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Preparation of Al-free vanadosilicates presenting 2D and 3D structures

Productivity of acrylic acid was improved on delaminated ITQ-6

Brgnsted acid sites were formed due to dissociative adsorption of water

DFT calculations: deprotonation energy of Bransted acidic sites of vanadosilicates

Abstract



Acrylic acid is one of the most attractive products directly produced from glycerol, and many efforts
are still made to thoroughly understand the role of different catalytic sites in the reaction. In this
work, we prepared Al-free vanadosilicates presenting structures analog to ferrierite and ITQ-6
zeolites (2D and 3D structures). The materials were efficient in catalyzing the one-pot conversion
of glycerol to acrylic acid. The different vanadium species in the catalysts had specific roles in each
step of the reaction. By exposing samples to humid conditions, dissociative adsorption of water
produced hydroxylated sites (O3V-OH-Si) that acted as extrinsic Brgnsted acid sites. The
deprotonation energy of these sites was estimated by DFT calculations and found to be close to
deprotonation energy of intrinsic Brgnsted acidity of aluminosilicates with the same zeolitic
structure, indicating the ability of the active site to dehydrate glycerol to acrolein. The formation of
these sites seems to effectively block potential Lewis acidity of the vanadosilicates since acetol, a
dehydration side product, was not formed. Spectroscopic data showed changes in oxidation states
of vanadium in these sites after the reaction, presenting V>* and V#* states, indicating the activity
of these sites on the oxidation step during oxidation of acrolein to acrylic acid. By decreasing
vanadium content during synthesis, delamination to ITQ-6 was more effective, increasing

accessibility and, consequently, the productivity of sites.
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INTRODUCTION

The limited supply of fossil fuels and climate change policies have driven the
development and application of renewable carbon source routes for energy generation.[1]
Biofuels are emerging in this scenario, and during the last decades, they have been even
further researched and produced. Notably, biodiesel arose as a substitute for fossil-derived
diesel, presenting comparable properties. Its production is based on transesterification of
vegetable oils from various sources and generates large amounts of glycerol as a by-
product.[2] Oversupply and the consequent drop in prices placed the focus on glycerol
research to produce chemicals, polymers, and fuels.[3] Glycerol upgrading is a promising
way to equate profits of biodiesel and conventional diesel, increasing competitiveness and,
perhaps, leading to the ideal point of complete transition from the refinery to the biorefinery.

The production of acrylic acid from glycerol is a route that can be performed in a single
reactor. The significance of the process relies on the uses of the simplest unsaturated
carboxylic acid, which is a chemical intermediate for the polymer industry with a market size
comparable to glycerol availability (around 6 Mty?) and a high price (around 1.6-
1.8 USD.kg1).[3,4] It can be produced using various intermediates derived from glycerol as
acrolein[5], allyl alcohol[6], lactic acid[7], and acrylonitrile[8], but oxidative dehydration is a
short method to produce acrylic acid from glycerol[9]. Two steps are required to conduct this
reaction: (1) dehydration of glycerol to acrolein by protonation of the secondary hydroxyl
group and subsequent (2) oxidation of acrolein to acrylic acid.[10] The oxidation step is well
known and established since it is industrially applied in acrylic acid production from fossil-
derived propylene.[11] In this process, molybdenum-vanadium[12], cobalt-molybdenum][13],
and vanadium-antimony[14] are often applied in the oxidation of acrolein via Mars-van
Krevelen mechanism[15], presenting high conversions and acrylic acid as a primary product.

Mostly, the dehydration step is conducted by applying materials presenting acid sites, and it



was established that the formation of acrolein is associated with Brgnsted acid sites. In
contrast, Lewis acid sites promote the formation of acetol (Figure S1) [16]. Catalysts
employed for this reaction generally comprise strong Bregnsted site materials, like
heteropolyacids [17] and zeolites [18], presenting satisfactory activities but suffering from
rapid deactivation. The use of weak solid acids likes, Al-free Ga-zeolites [19], and iron
phosphates [20], or co-feeding of oxygen during reaction [21] were found to be effective
strategies to avoid deactivation by coke, increasing the stability of the catalysts.

To directly convert glycerol into acrylic acid by oxidative dehydration in a single-bed
reactor, the development of catalysts is focused on combining elements that bring intrinsic
Brgnsted acidity and oxidant properties to the material. MoVWO mixed oxides [22],
VO/zeolites [23], and MoVO/heteropolyacids [24] are commonly applied as catalysts,
combining acidity and the oxidant property of vanadium. Despite being potential Lewis acids,
itis common to use some transition metals in dehydration reactions [25] since they can accept
electrons on vacant d orbitals. Recent studies identified extrinsic Brgnsted acidity over
niobium [16] and vanadium [26] active sites generated by dissociative adsorption of water.
The strong intermolecular interactions present in glycerol make it challenging to run in gas-
phase processes since glycerol starts to decompose, forming unwanted compounds at
temperatures close to its boiling point [27]. In this way, most of the processes involving
continuous feeding of glycerol are based on aqueous solutions. Notably, the need for water
in the process may be advantageous for adding functionality to the vanadium catalytic sites
for the dehydration to acrolein.

Herein, we report the preparation of 3D and 2D Al-free lamellar vanadosilicates, with
structures analogous to ferrierite and ITQ-6 zeolites. We found that these materials possess
high activity to directly produce acrylic acid from glycerol, even in the absence of framework

aluminum, which provides intrinsic Brgnsted acidity. Both catalysts were prepared via



treatments of the lamellar precursor, called [V]-PreFER(25). The number in parenthesis in
nomenclature refers to the Si/V ratio in the synthesis mixture that was fixed at 25, and 2,2,6,6-
tetramethylpiperidine was applied as a structure-directing agent (SDA). The 3D [V]-FER(25)
catalyst was prepared by direct calcination of [V]-PreFER(25) and 2D [V]-ITQ-6(25) prepared
by the expansion of layers of the precursor by adding hexadecyltrimethylammonium bromide
(CTABY) followed by delamination. The structures of the materials were mainly investigated
by X-ray diffraction (XRD), N2 physisorption, transmission electron microscopy (TEM) and
Fourier-transform infrared spectroscopy (FTIR), the nature of vanadium sites on catalysts
were investigated by UV-vis spectroscopy, acidity was estimated by density functional theory
(DFT) calculations of deprotonation energies of vanadosilicates and compared to that

calculated for Brgnsted acid sites of aluminosilicates in the same structure.

EXPERIMENTAL SECTION

Synthesis of the lamellar precursor. For the synthesis of [V]-PreFER, an aqueous solution
of vanadyl oxide sulfate (hydrate, 97%, Sigma-Aldrich) and ammonium fluoride (=98%,
Sigma-Aldrich) was prepared, then the 4-amino-2,2,6,6-tetramethylpiperidine (98%, Sigma-
Aldrich) was dropwise added. In the last step, fumed silica (powder, 200-300 nm avg. part.
size, Sigma-Aldrich) was added slowly, and the solution remained under vigorous stirring for
3 h. Thermal treatment was performed in a stainless-steel autoclave at 150 °C for 120 h. The
crystalline product obtained was filtered and washed with an acetic acid aqueous solution
and distilled water until getting a pH < 9. The following molar composition of reactants was
used: 1 SiO2: 0.067 VOSOa4: 2 NH4F: 1 R: 10 H20. The material was called [V]-PreFER(25)
since the Si/V ratio of the synthesis mixture was 25. Two additional precursors were
synthesized, comprising Si/V ratios of 15 and 40, and were called [V]-PreFER(15) and [V]-

PreFER(40), respectively.



Preparation of 3D and 2D vanadosilicates. For the preparation of 3D [V]-FER catalyst, the
lamellar precursor [V]-PreFER was calcined at 620°C (rate of 5°C.mint) for 6 h in air. After
thermal treatment, the catalyst was washed with an acetic acid aqueous solution and distilled
water. For the preparation of 2D [V]-ITQ-6, layers of precursor [V]-PreFER (~10 g) were
expanded by treatment in a refluxing aqueous solution (~80 g of H20) containing ~50 g of
hexadecyltrimethylammonium bromide (CTABr, 298%, Sigma-Aldrich) and ~100 g of tetra-
propylammonium hydroxide (TPAOH, 1 mol.L! in H20, Sigma-Aldrich) at 85°C for 22 h. The
swollen precursor was remained under an ultrasound bath for 2 h at room temperature to
delamination of the structure and added to an aqueous solution of hydrochloric acid (pH of
about 2). The solid product was filtered, washed with an acetic acid aqueous solution and

distilled water, dried, and calcined at 620°C (rate of 5°C.mint) for 6 h in air.

Characterization of materials. The vanadium content in the catalysts was determined by
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) of digested samples
using an Optima 8000 spectrometer. Acid digestion was performed by suspending 100 mg of
sample in 1 mL of distilled water, followed by the addition of 0.1 mL of sulfuric acid (Sigma-
Aldrich, nominally 95-98% H2S04) and 1 mL of hydrofluoric acid (Sigma-Aldrich, 48 wt.% in
H20, purity > 99.9%). The suspension was heated to 100°C during 2 h, and the resulting
volume was diluted in 100 mL of deionized water.

X-ray diffraction patterns were obtained at the XPD beamline of the Brazilian
Synchrotron Light Laboratory (LNLS). The XPD beamline was equipped with a Huber 4+2
circle diffractometer, and a Eulerian cradle (model 513) positioned ca. 13 m from a double-
bounce Si (111) monochromator (A = 0.1377 nm). The data were collected in high-resolution
mode, employing a Si(111) analyzer crystal and a Mythen detector. The measurements were
performed from room temperature to 500 °C at 10°C/min under air, in the 208 range from 7 to

40°, with, approximately, 8 min for each acquisition. Structures were refined by the Rietveld



method using TOPAS®4.2 software. The occupancy and temperature factors of all atoms
were fixed, and the unit cell parameters, scale factor, and atomic positions (except for special
positions: 0, 1/4, 1/3, 1/2 etc.) were refined. Sample displacement, zero error, and intensity
corrections were refined as well. The background was fitted using a fifth-order Chebyshev
polynomial function. Fundamental parameters profile fitting (FPPF) was used for the peak
profile refinements.

Nitrogen physisorption isotherms of vanadium oxide supported catalysts were
performed on a Micromeritics Tristar Il instrument at liquid nitrogen temperature (-196 °C),
with a relative pressure interval of between 1x102 and 0.998. Before the measurements, the
samples were evacuated at 200 °C for 12 h. Micropore volumes of all samples were
determined by using the t-plot method. Mesopore volumes were determined by the difference
between total pore volume at P/Po = 0.95 and the micropore volumes. Pore size distributions
were determined by applying the Barrett-Joyner-Halenda (BJH) method.

Transmission electron micrograph (TEM) images were obtained on a FEI Tecnai F30
at 300 kV. The samples were suspended in ethanol and dispersed over a holey carbon film
grid for subsequent imaging.

Diffuse reflectance UV-vis spectra were obtained in the range from 190 to 800 nm,
using a dual-beam Perkin Elmer Lambda 1050 UV/Vis/NIR spectrophotometer equipped with
an integrating sphere. The reflectance was converted using the Kubelka-Munk equation and
was plotted as a function of the wavelength. In addition to the catalysts, the UV-Vis spectrum
of vanadium pentoxide (V20s), prepared from calcination of VOSO4, was recorded for
reference.

The solid-state 2°Si DP/MAS-NMR spectra were recorded using a Varian INOVA 500

spectrometer equipped with a 4 mm probe, at a spinning rate of 14 kHz applying the following



experimental conditions: operating frequency of 79.49 MHz, acquisition time of 0.8192 ms,
pulse width of 3.4 ms, and recycle delay of 700 s.

Temperature programmed desorption of ammonia (TPD-NHs) profiles were acquired
by a continuous flow reaction system coupled to a PrismaPlus QMG 220 (Pfeiffer) mass
spectrometer. In a typical experiment, 200 mg of sample was placed in the reactor and kept
under a He flow (50 mL.mint) at 500 °C for 1 h, followed by cooling to 100 °C. At this
temperature, the sample was exposed to a flow of 1% NHsz in He (50 mL.min!) for 1 h. The
excess and physically adsorbed NHs were then purged at 100 °C under a flow of He (50
mL.mint) during 1 h. Finally, NHs was desorbed by heating reactor from 100 to 500 °C
(10 °C.min1) in a He flow of 50 mL.mint.

The chemisorption of pyridine spectra were collected on Shimadzu Prestige IR 21
using a glass transmission cell. Approximately 20 mg of samples were pressed into self-
supported wafers, vacuum treated (0.013 Pa ) at room temperature to 300 ° C, and held at
that temperature for 30 min. The sample was cooled to room temperature, and the
background spectrum was collected. After that, 2 pL of pyridine was injected, and after
evacuation for 15 min, a spectrum of chemisorbed pyridine at room temperature was
acquired.

The surface hydroxyl species were monitored by Fourier-transform infrared (FTIR)
collected in a Thermo Scientific Nicolet iIS10 equipped with a mercury-cadmium-telluride
(MCT) detector. Catalysts were pressed into self-supported wafers, placed into a high-
temperature Harrick transmission cell equipped with CaF2 windows, and pretreated at 400 °C
for 30 min under 50 mL.min! of N2. The spectra were collected immediately after pre-

treatment.



Thermogravimetric analysis of the spent catalysts was carried out under air

(100 mL.mint) using a Netzsch thermobalance, with heating from 30 to 900 °C at a rate of
10 °C.min.
Density functional theory calculations. The calculations were performed considering the
density functional theory (DFT) with B3-LYP hybrid functional (Becke's gradient-corrected
exchange-correlation in conjunction with the Lee-Yang-Parr correlation functional with three
parameters[28]) with SVP atomic basis sets implemented in the TURBOMOLE software
package[29,30]. This DFT methodology is similar to that presented in a previously published
paper on this related subject [31]. The molecular geometry optimizations were carried out
without symmetry restrictions. The optimization convergence criteria considered a change of
10 au in the total energy and 10 au in the maximum norm of the gradient. The numerical
integration for DFT calculation was considered as 107 au in the grid step, which provides
sufficient numerical accuracy for energies and geometries.

Starting from a ferrierite cluster with 350 with atomic coordinates taken from the
International Zeolite Association website [32], we reduced to 100 atoms containing the main
zeolite cavities. Following reductions were made obtaining clusters with 40, 60, and 80 atoms
maintaining yet the cavities. The geometry of these small four structures of ferrierite was
optimized using DFT/B3-LYP/SVP method. The small clusters suffered considerably
asymmetric geometry deformation. We chose the cluster with near to 80 atoms considering
the minor cluster with negligible deformation. Substitutions of some Si atoms by Al and V
atoms were made and OH- group was also added. After these modifications, the geometry of
clusters was optimized following the same procedure. The total electronic energies were
computed at the final of the geometry optimization to obtain the relative energies showed in
this work. The XYZ coordinates of some representative optimized structures, comprising

siliceous ferrierite ([Si]-FER), aluminosilicate with Al substituted on T1 site ([Al]-FER_T1),
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vanadosilicate with V substituted on T1 site ([V]-FER_T1) and vanadosilicate after dissociative
adsorption of water ([VO1H]-FER_T1) are provided on Tables S1 to S4. Substitutions on T2,
T3 and T4 sites followed the same procedures.

Values of deprotonation energy (Edp) were calculated from geometry optimizations of
neutral (ZOH) and deprotonated (ZO") FER type zeolitic structures by the following equation:
Eap = Ezo- + Ey+ — Ezon (1)
where E,,-, Ey+ and Eoy are the electronic energies of deprotonated structure, proton, and
neutral structure, respectively. The electronic energy for proton (E,+) is null. Vanadium was
substituted over the four different T sites of structure. For comparison, the deprotonation
energy of pure siliceous and Al-containing zeolites of the same structure were calculated.

The energies of dissociative adsorption of water on vanadium sites in FER structures
were determined from geometry optimizations of vanadosilicates (VO) and hydroxylated
vanadosilicates (VOH) by the following equation:

Eads(HZO) = Ezvon — Ezvo — EHzo (2)
where Ezyon, Ezvo and Ey, o are the electronic energies of hydroxylated V-sites structure, V-
containing bare structures, and water, respectively.

The energies of vanadium substitution were determined from geometry optimizations
of vanadosilicates (ZVO) and silicates (ZSiO) by the following equation:

Esup = (Ezvo + Esi) — (Ezsio + Ev) 3)
where E;y0, Ezsio, Eyand Eg; are the electronic energies of vanadosilicate, silicates, isolated

vanadium atom, and isolated silicon atom, respectively.

Catalytic tests. The one-step oxidative dehydration of glycerol was carried out in continuous
flow at 290, 320, 350, or 350 °C and atmospheric pressure. In a typical catalytic test, 200 mg
of a finely divided powder of the catalyst were deposited on a fixed bed inside the glass

reactor without the use of diluent. The reaction temperature was monitored by a thermocouple
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kept in contact with the catalytic bed. The sample was first heated to the reaction temperature
under 30 mL.min! of a mixed flow composed of 80 % N2 and 20 % O2 (mol/mol) and kept at
this temperature for 30 min. When reaction started, a solution prepared by adding 10 wt.%
glycerol (Sigma-Aldrich, 99%) in deionized water was continuously introduced (at 0.05
mL.min1) to the heated gas line using a syringe pump (KD Scientific). The flow was kept at
30 ml.min! during the reaction, and the following compositions of O2/N2/H20/C3HgO3 (%mol)
were used: 7/27/64/2, 17/17/64/2, or 34/0/64/2. The weight hourly space velocity (WHSV)
was 3.8 h™L. The effluent products, collected in a gas-liquid separator kept at 1 °C to ensure
the condensation of the more volatile compound (acetaldehyde, boiling point of 20 °C), were
analyzed using a gas chromatograph (Shimadzu GC-2014) equipped with a capillary column
(Rtx-1, 30m, 0.32mm, 1um) and a flame ionization detector (FID). Aliquots of products were
collected each 1 h from gas-liquid separator during 6 h of reaction. Before each injection, a
known mass of n-butanol was added as an internal standard to guarantee a quantitative mass
balance for condensed products. Selectivity for COx compounds was indirectly determined
by carbon balance considering the amount of carbon present on feed and condensed
products. The analyses were carried out in triplicate, and the retention times were compared
to those of authentic compounds. Conversion of glycerol (Xgy) and product selectivities (Sprod)

were calculated following the equations (4) and (5):

o0y "o
Xgly(/o) = n;,—’}y x 100 (4)
n z
Sproq (%) = =224 x 22704 5 100 5
prod(/o) ;}%y—n;}?yt Zg1y ( )

where, né@ and ng}‘yt are the molar flows of glycerol in the input and output, respectively;
Nyroa 1S the molar flow of product; Z,,,, is the number of carbon atoms on glycerol molecule

and Z,,,q is the number of carbon atoms on the products. The selectivity to COx compounds

was calculated by a carbon balance considering the mole flow of glycerol fed and the mole
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flow of non-converted glycerol and products leaving the reactor since no residual carbon

deposits were detected in the spent catalysts.
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RESULTS AND DISCUSSION

The X-ray diffraction (XRD) patterns in Figure la revealed the presence of the
crystalline structure of the lamellar precursor[33] [V]-PreFER(25). After calcination, the
condensation of PreFER layers was confirmed by displacement of (h00) diffraction planes to
higher 26 values (most evident is the (200) plane), which means a decrease in spacing
between the 2D layers.[33] Removing the structure-directing agent (SDA) by calcination
generates a purely microporous 3D vanadosilicate, as observed by the profile of the
physisorption isotherms (Figurelb), with a micropore volume of approximately 0.1 cm3.g?
(Table S5). Transmission electron microscopy (TEM) images (Figure 1d) show the presence
of dense crystals on [V]-FER(25) formed by stacked 2D layers. The interlayer spaces are a
result of 8 and 10-membered ring formation [34], with an average distance measured by TEM
of around 0.55 nm, which is in line with the calculated spacing from crystallographic
information obtained by a structural refinement of the XRD patterns (Figure S2). The
expansion of lamellar precursor layers followed by exfoliation generated the sample [V]-ITQ-
6(25), composed by disorganized 2D layers[35]. This process avoids the condensation of T2
sites to form 8 and 10-membered rings, exposing terminal positions and generating a highly
hydroxylated surface (Figure S3). Structural disorganization suppressed diffraction peaks,
resulting in an amorphous profile in the XRD pattern. A physisorption isotherm that combines
profiles of microporous and mesoporous materials[36] is observed for this material (Figure
1b), presenting a mesopore volume of 1.2 cm3.g* and a residual micropore volume of 0.03
cmi.g!l (Table S5), probably associated with some remaining stacked layers and
microporosity of individual layers. Generation of a narrow distribution of mesopore diameters
around 3 nm (1) and a broad distribution centered around 10 nm (2) are noted in Figure 1c.

The group of mesopores presenting smaller diameters is generated by agglomerates of
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disorganized layers, while higher diameters are associated with the spaces between these

agglomerates, as revealed in TEM images (Figure 1d).
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Figure 1. (a) X-ray diffraction patterns of lamellar precursor [V]-PreFER(25), 3D material [V]-FER(25) and 2D
material [V]-ITQ-6(25). (b) N2 physisorption isotherms, (c) pore size distribution and (d) transmission electron
microscopy (TEM) images of [V]-FER(25) and [V]-ITQ-6(25).

The incorporation of vanadium in the lamellar precursor was around 31 % (Table S5).
This limitation is predicted by Pauling chemical bond theory, where the ratio of metallic cation
radius and oxygen anion radius must be in the range 0.225-0.414 for incorporation in the
zeolite tetrahedral position [25]. In our synthesis, the mixture was kept in a pH range of 10-
11 to guarantee that most of the vanadium was in the form of VO3(OH) [37], where V is
present in 5+ oxidation state, the lowest cation radius among possible V oxidation states.
Even V>* will result in a radius ratio of 0.539, out of the Pauling criterion, which justifies the
low incorporation. Incorporation of cations that exceed this range is commonly reported in the
literature for Ge [38], Sn [39], and Ti [40] atoms. After calcination to produce condensed 3D
FER and the delamination process to produce 2D ITQ-6, part of vanadium migrated to extra-
framework positions and was subsequently removed via an acetic acid treatment, which
further reduced the amount incorporated in these materials (Table S5).

Nature and oxidation states of the vanadium in the materials were investigated by UV-
vis spectroscopy. Bands on the spectra are related to charge transfers (CT) of oxygen to

vanadium and between vanadium d orbitals. The position of the bands (wavelength of CT) is
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sensitive to changes in the coordination and oxidation state of vanadium [41]. In Figure 2a,
spectra of the as-prepared lamellar precursor and catalysts are shown, indicating the
presence of four different bands related to vanadium sites. Bands centered around 220, 260,
and 325 nm are observed in the [V]-PreFER(25) precursor and around 220, 260, and 370 nm
in [V]-FER(25) and [V]-ITQ-6(25) catalysts. It is generally accepted that bands in the range
200-400 nm are related to V°* species and in the range 600-800 nm to V#*/V3* species
[41,42]. Bands around 210 and 260 nm are related to distorted tetrahedral framework sites,
where distortion decreases by shifting to higher wavelengths [43-45]. Typically, a more
distorted structure (210 nm) is associated with the presence of three Si-O-V bonds and one
V=0 bond, while less distorted (260 nm) species are related to a tetrahedron containing two
Si-O-V bonds, one V=0 and a terminal V-O-H group. The band at 325 nm in [V]-PreFER(25)
is also assigned to tetrahedral vanadium, but related with the presence of counterion on
structure [44,46], since the material was not calcined. This is confirmed by the disappearance
of this band in [V]-FER(25) and [V]-ITQ-6(25) catalysts. No bands related to oligomeric
species or reduced forms (V4*/V3*) are identified on the precursor since the pH of synthesis
mixture was kept around 10-11, which ensures the presence of almost all vanadium species
in the solution are isolated VO3(OH)? anions. The appearance of a new broad band at 380 nm
on FER and ITQ-6 materials suggests the formation of oligomeric sites that can be in both
tetrahedral and octahedral coordination in the framework [47]. This is a result of treatments
of the precursor due to the aggressive pH of the medium during delamination as well as the
high temperature of calcination to prepare the catalysts. The bands in 210 and 260 nm are
still present in these materials, indicating a considerable presence of monomeric
hydroxylated and non-hydroxylated tetrahedral sites. No bands related to V> on extra-

framework V205 clusters (Figure S4) were observed after calcination of the precursor.
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Figure 2. (a) Diffuse-reflectance UV-vis spectra of as-prepared PreFER, FER, and ITQ-6 materials. (b)
Proposed conversion of Lewis acid sites into extrinsic Brgnsted acid sites by dissociative adsorption of water
on vanadosilicates. (c) Calculated deprotonation energy (Edp) over Al and V sites of ferrierite layer in different T
sites. Deprotonation energies of hydroxyl groups of siliceous structure in different T sites were used as reference
(Table S2). The dashed black circle represents the proton removed from the structure. Red numbers in
parenthesis are referent to calculated structure configurations in Figure S6.

The formation of a hydroxylated group (V-OH) is commonly attributed to dissociative
adsorption of water on a vanadium site[48], as depicted in Figure 2b. Potential Lewis sites on
empty d orbitals of vanadium allow the adsorption and dissociation of water to generate
potential Brgnsted acid sites[49]. Some works suggest that their formation is favored even at
room temperature under humid conditions[26,48], which explains the observation of a related
band on spectra, and they are reversible under dry conditions (high-temperature pre-
treatments and/or vacuum), as observed by low acidity measurements by NH3 and pyridine
chemisorption (Figure S5). Due to low vanadium content, it is quite challenging to obtain good
resolution spectra to determine the Brgnsted acid character of these sites by FTIR using
pyridine as probe molecule without further pre-treatment and by using a non-evacuated cell.

By knowing this, and since it is not possible to measure the deprotonation energy of
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catalysts[50], the acidity of vanadosilicates was estimated by density functional theory (DFT)
calculations of deprotonation energies and compared to that calculated by Al-containing FER
structure zeolites presenting intrinsic Brgnsted acidity. This type of material is activity on
dehydration step of glycerol to produce acrolein under oxidative conditions as previously
reported[51]. DFT calculations were focused on the FER structure layer (Figure S6a) with T2
sites in terminal positions, not considering proton stabilization effects[52] by oxygens of the
8 and 10-membered rings, a model that well represents the layered ITQ-6 material. Optimized
structures of the siliceous form (Figure S6b), Al-substituted (Figure S6c) and V-substituted
(Figures S6d) materials on different T sites were considered. The deprotonation energy of
hydroxyl groups on vanadosilicates generated by water dissociation on different Si-O-V of T
sites (Figure S6e) and for aluminosilicates are shown in Figure 2c. Since an increase in
acidity is related to the ease of removing the proton from the structures, more acidic materials
will present lower deprotonation energies. These energies are present in the figure relative
to the deprotonation energies of hydroxyl groups on correspondent T sites of the pure
siliceous structure (Table S6). In general, it can be noted that deprotonation energies of
vanadosilicates are very close to the deprotonation of Brgnsted acid sites of aluminosilicates,
strongly indicating that extrinsic acid sites generated by the presence of water on our
vanadosilicates are considerably stronger than silanol groups and can almost reach the
intrinsic Brgnsted acidity of aluminosilicates in most of the structural configurations where
hydroxylated sites may be present in the materials. T2 sites presented higher acidity relative
to other T sites, which can be explained by high exposure of these sites on the surface of
FER layers.

On the other hand, T4 sites presented lower acidities, probably associated with high
proton stabilization by nearby oxygens, since sites on this position are present more internally

in the structure. Additionally to the characterization of acidity, energies for dissociative
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adsorption of water (Eads) and substitution of vanadium on different T sites (Esubs) were
estimated (Table S6). The lower energies of adsorption were found to be more dependent on
the Si-O-V bond angle than the bond length since a variation of bond angle 130° to 178° was
observed in the structures, whereas the length varied from 0.174 nm to 0.178 nm. Following
the acidity, the most favored sites for vanadium heteroatom substitution during synthesis are
those located in T2 positions, with energies 1.6, 5.1 and 4.1 kcal.mol* lower than T1, T3 and
T4 sites, respectively.

The catalysts were applied to the one-step oxidative dehydration of glycerol under
diverse reaction conditions and the results are shown in Figure 3a and Table S7. The reaction
conditions applied in this study were determined based on our previous studies regarding
vanadium-based catalysts on glycerol oxidative dehydration[23,53,54]. Acrylic acid selectivity
over total products was found to be around 35% in the presence of [V]-ITQ-6(25) as catalyst
and 45% when [V]-FER(25) was used, under optimized reaction conditions, which for these
materials were found to be 350°C in an atmosphere composed by 34 mol% of oxygen, 64
mol% of water and 2 mol% of glycerol. Since the same active sites were identified on two
types of catalysts, the difference in selectivity is probably limited by structural properties,
leading us to believe that acrylic acid is preferentially formed under confined spaces of 10-
membered rings of the [V]-FER(25) material. By considering the obtained C2 and Cs
oxygenates, acrylic acid is the main product, presenting selectivities around 80%. The
difference with acrylic acid total selectivity, when only C2-3 products are considered, is due to
the harsh oxidizing conditions required, leading to carbon loss by COx formation (Figure S7A),
commonly related to vanadium-based catalysts in this reaction[54,55]. Another point that
probably is contributing to COx formation is related to the dehydration step, where the
formation of high quantities of coke deposited on the catalyst surface is very frequently

reported [56,57], and vanadium can simultaneously catalyze complete oxidation of these
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compounds [23] since no considerable carbon accumulation was identified on the spent
catalysts (Figure S8) avoiding deactivation by coke in these materials. Together with acrylic
acid, small amounts of acrolein, acetaldehyde, acetic acid, allyl alcohol, and propanal were
identified between C2+ oxygenated products. Formation of acetaldehyde was previously
associated with decomposition of acetol, and acetic acid to oxidation of acetaldehyde[58].
These compounds are predominant between Cz+ oxygenated products (~60%) when pure
vanadium oxide is applied as catalyst (Figure S7B), probably due to the abundance of Lewis
acid sites on the surface. The absence of acetol and low formation of its derived compounds
in vanadosilicates, strongly indicates that Lewis acid sites are effectively blocked by water
adsorption on vanadium sites, disfavoring these reaction pathways. Even though [V]-FER(25)
shows high acrylic acid selectivities, comparing 2D and 3D structures, production of acrylic
acid is superior in the presence of the [V]-ITQ-6(25) catalyst in all evaluated conditions. These
observations are probably justified by limited diffusion of glycerol inside the 10-membered
rings of [V]-FER(25), since the molecule has a kinetic diameter of around 0.54 nm[19], which

is very close to the micropore diameter of the material (0.42 - 0.54 nm).
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Figure 3. (a) Productivity and acrylic acid selectivity of catalysts. For each reaction condition tested, the reactor
was loaded with a fresh catalyst. Average values for six aliquots collected each 1h during 6h of reaction. (b)
Diffuse-reflectance UV-vis spectra of fresh and spent catalysts after 6 h of reaction at different feed compositions
for [V]-Si-FER(25) and temperatures for [V]-ITQ-6(25).

After 6 h of reaction, changes in the vanadium sites of the spent catalysts relative to
the fresh ones were monitored by UV-vis spectroscopy (Figure 3b). A decrease in the bands
at 220 and 370 nm, related to more distorted non-hydroxylated tetrahedral and octahedral
sites respectively, was observed, followed by the appearance of bands from 600 to 800 nm,
related to transitions in d-d orbitals, characteristic for V4* species (VO?*)[42]. These sites are
probably involved in the step of acrolein oxidation since it is commonly reported that an

equilibrium between V°* and V#*is formed.[53] In oxidation processes involving vanadium

sites, reduction of V®* by donating structural oxygen, and reoxidation of V4* by molecular
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oxygen, are found to occur at different rates[59], resulting in the formation of a mixed-valence
structure. By observing bands at 600-800 nm it is noted that the fraction of V4* in spent
catalysts seems to gradually increase by decreasing temperature and the amount of oxygen
on feed, which explains the better activity of catalysts over high temperatures and harsh
oxidant conditions. The decrease in the area of the oxygen to vanadium (V°*) CT is more
pronounced than the increase in the area of the 600-800 nm region since the intensities of d-
d transitions are generally about ten times lower than those of the oxygen to vanadium
transitions.[42] No decrease in the area of bands related to the tetrahedral hydroxylated sites
was observed, indicating that these sites are not being partially reduced to V4* during the
reaction, which suggests that they are not effectively active in the acrolein oxidation step. The
presence of large amounts of water vapor in the reactant mixture is probably preventing the
reverse transformation of these sites on non-hydroxylated tetrahedra, even at high
temperatures of reaction. Combining theoretical and experimental observations of our
catalytic system, a mechanism for oxidative dehydration of glycerol to acrylic acid over FER
and ITQ-6 vanadosilicates is proposed in Figure 4. The activity of the glycerol dehydration
step to form acrolein was attributed to tetrahedral hydroxylated sites, since the acidity of these
sites was estimated by deprotonation energies to be close to the intrinsic Brgnsted acidity of
aluminosilicates. The formation of these sites associated with dissociative adsorption of water
effectively blocked potential Lewis acid sites of vanadium and consequently the production
of acetol and its derivatives. The decreasing in the area of bands related to V°* non-
hydroxylated tetrahedral and octahedral sites and appearance of V4* bands, in the UV-vis
spectra of spent catalysts, indicates the formation of a V4*/V>* equilibrium characteristic for a
Mars van Krevelen mechanism, where metallic site is reduced by donating structural oxygen
to reactant and reoxidized by molecular oxygen, and suggests that both sites are active for

the acrolein oxidation step to form acrylic acid. By decreasing the mol % of Oz in the gas feed
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an increase in productivity of acrolein was noted (Figure S9). The decrease of oxygen
considerable affects reoxidation of V4* to V°* in the second step of reaction (as observed in
UV-vis spectra of spent catalysts at different feed compositions on Figure 3b), decreasing
conversion of acrolein to acrylic acid. This observation supports our proposed mechanism

that considers double dehydration on the first step of reaction and acrolein as intermediate

of reaction.
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Figure 4. Proposed mechanism for glycerol oxydehydration to acrylic acid over [V]-FER and [V]-ITQ-6 catalysts
in a single-bed reactor. The dehydration step follows the well-established mechanism described in Figure S1,
but in this case, considering the V-O-H site of lamellar vanadosilicate as the H* source to protonate hydroxyl
groups of glycerol. The oxidation step follows a Mars van Krevelen mechanism, evidenced by the partial
reduction of non-hydroxylated V sites to V#* identified in UV-vis spectra.

Finally, we considered the effect of different vanadium loadings on the activity of the
catalysts. [V]-FER and [V]-ITQ-6 samples with Si/V ratios of 15 and 40 in the synthesis
mixture were prepared following the same procedures for [V]-FER(25) and [V]-ITQ-6(25)
synthesis and characterized (Table S8 and Figure S10), leading to samples [V]-FER(15), [V]-
FER(40), [V]-ITQ-6(15) and [V]-ITQ-6(40). Acrylic acid productivity (molaa.molvt.s?) reveals
that as the vanadium content decreases in ITQ-6 materials, the sites become more
productive, an effect not observed for FER materials, where productivity stagnates after a
certain point, as in Figure 5a. Since the nature of vanadium sites present in these materials

are practically the same for [V]-FER(25) and [V]-ITQ-6(25) (Figure S10ef), structural
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properties are playing a more important role in the catalytic activity. Studying the
condensation of the lamellar precursor into 3D FER materials during calcination in air (Figure
S11), an influence of vanadium content was detected in the interaction of layers. During the
calcination of PreFER a partial layer disorganization perpendicular to (h00) planes is
observed[33], resulting in the condensation and formation of a 3D material. During the
calcination of the precursor with different Si/V ratios, a decrease in the temperature interval
of disorganization is noted with increasing vanadium atoms in the structure, probably
associated with the increased electrostatic interaction that V sites generate in the structure.
Since the final structure is the same on all FER catalysts, these observations are not relevant
for catalysis on these materials, but the same effect can be expected for ITQ-6 materials.
Due to the impossibility of analyzing these materials by XRD, given their structural
disorganization, pore size distributions (Figure 5b) derived from physisorption isotherms and
vibrations in the hydroxyl region in Fourier-transform infrared (FTIR) spectra (Figure 5¢) may
provide evidence of the influence of the electrostatic effect generated by the presence of
vanadium on the structure of these materials. By decreasing the Si/V ratio, the occurrence of
pores with diameters around 2-3 nm, related to agglomerates of closer layers, gradually
decreased and broad pore distributions around 10-30 nm, related to spaces between
agglomerates, shifted to lower values. Normalizing FTIR spectra of ITQ samples by the band
related to isolated silanol groups[60], a decrease in the bands of H-bonded silanol groups[60]
is observed. These results indicate that small amounts of vanadium in the structure facilitate
the delamination process, leading to an increase in accessibility of active sites, which explains
the considerable increase in productivity for acrylic acid. By exploring the extrinsic acidity and
oxidant properties of distinct vanadium sites in the structure and under the optimized reaction
conditions, our best catalysts, [V]-ITQ-6(40) and [V]-FER(25), exhibit total acrylic acid

selectivities of 34% and 46%, acrylic acid selectivities over C2+ compounds of 76% and 78%,
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and productivities of acrylic acid around 1.09 and 1.00 Qacryiic acid.Qeatalyst -.h™t, respectively,
presenting no significant deactivation after 6 h on stream (Figure S12A), as observed in
commercial ZSM-5 zeolite (Si/Al=15) (Figure S12B), which is mainly related to carbon
deposition. These results outperform most of the zeolite-based catalysts (Table S9) that
combines intrinsic Brgnsted acid sites generated by the presence of aluminum in the structure
for the dehydration step and vanadium for the oxidation step, in single-bed and double
stacked-beds systems. The presence of multiple elements in catalysts in single-bed
experiments considerably increases side reactions decreasing selectivity of acrylic acid over
C2+ products, in most part due to intrinsic acidity on dehydration step, where part of acrolein
is not oxidized to acrylic acid. Considering double stacked-beds systems under optimized
conditions, this problem is solved and acrylic acid selectivity over C2+ oxygenate products
can reach 82%, but under low WHSYV values, leading to poor productivities. In this context,
the presence of extrinsic acidity and oxidative character of vanadium sites in our
vanadosilicate materials, single-bed experiments are comparable in acrylic acid selectivity
over condensed products (C2+ oxygenates) to double-bed systems previously reported[61],

working in higher WHSV values.
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CONCLUSIONS

We observed that Al-free vanadosilicates with analogous structures of ferrierite and
ITQ-6 zeolites are active to directly catalyze oxidative dehydration of glycerol to acrylic acid.
Hydroxylated vanadium sites formed under humid conditions by dissociative adsorption of
water were found to generate extrinsic acidity on these materials, responsible for the glycerol
dehydration step. Density functional theory calculations suggest that this acidity is
comparable to the intrinsic Brgnsted acidity of Al-containing zeolites of the same structure,
which explains the excellent selectivity for acrylic acid. The 3D FER materials were more
selective to C2+ products, reaching an acrylic acid selectivity of around 46% over total
products but suffering from limited diffusion through 10-membered pores, considerably
decreasing productivity of sites per time. The accessibility generated on 2D ITQ-6 materials
considerably increased the acrylic acid productivity of the active sites. By decreasing the
vanadium content, the delamination process becomes more effective, exposing more surface
area and consequently access to vanadium sites. By identifying different types of sites and
assigning their hypothesized functionality in each step, this work shows the possibility to apply
vanadosilicates in an important reaction that combines dehydration and oxidation/reduction
steps.
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