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A B S T R A C T

Metal-doped hexagonal tungsten oxide bronzes (h-WVOx and h-WNbOx) and metal-doped orthorhombic mo-
lybdenum oxide bronzes-M1 type (MoVOx, MoVTeOx and MoVTeNbOx) have been synthesized hydrothermally
and heat-treated at 400, 550 or 600 ◦C in N2. The catalysts were characterized by several techniques and tested in
the one-pot aerobic transformation of glycerol at 350 ◦C. From all of them, h-WNbOx resulted as the most se-
lective to acrolein (80 % yield), whereas both h-WVOx and MoVTeNbOx were more effective to acrylic acid (with
a yield lower than 25 %). Subsequently, a double-bed reactor comparative study was conducted, with h-WNbOx
acting as the first catalytic bed. In this case, the yield to acrylic acid decreased as follows: MoVTeNbOx >

MoVTeOx > MoVOx > h-WVOx. IR spectroscopy of acrolein adsorbed on these catalysts allows to explain the
catalytic performance of these catalysts.

1. Introduction

Acrylic acid (AA) is one of the most important chemical in-
termediates for the production of many industrial and consumer prod-
ucts [1]. The market volume of acrylic acid worldwide amounted to
nearly 8.12million metric tons (in 2022), and it is forecast that will grow
to around 11.9 million metric tons in 2030. [2].

AA is currently produced primarily through a commercial, two-stage
propylene-based process, using both two different catalysts and two
reaction conditions [3]. In this case, an overall acrylic acid selectivity of
85–90 % (propene-based) is achieved with propene conversions above
95 % [3]. However, it has been estimated that 175 kg of CO2 are pro-
duced for every ton of propylene processed [4]. Due to the increasing
cost of propylene and the environmental impact, alternative feedstocks
such as propane and biomass-derived compounds have been studied in
the last years.

From propane, the best catalytic results have been obtained by par-
tial oxidation over multicomponent catalysts based on Mo-V-Nb-Te(Sb)-
O (so-called M1 phase) in a single step [5–8]. In this case, the reaction is
carried out by the first formation of propylene on V-O-Mo sites, which is
then adsorbed on other active sites (i.e., Te-O-Mo pairs) for the forma-
tion of acrylic acid. Regretfully, this process is kinetically limited to a

maximum of 50 % yield to acrylic acid, and this is due to the intrinsic
lower selectivity and stability of the acrylic acid when compared to the
two-step industrial process from propylene [9].

In the current context, both the increasing emissions of carbon di-
oxides and the increase in the price of petroleum resources urges the
development of technologies using renewable feedstocks. In this way,
renewable resources have been also proposed as feedstocks for the
synthesis of olefins, intermediates (acrylates, etc.) or sustainable poly-
mers [10,11]. Therefore, it has been proposed the synthesis of acrylic
acid by the selective transformation of bio-sources including glycerol,
lactic acid, 3-hydroxipropanoic acid or acetic acid [12–18].

In the case of single step reactions, a wide range of heterogenous
materials such as: heteropolyacids [19], zeolitic materials [20],
Mo-V-based catalysts [21–24] and W-based metal oxide bronzes
(including hexagonal W-V-O [25], W-V-Nb-O [26] and
PO4/W2.2V0.4Nb2.4O14 [27]), in addition to amorphous
tungsten-incorporated molybdenum vanadium mixed oxide (MoVWO)
[28] and a pseudocrystalline W-Mo-V-O [29], have been proposed as
active and selective catalysts in one-pot aerobic transformation of
glycerol to acrylic acid. Nevertheless, as observed for the selective
transformation of propane to acrylic acid, the interaction of acrylic acid
with the acid sites of the different catalysts studied also limits its yield to
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no more than 50 %.
On the other hand, the use of two different catalytic beds has been

proposed more recently. Thus, in the two-catalyst approach, yields of
acrylic acid up to 70 % can be achieved by using first a Zr/W/O acid
catalyst for glycerol dehydration and then a Cu/Sr-doped W/V/Mo/O
system for acrolein oxidation [30], however, these results were obtained
by employing two subsequent separated reactors.

Conversely, AA can be also produced in a single reactor via succes-
sive oxidation of the dehydrated glycerol in separated sequential beds
using both zeolitic materials and mixed metal oxides. In this sense, by
combining HZSM-5 and V-Mo mixed oxides supported on silicic acid, a
40 % yield to acrylic acid can be achieved [31]. Moreover, by modifying
the second catalytic bed withW-dopedMoVO, AA yield can be increased
up to ca. 47.2 % at 250 ◦C (whereas W-doped MoVO in single bed only
reports ca. 30 % acrylic acid yield) [32]. On the contrary, replacing the
first zeolitic bed for H4SiW12O40/Al2O3, maintaining Mo3VOx as second
bed catalyst, results in decreased acrylic acid yields, lower than 30 %,
although no changes were observed when the catalysts were physically
mixed [33].

Finally, enhanced catalytic results in double bed configuration were
obtained by Liu et al. employing a Cs2.5H0.5PW12O40 catalyst supported
on Nb2O5 as the first catalytic bed (yield to acrolein of 79.5 %), and a V-
Mo oxide supported on SiC as the second catalytic bed, with yields to
acrylic acid up to ca. 75 %, also widely outperforming results in single
bed configuration (only 25 % acrylic acid yield) [34].

Herein, we report the use of a two catalytic bed configuration system
as an effective method for the direct conversion of glycerol to acrylic in
aerobic conditions. In this way, in a first bed, a W-Nb-O metal oxide
bronze with hexagonal tungsten bronze structure (HTB) initially trans-
forms glycerol into acrolein by acid catalysis. Then, in a second bed, M1-
type catalysts with different chemical compositions (i.e., Mo-V-O, Mo-V-
Te-O or Mo-V-Te-Nb-O) were studied in order to selectively transform
acrolein to acrylic acid by partial oxidation reaction. To facilitate the
discussion on the importance of the composition of M1-based catalysts
in the final selectivity to acrylic acid, an in situ IR spectroscopy study is
also presented using the adsorption of the reaction intermediate (i.e.,
acrolein), which can help to identify the nature of active and selective
sites in the oxidation catalysts.

2. Experimental

2.1. Catalyst preparation

The two different families of catalysts (i.e., W-based and M1-based)
were prepared by two similar hydrothermal methods already reported in
the literature.

In this sense, W-M-O mixed oxides (M= V or Nb) with hexagonal
tungsten bronze (HTB) structure, and with molar ratios in the synthesis
gels of W/V= 1.0/0.3 and W/Nb = 1.0/0.2, were synthesized hydro-
thermally from aqueous solutions of the metallic precursors, namely:
ammonium metatungstate, vanadyl sulfate and/or ammonium niobate
(V) oxalate hydrate [26]. Synthesis gels were transferred to Teflon-lined
stainless-steel autoclaves and heated at 175 ◦C for 48 h. Finally, solids
were thermally activated at 550 ◦C for 2 h under N2 stream and named as
h-WNbO or h-WVO. For comparison, pure hexagonal tungsten bronze,
h-WOx sample, was also prepared hydrothermally [26], and then acti-
vated at 400 ◦C for 2 h under N2 stream.

On the other hand, M1-based catalysts, Mo-V-(Te)-(Nb)-O mixed
oxides were prepared hydrothermally, from aqueous solutions of
ammonium heptamolybdate, vanadyl sulfate, telluric acid/tellurium
dioxide and ammonium niobate(V) oxalate hydrate, as previously re-
ported [35], using the following composition (and pH) in the synthesis
gel: Mo/V/Te/Nb= 1/0.25/0.17/0.17 (synthesized at pH= 2.2),
Mo/V/Te= 1/0.37/0.17 (at pH= 2.2) or Mo/V= 1/0.37 (at pH= 3.0).
The corresponding solids were heat-treated at 600 ◦C (Mo/V/Te/Nb and
Mo/V/Te) or 400 ◦C (Mo/V) during 2 h in a N2 stream. The catalysts will

be named as MoVTeNbO, MoVTeO and MoVO, respectively.

2.2. Catalyst characterization

The specific surface areas were determined from N2 adsorption iso-
therms at − 190 ◦C, using the BETmethod, in aMicromeritics ASAP 2000
instrument. Samples were previously degassed under vacuum at 250 ◦C
before adsorption.

Powder X-ray diffraction patterns (XRD) were collected using a
Panalytical X́Pert diffractometer equipped with a graphite mono-
chromator operating at 40 kV and 30 mA, employing Ni-filtered CuKα
radiation (λ= 0.1542 nm).

X-ray photoelectron spectroscopy (XPS) analyses were performed on
a SPECS spectrometer equipped with a Phoibos 150 MCD-9 detector,
employing a monochromatic X-ray source (Al Kα, 1486.6 eV). An
operating pressure of 10− 9 mbar, along with an X-ray power of 100 W
and an analyzer pass of 30 eV were used. Data treatment was performed
using CASA XPS software, referring binding energies to C 1 s at 284.5 eV
in all cases.

Ammonia temperature programmed desorption (TPD-NH3) experi-
ments were performed in a Micromeritics TPD/2900 equipment. In a
typical experimental measurement, samples (ca. 50 mg) were heated at
300 ◦C for 1 h under argon flow to be subsequently cooled down to 100
◦C and saturated with ammonia. Then, solids were kept under inert gas
flow (100 ◦C / 15 minutes) to eliminate physically adsorbed NH3. TPD
analyses were carried out in the 100–600 ◦C temperature range (heating
rate of 10 ◦C min− 1) with desorbed ammonia being analyzed by both
mass spectroscopy and a thermal conductivity detector (TCD) analyzer.

The crystal morphology was studied by Scanning Electron Micro-
scopy (SEM) in a JEOL 6300 Microscope, working at a voltage of 2 kV,
and average chemical composition was determined by energy-dispersive
X-ray spectroscopy (XEDS), with an acquisition time for each spectrum
of 120 s, by using an Oxford LINK ISIS detector attached to the micro-
scope. Measures took place at the Microscopy Service of the Polytechnic
University of Valencia (UPV).

Temperature-programmed reduction (TPR-H2) experiments took
place in a Micromeritics Autochem 2910 devise, equipped with a TCD
detector. Composition of the reducing gas consisted of 10 % H2 diluted
in argon, and a total flow rate of 50 mL min− 1. Catalysts were treated
until 600 or 800 ◦C, depending on the composition, at a heating rate of
10 ◦C min− 1.

IR spectroscopy studies of adsorbed acrolein were performed in a
Bruker Vertex 70 spectrometer using a DTGS detector and acquired at
4 cm− 1 resolutions. A homemade IR cell for in situ treatments was con-
nected to a vacuum system with a gas dosing facility allowing to vary
both atmosphere and temperature (from 25 to 500 ◦C). For every
experiment, an activation at 200 ◦C for 90 min under O2 was considered.
After that, samples were cooled down to 150 ◦C and kept under vacuum
conditions for 1 h, subsequently recording several spectra while cooling
down to room temperature. Once samples are at room temperature, ca. 3
mbar of acrolein and 6 mbar of O2 were dosed to the cell and then it was
closed. Temperature was increased at 100, 150, 200 and 250 ◦C,
maintaining each temperature for 30 min. IR spectra were recorded after
each temperature on the “hot” and “cooled down” pellet to favor the
adsorption of products desorbed to the gas phase.

2.3. Catalytic tests

The gas phase aerobic transformation of glycerol (Gly, C3H8O3) was
initially carried out in one-pot, in a fixed-bed reactor (quartz made,
11 mm inner diameter), in the temperature range 300–400 ◦C, at at-
mospheric pressure, with a feed composition of Gly/O2/H2O/He= 2/4/
40/54 molar ratio, and a contact time, W/F, of 80 gCAT h (molGly)–1.
Catalysts particle sizes were in the 0.40–0.60 mm range.

In the case of single-bed studies, a catalyst amount of 0.5 g was
loaded into the reactor diluted with silicon carbide (SiC). Alternatively,
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for combined bed experiments, each catalyst (0.2–0.5 g, diluted with
SiC) was incorporated in two different subsequent catalytic beds,
maintaining the total bed volume in all cases for a proper comparison.
For catalytic results, a reaction time of 90 min was considered for each
point. It must be noted that no space is considered between catalysts in
the double bed configuration.

The effluent streamwas bubbled through a condenser at ca. 0 ◦C. The
remaining gaseous stream containing carbon oxides and oxygen was
analyzed with an online gas chromatograph equipped with: (i) molec-
ular sieves 5 Å (3 m); and (ii) Porapak Q (3 m). The condensed aqueous
solution containing all the reaction products and the unconverted
glycerol was analyzed by GC with a Varian 3900 chromatograph
equipped with a 100% dimethylpolysiloxane capillary column (100m×

0.25 mm × 0.5 μm) [36].

3. Results and discussion

3.1. Physicochemical characteristics of catalysts

Most relevant physicochemical characteristics of samples studied
here, W-based HTB and MoV-based M1 catalysts, are shown in Table 1.

Fig. 1 shows, separately, the XRD patterns and NH3-TPD analyses of
heat-treated catalysts. Then, in the case of W-based catalysts (Fig. 1A), it
can be seen that the HTB, hexagonal bronze structure (h-WOx, JCPDS:
33–1387), is achieved for both h-WVO and h-WNbO catalysts, with
main diffraction peaks at 2θ= 14.0, 23.2, 28.1 and 36.9◦ [25,26],
showing as reference the XRD pattern of pure h-WO3 oxide (h-WOx
sample). Moreover, for M1 phase-containing catalysts (i.e., MoVO,
MoVTeO and MoVTeNbO samples, Fig. 1B), diffraction peaks at 2θ=
6.7, 7.9, 9.0, 10.8, 23.0 and 27.3◦ confirm the presence of the ortho-
rhombic (TeO)2M20O56, the so-called M1 phase (JCPDS: 18–582) [35].
In addition, it can be observed a different relative intensity of the main
diffraction peaks (Fig. 1B), which corresponds to a different shape of the
crystals, as reported in Figure S1, with crystals presenting needle-like
morphology that transforms into rod-like shape in the case of the
MoVTeNbO catalyst. Nevertheless, HTB oxides (i.e., h-WOx, h-WVO
and h-WNbO samples) present a similar rod-like structure, with the
partial substitution of Nb5+ for W6+/W5+ cations resulting into a
decrease of the particle size [37].

Conversely, the acid properties of the different catalysts were studied
by NH3-TPD-MS, and experimental results are displayed in Figs. 1C and
1D. In this sense, two different trends can be observed depending on the
composition of the catalyst. In one hand, for W-based catalysts (Fig. 1C),
the incorporation of niobium or vanadium (h-WNbO and h-WVO sam-
ples) leads to a decrease in the strength of the acid sites of both catalysts
as the temperature maximum is shifted to lower temperature compared
to that of pure h-WO3 in the two cases. Furthermore, it is also observed

that the incorporation of vanadium into the structure of the HTB oxide
results in a further decrease of the strength of the acid sites, however,
this catalyst is expected to present also redox activity. On the other
hand, results for M1-presenting catalysts shown in Fig. 1D demonstrate
that these catalysts should mainly present redox activity, with main
desorption signal observed at ca. 175 ◦C, only observing some kind of
acid strength behavior in the case of bimetallic MoVO catalyst, as re-
ported previously [35].

Then, to study the different redox properties of the catalysts, XPS
analyses were conducted, and results are plotted in Fig. 2A and Table 1.
More detailed results of the surface composition of these samples are
presented in Table S1, observing that the main differences among cat-
alysts are seen in the vanadium 2p core level signal. Accordingly, as it
has been suggested, the control of the V4+/V5+ ratio on the surface of a
catalyst is a pivotal fact to obtain good catalysts for partial oxidation
reactions [35]. So, in Fig. 2A it is observed a tendency in the V4+/V5+

ratio depending on the chemical composition of the catalyst, seeing that
all M1-presenting catalysts show a majority abundance of V4+ species.
On the contrary, in the case of the h-WVO catalyst, similar amount of
V4+ and V5+ species can be deconvoluted, indicating a higher ability of
this sample for total oxidation reactions.

These results agree with the fact that the dehydration of glycerol to
acrolein should happen over Brønsted acid catalysts (this is the case of
W-based samples [25,26,37]), while oxidation of acrolein to acrylic acid
is rather driven by redox catalysts with low activity to deep oxidation
reactions [25,36], as observed in M1 catalysts with a higher proportion
of reduced V4+ species.

Moreover, in Fig. 2B is plotted the TPR-H2 patterns for the two
families of catalysts. There, two different trends are observed depending
on the nature of the catalysts. For M1-phase catalysts, it can be seen that
bimetallic MoVO catalyst shows higher bulk reducibility, with the first
reduction maximum at ca. 470 ◦C, while bothMoVTeO andMoVTeNbO
samples present reduction maxima at ca. 500 ◦C, which corresponds to
the reduction of V-O-Mo sites and agrees with the higher activity of the
MoVO sample, since in this case the reduction starts at temperatures
around 250 ◦C. Moreover, it is also observed for this catalyst that tem-
peratures above 600 ◦C lead to the collapse of the structure, seen in
Fig. 2 and also reported elsewhere [35], due to the absence of -Te-O-Te-
chains along the hexagonal channels of the M1 structure. Conversely, in
the case of HTB oxides, the first reduction maximum for the h-WVO
catalyst appears at ca. 530 ◦C corresponding to surface W-O-V pairs,
while bulk reduction occurs at temperatures above 600◦C (ca. 725 ◦C,
although not shown in the figure) [26]. However, in the case of h-WOx
and h-WNbO catalysts, there is no reduction of the W and Nb species.

In addition to this, since reduction of the surface of each catalyst
varies and relates to the different catalytic activity, it is important to
study the onset temperatures in the TPR-H2 profiles. Then, in Fig. 2B
onset temperatures are also represented (in blue). There, it can be seen
that the MoVO sample is the catalyst with the reduction onset at the
lowest temperature (ca. 250 ◦C), while both MoVTeO and MoVTeNbO
catalysts present similar onset temperature, at ca. 300 ◦C. On the con-
trary, in the case of the h-WVO sample, reduction onset temperature
rises to ca. 320 ◦C, in agreement with the lower global reducibility of W-
based catalysts.

3.2. Catalytic results

Catalytic results for the transformation of glycerol into acrolein and/
or acrylic acid in single or double bed configurations are shown in Ta-
bles 2 and 3, respectively.

Fig. 3 shows the catalytic results for tungsten-based catalysts at
different reaction temperatures in a single catalytic bed configuration. It
must be noted that the results shown in Fig. 3 correspond to a 100 %
glycerol conversion regardless of the reaction temperature. Then, huge
differences can be ascertained in the selectivity to the different desired
products depending on the composition of the catalyst and the reaction

Table 1
Physicochemical characteristics of W-based and Mo-based catalysts.

Sample Atomic composition
(%)

Crystaline phase
(XRD)

SBETa

(m2

g− 1)

Acid
sitesb

(TPD-
NH3)

EDS XPS

h-WOx 100/0/0 100/0/0 HTB 31 256.3
h-WNbO 75/0/25 73/0/27 HTB 98 1152.1
h-WVO 82/18/0 91/9/0 HTB 22 1176.1
MoVO 73/27/

0/0
85/15/
0/0

M1 35 151.8

MoVTeO 65/30/
5/0

82/14/
4/0

M1 8 16.1

MoVTeNbO 58/13/
15/13

55/8/
22/15

M1 5 21.5

a Surface area, SBET, calculated from N2 adsorption isotherms by applying the
BET method
b density of acid sites, determined by TPD-NH3 experiments and expressed in

µmolNH3 gcat− 1
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temperature. Accordingly, mainly acid catalysts (i.e., samples h-WOx
and h-WNbO) display excellent results in terms of selectivity to acrolein,
with relatively low COx formation. In this sense, both h-WOx and h-
WNbO catalysts exhibit a selectivity to acrolein of ca. 80 % at reaction
temperatures lower than 340 ◦C (Figs. 3A and 3C, respectively). More-
over, the formation of both CO and CO2 is lower than 20 % in selectivity
for both catalysts, regardless of the reaction temperature (Figs. 3B and
3D, respectively), although showing an increasing tendency with the
reaction temperature.

On the contrary, catalyst that presents also redox activity, this is h-
WVO sample, perform poorly in the formation of acrolein. Nevertheless,

h-WVO catalyst is able to form acrylic acid in one step, with moderate
selectivity results (ca. 25 % selectivity to acrylic acid at 290 ◦C, Fig. 3E).
In any case, by increasing the reaction temperature the formation of COx
over this catalyst is highly favored (up to 50 % selectivity to CO at 390
◦C of reaction temperature, Fig. 3F). In the case of M1-based catalysts, it
is only observed the formation of COx in theMoVO sample, with a little
formation of acrylic acid. In the case of theMoVTeNbO catalyst, acrylic
acid is the main oxygenated product (ca. 15 %), with the subtle for-
mation of both acrolein and acetic acid in agreement with its very low
concentration of both Lewis and Brønsted acid sites. In any case, the V-
containing catalysts (i.e., h-WVO, MoVO, and MoVTeNbO) show a

Fig. 1. XRD patterns (A, B) and NH3-TPD analyses (C, D) of catalysts. HTB-type catalysts: h-WOx; h-WNbO; h-WVO. M1-phase catalysts: MoVO; MoVTeO
and MoVTeNbO.
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notable formation of non-analyzable heavy compounds, in the 12–18 %
range depending on the sample, along with the preferential formation of
CO over CO2.

Therefore, provided that in one single step the formation of acrylic
acid is not sufficiently accomplished, a double catalytic bed configura-
tion is considered. In this sense, a first Brønsted-based catalytic bed is

assumed in order to maximize the transformation of glycerol into
acrolein, employing the h-WNbO sample as said first catalytic bed,
followed by a subsequent oxidizing catalytic bed (i.e., M1-based
catalysts).

Accordingly, in Fig. 4 and Table 3, results for the one pot trans-
formation of glycerol into acrylic acid and/or acrolein, in a double

Fig. 2. XPS of V 2p3/2 peaks (A) and TPR-H2 results (B) of V-containing catalysts: a) h-WVO; b) MoVO; c) MoVTeO; and, d) MoVTeNbO.

Table 2
Catalytic results during the glycerol transformation into acrolein and acrylic acid of W-based and Mo-based catalysts in single bed configuration.

Sample Selectivity (%)a

Acrolein Acrylic Acid Acetaldehyde Acetic Acid CO CO2 Heavy
Comp.

h-WOx 77.8 0.1 4.6 0.6 6.6
4.4

6.0

h-WNbO 79.5 0.6 2.9 0.6 6.9
4.9

4.8

h-WVO 13.6 19.7 1.2 5.1 23.7
19.0

17.7

MoVO 1.2 7.0 0.2 8.3 46.9
24.5

11.8

MoVTeNbO 4.6 14.8 0.6 3.4 37.8
21.1

17.3

a Selectivity data taken at 320 ◦C reaction temperature, 3 h of reaction time and full glycerol conversion.

Table 3
Catalytic results during the glycerol transformation intro acrolein and acrylic acid of double bed configuration catalysts.

Sample(double bled) Selectivity (%)a

Acrolein Acrylic Acid Acetaldehyde Acetic Acid CO CO2 Heavy Comp.

h-WNbO þ MoVO 13.4 48.9 4.6 4.3 9.1 6.5 17.1
h-WNbO þ MoVTeO 7.3 56.4 0.5 4.2 12.9 8.1 11.1
h-WNbO þ MoVTeNbO 12.3 61.6 0.8 4.1 9.5 6.5 5.2

a Selectivity data taken at 320 ◦C reaction temperature, three hours of reaction time and full glycerol conversion.
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catalytic bed configuration (Fig. 4D), are shown. For these experiments,
a reaction temperature of 320 ◦C is fixed since the best results in one bed
configuration (Fig. 3) were obtained at said temperature. According to
the results in Fig. 4, it can then be seen a relatively higher selectivity
towards acrylic acid, although the final selectivity to acrylic acid is
strongly influenced by the composition of the catalyst in the second
catalytic bed.

Fig. 4A shows the stability of the double catalytic bed configuration
by employing theMoVO sample as the oxidizing bed. In that figure, the
selectivity to acrylic acid varies in the 40–50 % range in eight hours of
reaction, without showing a decrease in selectivity.

Furthermore, selectivity to acrolein fluctuates in the 10–20 % range.
In a similar way, Figs. 4B and 4C show the selectivity to acrylic acid or
acrolein using MoVTeO and MoVTeNbO catalysts as subsequent
oxidizing beds, respectively. Interestingly, selectivity to acrylic acid
seems to increase with the chemical composition of this M1 phase, this
is, selectivity to acrylic acid increases as follows: MoVO < MoVTeO <

MoVTeNbO. Thus, a maximum selectivity of ca. 65 % to acrylic acid can
be obtained by using a h-WNbO followed byMoVTeNbO configuration
(Fig. 4C).

On top of this, it is also observed from these reactions (see Table 3)
that the formation of heavy compounds also decreases with the increase
in the selectivity to acrylic acid. Then, it is suggested that the formation
of these heavy compounds corresponds to the reaction between the
organic molecules of the reaction to form condensation products.

3.3. In situ FTIR spectroscopy study with acrolein

The interaction and surface reactivity of acrolein adsorbed on the
catalyst surface has been studied by IR spectroscopy (details in experi-
mental section) in order to correlate with the above reported catalytic
data. Moreover, specific assignation of the IR bands is presented in
Table S2, Supporting Information. Then, as reflected in Fig. 5, different
reactivity patterns are observed on the different samples. Thus, practi-
cally no acrolein adsorption is observed in the MoVTeNbO sample

(Fig. 5A), just small bands at 1545, 1605 and 1721 cm− 1, related to the
lower oxidation of both acrolein and acrylic acid into higher carbon
number oxygenate compounds. Conversely, in the case of the MoVTeO
catalyst (Fig. 5B), a series of IR bands at 1670, 1650, 1628 and
1609 cm− 1 together with bands at 1522, 1430, 1360 and 1271 cm− 1 are
formed at 25◦C after acrolein adsorption. The bands at
1670–1650 cm− 1, and 1628 cm− 1 can be ascribed to the respective υ
(C––O) and υ (C––C) frequency of acrolein interacting with surface Lewis
sites such as V5+/V4+ [36,38–41]. The IR bands at 1522, 1430, 1360 and
1271 cm− 1 are assigned to adsorbed acetate species [42,43], probably
precursor of CO2 formation. The band at 1609 cm− 1 may correspond to
the stretching vibration of -COOH [44], or C-O-C vibration of ether-like
species. Finally, the IR band at 1709 cm− 1 may correspond to acetic
acid. Moreover, by increasing the reaction temperature to 100 and
150◦C, the intensity of all the IR bands decreases and finally they
practically disappear at 200 and 250 ◦C. This loss of the IR signal is due
to the desorption of the different compounds to the gas phase, as
confirmed from reabsorption spectra (see dotted line in Fig. 5B), which
is obtained by cooling down to room temperature the IR cell. Further-
more, on theMoVO sample, a similar trend as in theMoVTeO sample is
observed at 25 ◦C (Fig. 5C), with acrolein interacting with Lewis sites
(1666 and 1626 cm− 1), and the presence of adsorbed acetate species
(1525, 1417, 1365 and 1274 cm− 1) precursor of CO2 and acetic acid
(1705 cm− 1). At increasing temperatures, all bands decrease drastically
in intensity due to gas phase desorption, as observed from the read-
sorption IR spectra (see dotted line already mentioned). Finally, on the
h-WVO catalyst (Fig. 5D), a different behavior is observed. Interestingly,
it is evidenced a higher interaction strength of surface adsorbed acrolein
(1686, 1650 and 1620 cm− 1), being stable up to 320 ◦C (i.e., reaction
temperature employed in the catalytic test). In this case, at increasing
temperature of 250 ◦C, the formation of both acrylic acid (1725 cm− 1)
and surface cyclic species is also observed (1780 cm− 1). On the contrary,
the amount of surface acetate species (bands at 1426 and, not shown in
here, 1362 cm− 1) is markedly lower, correlating with the lower CO2
formation in the single bed catalytic studies when compared to

Fig. 3. Selectivity to the main reaction products in the single bed configuration oxidation of glycerol of h-WOx (A and B), h-WNbO (C and D) and h-WVO (E and F)
catalysts. Products: acrolein (red), acrylic acid (pink), acetaldehyde (blue) and acetic acid (green). Conversely, deep oxidation products are represented as CO (■)
and CO2 (□).
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M1-based catalysts. Nonetheless, the higher surface interaction of
acrolein with the h-WVO catalyst allows further oxygenation to acrylic
acid but also to carbon oxides [36], in agreement to catalytic results in
single catalytic bed configuration. In contrast, for M1-based samples,
MoVO, MoVTeO and MoVTeNbO, the interaction of acrolein on the
surface is lower, favoring gas phase desorption and a lower influence of
consecutive reactions, being a reason of the good acrolein oxidation
performance when employed as second catalytic bed in the direct
glycerol to acrylic acid transformation, already reported [30–34].
Furthermore, the different reactivity of surface oxygen species may
result in the formation of acetate-like species depending on the catalyst,
being higher in theMoVO andMoVTeNbO samples than in the h-WVO
sample, leading to a higher CO2 formation in the former. In line with
this, the formation of a certain amount of acetic acid is also observed in
the MoVO, MoVTeO and MoVTeNbO catalysts in the double bed
configuration (see Table 3).

Finally, although it is well-known that the catalytic behavior of M1-
containing oxides strongly depends on their chemical composition,
previously reported for the partial for the partial propane amm(oxida-
tion) to acrylic acid or acrylonitrile [6,45–47] or for the oxidative
dehydrogenation of ethane to ethylene [35,47,48], it must be noted that
these spectroscopic results also correlate with the catalytic behavior
showed in this paper.

Then, MoVO materials have been proposed as very active and se-
lective catalysts for the partial oxidation of acrolein to acrylic acid [49],
nevertheless, these results only concern oxidation of pure acrolein
whereas, in our case, the presence of small amounts of by-products
rather than CO and CO2, and formed during the dehydration of

glycerol to acrolein, could modify the catalytic performance of
M1-based catalysts.

4. Conclusions

In the present article, the one-pot transformation of glycerol into
acrylic acid has been studied by following two different approaches. On
the one hand, single catalytic bed configuration employing bronze-type
tungsten oxide catalysts (presenting the well-known hexagonal struc-
ture, HTB) or orthorhombic molybdenum based mixed metal oxides (so-
called M1 structure). On the other hand, the use of a double catalytic bed
configuration consisting of a first acid catalyst (h-WNbO) followed by an
oxidizing M1-based catalyst (MoVO, MoVTeO or MoVTeNbO).

Then, results in a single catalytic bed configuration demonstrated
that an acid catalyst is required to firstly dehydrate the glycerol into
acrolein, in particular, catalysts that mainly present Brønsted acid sites
(i.e., h-WOx and h-WNbO samples). Conversely, samples that consist of
redox behavior, namely the ones that contain vanadium species in their
structure (h-WVO, MoVO and MoVTeNbO catalysts) tend to deeply
oxidize the glycerol molecule into either heavy oxygenated compounds
or carbon oxides (CO mainly, but also CO2).

Therefore, to overcome the problems observed using only one cata-
lyst, a subsequent double bed configuration in a unique reactor was
studied. In this case, since acrolein is a mandatory intermediate formed
during the reaction mechanism [36], the first catalytic bed consisted of a
pure acid catalyst (this is h-WNbO sample), that proved to yield ca. 80 %
acrolein from glycerol under the used reaction conditions (320–350 ◦C).
Then, provided that the further oxidation of acrolein into acrylic acid is

Fig. 4. Stability test for glycerol transformation into acrylic acid and/or acrolein in a double bed configuration: A) h-WNbOþMoVO (M1); B) h-WNbO +MoVTeO
(M1); and C) h-WNbO þ MoVTeNbO (M1). D) Configuration of a double bed catalytic systems.
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driven by redox mechanisms [36,38,39,44], M1-based catalysts were
used in a second subsequent independent catalytic bed. Results in this
configuration improved up to 40–65 % acrylic acid yield, depending on
the chemical composition of the M1 phase catalyst, showing how the
best results (up to 65 % yield directly from glycerol) were obtained with
the h-WNbO+M1-MoVTeNbO system. Nevertheless, if we consider the
acrylic acid yield with respect to acrolein, catalytic results indicate an
acrylic acid yield up to ca. 81 % (acrolein-based) over this system.

Accordingly, an in situ IR study of co-adsorbed acrolein and O2 over
the oxidizing catalyst revealed that the surface of pure redox materials
such as the M1-phase containing catalysts interact softer with the
acrolein, rather than the h-WVO catalyst, that also present acid sites but
in a far lesser extent compared to the rest of the HTB catalysts (i.e., h-
WOx and h-WNbO), explaining the better catalytic results of the former
ones. In addition to this, both catalytic and spectroscopic differences
among theMoVO,MoVTeO andMoVTeNbO catalysts are explained on
the basis of the greater of lesser strength of adsorption of the acrolein on
the surface of the catalyst, with the consequent formation of oxygenated
heavy compounds, as observed in Table 3, since the distribution of the
rest of the products remain intrinsically the same regardless of the
chemical composition of the M1 phase catalyst.
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Selective oxidation of ethane: developing an orthorhombic phase in Mo-V-X (X =

Nb, Sb, Te) mixed oxides, Catal. Today 142 (2009) 273–277.
[49] S. Ishikawa, Y. Yamada, N. Kashio, N. Noda, K. Shimoda, M. Hayashi,

T. Murayama, W. Ueda, True catalytically active structure in Mo-V-based mixed
oxide catalysts for selective oxidation of acrolein, ACS Catal. 11 (2021)
10294–10307.

A. de Arriba et al. Catalysis Today 443 (2025) 114965 

9 

https://www.statista.com/statistics/1245262/acrylic-acid-market-volume-worldwide/#:~:text=In%202022%2C%20the%20market%20volume,worldwide%20in%20the%20year%202030
https://www.statista.com/statistics/1245262/acrylic-acid-market-volume-worldwide/#:~:text=In%202022%2C%20the%20market%20volume,worldwide%20in%20the%20year%202030
https://www.statista.com/statistics/1245262/acrylic-acid-market-volume-worldwide/#:~:text=In%202022%2C%20the%20market%20volume,worldwide%20in%20the%20year%202030
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref2
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref2
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref3
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref3
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref3
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref4
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref4
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref4
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref5
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref5
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref5
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref6
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref6
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref7
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref7
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref7
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref7
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref8
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref8
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref9
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref9
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref9
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref10
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref10
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref10
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref11
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref11
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref11
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref12
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref12
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref12
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref13
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref13
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref13
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref14
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref14
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref15
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref15
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref15
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref16
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref16
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref16
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref16
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref17
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref17
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref18
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref18
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref18
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref19
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref19
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref19
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref20
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref20
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref20
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref20
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref21
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref21
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref22
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref22
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref22
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref22
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref23
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref23
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref23
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref24
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref24
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref24
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref25
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref25
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref26
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref26
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref26
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref26
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref27
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref27
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref27
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref28
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref28
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref28
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref29
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref29
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref29
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref29
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref30
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref30
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref30
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref31
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref31
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref31
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref32
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref32
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref32
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref32
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref33
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref33
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref33
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref34
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref34
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref34
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref34
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref35
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref35
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref35
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref35
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref36
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref36
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref36
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref37
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref37
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref38
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref38
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref39
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref39
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref40
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref40
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref40
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref41
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref41
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref41
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref42
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref42
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref42
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref43
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref43
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref43
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref43
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref44
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref44
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref44
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref45
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref45
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref46
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref46
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref46
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref47
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref47
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref47
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref48
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref48
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref48
http://refhub.elsevier.com/S0920-5861(24)00459-0/sbref48

	Mixed metal oxide bronzes as catalysts for the gas-phase aerobic transformation of glycerol to acrylic acid: Single or doub ...
	1 Introduction
	2 Experimental
	2.1 Catalyst preparation
	2.2 Catalyst characterization
	2.3 Catalytic tests

	3 Results and discussion
	3.1 Physicochemical characteristics of catalysts
	3.2 Catalytic results
	3.3 In situ FTIR spectroscopy study with acrolein

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgement
	Appendix A Supporting information
	References


