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A desidratacdo oxidativa do glicerol a dcido acrilico foi estudada com o uso de zedlita
Beta impregnada com vanddio. Os catalisadores foram preparados por impregnagdo timida do
metavanadato de amonio sobre a zedlita Beta na forma amoniacal, seguida de calcinagdo em ar a
823 K. A impregnagdo reduziu a drea superficial especifica, mas néo afetou significativamente a
acidez (Brgnsted e Lewis) da zedlita. A avaliagdo dos catalisadores foi realizada num reator de leito
fixo usando ar como gés de arraste e injetando o glicerol por meio de uma bomba seringa. Acroleina
foi o principal produto formado, tendo também sido observados acetaldeido e hidréxi-acetona
(acetol). O 4cido acrilico foi formado em aproximadamente 25% de seletividade a 548 K sobre
as zeolitas impregnadas. O resultado pode ser explicado por andlises de XPS (espectroscopia
fotoeletronica de raios X), que mostraram uma boa dispersio de vanadio nos poros da zeélita.

The oxidative dehydration of glycerol to acrylic acid was studied over vanadium-impregnated
zeolite Beta. Catalysts were prepared by wet impregnation of ammonium metavanadate over
ammonium-exchanged zeolite Beta, followed by air calcination at 823 K. Impregnation reduced
the specific surface area, but did not significantly affected the acidity (Brgnsted and Lewis) of
the zeolites. The catalytic evaluation was carried out in a fixed bed flow reactor using air as the
carrier and injecting glycerol by means of a syringe pump. Acrolein was the main product, with
acetaldehyde and hydroxy-acetone (acetol) being also formed. Acrylic acid was formed with
approximately 25% selectivity at 548 K over the impregnated zeolites. The result can be explained
by XPS (X-ray photoelectron spectroscopy) measurements, which indicated a good dispersion of
the vanadium inside the pores.
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Introduction

Glycerol is usually found in combination with fatty
acids of natural occurrence forming the triglycerides.
Today, the major source of glycerol is the transesterification
of oils and fats to produce biodiesel.! In this reaction, a
molecule of triglyceride reacts with three molecules of
methanol, under base catalysis conditions, to afford three
molecules of fatty acid methyl esters (the biodiesel) and
a molecule of glycerol (Scheme 1). In recent years, the
growing concern about global warming has motivated the
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use of biofuels. Biodiesel, together with bioethanol, is one
of the most important biofuels used nowadays.

For each 90 m® of biodiesel produced by
transesterification, about 10 m* of glycerol are obtained. The
worldwide glycerol production will reached? approximately
1.2 million tons in 2012 and most of this production will
come from the biodiesel industry. In Brazil, for instance,
there is a mandatory blend of 5% of biodiesel in the
petrodiesel, which represents an annual glycerol production
of approximately 300,000 tons. The traditional markets for
glycerol are cosmetics, soaps, pharmaceuticals and personal
care products. However, with the increasing production and
availability, glycerol will be an interesting feedstock for the
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Scheme 1. Transesterification of triglycerides to produce biodiesel.

chemical industry, because of price concerns and for being
a renewable material.

Glycerol obtained from biodiesel production can be
used in the synthesis of many chemicals, in what some
people call glycerochemistry.* Replacing oil as feedstock
in the chemical industry is one of the main challenges for
the coming years. Hydrogenolysis of glycerol over metal
catalysts can produce 1,2- and 1,3-propanediol,*® used in
the production of polymers and as anti-freezing agents.
Carbonation of glycerol produces glycerol carbonate!®!!,
used as solvent. Acid-catalyzed reaction of glycerol with
isobutene'*!? affords a mixture of ferr-butyl glyceryl ethers,
which are potential fuel additives. Etherification can also
be accomplished by the reaction of glycerol with alcohols
under acid catalysis conditions.!'*!> Glycerol ketals and
acetals are formed in the acid-catalyzed reactions with
ketones and aldehydes, respectively.'®!” Solketal, the
product formed in the reaction of glycerol with acetone, is a
potential additive for gasoline,'® whereas the acetals formed
in the reaction of glycerol with butanal improves the cold
flow properties of biodiesel.” Metal-supported catalysts
are usually employed in the glycerol oxidation, producing
many compounds, such as glyceric, mesoxalic and
hydropyruvic acid.?*?!

Dehydration of glycerol is known to occur under
acid-catalyzed conditions, following two pathways:
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Scheme 2. Glycerol dehydration pathways leading to acrolein or acetol.
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dehydration of the primary hydroxy group affords
hydroxy-acetone or acetol as the main product, whereas
dehydration of the secondary hydroxy group produces
3-hydroxypropanal, which can be subsequently dehydrated
to acrolein (Scheme 2), an important chemical used in
the industrial production of acrylic acid and amino-acids
such as methionine. The economic importance of glycerol
dehydration to acrolein was recently addressed in a short
review,?? which also discussed the use of different catalytic
systems.

Chai et al. have studied the glycerol dehydration
over several solid acid catalysts. The main finding was
that materials with moderate acid strength, such as niobic
acid and zeolite HZSM-5, presented the best results, with
selectivity to acrolein in the order of 60 to 70%. Highly
acidic materials, such as sulfated zirconia, presented many
secondary reactions, leading to a decrease in the acrolein
selectivity. Solids of low acid strength, such as cerium and
lanthanum oxides, showed low catalytic activity.

Supported heteropolyacids can also be used in the
glycerol dehydration,?? but depending on the nature
of the support, they can be destroyed under reaction
conditions due to the formation of water as by-product. It
was shown?® that phosphorus-molybdenum heteropolyacids
are preferred over phosphorus-tungsten ones in the glycerol
dehydration to acrolein. At 548 K, H,PMo,,0,, supported

||H+u )K/
—> OH .m0

uH+n H
. / + HzO
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on mesoporous silica showed a selectivity of 86% to
acrolein for a glycerol conversion of 98%.

Glycerol dehydration has also been studied over
alumina and activated carbon impregnated with phosphoric
acid.”” Up to 84% of selectivity to acrolein was observed,
with reduced catalyst deactivation. Recently, sulfonated
SBA-15 materials has been used as catalyst in glycerol
dehydration to acrolein with 80% selectivity to acrolein.”

Zeolites are one of the most versatile solid acid catalysts
used in industry. A recent study® compared different
zeolitic structures toward glycerol dehydration to acrolein.
H-ferrierite showed the highest selectivity among the
zeolite tested. The external surface area influenced the
glycerol conversion, as the zeolite pores become blocked
by carbonaceous materials at the initial stages of the
reaction. Indeed, catalyst deactivation is a major problem
associated with acid-catalyzed glycerol dehydration.
Mixed niobium-zirconium oxides are among the most
resistant catalysts for glycerol dehydration,**3' showing
82% conversion even after 177 h on stream.

A less studied approach is the glycerol oxidative
dehydration, which is carried out over bifunctional
catalysts in the presence of air or oxygen. The idea is to
perform two consecutive reactions: glycerol dehydration
to acrolein and its subsequent oxidation to acrylic acid.
Another advantage of the oxidative dehydration is the
possibility of continuously regenerating the catalysts via
coke burning.

Acrylic acid has many uses, going from the synthesis of
superabsorbent polymers used in diapers, to printer inks and
adhesives. It may be produced through the oxidation of
acrolein on mixed oxide systems, such as Mo-V, Mo-Co,
V-Sb.32 The industrial catalyst has a complex structure
formed by V-Mo-W oxides.*

Deleplanque et al.* studied the glycerol oxydehydration
to acrylic acid over mixed oxide catalysts in the presence
of oxygen. They were able to find up to 28% selectivity to
acrylic acid over Mo-V-Te-Nb mixed oxides. The major
organic by-products were acrolein, acetaldehyde and
acetic acid. This later compound was probably formed
by the oxidation of acetaldehyde. A series of vanadium
pyrophosphate oxides was also tested in the oxidative
dehydration of glycerol.> Although the conversion could
reach 100% in some cases, the selectivity to acrylic acid
was not more than 1%, with acrolein, acetaldehyde and
acetol as main products. Ulgen and Hoelderich***" have
studied the glycerol oxydehydration over supported
tungsten oxide. Although the observed conversions were
high, the selectivity to acrylic acid was below 5%, with
acrolein being the main product. Soriano er al.*® studied
the oxidehydration of glycerol over tungsten and vanadium

J. Braz. Chem. Soc.

mixed oxides, obtaining about 20% selectivity to acrylic
acid. They reported that during the course of the reaction,
under the oxygen-rich feed, V* underwent a slow oxidation
to V3* causing a decrease in the selectivity to acrylic acid
with time on stream.

These results prompted us to report our preliminary
results on glycerol oxidative dehydration to acrylic acid
over vanadium-impregnated zeolite catalysts (Scheme 3).
Vanadium-containing zeolites have attracted attention for
its acid and redox features, and also for their interesting
properties as a catalyst.*

OH
HO\)\/OH nH+u
—> 2 CHO +2H,0
Glycerol Acrolein
0,
02 V205/MOO3
V-HBeta
A >C0H
Acrylic acid

Scheme 3. Pathways for glycerol transformation in acrylic acid: two-step
process, involving dehydration to acrolein and subsequent oxidation
to acrylic acid, and the one-step process using vanadium-impregnated
zeolite Beta.

Experimental

The catalysts were prepared from a commercial
ammonium-exchanged zeolite Beta (Zeolyst). Vanadium
impregnation was carried out by wet impregnation. An
aqueous solution of ammonium metavanadate was stirred
at room temperature with ammonium-exchanged zeolite
Beta for 24 h. At the end, the water was evaporated to obtain
the impregnated zeolite, which was then calcined in air at
823 K for 2 h. A physical mixture of the acidic Beta zeolite,
obtained by calcination of the ammonium-exchanged
zeolite at 823 K, and vanadium pentoxide was also
prepared for comparison purpose. The impregnated zeolites
were named 5%V/BEA, and 10%V/BEA,, in which the
number accounts for the nominal amount of vanadium in
the catalyst. The parent acidic zeolite was named HBEA,
whereas the physical mixture was named 5%V/BEA .

The chemical composition of the catalysts was
determined by X-ray fluorescence, whereas the specific
surface area was measured by nitrogen adsorption using the
BET equation. To have some insight of the dispersion of the
vanadium into the zeolite channels, a preliminary analysis
was carried out using the soft X-ray spectroscopy (SXS)
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beam line at National Laboratory of Synchrotron Light
(LNLS), in Campinas, Brazil. The X-ray photoelectron
spectra (XPS) of the calcined zeolites were measured at the
Si 1s,Al 1s, 0 1sand V 2p edges. Before the measurements,
all zeolites samples were kept under heating for 8 to
10 h at 423 K to help the water desorption. The samples
were introduced in the main chamber as a solid using a
carbon sticky tape. The work pressure was maintained at
4 x 10® mbar. During the measurements all parameters
such as pressure, incident beam current and acquisition
time were, either, held constant, or variations in their
values were measured and taken into account. Thus, the
raw data was systematically normalized to beam current,
pressure and acquisition time. Finally, the background was
removed by subtracting a smooth curve determined from
a curve fit of a linear function to the structure below the
onset of core ionization.

The catalytic tests were carried out in a continuous
flow unit with fixed bed reactor. Approximately 100 mg of
the catalysts were pre-treated under flowing nitrogen gas
(40.0 mL min') at 673 K for 0.5 h. After the pre-treatment,
the temperature was decreased to the desired value (523
or 548 K) and nitrogen was replaced by air, at the same
volumetric flow. Pure glycerol was introduced (0.12 mL h!)
in the system by means of a syringe pump. The reactor effluent
was analyzed on-line by gas chromatography with flame
ionization detector, using a column (30 m, 0.25 mm and
0.25 pum) of 50% cyanopropylmethylsiloxane and 50%
phenylmethylpolysiloxane as stationary phase.

Results and Discussion

The chemical and textural analyses of the catalysts
are shown in Table 1. The vanadium impregnation did
not significantly change the Si/Al ratio of the zeolites, but
led to a decrease in the specific surface area. However,
the acidity was not significantly affected as shown in the
infrared spectra of adsorbed pyridine (Figure 1). Both, the
parent HBEA and the vanadium-impregnated zeolite have
almost the same acidity in terms of Brgnsted and Lewis
sites, indicating that impregnation did not affect them. The

Table 1. Characterization of the catalysts
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amount of vanadium in the impregnated zeolites was close
to the nominal content, implying that there was practically
no loss of vanadium during impregnation and calcination.
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Figure 1. Infrared spectra of pyridine adsorbed on 5%V/BEA, and the
parent HBEA zeolites. The letters B and L denote the bands associated
with Brgnsted and Lewis acidity, respectively.

A control experiment with the zeolite HBEA in
flowing nitrogen showed that acrolein and acetol were the
main products formed, according to previously published
works.?*3! Figure 2 shows the conversion and selectivity of
the catalysts in the oxidative dehydration of glycerol in the
presence of air, at 548 K. Acrolein was still the main observed
organic product, but acrylic and acetic acid could also be
identified, as well as acetaldehyde, which may be produced
from the catalytic cracking of 3-hydroxy-propanal, formed
as intermediate (Scheme 2). There was a significant amount
of unidentified products, most of them with higher retention
times than glycerol, indicative of high boiling point. These
products may be associated with the direct oxidation of
glycerol to carboxylic acids and hydroxy-aldehydes, because
they were not formed when nitrogen was used as carrier gas.
The heavier products were especially formed over the zeolite
with higher vanadium content and on the physical mixture
of the acidic zeolite and V,Os.

At 523 K, the picture is not significantly different.
Glycerol conversion is lower, as well as the selectivity

Chemical composition / wt.%

Zeolites BET area/ (m” g')
ALO, Sio, Si/Al \Y

5%V/BEA,? 3.0 88.3 24.5 5.0 310

10%V/BEA,}* 2.9 78.5 22.0 10.4 268

5%V/BEA,° 2.9 86.2 26.0 6.1 359

HBEA*® 3.1 86.8 24.0 - 430

“Wet impregnation with NH,VO,; *physical mixture of HBEA and V,Oq; “acidic zeolite Beta.
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Conversion and Selectivity / %
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Figure 2. Conversion and selectivity of glycerol oxydehydration over
V-impregnated zeolite Beta (w stands for wet impregnation and m stands
for physical mixture) at 548 K. (m) Conversion; (m) acrolein; (m) acrylic
acid; (m) acetaldehyde; (m) acetic acid; (m) others (including acetol and
high-boiling point products).

to acrylic acid over the impregnated zeolites. At this
temperature, acrolein is still the major organic product, but
acetol is significantly formed and contributes to the increase
of the selectivity to other products, as shown in Figure 3.
High boiling point compounds also appeared at 523 K and
the physical mixture of V,0, and HBEA did not produce
acrylic acid at this temperature either.
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Figure 3. Conversion and selectivity of glycerol oxydehydration over
V-impregnated zeolite Beta (w stands for wet impregnation and m stands
for physical mixture) at 523 K. (m) Conversion; (m) acrolein; (m) acrylic
acid; (m) acetaldehyde; (m) acetic acid; (m) others (including acetol and
high-boiling point products).

In an attempt to understand the selectivity of the
vanadium-impregnated zeolite to acrylic and acetic acids,
it was carried out an XPS analysis of the catalysts. This
technique provides a semi-quantitative analysis of the outer
surface of the zeolites. Table 2 shows the results, which
indicated that the vanadium was well dispersed inside the
pores of the impregnated zeolites. The external Si/Al ratio
was slightly higher than the bulk Si/Al, measured by X-ray
fluorescence, in all samples, indicating a silicon-enrichment
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of the outer surface. The HBEA zeolite showed, as expect,
no vanadium peak in the XPS spectrum. The Si/V ratio
on the vanadium-impregnated zeolites and the physical
mixture was significantly higher than the bulk ratio
measured by chemical analysis. The 5% V/BEA, sample
showed the highest Si/V ratio, indicating a great dispersion
of vanadium inside the pores. The physical mixture of
HBEA and V,0; also showed an external Si/V ratio
higher than the bulk ratio, although much lower than the
impregnated zeolites. This indicates that some vanadium
migration into the pores may occur even with the physical
mixture of the components followed by calcination at
823 K. The great vanadium dispersion into the pores in
the impregnated zeolites may explain the catalytic results,
because the reaction may occur in sequence. Firstly, the
glycerol molecule has to be dehydrated over the acid
sites to form acrolein. Secondly, the metal function must
oxidize the acrolein to acrylic acid. If a great amount of
vanadium is deposited on the pore mouth, at the outer
zeolite surface, oxidation of glycerol may occur prior to
dehydration, leading to different products. This picture
may be occurring in the physical mixture, favouring the
formation of glycerol oxidation products, such as the
heavier products, with greater retention times than glycerol
itself. These products are probably formed by glycerol
oxidation at the outer surface, and may contain glyceric,
mesoxalic and hydropyruvic acid, among other.

Table 2. XPS characterization of the zeolites

Zeolites Si/Al ratio Si/V ratio Si/V ratio
(XPS) (XPS) (chemical)
5%V/BEA, 30 97 15
10%V/BEA, 28 74 6.7
5%C/BEA,, 32 30 12
HBEA 37 - -

Conclusions

The glycerol oxidative dehydration to acrylic acid can
be achieved with the use of vanadium-impregnated zeolite
Beta. Although acrolein is the major organic product,
acrylic acid can be formed up to 20% selectivity.

The results can be explained in terms of the vanadium
dispersion inside the pore channels of the impregnated
zeolite, as shown by XPS analysis. Compared to a physical
mixture of the acidic zeolite and vanadium pentoxide,
which was not selective to acrylic acid, the impregnated
zeolites showed a lower Si/V ratio. This data is consistent
with the presence of lower vanadium contents in the outer
surface, indicating that a good dispersion within the pore
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system could be achieved with the vanadium impregnation
technique used.
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