = 52 ppm) and a rise in intensity of this peak.
The peaks above ca. 60 ppm identified as the TMPOH" ions
formed by the interaction of TMPO with BAS. Moreover, the
narrowing and shifting of this chemisorbed signal can be
explained by the uniform distribution of Alyq species on the
lamella surface. Therefore, the reduction of Al concentration
facilitates the insertion of stronger BAS into the structure of
the solid.***

The adsorption of TMPO with P/Al molar ratio = 0.5 in
dehydrated acidic samples is shown in Fig. 3B. The reduction
of the TMPO concentration allowed a better resolution of the
signals. This is reflected in the intensity of the signals when
the physisorbed peak decreases and the other ones increase
accordingly. No resonance signal was identified in the
spectrum of silicate H-R18 (Si/Al = «). One explanation for
this phenomenon is that the adsorption process in these
materials occurs first in stronger acid sites, the BAS, and only
when they are filled, the physisorption occurs and H-R18
presents no strong acid sites.*?

Equivalent results were obtained for the H-[Al]-R18
samples (Si/Al = 32 and 29), whereby only medium to strong
intermolecular interactions were observed in the spectrum.
For the H-[Al16]-R18, the amount of TMPO solution was
doubled as a function of the increased Al concentration,
thus the expected physisorption signal was observed at 44
ppm. The small peak characteristic of TMPO adsorbed on
=SiOH/=AIOH sites was shifted from ca. 49 ppm to around
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Fig. 3 31p_MAS-NMR spectra for H-R18 and H-[All-R18 non-seeded samples in the absence of water, with different Si/Al and Alrq/Alo, molar

ratios and P/Al molar ratios equal to (A) 1.20 and (B) 0.50.
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52-54 ppm. This downfield-shifted peak at ca. 52 ppm can
be explained by the interactions of the =SiOH groups that
make the chain-connected groups via hydrogen bonds; see
discussion about FTIR spectra in the Summary of
spectroscopic analysis of Al-sites section.

The results of TMPO interaction with a BAS in low TMPO
concentration were identified by the two peaks at ca. 64 ppm
and 69 ppm. It is known that the peak positions in the
spectrum are indicative of the varying strengths of BAS.>*>®
Overall, the peak at 69 ppm becomes more intense with low
total aluminum content, and consequently, with a high Alpg/
Al molar ratio (sample with Si/Al ratio = 32 and Alpq/Alop
ratio = 3.38), in accordance with the presence of stronger
BAS. Table S271 exhibits the variation in signal percentages in
the BAS region for dehydrated samples with P/Al molar ratio
= 0.50 when changing the Si/Al ratio. Bornes et al.*! identified
changes in the *'P-NMR spectra of HZSM-5 by probing TMPO
with P/Al ratios = 0.21 to 0.75. According to these authors,
the percentage of spectral intensity in the Bronsted region
varied with changes in the TMPO content. Also, the BAS
resonance signals identified by the authors at around dsip =
64-87 ppm arise from the confinement effect of protonated
TMPO in HZSM-5 pores.

Additional TMPO analysis in lamellar seeded RUB-18
materials: proof of concept. The following discussion
pertains to lamellar samples synthesized with seed crystals.
Experimental data about long/short-range structural
ordering for acidic seeded materials are found in the ESI}
(Fig. S3 to S67).
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According to Wright,>® high supersaturation and the
seeding technique made it possible to control the final
products, including the distribution of crystals' sizes. This
resulted in the production of crystallites that were
significantly smaller in size.”® Thus, the excess of =SiOH
sites on the lamellar surface is caused by the diminishing of
crystallite size. In parallel, the formation of aluminol species
(Alop) in high concentrations is favoured. The *’Al- and *°Si-
NMR spectra for sodium and acidic lamellar samples are
displayed in Fig. S5.f The final Alpg/Alon, molar ratios of Al
species in solids were: 0.35 for H-[Al47]-R18(scedeq) and 0.15
for H-[AIZS]-RlS(Seeded).

Furthermore, the ion exchange process, followed by
ammonia thermo-decomposition to afford the acid samples,
resulted in variations of diffraction patterns that are
characteristic of the RUB-18 structure as seen in Fig. S3.f The
fluctuations of intensity, broadening of the peaks, and
reduction in the signal/noise ratio are all in agreement with
previous studies of H-RUB-18 prepared with this procedure.'*
Despite the partial amorphization of the structure, the
absorption range between 1300 cm ' and 400 cm™' in the
FTIR spectra shows that the structural units of the RUB have
been preserved after the calcination step (Fig. S41),” thus the
local organization of the sites is intact.

The partial framework-coordinated Al species (aluminol
sites) on seeded RUB-18 were also probed by the TMPO *'P-
MAS-NMR spectroscopy technique (Fig. 4).

When the samples are saturated with TMPO (P/Al molar
ratio = 1.4), the physisorbed probe molecules on the lamella
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Fig. 4 31p_MAS-NMR spectra for H-R18 and H-[Al]-R18 seeded samples in the absence of water, with different Si/Al and Alrg/Alon molar ratios
and P/Al molar ratios = (A) 1.4, (B) 0.50, and (C) 0.25. The deconvoluted signals were magnified 4x.
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surface are also seen in the spectra by the peak at 42-44 ppm.
In addition, the small resonance shoulder appeared in the
spectra at 50-53 ppm even for the silicate H-R18(scedeq)
sample. The small crystal size, thus the abundant external
surface, and the large content of =SiOH groups all confer
distinct strengths of interaction between the adsorbate and
active sites. Hence, the chemical environment of the *'P
nucleus is changed, which is reflected in the position and
shape of the signals in the spectrum.

In relation to the non-seeded synthesis, the higher the
Alpp/aluminol concentration and/or the less crystalline the
structure both observed in seeded samples, the higher will be
the signal corresponding to =SiOH and =SiOH/=AIOH: it
goes from dup = 49-52 ppm in non-seeded aluminosilicate
samples to 50-53 ppm on the seeded silicate and
aluminosilicate ones. Also, two peaks were again observed
above 60 ppm, for all TMPO concentrations (P/Al ratio = 1.40
to 0.25). These BAS peaks arise from TMPOH' species. In
summary, the spectroscopic analysis of non-seeded H-[Al]-
R18 samples (see Fig. 3) can be used to explain the behavior
of adsorption sites and chemical shift values for *'P obtained
for acidic seeded solids.

Influence of water in the adsorption process and
spectroscopic analysis. TMPO is prone to deliquescence and,
consequently, the standard procedure requires a dehydration
step before the adsorption process.’* However, an alternative
approach to study the “invisible acid nature” using the
trimethyl phosphine and phosphine oxide *'P-NMR technique
is to conduct experiments on dehydrated and partially hydrated
probe-loaded samples and compare the spectra.””*®

In the present study, the influence of water was
investigated to further clarify the acid site behavior. The
experiments were initially conducted with 2:1 mol of H,O
to aluminol sites (Alpp). The initial idea is to create the
initial hydrated Alp, sites and analyze the effects on the
acidity of these sites. The spectra for H-[Al]-R18 samples
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Fig. 5 3'P-MAS-NMR spectra for H-R18 and H-[Al]-R18 non-seeded
samples in the presence of water (2 mol H,O:1 mol Alg,), with
different Si/Al and Alyy/Alo, molar ratios, and P/Al molar ratio = 0.50.
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with low TMPO loading and different Si/Al ratios are
presented in Fig. 5.

As expected, all aluminosilicate lamellar solids present a
decline in the intensity of the TMPO(pyy,,) signal in relation to
the signals associated with chemisorbed TMPO above dxp = 60
ppm. This is more evident in the H-{Al16]-R18 spectrum by
comparison to its dehydrated spectrum (see Fig. 3B and the
signal's percentage in Table S21). As illustrated in the lamellar
silicate spectrum, H,O molecules do not affect the =SiOH
groups in the sense of favouring probe molecule adsorption.
However, the aluminosilicate spectra indicate that the peak at
ca. 64 ppm is significantly enhanced in intensity, even
concerning the peaks at ca. 68 ppm (see Table S2f and
comparison of hydrated and dehydrated non-seeded samples
with P/Al = 0.50). These experimental results provide information
on the identity of the Al species, in which the dxp = 64 ppm and
68 ppm signals could be associated with partial framework-Al
sites and complete framework-Al sites, respectively.

Supplementary experiments to simulate the saturated
environment with water/adsorbent were performed in seeded
samples and H-[Al16]-R18 (Fig. 6). Upon exposure to
humidity, the samples with high TMPO concentration had
shifted peaks at Adsp = 1-2 ppm and an increase in the
relative intensity of these signals in the spectra (Fig. 6A).

Moreover, an evident reduction in the TMPO(py,ys ) signal is
accomplished with an intensity increase of BAS signals in the
H-[Al16]-R18 sample (Fig. 6B). When the P/Al ratio was
reduced in the same H,O saturated environment (Fig. 6C),
the BAS for H-[Al47]-R18(scedeq) (Alra/Alon ratio = 0.35)
retained their acidic features (peaks at dsip = 66-71 ppm). A
similar acidic behavior is observed in H-[Al16]-R18 (Alpq/Alop
ratio = 0.45), even for P/Al molar ratio = 0.50 and H,O/Alpp
molar ratio = 2 (Fig. 5). Published studies®”®* confirm the
existence of =Si-O-H:-:(-O)-Si= bridges that form a
network of hydrogen bonds on the lamella surface, as well as
enable the dynamics and conduction of protons in this
region as a function of temperature variation. Thus, the peak
values displayed indicate large H-bond interactions of probe
molecules with these sites in an environment saturated with
H,0 molecules, resulting in the considerable deshielding of
1P resonances to downfield.

In general, TMPO adsorption analysis in aqueous media
suggests the maintenance of acid sites, easing the
interactions of the probe molecules with the RUB-18
structure. The activity of these sites was not adversely
affected, in other words, there was neither total deactivation
nor loss of acidity in the presence of water. Contrarily, this
solvent favoured the interactions of the probe molecules with
the acid sites in the RUB-18 structure. The coordination of
H,0 molecules to aluminol sites, or even by saturation with
water, enhances both acidity and the adsorption capacity of
the acid sites. This finding suggests that these sites in the
lamellar material could be used in aqueous-phase catalytic
reactions, as already shown for H-[Al]-magadiite."*

Summary of spectroscopic analysis of Al-sites. Many
authors have extensively studied experimental and
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Fig. 6 3!P-MAS-NMR spectra for hydrated materials, saturated with physisorbed H,O molecules: (A) H-R18 and H-[All-R18 seeded samples, with
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computational modeling to probe acid site distributions
in various solid acid catalysts, principally in zeolites.** In
our study, the absence of channels and cavities simplifies
the attribution of configuration modes of TMPO adsorbed
on RUB-18 based on the existent information about
zeolites.

Despite the existence of information on zeolites, the
resonance signals as a function of the typical lamellar
structure are not completely clarified by the literature. An
alternative approach is exploring the data from TMPO
adsorbed on MCM-41,°%%" BEA,***? and H-ZSM-5.°>°* The
goals are to identify the TMPO resonance signals observed in
spectra and to establish a correlation between the RUB-18
structure with the mesoporous/microporous structures that
contain few signals at the same d.p region, =SiOH groups,
and BAS/LAS in different proportions, and the same
structural unit (cavities [5]).

80
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Fig. 7 Boxplot of dsp (ppm) values for TMPO adsorbed over non-
seeded and seeded lamellar RUB-18 as a function of the following
possible site types: physisorbed TMPO (O - light red), ~AlOH/-SiOH
groups (O - dark cyan), BAS(1) from partial framework-Al species (O -
light purple), and BAS(2) from complete framework-Al species (O -
purple). The box represents one standard deviation (SD) according to
the distribution of the values. The gray dash-dotted line is the limit of
molecular interactions (Chem. = chemisorption, and Phys. =
physisorption).
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Thus, the spectroscopic analysis by *'P-NMR gave us
interesting information about acidic features, mainly
structural-activity correlation in lamellar solid acid catalysts.
Notably, we have observed the influence of some factors that
can change resonance peak positions and intensities (height
and width). These factors are as follows: the crystallinity
degree of the structure, the amount of aluminum (Si/Al molar
ratios), complete and partial framework-Al species (Alpg/Alon
molar ratios), adsorption under wet or dry conditions, and
varying TMPO loadings.

Fig. 7 displays the distribution of the dataset relative to
the chemical shift values of the *'P nucleus of the resonance
signals from non-seeded and seeded lamellar materials.
Overall, three main regions of the d.p (ppm) were identified
with TMPO adsorption modes, with one of them containing a
subgroup: physisorbed TMPO (40-50 ppm), TMPO strongly
adsorbed on =SiOH/=AIOH and possible LAS (50-60 ppm),
and TMPO interacting with Brensted acid sites (60-80 ppm)
from partial, BAS(1), and complete, BAS(2), framework-Al
species.

White and coworkers®® investigated post-synthetic
treatments in ZSM-5 and identified second tetrahedrally
coordinated Al sites. One such site is (SiO);-Al(OH) species,
designated as Al(iv)-2 as illustrated in Fig. 4(b) of ref. 65.
These species correspond to the BAS(1) sites when the partial
framework-Al sites are dehydrated, which are schematized in
our work as shown in Fig. 2B. According to these authors,
other (SiO),-,~Al(OH), species are formed from Al(w)-2 sites
using the typical dealumination process.®> Additionally,
White and coworkers®®®® examined the MFI catalyst
frameworks to ascertain details regarding the spatial
proximity between the Al(wv)-1 and Al(v)-2 sites, the synergy of
these paired active sites, and the post-synthesis modifications
that led to an enhancement in the catalytic activity of HZSM-
5 through the use of water.

It is important to show that the presence of aluminol sites
from partial framework-Al species is also indicated by the
interaction of its hydroxyl group with the neighboring silanol
sites by H-bonding. For that, FTIR of the pure lamellar
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Fig. 8 (A) FTIR spectra for pure dehydrated (a) H-R18 and (b) H-[Al16]-R18 non-seeded samples. Inset: FTIR spectra region within 2500-1500
cm™. (B) Schemes of a chain of H-bonds on the lamella surface of H-R18 and H-[Al16]-R18 non-seeded samples in the [010] direction.

silicate was used in comparison with aluminosilicate. Fig. 8
shows the result.

The samples were dehydrated at 350 °C for 15 h under
high vacuum (~10-6 mmHg). The FTIR spectra shown in
Fig. 8A (insert) demonstrate, by the absence of peaks in the
1630 cm™' region, that the samples are dehydrated. The
profile in the region from 3800 cm™ to 3000 cm ™" is the one
typical of silicates and zeolites and was also observed in
H-magadiite and in H-[Al]-magadiite.®

The first point to call attention is that, despite the
absence of water, the bands in the high-frequency region
are broad. This is the typical consequence of extensive
H-bonding. The H-bonding displaces the OH stretching
vibration to lower wavenumbers, the displacement is
proportional to the proton transfer to the atom that is
making the H-bond, that is, the more basic the atom with
which the proton is shared or the more acidic the proton,
the larger the displacement. In the same line, the larger will
be the vibration molar absorptivity, £.°° The result is that
the bands are shifted to lower wavenumbers and increase in
intensity.

The spectrum in Fig. 8A, curve (a), shows one very low
intensity band at 3741 cm™', due to a minute
concentration of isolated Si-OH groups.® In the cases
where these groups are really isolated, the band is very
narrow, and at approximately the same position. The more
intense band at 3668 cm ' corresponds to the OH
vibration of SiOH involved in a chain of H-bonds, as
indicated in Fig. 8B, Scheme 1. The frequency difference,
Avon, is only 73 cm™', indicating a small proton
displacement.

The addition of aluminum to the RUB-18 structure
causes changes in the FTIR curve, Fig. 8A(b). The bands
observed in H-RUB-18 are still present; the sample presents
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a small amount of isolated SiOH groups and the chain of
H-bonded SiOH groups. Because of that, the bands at 3741
and 3668 cm ' are still present. However, as was discussed
in this work, there will be aluminol, AIOH, groups, isolated
bridging acid sites, =Si(OH)AI=, and acidic groups
neighboring aluminol sites. Besides these, H-bonded silanol
groups that neighbor aluminol sites will be disturbed by
them and are expected to appear to be slightly shifted. The
slightly disturbed SiOH will show a slightly larger
displacement from the isolated SiOH than the purely
H-bonded SiOH, thus the band at 3624 cm™* can be caused
by this effect, the Avoy is 117 em™, and the presence of the
Al atom causes the H on SiOH to be more acidic in that
situation.

Naturally, the largest displacement will be that of the
band at 3397 cm', which corresponds to the isolated,
bridging acid site, the =Si(OH)AI= group (in red, Scheme
2, Fig. 8B), and in this case, the Avoy is 344 cm™' in
relation to the isolated Si-OH. Finally, the acidic groups
neighboring aluminol sites, in purple, Scheme 2 in
Fig. 8B, will appear between the two bands; this is the
cause of the elevated baseline. A band at around 3517 cm ™" is
suggested as the result of the presence of this group; it
would afford a Avpy of 224 ecm™ in relation to the
isolated silanol group. The acidity of this group is situated
between that of the proton in SiOH in the chain of
silanol groups disturbed by the presence of Al-OH (in
orange, Scheme 2 in Fig. 8B) and that of the isolated
acidic site in red, Scheme 2 in Fig. 8B.

Each one of these groups corresponds to a peak of
TMPO NMR spectra (Fig. 3A), the TMPO adsorbed in SiOH/
AlOH at 52 ppm corresponds to the band at 3624 cm™, the
acid site at the aluminol groups adsorbs TMPO and shows
a peak at 66 ppm that appears at 3517 cm " and finally, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Conversion (X, %) and selectivity (S, %) values, and respective graphs of the relationship between structural properties and selectivity ratios
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y equal to the Si/Al molar ratio before the reaction.

most acidic site, the isolated =Si(OH)AI= adsorbs TMPO
and causes a *'P chemical shift of 71 ppm and a FTIR band
at 3397 em™!

Catalytic tests

Strength of BAS through the batch process. The results of
the alcoholysis of furfuryl alcohol (FFA) to form ethyl
levulinate (EL) are shown in Fig. 9A. Autothermal reactions or
those using non-acidic catalysts (H-R18) have a small
contribution to FFA conversion. It was observed that FFA
conversion increased when the reaction was catalyzed over
lamellar aluminosilicate samples with a larger Al content.

This journal is © The Royal Society of Chemistry 2025

The selectivity values to both products increased as the Al
content increased (Si/Al = 32 to 16).

EL and 2-ethoxymethyl-furan (EMF) have been identified after
3 h of reaction, while the conventional hydrolysis products,
angelica lactones and levulinic acid, were not detected. GC-MS
was used to confirm these products (method in the ESIf). A
reaction pathway for EL and EMF production that requires BAS
with medium strength is proposed in Fig. S7.}

Fig. 9A demonstrates the relationship between the
structural properties of the catalysts and the ratio between
EMF and EL selectivity. The selectivity for EL is enhanced
when the Aly, content is reduced, and the Si/Al ratio is
increased in the catalysts. According to the literature,”®”® the
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ethanolysis of FFA could occur in two steps depending on the
catalysts used. The first step involves BAS and/or LAS for the
etherification of FFA. The second step involves the hydrolysis
of EMF over BAS with higher strength to form EL. Li and
collaborators”® confirmed the dependence on the strength/
nature of the active sites in ethanolysis reactions catalyzed
over ZSM-5 with different Si/Al ratios. Strong sites with the
highest BAS/LAS ratio produce more EL than EMF compared
to catalysts with the lowest strength of sites and BAS/LAS ratio.

Thus, the partial Al-framework and framework-Al species
in the RUB-18 structure played a crucial role in this reaction.
The H-[Al16]-R18 sample exhibited greater selectivity towards
EMF. In contrast, the selectivity to EL was correlated with a
higher concentration of Alyy species and a relative medium
strength of Bronsted acid sites in the H-[AI32]-R18 sample.
These results are in line with previous studies on zeolites”®™”?
and evidence the activity of H-[Al]-R18 as Brensted acid
catalysts as foreseen from the acidity characterization.

Activity of BAS and/or LAS through the continuous flow
aqueous-phase system. The transformation of pyruvaldehyde
(PA) into lactic acid (LA) is a typical Lewis acid-catalyzed
reaction.””"” The results are presented in Fig. 9B. The blank
experiments revealed that AT and H-R18 had a negligible
contribution to PA conversion, and LA was not even
identified as a product in these reactions. On the other hand,
all H-[AI]-R18 catalysts were active, disclosing the Lewis
activity of these lamellar solids, and consistently, selectivity
to LA. It is worth mentioning that in the presence of water,
the TMPO adsorption also revealed the concentration
increase in the Lewis acid sites (compare Fig. 3B with
Fig. 6B and C). The more acidic catalyst (H-[Al16]-R18, with a
lower Si/Al ratio) showed a selectivity to LA above 75%.

The PA conversion and LA selectivity increase with the
higher concentration of Aly;, species and the lower Si/Al ratio.
The relationship between the LA selectivity and Alrg/Alop
molar ratios of the catalysts can be seen in Fig. 9B. The
results state that the presence of Al in the octahedral
coordination as aluminol sites in the RUB-18 structure
influenced the reaction pathway. The reactions catalyzed by
H-[AI32]-R18 and H-[AlI29]-R18 have comparable LA
selectivity.

For this reason, it is suggested that partial framework-Al
sites (Al as aluminol sites) in the RUB-18 catalyst structure

H
H,0
H,0

H,0 OH OH,

/‘ Iil:"'///
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behaved as Lewis acid sites. In Fig. 10, the proposed reaction
pathway follows the coordination of the pyruvaldehyde on Al,
in Alo, sites, instead of, or displacing, H,O molecules,
forming a cyclic intermediate. The H,O molecules in the
reactional medium act as nucleophiles and proton donors for
the Cannizzaro reaction in a concerted mechanism. It is
important to indicate that the H,O molecules are
continuously re-coordinated to the Al site, thereby recovering
these acid sites.””

According to Albuquerque and co-workers,*” there is a
correlation between the strength of the acid sites and the
reaction rate. The authors noted that medium-strength sites
are the minimal requisite for the Cannizzaro reaction.
Therefore, it can be inferred that the H-[Al]-R18 samples
contain medium strength Lewis acid sites needed to cause
the intramolecular rearrangement of pyruvaldehyde to form
lactic acid.

BAS are required for the dehydration step of DHA to form
PA, and the intramolecular rearrangement of PA to form LA
only occurs via LAS.*® This reaction was used as another
continuous aqueous-phase transformation to evaluate the
simultaneous activity of the BAS and LAS over silicate and
aluminosilicate catalysts (Fig. 9C).

The blank experiments presented low conversions, and
thus their PA selectivity, or selectivity to any other organic
compound, could not be assertively quantified. Catalysts H-
[Al]-R18 were active to convert DHA, with 17-19% + 2%
conversion. The PA and LA were the main products. The
presence of pyruvaldehyde (PA) proves the insertion of BAS in
the RUB-18 structure, corroborating the initial results in
furfuryl alcohol alcoholysis. The dehydration of DHA resulted
in an increased PA selectivity, ASps, of 12% when the Si/Al
ratio was increased, from 42% to 54%.

Lactic acid (LA) was also produced in the next step as
could be anticipated from the reaction runs using
pyruvaldehyde as a feedstock. As commented, Lewis acid
sites are required to promote the Cannizzaro mechanism and
transform PA into LA. The following final selectivity values
were ~16% to ~27% when the Si/Al ratio of the catalysts was
decreased from 32 to 16. Therefore, as in the case of FFA and
PA conversion reactions, the intrinsic relationship between
the products’ selectivity and the catalysts' structural
properties was observed once again. As seen in Fig. 9C, a

HZO HZO HO 0

H,0 OH OH,

—_—

/‘ Iil:"’///

Fig. 10 Illustration of pyruvaldehyde adsorption by displacement of water molecules on hydrated aluminol sites (as Lewis acid sites) in the

lamellar surface of H-[Al]-RUB-18.
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higher concentration of Algy, sites results in a considerable
consumption of PA to form LA. Thus, H-[Al16]-R18 is the best
catalyst among the ones prepared in this work for the DHA
into LA transformation via the cascade reaction. Meanwhile,
H-[Al32]-R18 is a better acidic solid that promotes the first
step reaction, with high PA selectivity.

These findings reinforce the hypothesis that the aluminol,
(Si04)3Al-(OH)(H,0),, sites in the RUB-18 structure act as LAS
in the aqueous phase reactions. Furthermore, the Xpga, Spa,
and S;, values remained constant during the investigated
reaction timeframe, indicating an effective simultaneous
activity of BAS and LAS, and that these lamellar catalytic
systems are stable.

The structural properties of H-R18 and H-[Al]-R18 catalysts
before and post-PA and DHA reactions are discussed below
and summarized in Table S3.f The XRD pattern (Fig. S87)
indicates that the long-range structural order characteristic of
H-RUB-18 was preserved. For the H-R18 sample, peaks at 26 =
13° and 26° suggest the presence of residual quartz wool
recovered from the reactor with the catalyst. A slight
broadening of the baseline was observed at around the 26 =
15° to 30°, which might also be attributed to residual wool.
Moreover, a slight reduction in the intensity of the peaks
above 26 = 20° indicates a possible partial loss of the
crystalline structure for RUB-18.

The *’AI-NMR analysis (Fig. S91) shows a modification of
the short-range structural order. An increase in the peak area
relative to Alp, species and a reduction of the Alpy content
for both reactions were observed. Partial hydrolysis of Al-O
bonds has been considered. If the conversion and selectivity
values and the structure by the XRD pattern are kept, the
variation can be related to the creation of (SiO,);Al(OH)
(H,0), species. As a result, the BAS activity is not eliminated.
Also, the LAS activity in aluminol sites is maintained. Fig.
S101 shows the tendency of variation in the Al species
concentration as a function of the initial Al concentration for
each catalyst. For DHA reactions, the positive A[Alg,| and
negative A[Alrg] confirm the transformation of the species
without loss of structural Al. On the other hand, the negative
Altotal Al species] detected after PA reaction indicates the loss
of the Al framework of the structure.

Summary of catalyst reactivity

It is also clear that the catalysts exhibit BAS/LAS acidity,
which affords the interactions between the substrate (FFA,
DHA, PA) and acid sites on the RUB-18 lamellar surface.
Higher selectivity and conversion were observed in
aqueous-phase transformations, in which the acidity
behavior arises from an H,O and substrate-saturated
environment. These results are consistent with the results
of the *'P spectra discussed in Fig. 6. Some authors have
proposed several types of LAS, such as framework LAS
from tri-coordinate aluminum, extra-framework (EFAL with
an octahedral coordination), and framework-associated
aluminum (Alyq to Alg, reversible coordination).>*%>7%7°

This journal is © The Royal Society of Chemistry 2025
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According to the authors,®® the latter type becomes
kinetically allowed and thermodynamically stable under
wet conditions, allowing for a reversible transition between
BAS and coordinatively saturated LAS. Thus, these authors
propose that three water molecules in the 1st coordination
shell are firmly bound to partial framework-Alo, in
Al(SiO;);(H,0); arrangement.>*

Our study, contrarily, suggests that the partial framework-
Al species is (5i04);-Si-(OH)-Al(OH)(H,0),(Si0,), sites (or
aluminol sites - Algy, as seen in Fig. 2B) on the lamella
surface of RUB-18. It contains two water molecules and one
OH group directly bound to Al. This hydroxyl is the one that
disturbs the H-bonded SiOH chain as seen in the FTIR
spectra. Such sites could be assigned either as Brgnsted and/
or Lewis acid sites, depending on the experimental
conditions used. Brgnsted acidity is the only one found in an
anhydrous environment without coordinating reactants while
Lewis acidity will also be present, together with the Brensted
one, in the presence of water or any coordinating solvent or
reactant.

Conclusions

A larger concentration of silanol/silanolate groups influenced
the isomorphous substitution process that occurs on the
lamellar silicate surface of RUB-18, with a direct correlation
between the Si/Al molar ratio in the synthesis and the
aluminum species in the structure. The present work shows
that the experiments carried out using the *'P-NMR
technique on dehydrated and hydrated TMPO-loaded
samples in combination with catalytic tests provide new
insights into the acidic properties of partial framework-Al
sites on non-seeded and seeded H-[Al-RUB-18.

This work shows that some factors lead to changes in *'P-
NMR resonances, such as the crystallinity degree of the
structure, the amount of aluminum in the sample (Si/Al
ratio), the presence of complete and partial framework-Al
species, adsorption under wet or dry conditions, and varying
TMPO loadings. The spectroscopic analysis of the *'P nucleus
indicates that the resonance signals arise from TMPO
adsorbed on silanol groups (dsp = 40-49 ppm), silanol/
aluminol sites (dup = 49-56 ppm), and Brensted acid sites
(60-75 ppm). In lower TMPO concentrations, the spectral
data revealed at least the existence of two types of BAS with
different strengths at ca. 64 ppm and 68-69 ppm. Upon
exposure to humidity, the coordination of water molecules to
aluminol sites enhanced the TMPO adsorption capacity of
the active sites. This resulted in an increase in the resonance
peak intensities, for both the Alyy and Alg, species,
associated with the peaks at 69 and 64 ppm, respectively. A
water and TMPO-saturated environment induced changes in
the signals above 50 ppm, both in the position and intensity,
implying that no loss of acidity, and possibly no deactivation,
occurs in the presence of water. This would result in
enhanced catalytic activity when subjected to similar
experimental conditions.
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The “active acidities” of the H-[AI]-R18 lamellar non-
seeded samples were tested in both batch and flow systems
in the presence and absence of water. It is worth noting that
the (Si0,),Al and (SiO,4);Al-(OH)(H,0), species present in the
RUB-18 structure played a crucial role in biomass-derivative
conversion reactions. The H-[Al32]-R18 catalyst has a better
performance in producing ethyl levulinate in the ethanolysis
reaction and pyruvaldehyde in DHA dehydration. This is
attributed to the uniform distribution of Al species that are
more isolated due to the smaller Al content in the RUB
structure, which facilitates the insertion of stronger BAS.
Conversely, the H-[Al16]-R18 catalyst exhibited a significant
selectivity towards 2-ethoxymethyl-furan (an intermediate in
the ethanolysis reaction). This indicates that the BAS are not
sufficiently strong for complete 2-ethoxymethyl-furan
hydrolysis. Finally, the production of lactic acid (the final
product of DHA and PA conversions) over lamellar
aluminosilicates RUB-18 under aqueous conditions reveals
the possibility of the (SiO,);Al-(OH)(H,0), sites (Alpy, sites)
acting as Lewis acid sites.

The *'P-NMR spectroscopic analysis and catalytic test
approach reinforce the improvement in acidity under wet
conditions and highlight the acid behavior of partial
framework-Al sites in the RUB-18 structure. This work
initiates the effort to create a consistent protocol for acidity
analysis in lamellar solids, comparable to the existing ones
for zeolites, and brings the importance of evaluating the
acidity characteristics of solid catalysts under aqueous-phase
conditions.
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