Molecular Catalysis 458 (2018) 161-170

Contents lists available at ScienceDirect

MOLECULAR

CATALYSIS

Molecular Catalysis

journal homepage: www.elsevier.com/locate/mcat

Check for
updates

Studies on dispersion and reactivity of vanadium oxides deposited on
lamellar ferrierite zeolites for condensation of glycerol into bulky
products

Luiz H. Vieira, Luiz G. Possato, Thiago F. Chaves, Sandra H. Pulcinelli, Celso V. Santilli,
Leandro Martins *

Instituto de Quimica, UNESP - Univ. Estadual Paulista, Rua Prof. Francisco Degni 55, CEP 14800-900, Araraquara, SP, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 25 July 2017

Received in revised form 26 October 2017
Accepted 21 November 2017

Available online 1 December 2017

The acetalization of acetone with glycerol was investigated using vanadium-impregnated catalysts. The
siliceous supports FER, a purely microporous material, and ITQ-6, a micro/mesoporous material, were
obtained from a ferrierite lamellar precursor, PreFER. Both supports were impregnated with 1, 5 or
10 wt.% of vanadium. The structural properties were characterized by X-ray diffraction and N, adsorp-
tion/desorption, the dispersion and speciation of surface vanadium were analyzed by diffuse reflectance
UV-vis spectroscopy and X-ray absorption spectroscopy (XANES and EXAFS), and the total acidities of the

Ic(fl"y Z‘:_gcliséon densation catalysts were evaluated by temperature-programmed NH; desorption. The [5V]Si-ITQ-6 and [10V]Si-
Soll,ketal ITQ-6 catalysts provided the best catalytic results, with conversions of 100 and 90%, respectively, and
Vanadium selectivity towards solketal of approximately 99%. The higher surface area generated by mesoporosity in

the Si-ITQ-6 support, compared to the microporous Si-FER support, provided good access for the diffusion
of reactants and products, and good dispersion of vanadium, even at high vanadium loadings (10 wt.%),
with preferential formation of VO, monomers and VOx oligomers on the surface. The greater contribu-
tions of these species to the total acidities of the catalysts resulted in higher catalytic activities, compared

Lamellar zeolites
FER structure

to the effect of V,05 agglomerates.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Massive amounts of cheap glycerol have become commercially
available, due to its formation as a co-product in the biodiesel
industry [1]. Biodiesel consists of fatty acid methyl esters that
are normally obtained by transesterification of vegetable oils and
methanol in the presence of an alkaline catalyst [2]. Approximately
10wt.% of crude glycerol is generated during this process, and
due to the growing interest in biodiesel as an alternative to fos-
sil fuels, the production of 37 million metric tons is expected in
2020. Consequently, the amount of glycerol generated cannot be
absorbed by traditional consumer industries, such as the cosmet-
ics, pharmaceutical, and tobacco sectors, hence depressing its price
and creating opportunities to find new applications for this com-
pound [3]. Chemical transformations that are being explored in
order to add value to glycerol include dehydration [4-9], oxidative
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dehydration [10-12], ammoxidation [13,14], hydrogenolysis
[15-18], etherification [19-21], esterification [22,23], selective oxi-
dation [24,25], and acetalization [26-29].

The acetalization of aldehydes and ketones with glycerol has
been extensively studied using molecules such as formaldehyde
[30], acetaldehyde [31], benzaldehyde [32], butyraldehyde [33,34],
and acetone [35]. The acetalization of acetone with glycerol over
acid catalysts (Scheme 1) can be used to produce cyclic acetals such
as solketal. These compounds are especially interesting because
their use as fuel additives reduces particulate emissions and
improves the cold-flow properties [1,36]. The addition of 1-5vol.%
of solketal to gasoline has been found to significantly decrease gum
formation caused by fuel degradation, while improving the octane
number [37].

Conventionally, this reaction can be performed using het-
erogeneous or homogeneous catalysts, but for economic and
environmental reasons, heterogeneous catalysts are normally pre-
ferred. Most studies of acetone acetalization using heterogeneous
catalysts have focused on determining the effects of the molar ratio
of reactants, catalyst loading, and time and temperature of the
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Scheme 1. Products obtained from acetalization of acetone with glycerol over acid catalysts.

reaction. Brgnsted acid catalysts including zeolites [35], Amberlyst
resins [35,38], and supported heteropolyacids [39] are commonly
used, but good results have also been obtained using oxides of
transition metals such as Hf and Zr supported on silica frame-
works, which provide Lewis acid sites [40]. A promising transition
metal for use in heterogeneous catalysis is vanadium, which has not
yet been studied in this reaction. Vanadium-based catalysts have
well known uses in oxidative processes such as oxidative dehydro-
genation [41], oxidative dehydration [11], and selective oxidation
reactions [42]. In addition to their use in oxidation reactions, this
class of catalysts also exhibits moderate acidity, combining Lewis
and weak Brensted acid sites [43,44]. Essentially three types of
vanadium oxide species can be found at the surfaces of the cata-
lysts: monomeric VO4 and oligomeric VO species, with tetrahedral
coordination, and V,0s5 crystallites. [45] The formation of these
species is influenced by multiple factors including the synthesis
and impregnation methods, the vanadium precursors employed,
and the textural and chemical properties of the support.

The structural properties of the catalyst are critical in this reac-
tion, since diffusion of the reactants and products at the catalyst
in liquid phase reactions is favored by open-framework structures,
where the active sites are more dispersed and are easily accessible.
Catalysts based on zeolites offer good performance due to their high
porosity and surface area. Ferrierite zeolites (FER structure) have
shown remarkable catalytic performance in various processes. The

expansion

discovery of the FER structure lamellar precursor called PreFER [46]
has made it possible to develop different types of materials derived
from this structure. Purely microporous FER zeolite can be obtained
by direct calcination of the precursor, while the micro/mesoporous
ITQ-6 zeolite is produced by expansion of the precursor layers with
CTABT, sonication, and calcination (Scheme 2). The mesoporosity
in ITQ-6 is generated by spaces between disorganized layers. In
addition to the higher surface area of this material, compared to
other mesoporous materials such as MCM-41, it was found to be
structurally more stable (the structure did not collapse), even after
impregnation using high metal loadings [41].

In the present work, the silicalite forms of purely microporous
(FER) and micro/mesoporous (ITQ-6) zeolites were synthesized
using the same precursors and were employed as supports for
vanadium oxide impregnation. The resulting catalysts were char-
acterized by X-ray diffraction, nitrogen physisorption, diffuse
reflectance UV-vis spectroscopy, X-ray absorption (XANES and
EXAFS), and temperature-programmed desorption of ammonia.
The catalysts were applied in acetone acetalization with glycerol.
The preparation of these two supports with the same structure but
with different porosity helped to understand the ways in which
porosity influences the dispersion of vanadium at catalyst surfaces,
as well as the diffusion of reagents and products to and from the
active sites.

sonication
calcination

.4-amino 2,2,6,6-tetramethylpiperidine
[l hexadecyltrimethylammonium bromide

PreFER |

calcination

Scheme 2. Schematic representation of post-synthesis treatments, using the lamellar precursor PreFER.
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2. Experimental section
2.1. Synthesis of the catalysts

2.1.1. Si-PreFER lamellar precursor

An aqueous solution (22.9 g of distilled water) containing 7.5g
of ammonium fluoride, 1.0 g of hydrofluoric acid, 19.9 g of 4-amino-
2,2,6,6-tetramethylpiperidine (R), and 7.7 g of fumed silica (molar
composition: 25 Si0,: 10 HF: 40 NH4F: 25R: 250 H,0) was prepared
and stirred for 180 min at 30 °C, followed by heat treatment in a
stainless steel autoclave for 120 h at 150°C. The solid product was
filtered and washed with distilled water.

2.1.2. Si-FER microporous support
The microporous support was obtained by calcination of the
lamellar precursor (Si-PreFER) in air for 6 h at 620°C.

2.1.3. Si-ITQ-6 micro/mesoporous support

The micro/mesoporous support was obtained by refluxing a
solution containing 190 g of distilled water, 10 g of Si-PreFER, 55g
of cetyltrimethylammonium bromide, and 120 g of tetrapropylam-
monium hydroxide (20% in H,0) for 24 h at 80 °C. The solution was
placed in an ultrasonic bath for 2 h, and concentrated HCl was then
added to the solution, until it reached pH 2, in order to reprecip-
itate the layered material. The final precipitate was washed with
distilled water, dried for 24 h at 80°C, and calcined in air for 6 h at
620°C.

2.1.4. Vanadium oxide impregnation

The [nV]Si-FER and [nV]Si-ITQ-6 catalysts (where n stands for 1,
5, or 10 wt.% of vanadium) were prepared by the wet impregnation
method. Typically, 1g of the support was added to a solution con-
taining 50 mL of distilled water and vanadyl sulfate (the quantity
of VOSO4 varied according to the final wt.% of vanadium in the cat-
alyst), followed by rotary evaporation at 60 °C under vacuum until
complete dryness. The samples were then calcined in air for 6 h at
500°C.

2.2. Characterization of the catalysts

The crystalline phases of the zeolitic supports and impreg-
nated catalysts were analyzed by X-ray diffraction at the XPD
beamline of the Brazilian Synchrotron Light Laboratory (LNLS).
The XPD beamline was equipped with a Huber 4 +2 circle diffrac-
tometer and a Eulerian cradle (model 513) positioned ~13 m from
a double-bounce Si (111) monochromator (A=1.377 A). The data
were collected in high resolution mode, employing a Si(111) ana-
lyzer crystal and a Mythen detector. The measurements were
performed at room temperature, in the 26 range from 7 to 45°,
with 8 min for each acquisition.

The textural characteristics of the catalysts were evaluated by
means of nitrogen gas adsorption-desorption isotherms obtained
at liquid nitrogen temperature (~196°C), with a relative pressure
interval between 0.001 and 0.998, using a Micromeritics ASAP 2010
instrument. Prior to the measurements, the samples were degassed
under vacuum (~10 x 106 Pa) for 12h at 200°C. The micropore
area and volume were determined by the t-plot method, and the
mesopore area and volume were determined by the BJH method.

The amounts of V present in the catalysts were determined by
chemical analysis using an Optima 8000 ICP-OES spectrometer.
Acid digestion was performed by suspending 100 mg of sam-
ple in 1mL of distilled water, followed by the addition of two
drops (~=0.1 mL) of concentrated sulfuric acid and 1 mL of 40 wt.%
hydrofluoric acid. The suspension was heated to 100 °C during 2 h,
and the resulting precipitate was diluted in 100 mL of deionized
water.

Diffuse reflectance UV-vis spectra were obtained in the range
from 190 to 800cm~!, using a dual-beam PerkinElmer Lambda
1050 UV/Vis/NIR spectrophotometer equipped with an integrat-
ing sphere. The reflectance was converted using the Kubelka-Munk
equation and was plotted as a function of the wavelength.

X-ray absorption spectroscopy (XAS) measurements were
recorded at the V K-edge, in transmission mode, at the XAFS1
beamline of LNLS. For vanadium analyses, the XAFS1 beamline
was equipped with a Si(111) monochromator, operated in Bragg
mode, for selection of the desired range of X-ray wavelengths. The
monochromator was calibrated by setting the first inflection point
at the K-edge spectrum of the corresponding metallic foil standard
(5465 eV for vanadium). The powdered samples, diluted with boron
nitride, were presented in the form of pellets (20 mg) whose thick-
ness was chosen so that the normalized absorption jump at the edge
was close to 1. Analysis of the XAS data employed Athena graphi-
cal interface software, using three merged spectra to improve the
signal-to-noise ratio. The references used for the spectra treatment
were V,0y4, V505, and metallic vanadium foil.

Temperature-programmed desorption of ammonia (NH3-TPD)
was used to quantify the acid sites present on the catalysts.
The samples (~200mg) were pretreated in a flow of helium
(60mL/min) at 300°C for 1h, and were then cooled to 100°C.
Adsorption of NH3 was achieved by exposing the samples to a
flow of 1% NH3 in helium (60 mL/min) for 1 h, until saturation was
reached. This was followed by flushing with helium (60 mL/min)
at 100°C for 1h to remove physisorbed NHj3. Temperature-
programmed desorption was performed from 100 to 550 °C, using
a heating ramp of 10 °C/min and a helium flow of 60 mL/min. Quan-
tification of the ammonia desorbed during heating was performed
using a Pfeiffer PrismaPlus QMG 220 mass spectrometer.

2.3. Catalytic tests

The catalysts were evaluated in glycerol condensation with ace-
tone using a 1:3 molar ratio (excess of acetone is necessary because
it also plays the role of solvent in the reaction). The reactions
were performed at 60 °C for 120 min. For each reaction, vials were
filled with 0.4 g of glycerol, 2 mL of acetone, and 0.02 g of cata-
lyst, and were kept under stirring in a water bath at 60°C for 10,
20, 30, 60, and 120 min. After reaction, the vials were refrigerated
at 0°C and the catalyst was separated by filtration. The glycerol
conversion and product selectivity were determined using a gas
chromatograph (Shimadzu GC-2014) equipped with a capillary col-
umn (Rtx-1,30m, 0.32 mm, 1 wm) and an FID detector. Before each
injection, a known mass of n-butanol was added as an internal stan-
dard in order to ensure a quantitative mass balance of glycerol and
the products. The glycerol conversion (Xg) and products selectivity
(S;) were calculated according to Eq. (1) and (2), respectively.

n —n
Xg(%) = 22— « 100 (1)
Nglo

- 100 2)
Ngjp — Ng;

5i(%)
where ngjg and ng are the mole of glycerol in the beginning and
in the end of the reaction, n; is the mole of product i. In order to
compare the catalytic efficiency of the materials and support our
statements about the role of dispersed vanadium in the reaction,
samples of Si-FER and Si-ITQ-6 supports, V,05 and commercial
samples of H-Beta (Si/Al=12.5) and H-ZSM-5 (Si/Al=25) zeolites
were tested in the same reaction conditions.
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Fig. 1. (A) X-ray diffraction patterns for (a) lamellar precursor PreFER, (b) microporous support Si-FER, and (c) micro/mesoporous support Si-ITQ-6. (B) X-ray diffraction
patterns for (a) [1V]Si-FER, (b) [5V]Si-FER, and (c) [10V]Si-FER. (C) X-ray diffraction patterns for (a) [1V]Si-ITQ-6, (b) [5V]Si-ITQ-6, and (c) [10V]Si-ITQ-6 (the symbol (®)

indicates the diffraction peaks of V,0s5 phase).

3. Results and discussion

The X-ray diffraction patterns (Fig. 1A) confirmed formation of
the crystalline structures of the lamellar precursor, Si-PreFER, and
the microporous support, Si-FER [46]. During the process of exfo-
liation and formation of the micro/mesoporous support, Si-ITQ-6,
the diffraction peak intensity was suppressed, due to the structural
disorganization of the layers [41,47]. The X-ray diffraction patterns
of the catalysts after vanadium impregnation of Si-FER (Fig. 1B)
and Si-ITQ-6 (Fig. 1C) showed that the structures of the supports
were maintained, even with 10 wt.% of vanadium loading. A high
degree of dispersion was obtained for the [1V]Si-FER sample pre-
pared using the microporous support (Si-FER), since no diffraction
peaks of bulk vanadium oxide were detected. The diffractograms for
the [5V]Si-FER and [10V]Si-FER samples showed the main diffrac-
tion peaks of V, 05 (Fig. S1), evidencing the formation of crystalline
particles on the support surface. In the case of the samples obtained
with the Si-ITQ-6 support, diffraction peaks related to the forma-
tion of crystalline V,05 were only observed for the [10V]Si-ITQ-6
sample impregnated with 10 wt.% of vanadium. The X-ray diffrac-
tion results provided the first important evidence of the degree

of dispersion in each catalyst, using these two different supports.
These findings were supported by the results obtained with other
techniques.

The textural properties of the catalysts were evaluated using
nitrogen physisorption isotherms (Fig. 2A, Table 1). The Si-
FER-supported catalysts presented isotherms typical of purely
microporous materials. The microporosity of these materials was
generated by four different types of cavities in the structure com-
posed of 5,6, 8,and 10-membered rings (MR) [48]. After calcination,
the 5-MR channels present in the layers of the lamellar precursor
condensed, generating 6-MR and 10-MR channels perpendicular
to the ab plane, and 8-MR channels perpendicular to the ac plane
(Scheme 3). There was a gradual decrease in the volume of micro-
pores as the percentage of impregnated vanadium increased, as
an indicative of the filling or blocking of the micropores by these
species. In the case of the Si-ITQ-6-supported catalysts, the forma-
tion of mesopores was observed and the pore volume distribution
(Fig. 2B) showed two main groups of pores, with average diameters
of 2 and 15 nm. The mesopore volume and surface area of these
materials decreased as the percentage of impregnated vanadium
increased, but the porosity remained high, even with impregnation

18 4 [1V]Si-ITQ-6

=— 10
@
e 197 =
s :
5 [5V]Si-ITQ-6 £
-~ 12 § [ovsi-TQ-6| =
x o
q’ ©

£
5, éﬁ; .
g % 2
T - [ 3 [1VISHTQ-6¢
.E T
3 3 o
T T |[5V]SiHTQ-6
< 3

[1V]Si-FER [5V]Si-FER [10V]Si-FER
Do) [10V]Si-ITQ-6
T T T T T T T T T T T T T T
0.0 0.4 0.8 0.0 0.4 0.8 0.0 0.4 0.8 1 2 10 20
PP, Pore diameter (nm)

Fig. 2. Nitrogen physisorption isotherms for all the catalysts, and pore volume distribution (BJH desorption) for the Si-ITQ-6-supported catalysts.
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Table 1
Textural properties and total acidity of the catalysts.
Catalyst V (Wt.%)? Vmicro (cm3 g=1) Vineso (cm3 g=1) Surface area (m2g~1)° Total acid sites (wmol NH3 g~1) mol NH3/mol V
[1V]Si-FER 0.8 0.105 0.002 216 (214) 7.2 0.05
[5V]Si-FER 4.5 0.103 0.006 228 (214) 116.3 0.13
[10V]Si-FER 7.9 0.085 0.019 205 (177) 75.7 0.05
[1V]Si-ITQ-6 1.0 0.030 1.904 1197(171) 71.0 0.36
[5V]Si-ITQ-6 4.7 0.030 1.335 795(152) 255.3 0.28
[10V]Si-ITQ-6 9.7 0.029 1.037 671(148) 196.3 0.10

2 Determined by ICP-OES.
b Values in parentheses refer to the micropore area.

[l 5-MR sheets

@ 6-MR channels
8-MR channels

@ 10-MR channels

Scheme 3. Representation of different Si-FER channels.

at the highest percentage (sample [10V]Si-ITQ-6). Another impor-
tant point is that microporosity was still present in these samples,
associated with the presence of microporous cavities in each indi-
vidual layer, confirming that the support structure did not collapse
after the impregnation.

The dispersion of vanadium species formed on the surfaces of
the materials was investigated using diffuse reflectance UV-vis
and X-ray absorption spectroscopy. The DR-UV-vis spectra (Fig. 3)
showed three different regions, corresponding to the formation
of monomers (~250-300nm) and oligomers (~350-400nm) of
tetracoordinated vanadium, and agglomerates of pentacoordi-

nated V,05 (~470-500nm). The wavelengths at which oxygen
to V°* charge transfer occurred in these species were deter-
mined based on previous studies of vanadium-supported materials
reported in the literature [45]. The three Si-FER-supported cata-
lysts (Fig. 3A) showed bands corresponding to the formation of
isolated monomeric tetrahedrally-coordinated VO4 species, as well
as oligomeric VOx species with distorted tetrahedral symmetry.
Displacement of the band for oligomeric species was observed as
the amount of impregnated vanadium increased, due to the forma-
tion of V,05 agglomerates. In the case of the Si-ITQ-6-supported
catalysts, a slight displacement of the VOx band was only observed
for the [10V]Si-ITQ-6 sample. The d-d charge transfer absorption
bands characteristic of VO, (V4*), usually observed at higher wave-
lengths (625 nm for the by(dxy) — b1(dxz-y2) transition and 770 nm
for the by(dxy)— e(dxy.dy;) transition), were not present in the
spectra of the catalysts, confirming that all the V4* present in the
precursor salt (VOSO4) had been oxidized during calcination of the
materials.

The X-ray absorption near vanadium K-edge spectroscopy
(XANES region) results for the catalysts and V,05 are shown in
Fig. 4. In these materials, the pre-edge peak at around 5470eV,
due to 1s to 3d dipole-forbidden transitions, provides an indi-
cation of the degree of distortion of oxygen atoms in the first
coordination sphere, which are affected by the degree of hybridiza-
tion between the 2p and 3d orbitals [49,50]. When the degree of
hybridization increases, the distance between the neighboring oxy-
gen atoms becomes smaller and the pre-edge intensity increases.
All the impregnated catalysts presented pre-edge intensities simi-
lar to that for the V,05 sample. The oscillations after the absorption
edge (starting at around 5485eV) were related to the 1s to 4p
dipole-allowed transitions [50,51]. The intensity of these oscilla-
tions increased with the formation of crystalline vanadium oxide, as
observed for the V,05 sample. In the case of the Si-ITQ-6-supported
catalysts, only the [10V]Si-ITQ-6 sample presented a subtle oscilla-
tion, reflecting the formation of small amounts of crystalline V,0s.
The [5V]Si-FER, [10V]Si-FER, and V,05 samples showed significant
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Fig. 3. Diffuse reflectance UV-vis spectroscopy analyses of the catalysts and V,0s (reference).
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Fig. 4. X-ray absorption spectra (XAS) in the XANES region at the V K-edge for (a)
V,0s, (b) [1V]Si-FER, (¢) [5V]Si-FER, (d) [10V]Si-FER, (e) [1V]Si-ITQ-6, (f) [5V]Si-ITQ-
6, and (g) [10V]Si-ITQ-6.

congruency in the oscillations, suggesting the formation of consid-
erable amounts of V,05 agglomerates.

The EXAFS spectra of the impregnated catalysts and V, 05 (Fig. 5)
showed different amplitudes of the oscillations, with the bulk vana-
dium oxide generally exhibiting greater amplitude, compared to
the catalysts, reflecting a higher degree of disorder caused by dis-
persion on the surfaces of the materials. However, comparison of
the EXAFS signals for the Si-FER and Si-ITQ-6 samples revealed
considerable differences in the short-range order. For better visu-
alization, the spectra were converted to R space using Fourier
transform (Fig. 5). For V505, the first coordination sphere is com-
posed of a vanadium atom pentacoordinated by oxygen, forming a
distorted tetragonal pyramid, with the distances between the oxy-
gen and vanadium atoms ranging from 1.58 to 2.02 A. The distance
for the atom at the apex of the pyramid is 1.58 A, while the dis-
tances for the atoms at the base range from 1.78 to 2.02A [50,52].
The impregnated samples clearly showed lower intensity in this
region of the spectrum, suggesting that a fraction of these bonds
was absent, compared to the bulk V,0s, independent of the amount
of vanadium dispersed on the support. This was probably due to the
formation of tetrahedrally-coordinated VO4 and VOy species. Thus,
gradual decreases in the signals corresponding to the first coordi-
nation sphere (1.78-2.02 A) for the Si-FER and Si-ITQ-6 catalysts
compared to V,0s, reflected the formation of greater amounts of
dispersed vanadium species on the surfaces.

From the evidence provided by the XRD, DR-UV-vis, and XAS
analyses, it could be concluded that dispersed monomeric VO4 and
oligomeric VOyx species were present on all the supported cata-
lysts, but that the supports had different effects on the dispersion
of the oxides. When the microporous Si-FER material was used as
a support, with a vanadium concentration of 5wt.%, considerable
quantities of V,05 agglomerates were found on the surface. In the
case of the micro/mesoporous Si-ITQ-6 support, agglomeration of
the vanadium oxides was only found for vanadium concentrations
of 10 wt.%.

The temperature-programmed NH3 desorption profiles for all
the catalysts (Fig. 6) identified the presence of weak and interme-
diate acid sites, with complete desorption of ammonia occurring
in the range 100-400 °C. For samples with the same percentage of
vanadium, the Si-ITQ-6-supported catalysts possessed higher total
numbers of acid sites, compared to the Si-FER-supported materi-
als (Table 1). For both supports, higher acidity was found with 5%
vanadium than with 10% vanadium. The nonlinear increase of total
acid sites with increasing amounts of vanadium on the samples
(mol NH3/mol V in Table 1) was suggestive of differences in acidity
among the species of vanadium present on the catalyst surfaces. In
light of this finding, together with the information about the differ-
ent vanadium species on the catalysts, provided by the DR-UV-vis
(Fig. 3) and XAS (Fig. 4 and 5) analyses, it could be concluded that
the increasing of the vanadium concentration and, consequently,
the formation of more oligomeric species and V,05 agglomerates
are contributing to decrease the specific number of active sites.

The catalysts were used in the acetalization reaction, maintain-
ing the same reaction conditions for all the catalysts. The glycerol
conversions are shown in Fig. 7. The [1V]Si-FER and [1V]Si-ITQ-
6 samples showed conversions after 120 min of approximately 17
and 20%, respectively. The very similar conversions obtained with
these catalysts were expected, due to the high degrees of disper-
sion of vanadium on the surfaces of the two materials. The low
conversions were related to the low vanadium loadings, because
these catalysts showed good activities (Jumolgjycerol/MOlyanadium-S)
when compared to the catalysts with higher vanadium loadings
(Fig. 9). The [5V]Si-FER and [10V]Si-FER samples presented con-
versions of approximately 60 and 50%, respectively, after 120 min
of reaction. These catalysts showed clear negative effects of the for-
mation of V,05 agglomerates on the support, which considerably
decreased the activity of these materials in the reaction (Fig. 9).
A higher conversion after 120 min was achieved with the [5V]Si-
FER catalyst, despite a lower vanadium loading than [10V]Si-FER,
which was probably due to the greater amounts of VO4 and VOx
species remaining on this material. The [5V]Si-ITQ-6 and [10V]Si-
ITQ-6 samples showed conversions of approximately 60 and 70%,
respectively, after only 10 min of reaction, with conversions after
120 min of 100 and 90%, respectively. Comparison of the activi-
ties of these catalysts with those of the Si-FER support with the
same vanadium loadings revealed the positive effect of dispersion
of vanadium species in the mesopores of Si-ITQ-6. The [5V]Si-ITQ-
6 catalyst showed a higher conversion and better activity (Fig. 9)
than [10V]Si-ITQ-6, probably due to the greater quantity of V,05
agglomerates identified on the surface of [10V]Si-ITQ-6. Under the
same conditions, reactions in the absence of catalyst (not shown),
or using only the Si-FER and Si-ITQ-6 supports or bulk V,05 (Table
S1), resulted in negligible or very low glycerol conversions. To
provide a benchmarking about the performance of our catalysts,
two commercial zeolites in acidic form, H-Beta (Si/Al=12.5) and
H-ZSM-5(Si/Al=25), were tested in the same reaction conditions
(Table S1). Comparing the results [5V]Si-ITQ-6 and [10V]Si-ITQ-6
showed higher conversions, so we can conclude that the high acid-
ity in H-Beta and H-ZSM-5 materials are being compromised by the
presence of water, formed as the reaction evolves [35].
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30 erol, forming solketal, or by the terminal hydroxyl group of glycerol,
" —[1V]Si-FER forming the 6-membered ring acetal [53]. Due to the steric repul-
25 ,' “ — [5V]Si-FER sions associated with the presence of axial methyl groups in the

) ] l"‘| ——[10V]Si-FER 6-membered ring acetal, theoretical calculations have suggested

o ,'n “‘ - == [1V]Si-ITQ-6 the preferential formation of solketal in this reaction [54]. In fact,

D 20 :" ‘“ - - - [5V]Si-ITQ-6 most previous studies have identified solketal as the major prod-

© " - - - [0V]Si-ITQ-6 uct, as also found here. Using these catalysts, a trend could be

g ““ observed according to which the formation of solketal was favored
~ 154 ) as the glycerol conversion increased, and for the [5V]Si-ITQ-6 and

% “‘\ [10V]Si-ITQ-6 catalysts, which achieved the highest conversions

S 10 Wy after 120 min, the selectivity towards this product was almost 100%.

i I \ “ The high number of dispersed sites in these catalysts probably

) y favored the acid-catalyzed isomerization of the 6-membered ring

2 acetal to form solketal [26].

a The stability of catalyst [10V]Si-ITQ-6 was evaluated by three
consecutive runs in the same reaction conditions (Fig. 10). The cat-
alyst was separated of reaction mixture after 1 h and washed using
two different solvents: water (Fig. 10A) or acetone (Fig. 10B). Using

I T T T
100 200 300 400 500
Temperature (°C)

Fig. 6. Temperature-programmed NH; desorption profiles of the catalysts.

The reaction led to the formation of the two products, solketal
((2,2-dimethyl-1,3-dioxolan-4-yl)-methanol) and a 6-membered
ring acetal (2,2-dimethyl-dioxan-5-ol) (Fig. 8). According to the
literature [53,54], the formation of these compounds proceeds
through a two-step mechanism, involving Lewis or Brensted acid
sites. In the first step, a tertiary alcohol is formed by interaction
between the terminal hydroxyl group of glycerol and the carbonyl
group of acetone. The second step involves the dehydration of the
tertiary alcohol over the active site, forming a carbenium ion that
can be rapidly attacked by the secondary hydroxyl group of glyc-

water to wash the catalyst resulted in a completely loss of activ-
ity after the 3™ run, probably associated with leaching of active
vanadium species caused by the presence of water. In contrast,
using acetone to wash the catalyst after each run a very low loss
of activity is observed and, in this case, a moderate leaching of
vanadium species are, probably, being caused by the water formed
during reaction. Based on previous literature results and our obser-
vations during reaction a mechanism for condensation of glycerol
with acetone over [V]Si-FER and [V]Si-ITQ-6 catalysts is proposed
in Scheme 4. This mechanism suggests the adsorption of the inter-
mediate tertiary alcohol in the vanadium. During reaction a change
in color of catalyst, from dark yellow to green, is observed, that
is probably associated with the changing in active site coordina-
tion caused by adsorption of the tertiary alcohol intermediate in
the structure. After formation of solketal or 2,2-dimethyl dioxane-
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Fig. 7. Glycerol conversions using (A) the microporous vanadium catalysts and (B)
the micro/mesoporous vanadium catalysts.

5-ol, the water molecule formed as a co-product probably keeps
adsorbed in the surface of catalyst and, the increasing in the num-
ber of water molecules formed by consecutive adsorption in a same
site are leading to vanadium leaching.

4. Conclusions

The lamellar precursor Si-PreFER and the supports Si-FER and
Si-ITQ-6 were successfully synthesized. After impregnation, the
supports showed high structural stability, even with high vana-
dium loadings. Three main vanadium species were identified on
the catalyst surfaces: VO, monomers, VOx oligomers, and V,05
agglomerates. When Si-FER was used as the support, the forma-
tion of V,05 agglomerates was observed on the [5V]Si-FER sample,
while the Si-ITQ-6 support only showed the presence of V,05 on the
[10V]Si-ITQ-6 sample. The predominance of VO4 and VOy species
on the surface of the micro/mesoporous Si-ITQ-6 support con-
tributed to higher total acidity of the catalysts. The mesoporosity
of the supports improved dispersion and access to the active sites
and facilitated the diffusion of reactants and products during the

-10-120 min_, M (1visi-FER [l [5V]Si-FER [l [10V]Si-FER
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Fig. 8. Product selectivity using (A) the microporous vanadium catalysts and (B)
the micro/mesoporous vanadium catalysts (dark colors represent the selectivity
towards solketal and light colors represent the selectivity towards the 6-membered
ring acetal).
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Scheme 4. Proposed mechanism for condensation of glycerol with acetone over [V]Si-FER and [V]Si-ITQ-6 catalysts.

reaction. The best catalyst, [5V]Si-ITQ-6, achieved 100% conversion
after 2 h of reaction, with approximately 99% selectivity towards
solketal.

This study showed that it was possible to obtain high solketal
yields during the acetalization of acetone with glycerol, under mild
reaction conditions and using moderate acidity vanadium catalysts.
Exploitation of the structural properties of the materials improved
dispersion of the active sites and facilitated diffusion and access
during the reaction.
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