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Vanadosilicates isostructural to ETS-10 and AM-6 microporous materials were synthesized hydrother-
mally using derivatives of cis- and trans-3,5-dimethyl-piperidine as organic structure directing agents
(SDAs) and were subsequently tested as heterogeneous catalysts for the oxidehydration of glycerol to
acrylic acid. The best performances were obtained with vanadosilicates prepared with 1,1,3,5-tetramethyl
piperidinum cations, which were capable of converting 93.6% of glycerol to acrylic acid in one step, with
85.4% selectivity. Other important chemicals such as acrolein (3.8%), propanal (2.3%), acetaldehyde (3.2%),
acetic acid (2.5%), and propionic acid (1.4%) were produced in smaller amounts. The results clearly
indicated that these vanadosilicates are potential multifunctional catalysts capable of performing the
oxidehydration of glycerol to acrylic acid in a single step. Spectroscopic data obtained from >'VMAS-
NMR, UV-Vis, XPS, and Raman scattering analyses suggested that the selectivity of these vanadosilicates
for the oxidative dehydration of glycerol to acrylic acid could be attributed to the capacity of the va-
nadium species for dynamic adoption of multiple oxidation states during the catalytic reaction.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

High purity glycerol is an important industrial feedstock that
has applications in the food, cosmetics, and pharmaceutical in-
dustries, amongst others. However, it is expensive to refine crude
glycerol, especially in medium-sized or small plants. Research in
both academic and industrial laboratories has therefore focused on
the development of innovative processes for the conversion of pure
and crude glycerol into valuable products. Glycerol is considered
one of the top twelve building block chemicals that can be derived
from carbohydrates and converted to valuable commodity chem-
icals such as glyceric acid, propylene glycol, 1,3- and 1,2-
propanediol, branched polyesters, and polyols [1]. These chem-
icals can be formed using different routes including selective
oxidation, hydrogenolysis, dehydration, transesterification,
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etherification, oligomerization, and polymerization, as reviewed
elsewhere [2,3]. Glycerol oxidation or reduction is achieved by
means of a complex pathway of reactions that can lead to a large
number of useful intermediate substances or value-added chem-
icals (Scheme 1).

Acrylic acid is one of the many value-added molecules prepared
by the catalytic conversion of glycerol. This molecule is attractive
from economic and environmental perspectives, and is used in a
number of industrial applications. The primary use of acrylic acid,
accounting for approximately 67% of the total production, is as a
raw material for the manufacture of acrylic esters and resins used in
coatings and adhesives. Currently, more than 3 million tons per
year of acrylic acid are produced by the petrochemical industry
using the two-step gas-phase oxidation of propylene [4]. Hence, it
is highly desirable to be able to synthesize acrylic acid by means of
an integrated renewable route that minimizes the use of petro-
chemical resources as raw materials.

Heterogeneous catalysts based on vanadium oxides are well
known as active and selective oxidation catalysts, due to their
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Scheme 1. Value-added products obtained from the oxydation and reduction of glycerol.

capacity to adopt multiple oxidation states and the ability to ach-
ieve dynamic changes in vanadium oxidation states during catalytic
reaction according to the Mars-van Krevelen mechanism [5]. There
have been several investigations of efficient multifunctional cata-
lysts capable of performing the oxidehydration of glycerol in a
single step [6—9]. Lopez Nieto et al. [10,11] described the use of
vanadium pyrophosphate for this reaction, while Ueda et al. [8]
studied different transition metal oxides [oxides, V/W mixed ox-
ides with hexagonal tungsten bronze structure, and V/W/Nb mixed
oxides]. Until now, the best result was the conversion of 100% of
glycerol into 50% of acrylic acid using V—W—Nb mixed oxides [10].

Several factors can play a role in the selective oxidation achieved
by heterogeneous catalysts based on vanadium oxides. These
include: (a) vanadium lattice oxygen, (b) vanadium-oxygen bond
strength, (c) host structure and the ordering and environment of
oxygen atoms, (d) dynamic redox cycles between multiple oxida-
tion states of the metal, (e) multi-functionality of the active sites,
(6) spatial isolation of active sites, and (f) phase cooperation. The
V—Mo—Te—NDb oxides are good examples of catalysts that present
all these properties [8].

The use of zeolite-based catalysts containing vanadium with the
specific aim of producing value-added products using glycerol as
raw material has not been widely reported in the literature. The
first study was published in 2013, describing the production of
acrylic acid by glycerol oxidehydration using vanadium impreg-
nated on an acid zeolite with BEA topology [12], although only a
few aspects of catalyst performance were explored. In 2015, Mar-
tins et al. [13] reported the catalytic behavior of bifunctional V,05/
MFI catalysts with acidic and oxidizing properties for the gas-phase
oxidehydration of glycerol. One of the main reaction products was
acrylic acid, formed by dehydration of glycerol to acrolein at an
acidic site and subsequent oxidation at a redox site, but the selec-
tivity of the reaction was very low (17%). Hunsom et al. [14] re-
ported the one-pot oxidehydration of glycerol to value-added
compounds using metal-doped SiW/HZSM5-5, with 99.7% conver-
sion and 36.23% selectivity to acrylic acid. Mairelles-Torres et al.
[15]described the dehydration of glycerol to acrolein using solid
vanadium-phosphorus catalysts on supported on a mesoporous
zirconium SBA-15 silica. However, no direct conversion of glycerol
to acrylic acid was observed and the selectivity to acrolein was
around 40%.Therefore, apart from zeolites of the BEA and MFI
families, no other zeolites impregnated with vanadium oxides have

been reported as being capable of performing one-pot catalytic
conversion of glycerol to acrylic acid.

AM-6 is a large-pore vanadosilicate containing hexacoordinated
vanadium, whose structure is similar to that of the ETS-10 titano-
silicate. It was first reported by Rocha et al. [16], who synthesized it
in the presence of ETS-10 seeds [16]. The synthesis of AM-6 in the
absence of seeds, but using structure directing agents (SDAs) such
as TMAOH and chiral organic molecules derived from decahy-
droquinoline, 2,6-dimethyl-piperidine, 3,5-dimethylpiperidine,
and (S)-sparteine has been reported by Sacco et al. [17] and Paula
et al. [18].

AM-6 vanadosilicate catalysts have been employed as hetero-
geneous catalysts for the highly selective dehydration of t-butanol
to isobutene [19], as a solid support for enzyme immobilization in
transesterification reactions [20], and for the photocatalytic
oxidation of ethylene [21]. However, they have not yet been used
specifically for the catalytic oxidehydration of glycerol to value-
added products (Scheme 1). In a previous study, investigation
was made of microporous vanadosilicate ETS-10-like materials
produced using different organic templates derived from piper-
idinium cations [18]. Systematic catalytic studies were performed
with the aim of identifying their possible applications as hetero-
geneous catalysts for the production of biofuels and value-added
products derived from glycerol. Here, we present the best cata-
lytic results obtained with vanadosilicate catalysts prepared using
1,1,3,5-tetramethyl-piperidinium cation derivatives.

2. Experimental section

2.1. Synthesis of organic templates derived from 3,5-cis-trans-
dimethylpiperidine

Scheme 2 shows a schematic illustration of the SDAs synthe-
sized using the following procedure. One mol of 3,5-
dimethylpiperidine (Aldrich, mixture of isomers) and 1.5 mol of
base (potassium bicarbonate) were added to 170 mL of methanol.
Dropwise addition was made of 1 mol of the alkyl dihalide or 2 mol
of the halide to the solution over a 10—15 min period, followed by
refluxing for 48 h. The reaction mixture was cooled to room tem-
perature and the methanol was evaporated. The white solid
remaining was extracted with 250 mL of chloroform and the
precipitated solid was filtered. The chloroform fraction was
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Scheme 2. Syntheses of organic templates used as structure directing agent in the
syntheses of vanadosilicates.

evaporated under vacuum and the solids were recrystallized with
hot isopropanol and cold acetone.

2.1.1. Synthesis of the catalysts

The synthesis of catalyst A was performed in Teflon-lined au-
toclaves under static hydrothermal conditions. In a typical syn-
thesis, 10.87 g of water, 3.64 g of sodium silicate (26 wt% of SiOy),
0.411 g of sodium hydroxide, 1.08 g of potassium fluoride, and 1.75 g
of 2,4,-dimethyl-6-azoniaspiro [5.5]undecane were mixed together.
A second solution was made by dissolving 1.14 g of vanadyl sulfate
in 2.5 g of water. These two solutions were combined and stirred for
1 h. The final gel composition was 0.97 Si0,:0.2 SDA:0.1 V,05:1
Na0:0.23 K;0:30 H,0. The gel was then heated in an autoclave
under autogenous pressure for 7 days at 200 °C. After the hydro-
thermal syntheses, the crystalline powder products were filtered,
washed with water, dried at room temperature overnight, and
calcined at 300 °C for 6 h to eliminate the organic template. The
vanadosilicates were then submitted to ion exchange procedures
by adding 1 g of sample to 30 mL of 0.5 mol L~! ammonium chlo-
ride solution and stirring for 18 h at 80 °C. The samples were again
calcined at 300 °C for 6 h. The catalysts B and C were prepared
hydrothermally using the same synthesis procedure described for
catalyst A, but using SDA B (1.765 g) and SDA C (1.820 g),
respectively.

2.2. Physicochemical characterization of the vanadosilicates

All the polycrystalline samples were characterized by XRD using
a Rigaku Multiflex instrument operated at 30 kV and 15 mA, with
Ni-filtered Cu-Ka radiation (A = 1.5418 A). The X-ray analyses were
performed using 20 angles from 3 to 80° and a goniometer rate of
0.5° (20) min~ .

Raman and infrared absorption (FT-IR) spectra of the vanado-
silicates were collected at room temperature using RFS 100 and
Equinox 55 instruments, respectively (Bruker, Germany).
Ultraviolet-visible (UV-Vis) spectra were obtained using a Lambda
1050 UV/Vis/NIR spectrometer (Perkin-Elmer) coupled to a 150 mm
integrating sphere. A 1064 nm Nd:YAG laser operated at 90 mW
was used as excitation source in the Raman measurements. The FT-
IR spectra were collected using KBr pellets, in the range
500—4000 cm ™, at a resolution of 4 cm~! and an interval of 1 cm ™},
and each spectrum was averaged over 256 scans.

Thermal analyses of the materials were performed using a
Netzsch 429 instrument. The as-synthesized samples (5 mg) were

heated in a stream of synthetic air (50 mL min~—!) at 10 °C min~! in

the temperature range 25—1000 °C.

The acidity of the calcined catalysts was determined by tem-
perature programmed desorption of ammonia (TPD-NHj3). Previ-
ously, 200 mg of sample was degassed at 300 °C for 1 h under a
60 mL min~! flow of helium. The temperature was then decreased
to 100 °C and the sample was exposed to a flow of 1% ammonia in
helium (60 mL min~') for 1 h. After surface saturation, the sample
was submitted to helium treatment at 100 °C for 1 h to remove
physisorbed ammonia. The TPD-NH3 analysis was performed be-
tween 100 and 500 °C (at 10 °C min~!), using a 60 mL min~! flow of
helium. The desorbed ammonia was monitored and quantified
using a Pfeiffer vacuum mass spectrometer coupled to the outlet
stream of the tubular reactor.

Solid-state magic angle spinning (MAS) NMR spectra were ac-
quired with a Bruker Avance” NMR spectrometer operated at
11.74 T field strength, using a 4 mm double resonance MAS probe.
The vanadosilicate samples (~45 mg) were packed into a zirconia
rotor with Kel-F caps and were spun at 10—13 kHz at room tem-
perature. Lorentzian line broadening of 30 Hz was applied to all the
NMR data.??Si MAS NMR spectra were acquired at a spinning rate of
8 kHz, with 90° pulse width of 3 us, delay time of 3 s, 20000 scans,
2048 data points, and spectral width of 100 kHz. °'V MAS NMR
spectra were acquired at a spinning rate of 14 kHz, with a short on-
resonance single-pulse excitation of 1.5 ps, delay time of 0.5 s,
16000 scans, 4000 data points, and spectral width of 800 kHz. The
29si chemical shifts were referenced to 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) at 1.457 ppm, and the >V
chemical shifts were referenced to VOCl3 and to sodium orthova-
nadate (Na3VO4) at —545 ppm as a secondary reference material.

X-ray photoelectron spectroscopy (XPS) analyses were per-
formed using a UNI-SPECS UHV spectrometer, with the base pres-
sure below 5 x 10~7 Pa. The Al K line was used (1486.6 eV) and the
analyzer pass energy was set to 10 eV. The binding energies of the V
2p3/2 core level spectra were corrected using the hydrocarbon
component of adventitious carbon fixed at 285.0 eV. The decon-
voluted spectra were obtained using multiple Voigt profiles,
without placing constraints. The width at half maximum (FWHM)
varied between 0.9 and 2.0 eV, and the accuracy of the peak posi-
tions was +0.1 eV.

2.3. Catalytic tests using the vanadosilicates

The oxidative dehydration of glycerol was carried out in the gas
phase at 320 °C using 150 mg of catalyst placed in a continuous-
flow glass fixed-bed reactor. The gas flow was kept at
30 mL min~! and its composition was varied from pure N, or O, to a
mixture of O, (20%) and N; (80%). The catalysts were previously
heated to 320 °C under a 30 mL min~! flow of nitrogen and kept at
this temperature for 15 min. Subsequently, a glycerol solution
(10 wt% in water) was added at a flow rate of 0.05 mL min ™!, using a
continuous syringe pump (KD Scientific). Nitrogen at a flow rate of
30 mL min~! was used as a carrier gas to ensure a homogeneous
flow of glycerol through the catalytic bed. The products were
collected in a gas-liquid separator kept at 1 °C and analyzed using a
gas chromatograph (GC-2014, Shimadzu) equipped with a capillary
column (Rtx-1, 30 m, 0.32 mm, 1 um) and an FID detector.

The products exiting the reactor were quantified by weighing
the material condensed at 1 °C during 1 h in the gas-liquid sepa-
rator. The accuracy of the quantification was confirmed using n-
butanol as an internal standard and comparison with the calibra-
tion curves. The analyses were performed in triplicate and the
retention times were compared with those of authentic com-
pounds. The conversion of glycerol (Xgiycerol) [22] and product
selectivity (S) were calculated according to Eqs. (1) and (2),
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respectively. The carbon balance (between 0 and 1) was calculated
from the condensed products flowing out of the reactor, according
to Eq. (3).

nGlinput _ ngjoutput

Xalycerol (%) = nGJinput x 100 (1)

L Zi
= ncpmput —ncpoutput < zgj <100 )

S(%)
mol of carbon in the liquid products

Carbon balance = mol of carbon in the converted glycerol

(3)

where "GIiPut and nGIoutPut are the molar flows of glycerol in the
input and output (mol min~1), respectively; n; is the molar flow of
products (mol min~!); and Zg = 3 and Z are the stoichiometry
coefficients corresponding to the number of carbon atoms in a
molecule of glycerol and in the products, respectively.

3. Results and discussion
3.1. Structural characterization of the catalysts

Fig. 1 shows the morphology of the vanadosilicates prepared
with the SDAs derived from 3,5-dimethylpiperidine. The vanado-
silicates were composed of thick plate-like crystals with truncated
bipyramidal shapes and accentuated faulting on the sides. XRD
analyses of these materials were performed before and after the

catalytic reactions. Prior to the catalytic tests, all the vanadosilicates
presented similar XRD patterns (Fig. 2), while partial collapse of the
structures was observed after the oxidehydration of glycerol at
320 °C. Rocha et al. [16,23] observed that calcination of the AM-6,
AM-13, and AM-14 vanadosilicates in air or oxygen at 400 °C
caused partial collapse of the crystallographic structures of these
materials, and that the vanadosilicates were completely amorphous
at 450 °C. Here, the XRD results for the catalysts treated in atmo-
spheres of pure Ny, pure 05, and a mixture of O, (20%) and N (80%)
showed that the catalysts remained structurally stable in a pure
Noatmosphere (Supplementary Material), while the presence of O,
led to structural collapse of the catalysts. Hence, the structural
collapse was caused not only by the thermal treatment, but also by
the presence of oxygen. This observation suggests that at different
steps of the catalytic conversion of glycerol to acrylic acid, inter-
mediate species could have been formed that were detrimental to
the original vanadosilicate structures.

Although the XRD data revealed similar crystallographic struc-
tures for all the vanadosilicates prepared with the 3,5-
dimethylpiperidine derivatives, their 2°Si and °'V MAS NMR
spectra showed some significant differences. For all the catalysts (A,
B, and C), the 2°Si MAS NMR spectra (Fig. 3) showed a common
dominant line centered at —93.5 ppm, together with an unresolved
shoulder line. The main peak was assigned to a tetrahedral Si(3Si, 1
V) species bonded to an octahedral V species that was unaffected by
paramagnetic V4* ions. This assignment was based on structural
similarity to an ETS-like vanadosilicate reported previously [16],
with the 2°Si MAS NMR data showing Si(3Si, 1 V) species at —87 to
—97 ppm and (4Si, 0 V) species at —109 ppm. Deconvolution of the

Fig. 1. SEM images of vanadosilicate prepared in the presence of 1,1,3,5-tetramethylpiperdinium cation (catalyst C).
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Fig. 2. XRD patterns of the vanadosilicates prepared with the organic templates
derived from 3,5-dimethylpiperidinium cations.

shoulder line (data not shown) revealed a line at —91.5 ppm that
was two-fold broader than the main line. This line matched a Si(3Si,
1 V) species with octahedral V ion [16], broadened by a

-93.5
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Fig. 3. 29Si -MAS-NMR spectra of the vanadosilicates.

neighbouring V4* ion, and represented about 45%, 39%, and 38% of
all the observable Si sites in catalysts A, B, and C, respectively. Si
species related to the Si(4Si, 0 V) environment (without close V
neighbors) were not observed here [16,23]. The 2°Si MAS NMR
results therefore confirmed vanadium occupation of the available
octahedral sites in the crystallographic framework, which was
responsible for the catalytic efficiency of these vanadosilicate
materials.

Further information concerning the V species in the framework
was provided by the 'V MAS NMR measurements (Fig. 4). The
observed resonance lines could be related to different vanadium
oxidation states resulting from the complex and rich chemistry of
the material. Previous studies of vanadosilicates have indicated that
V4 and V°* ions can both be present in these materials, but the
presence of paramagnetic V4* species can make the V>* signal too
broad to be detectable. The >'V MAS NMR spectra of catalysts A, B,
and C showed a common resonance line located at —565 ppm. Two
distinguishable resonance lines at —610 ppm and —597 ppm were
also observed for catalysts A and C, respectively. All the lines could
be assigned to distorted tetrahedral vanadium sites with oxidation
states corresponding to V>* species [18,24,25]. For example, the
narrower —565 ppm line was previously attributed to V,0%~
[26,27]. The *'V MAS NMR spectrum of catalyst B contained two
peaks at —480 and —565 ppm that were significantly broader than
the peaks in the spectra of the other two catalysts, indicating the
presence of adjacent paramagnetic V** species. It has been re-
ported previously that the 83, chemical shift component of dis-
torted tetrahedral V species appears between —450 and —550 ppm,
so these lines could represent such species [16]. Since the reso-
nance frequencies of lines in half-integer spin nuclei MAS NMR
spectra with large quadrupolar couplings are sums of chemical
shifts and second order quadrupole isotropic shifts, it is necessary
to have accurate knowledge of the coupling interactions, or
perform measurements using techniques such as 2D MQMAS, in
order to be able to extract accurate chemical shift values.

Raman and DR UV-vis spectroscopy data can also provide useful
complementary information concerning V4* and V°* species pre-
sent in the samples. The Raman scattering data (Fig. 5) also showed
strong evidence of the incorporation of vanadium into the crys-
talline structure. The spectra for catalysts A, B, and C presented
strong and sharp bands centered at around 860 cm™!, which could
be attributed to relatively undistorted VOg octahedra present in the
structures of the materials [16]. A low intensity band centered at
1025 cm™! was also observed in the spectra for catalysts B and C,
which could be ascribed to the short terminal V=0 bonds of defect

-565

catalyst A

catalyst B

catalyst C

-200 -300 -400 -500 -600 -700 -800 -900
ppm

Fig. 4. >'V MAS-NMR of the catalysts A, B and C.
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sites on the surfaces of the crystallites [23,28,29]. A band at
940 cm~! was only observed for catalyst A and could similarly be
ascribed to the V=0 bonds. It is important to note that no crys-
talline V,05 phase was detected in the samples, because the
fingerprint Raman bands of this phase (at 994, 701, 526, and
284 cm™!) were not present [23,29,30].

The DR UV-Vis spectra of the vanadosilicates are shown in Fig. 6.
The spectra for catalysts A, B, and C contained similar broad bands
centered at around 215, 265, and 545 nm. According to Brandao
et al. [23] bands near 215 and 265 nm can be explained by O-to-V4*
charge transfer (CT), while the band centered at 545 nm is due to d-
d transitions of V** in octahedral VOg [30].

The results of the TPD-NH3 measurements of the acid sites of the
catalysts are presented in Fig. 7. All the materials showed very
similar desorption at low (180 °C) and medium (250 °C) tempera-
tures which are related to the presence of the weak and interme-
diary acid sites respectively. In principle, the TPD-NH;
measurements are not revealing if the desorption peaks at low
temperature arise from Lewis or Bronsted acid sites. Nevertheless,
is widely known that due to the electron withdrawing, the bonding
between NH3 and Lewis acid sites is weaker than the bonding

217
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Fig. 6. Diffuse Reflectance UV-Vis spectra of catalysts.
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Fig. 7. Ammonia temperature programmed desorption of catalysts A, B and C.

Table 1
Glycerol conversion (%), product selectivity (%) and carbon balance (from 0 to 1)
obtained for 1 h of reaction in the presence of vanadosilicates catalysts at 320 °C.

Product Cat.A Cat.A Cat.B Cat.B Cat.C Cat.C
% of 0,/N; 20 100 20 100 20 100
Acrolein 1.2 14 14 0.6 6.2 3.8
Acrylic acid 15.0 234 8.8 6.0 18.7 85.4
Acetaldehyde 2.8 2.7 34 1.6 5.4 3.2
Propanal 4.0 1.0 54 1.5 48 23
Acetic acid 0.0 1.6 0.8 0.6 22 2.5
3-hydroxi-propanal 1.1 0.0 0.5 0.3 1.5 0.0
Propanoic acid 0.7 0.0 0.0 0.0 0.0 14
Carbon balance 0.7 04 0.7 0.5 0.5 0.9
Conversion (%) 33.2 96.9 36.1 59.3 63.0 93.6

between the NH3 and the Bronsted acid sites which are stronger
due to the formation of NH4 *.Therefore, Lewis acid sites can be
broken down at temperatures lower than the Bronsted acid sites.
The desorption of strong acid sites usually occurs ata temperature
close or higher than 400 °C and desorption peaks observed for the
vanadosilicates are below this temperature range.
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Fig. 8. Stability of the catalysts C in the oxydehydration of glycerol into acrylic acid at
320 °C and different oxygen concentrations.
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A greater quantity of acid sites is present in the catalyst C
(317 pmol of NHs g~ '), compared to catalysts A (191 pmol of
NH; g~ 1) and B (67 pmol of NH3 g~ !). It has been reported previ-
ously [13]that the quantity of acid sites depends on the environ-
ment of the vanadium oxide species [13]. In the present case, the
Sly MAS NMR data (Fig. 4) revealed that the vanadium

environment in the catalyst varied according to the structure
directing agent used in the synthesis.

3.2. Catalytic tests

Out of the three catalysts tested (Table 1, Fig. 8), catalyst C
showed the best performance, with conversion of up to 93.6% of
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glycerol into acrylic acid (85.4%). Other important chemicals pro-
duced in smaller amounts included acrolein (3.8%), propanal (2.3%),
acetaldehyde (3.2%), acetic acid (2.5%), and propionic acid (1.4%).
Catalysts B and A were able to convert 59.3% and 96.9% of the
glycerol, respectively, but the selectivities towards acrylic acid were
very low (6.0% and 23.4%, respectively).

It is possible that the high activity and selectivity of catalyst C
was due to the unique vanadium environment, which promoted
changes of the V>*/V4* oxidation states during the catalytic reac-
tion. This is a typical oxidation reaction performed by means of the
Mars-van Krevelen mechanism [31]. In the first step of the process,
the adsorbed reactant is oxidized by an oxygen ion present in the
lattice of the vanadosilicate, followed by desorption of the product
(which in this case was acrylic acid). In a second step, an oxygen
molecule from the gas phase restores the fully oxidized state of the
catalyst. The sharp decline in the activity of catalyst C in an N,-rich
atmosphere was indicative of the importance of O,for the selective
conversion of glycerol, since the O, acted to restore the oxygen
vacancies of the vanadosilicates during the catalytic cycle [32—34],
as well as to prevent coke formation on the actives sites [ 13] (Fig. 9).

The carbon balance (Table 1) was determined using the mass
balance of condensed products flowing out from the reactor,
without considering non-condensable gases such as CO and CO,
and heavy or oligomeric products that were deposited on the
catalyst surface. The low carbon balances for catalysts A and B
during the catalytic reaction, together with a change in catalyst
color from yellow to yellow-grayish, suggested the formation of
coke, which could negatively influence the selectivity to acrylic
acid. Other negative factors were the formation of acetaldehyde
and acetic acid (molecules with 2 carbon atoms). Hence, the CO,
produced due to carbonization of glycerol was not included in the
carbon balance [22].

The almost complete carbon balance (0.9) for catalyst C indi-
cated that the further oxidation of glycerol products to CO, and CO
in a pure oxygen atmosphere was low. However, the missing 0.1 in
the carbon balance could have been due to the oxidation of coke
deposited on the surface of this catalyst to more volatile
compounds.

The correlation between the acid sites strength and coke for-
mation has recently been reported in the literature
[13,22—24,35,36], and it was found that coke formation was
strongly influenced by the presence of strong acid sites whose
desorption of ammonium was close to 400 °C. In this study the
observed ammonia chemisorption measurements occurred at
temperature lower than 400 °C, which allows us to infer the
vanadosilicate catalysts mainly possess weaker acid sites, therefore
precluding coke formation. In addition, TGA measurements of the
spent catalyst C (Supplementary Material) has revealed no weight
loss corresponding to coke. These results are very consistent with
those presented in the studies [13,22] in which we showed that the
combination of both weak acid sites and vanadium oxides are
important for the suppression of coke formation in the catalyst.

The possible steps of glycerol dehydration and then oxidation of
acrolein to form acrylic acid, according to the Mars-van Krevelen
mechanism, are proposed based on experimental evidence that the
vanadium silicate structure contains linear chains of alternating
V=0 and V-0 bonds, as reported by Damin et al. [37]. These chains
are orientated in two orthogonal directions and are surrounded by
tetrahedral silicate units. The complete process of glycerol con-
version is displayed in Fig. 9a and b. The dehydration mechanism
involves the transformation of glycerol to 3-hydroxypropanal,
which is subsequently dehydrated to acrolein (Fig. 9a). The acrolein
formed is then converted to acrylic acid by the action of the redox
sites generated by vanadium atoms in the catalyst (Fig. 9b). Hence,
based on the Mars-van Krevelen mechanism [31,38], the

—v4 2ps3)s
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\& 2p32
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Spent catalyst
519 518 517 516 515 514 513
Binding Energy (eV)

Fig. 10. XPS spectra of the catalyst C before and after glycerol conversion reaction.

vanadosilicate lattice oxygen is responsible for the oxidation of
acrolein to acrylic acid, and the vacancies created by the release of
framework oxygen are restored by the O,-rich atmosphere of the
reaction.

The XPS spectra for catalyst C, before and after the catalytic
conversion of glycerol to acrylic acid, are shown in Fig. 10. The
catalytic tests indicated that the presence of both V4" and V>*
species could have played an important role in the reactivity and
the selectivity of glycerol oxidehydration to acrylic acid. The XPS
results supported the proposed mechanism (Fig. 9) whereby the
substrate to be oxidized, in this case acrolein, promoted the
reduction of the catalyst (V>*—V4*). Changes in the oxidation
number of the vanadium species (V*> and V*4) were observed by
means of the changes in the V 2p3p binding energy, attributed to
V4 and V°*. According to the XPS data, around 71% of V>* and 29%
of V4* were present in catalyst C prior to the oxidation reaction,
while after the reaction the percentage of V4* increased from 29 to
44%. This is strong experimental evidence that catalyst C was

Table 2
Surface atomic composition of catalyst C before and after utilization in glycerol
conversion reaction.

Elements Atomic (%)

Before reaction After reaction
Oxygen (O 1s) 66.0 68.1
Vanadium (V 2p) 3.6 4.2
Silicon (Si 2p) 30.5 27.7
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Table 3
Catalytic conversion of glycerol into acrolein and acrylic acid with different vanadium based heterogeneous catalysts.

Catalyst T(°C) X glycerol (%) Selectivity to acrolein (%) Selectivity to acrylic acid (%) Ref.
V—P-0 300 81 55 1.0 [40]
V,05 300 40 12 5.0 [13]
VOHPO4 300 100 43 8.0 [6]
V,05/MFI 350 100 15 17 [13]
V—Mo-oxides 300 90.0 10 20 [37]
V—W-oxides 300 100 0.1 24 [8]
V—W-oxides 310 100 11 25 [10]
V-Bea 275 75 45 25 [12]
V—W-oxides 300 90 20 26 [37]
V—Mo-oxides 300 100 3.0 26 [8]
V—Mo—Te—Nb-oxides 300 99 2.0 28 [8]
V—SiW/HZSM-5* 90 98 0.8 32 [14]
V—W-—Nb-oxides 290 100 17 34 [38]
SiW/Al,03/Mo3VOx 300 100 3.0 46 [41]
V—W-—Nb-oxides 265 100 3.0 50 [11]
PO4/W—V—Nb—0 285 100 0.5 59 [39]
FeVO4 300 100 1.0 76 [7]
Catalyst C 320 93.6 53 89.6 This work

2 Liquid phase.

partially reduced during the process of oxidation of acrolein to
acrylic acid. This dynamic oxidation of V4* to V°* was promoted by
the oxygen-rich atmosphere and completed the catalytic cycle
(Fig. 9). The surface composition (analysis depth <5 nm) of catalyst
C was obtained from the high resolution XPS spectra (Table 2). After
the catalytic glycerol conversion, there was a 17% increase of va-
nadium in the catalyst surface, which could have been due to va-
nadium leaching from sites in the crystal structure to the surface of
the material, possibly caused by the loss of crystallinity shown in
the XRD data.

Under these experimental conditions (320 °C and a high level of
oxygen), vanadium atoms can be easily oxidized and reduced.
Hence, since vanadium atoms were part of the framework, the
change in the oxidation state could, in principle, lead to disruption
of the structure. Therefore, the loss of crystallinity after the reaction
(as supported by the XRD data) was in agreement with the sup-
position that the redox sites were the bonds between the frame-
work oxygen atoms and the vanadium atoms.

Table 3 lists the results obtained previously for glycerol oxide-
hydration to acrylic acid using several different vanadium-based
catalysts [39—44]|. Comparison of the reported conversion and
selectivity values with those obtained in the present work clearly
indicates the possibility of a new catalytic route for one-step glyc-
erol oxidehydration to acrylic acid using AM-6-like vanadosilicate
catalysts.

4. Conclusions

Vanadosilicates isostructural to the titanosilicates ETS-10 and
AM-6 were highly efficient and selective in one-step oxidehydra-
tion of glycerol to acrylic acid. Spectroscopic analyses indicated that
the excellent performance of these catalysts could be ascribed to
dynamic shifts between oxidized and reduced states of vanadium
during the catalytic reaction according to the Mars-van Krevelen
redox cycle. The findings indicate a possible new catalytic route for
one-step glycerol oxidehydration to acrylic acid using this vana-
dosilicate family.
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